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FOREWORD 

The committees of the Division of Medical Sciences of the National 
Research Council have traditionally served in the role of providing 
a forum for discussions by diverse disciplinary groups that share 
interests in particular problems . 'lllis volume, which consis ts of 
papers prepared for a workshop on football inj uries , is the report of 
such a forum. 'file authors represented a cross-section of dis ciplines 
concerned with various aspects of the training , health , and well-being ,  
including protection from inj ury , of football players , as well as other 
athletes . 

'file workshop was planned and conducted by the Subcommittee on Athletic 
Inj uries of the Committee on the Skeletal Sys tem. 'file planning of the 
workshop was supported by fllllds from the Surgeons General of  the 
Department of the ArTtrf , Department of the Air Force , and Department 
of the Navy and from the National Institutes of Health , Public Health 
Service . 'file holding of the workshop itself and the publication of 
this volume were made possible by a grant from the Office of the 
Commissioner , National Football League . 

We extend our appreciation to the participants , to those who planned 
and carried out the workshop , to those who prepared the publication , 
and to the financial sponsors . 

Charles L .  Dllllham, M. D .  
Chairman 
Division of Medical Sciences 
National Research Council 
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EPIDEMIOLOGY OF SPORTS I NJURI ES 

JESS F .  KRAUS 

Epidemiology is the field of s cience concerned with s tudy o f  the fac
tors and conditions that determine the occurrence and dis tribution of 
a disease or inj ury in a population . 7 

The application of the epidemiologic method to the s tudy of accidental 
inj uries and deaths was firs t  sugges ted by Gordon only 20 years ago . 
Gordon2 demonstrated that inj uries , like disease processes , conform to 
particular biologic laws . He showed that the biologic princip les 
governing disease as a community problem hold equally well for injuries . 
He also suggested a pattern of epidemiologic analysis similar to the 
procedures used in the study of infectious and chronic disease for de
riving a better unders tanding of accidental , inj ury-producing mechanisms . 

It is the purpose of this paper to dis cuss the applicability o f  some of 
the more general epidemiologic processes to the invest igation of sports 
inj uries . Most examples given will be directed to the study of foot
ball inj uries . 

It can be shown that the distribution o f  inj uries , like that of 
disease , has definable variations or patterns . The rate of 
occurrence is different for various groups and circumstances . 
Study of conditions accounting for variation among groups contributes 
much to the tmderstanding of etiology . The approach most often fotmd 
success ful is the identification of variables associated with a sus
ceptible hos t (a football player) , the agent (the game) , and the en
vironment . Study of the interrelationships of  hos t , agent , and en
vironment often leads to identification of  causal mechanisms . 

The initial pro cedure in the epidemiologic approach involves study o f  
the distribution of injuries or deaths in terms of  who was inj ured 
when , where , and how . Often called "des criptive epidemiology , " this 
procedure usually involves analysis of extant data for identifying 
high- and low-risk groups according to some common factor ,  s uch as 
age , date , or type of game . This s tep is the springboard in develop
ing generalized hypotheses of causation and furthermore directs the 
researcher ' s  attention to the more provocative aspects of the problem 
being studied .  

1 
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M>RTALITY AND K>RBIDITY DATA 

Inj uries , like many other pathologic entities , have a spectrum of 
severity . The more severe injuries are generally known and reported , 
whereas minor injuries go unreported . Most available information on 
football inj uries , for example , concerns the more severe types re
ported . That fact alone should serve as a warning agains t widespread 
inferences s teuming from only mortality or severe-morbidity data . 

Probably the most valuable expression of risk o f  inj ury is the fre
quency , or incidence . '!his rate is established by comparing the number 
of persons with inj ury or death to the nuni>er exposed to  a chance of  
being so  affected . An incidence is , there fore , a probability s tatement 
of risk . 

The usual and mos t often attempted approach in the des criptive phase 
of the epidemiologic process is a study of the frequency distribution 
of deaths due to the event in question . I f  the ratio o f  inj uries to 
deaths is extremely large (as it is with football� great care must be 
exercised in making broad assuq>tions about risk . 'Ihe death rate in 
1 96 7 , as reported by the American Football Coaches Association , 1 was 
1 . 77 per 100 ,000 participants . Further analysis shows that the death 
rate for college football players is 2� times higher than for high
school players . '!he cause of this excess risk to college football 
players is not understood . Some hold that "poor conditioning , " 
"improper equipment , " or "exis tent pathology" was responsib le .  
There is no epidemiologic evidence to support these contentions fully . 

One of  the major assuq>tions in analyzing death rates is that all par
ticipants are exposed in the same manner ,  for the same length of time , 
and to the same degree of hazard . These assumptions ( for statis tical 
purposes ) are not true . In fact , it is thought that , i f  it were possi
ble to categorize p layers on the basis o f  exposure , there would be a 
drastic variation in the rate of  death for the groups exposed for 
different lengths of time . For example , it would not seem reasonable 
to expect the risk of death or inj ury to be identical for a s tarting 
quarterback , who plays in the entire game , and a specialty player , 
such as an extra-point kicker ,  who could conceivably miss playing in 
many games . 

Although a description of deaths according to such variables as time, 
academic level , and type of  activity is intuitively interesting , little 
value can be extracted from it without indices of exposure with which 
to relate it .  

Available data on morb idity are conspicuously fragmented or ,  in some 
cases , totally absent . What information is available has been derived 
from schools , colleges , and interested individuals doing special 
s tudies . The data are generally reported in the same manner as fa
talities , i . e . , as numeric or percentage frequencies but without re
gard to a population at risk . Special analytic epidemiologic studies 
will be necessary for correctly characterizing death and inj ury data 
in their proper perspective . 

2 
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There is an ablmdance of literature pertaining to the descrip tion and 
treatment of athletic inj uries . These descriptions are valuable for 
characterizing new or declining inj ury patterns . The increase in neck 
inj uries with the introduction of the newer football helmet is an ex
ample of hypothesis generation on the evidence of change in inj ury 
pattern . Occasionally , causal factors may be identified by a simple 
comparison of frequency dis tributions of inj ury types . That was the 
case when excessive nuni>ers of neck inj uries were found to result from 
modifications in design and use of the helmet . That is ,  however ,  an 
exception to the rule . Most evidence can be generated only after ex
haustive evaluation of all relevant factors , either singly or in com
bination . 

HOST VARIABLES 

One of the basic questions in the investigation of inj uries , as well 
as other causes of morbidity , is how inj ured persons di ffer from un
inj ured persons . Some football players go through high school ,  col
lege , or the professional ranks without suffering severe injury . *  
Why is there such a variation in inj ury experience? It could be ac
counted for on the basis of differences in host factors , such as age , 
pathologic states , and athletic condition . 

One approach is to visualize the mechanisms of inj ury as partly (or 
entirely) the contribution of host sus ceptibility and/or an inj urious 
event ( game or practice) in a hazardous environment . 'lllis approach 
has been success ful in other studies relating to accident causation . 
For example , Haddon et az. 3 showed that the excessive nuni>er of skiing 
inj uries among women is attributable to variations in musculoskeletal 
inj ury threshold between the sexes , rather than to variations in ski 
bindings . 

Inherent host factors include age , weight , height , body build , physio
logic s tatus , existing pathologic conditions , and psychologic or emo
tional traits . All these are intuitively of interes t and are amenable 
to prospective or retrospective epidemiologic studies . Unfortunately , 
no known studies compare these factors between injured and uninj ured 
populations or develop estimates of  risk at tributable to the presence 
or absence of these factors in tackle football . The value of investi
gating host factors can be demonstrated on the basis o f  the evidence 

* The reference to "severe inj ury" (an inj ury necessitating medical 
attention) is prompted by my contention that the elimination o f  
all inj uries i s  not consistent with the nature of football itsel f .  
Minor cuts , bruises , s trains , and sprains are part o f  the game , 
but severe inj uries prohibit participation by players and , in 
effect , threaten the exis tence of  football as an athletic contes t .  

3 
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collected at the University of Minnesota in a s tudy of touch-football 
inj uries . 5 Although the difference in mean age between inj ured and 
uninj ured players was significant (p < 0 . 0001 ) , the actual difference 
in age was only about l year (Table 1 ) . The practical application of 
this finding is doubtful . Many of the players were between 1 8  and 2 3 
years old .  The inj ury-predictive quality of age was illustrated when 
the risk of inj ury was quantitated for each age interval . As can be 
seen in Table 2 ,  players 23 years old or older had a risk of serious 
inj ury almost four times as high as that of any other age group . 

TABLE l 
Comparison of mean ages of uninj ured , inj ured , and seriously inj ured 
touch-football players 

Mean age , 
I Injury status No . players years Variance za 

No inj ury 2 3 1 1  20 . 3 5 . 25 
Inj ury 2 83 2 1 . 3 10 . 0 8  6 . 62 < 0 . 0001 
Major inj ury 15 1 2 1 . 6 12 . 45 5 . 62 < 0 . 0001 

� Absolute value of variate of unit normal distribution . 
For two-tailed tests . 

TABLE 2 
Age-specific inj ury attack rates and risk ratios in touch-football 
players 

No . 
Age , years players 

< 19 563 
19-2 0 975 
21-22 655 

�2 3 400 

Total 2593 

a "Seriously inj ured" 
b Attack rate of age 

lowest rate . 

Injured 
Risk 

No . Rate, % ratiob 

34 6 . 0 1 . 0 
93 9 . 5  1 . 6  
87 1 3 . 3 2 . 2  
69 1 7 . 3 2 . 9 

2 83 10.9 

S�risumu inh11.l:d 
Risk 

No . Rate , % ratiob 

16  2.8 1 . 0 
49 5 . 0 1 . 8  
44 6 . 7 2 . 4 
42 10 . 5  3 . 7 

15 1 5 . 8 

players sustained major injuries . 
group divided by attack rate of age group with 

4 
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One of the 100re provocative findings of  the Minnesota study was that 
participants who had been inj ured previously in high-school , college , 
or intramural football games had a risk of inj ury several times higher 
than players who had played in high-school , college , or intramural 
games and were not inj ured (Tables 3 ,  4 ,  and 5 ) . 

It was postulated that the excessive risk was due to age . 'lllat is , 
older players in college would naturally have 100 re opportunity for 
exposure to inj ury than younger players . A further analysis comparing 
age-specific attack rates according to history of previous inj ury 
showed , however , that the excessive numbers o f  inj uries to players 
with a prior history of intramural footb all inj ury could not be ac
counted for on the basis of age (Table 6). Manl other host factors 
were investigated and are summarized elsewhere . 

Many hos t factors can be investigated in an epidemiologic manner .  Age , 
weight , height , body build , some physiologic or emotional conditions , 
body conditioning or s trength , etc . , are easily recognized as possible 
contributing factors to the production of inj uries but remain as only 
potential areas of productive research . 

AGENT VARIABLES 

Time 

Not all games result in inj uries to their participants . The epidemio
logic process is Uiliquely able to identify the factors of the game 
that seem to contribute to the production of inj uries . The dis tribu
tion o f  deaths according to time o f  the game is one of the more inter
esting variables . There appears to be , for example , an excessive risk 
of death in the later quarters of football games . 1 The often-quoted 
reason for this finding is fatigue , but no epidemiologic evidence sup
ports this contention . 

'nlere are no reliable statis tics on morbidity from tackle-footbal l  
inj uries including an entire football season . The study a t  the 
University of Minnesota5 indicated that the distribution o f inj uries 
is significantly excessive in the latter part o f  football games (Table 
7). 

'n>.e peak incidence of deaths appears to occur in the month o f  October ; 
however , the failure to relate these deaths to numbers of games of ex
posure hampers the derivation o f  any meaningful inferences . Some 
other variables--such as type of activity , nature of the p lay , s core 
of the contest at time of inj ury , and nwiber and types o f  personal 
penalties--should be carefully considered in assessing the role of  
game factors in inj ury production . The epidemiologic process could 
be most beneficial in evaluation of the role of game variables . 

5 
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TABLE 3 
Attack rates and risk ratios according to history of disabling inj ury in high-school football 

History of 
high-school Inj ured SeriouslI injured 
football No . Risk Risk 
injury players No . Rate , % ratio z a No . Rate , % ratio z Tf: __ - p _ --

Yes 385 72 1 8 .  7 2 . 0 36 9 . 4  1 . 8 
5 .34 <0 . 000 1 3.2 <0 . 003  

No 2208 2 10 9 . 5  1 .0 1 15 5 . 2 1 . 0  

a For two-tailed tests . 

°' 
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TABLE 4 
Attack rates according to history of high-school football and disabling 
high-school football inj ury 

History of 
high-school No . Injured Seriouslx injured 
football plaxers No . Rate , % No . Rate, 

High-school 
football with inj ury 385 72 18 . 7 36 9 . 4 

High-s chool 
football without 
inj ury 1059 1 11 10 . 5  60 5 . 7  

No high-school 
football 1 1 49 55 4 . 8  55 4 . 8 

Students who played high-school football and were inj ured , 
compared with students who played high-school football and were 
not inj ured : all inj ured , z•4 . 22 , p <0 . 000 1 ;  seriously inj ured , 
zs2 . 54 , p=0 . 001 . 

% 

Students who played high-school football and were not inj ured ,  
compared with students who did not play high-school football : all 
inj ured , z=5 . 20 , p <0 . 000 1 ; seriously inj ured , za0 . 9 8 ,  p•0 . 32 7 .  

S tudents who played high-s chool football and were inj ured , com
pared with students who did not play high-school football : all in
j ured , z•8 . 80 ,  p <0 . 0001 ; seriously inj ured ,  z•3 . 40 ,  p•0 . 007 . 

EquipTl18nt 

Probably one of the most widely discussed aspects of football is pro
tective equipment . The football helmet appears to have received the 
lion ' s  share of at tention . Many authorities in sports medicine believe 
that the cause o f  many head inj uries is directly related to the design 
o f  the helmet . No epidemiologic  studies , however,  have compared the 
e fficiency of the dif ferent types o f  helmets available . Such a s tudy 
would compare the types of  helmet in use and their frequency o f  use 
with the nuui>ers of head and neck inj uries occurring to players wearing 
the di fferent types . A probability of head/neck inj ury per type of 
helmet could be derived once some confotm.ding variables were controlled . 

7 
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00 

TABLE 5 
Attack rates and risk ratios according to history of college intramural touch-football injury before 
fall quarter ,  1966 

Intramural 
touch-
football Inj ured SeriouslI injured 
inj ury No . No . Risk No . Risk 
history players injured Rate , % ratio z __ �. injured Rate , % ratio L_ pa 

Yes 16 7 5 1  30 . 5  3 . 2  34 20 . 4  4 .2 
8 . 44 «0 .000 1 8 . 31 <<0 .000 1  

No 2426 231 9 . 5 1 . 0 1 1 7 4 . 8  1.0 

a For two-tailed tests . 

,,, 

Copyright © National Academy of Sciences. All rights reserved.

Football Injuries:  Papers Presented at a Workshop
http://www.nap.edu/catalog.php?record_id=20983

http://www.nap.edu/catalog.php?record_id=20983


TABLE 6 
Age-specific attack rates according to history of intramural football and intramural football injury 

All injured 

(B) Intramural football 
(A) Intr&1111ral football inju!I but no inj!:!!I �C2 No intramural footl!1ll Teat comparison 

No. lnJured No. InJured No. InJured Ave. B B ve. C Ave. C 
.Age. years players � _% _ 2l&ers No. _ % _ 2l&ers No. _% _ _ z ___ 2-.___ _z ___ E.,___ _z ___ ,, 
<19 2 0 o.o 46 2 4.3 SlS 32 6.2 -0.30 0.764 -0.Sl 0.610 -0.36 0.719 

'° 19-20 so 14 28.0 484 46 9.S 441 33 7.S 3.9S 0.0001 1.13 0.2S8 4.68 0.0001 
21-22 6S 18 27.7 384 4S 11. 7 206 23 11.2 3.44 o.ooos 0.20 0.841 3.2S 0.001 

jll.23 so 19 38.0 2S9 37 14.3 91 13 14.3 3.99 0.0001 o.oo 1.000 3.22 0.001 

Total 167 Sl 30.S 1173 130 11.1 12S3 101 8.1 6.92 0.0001 2.6S 0.008 8.89 0.0001 

Stratified (z'. p') S.S4 0.0001 0.41 0.682 S.40 0.0001 

SerioualI injured 

<19 2 0 o.o 46 1 2.2 SlS 11 2.1 -0.21 0.833 0.02 0.984 -0.21 0.834 
19-20 so 8 16.0 484 29 6.0 441 14 3.2 2.67 0.008 2.04 0.041 4.18 0.0001 
21-22 6S 14 21.S 384 2S 6.S 206 8 3.9 3.99 0.0001 1.35 0.177 4.S6 0.0001 

�3 so 12 24.0 259 21 8.1 91 9 9.9 3.34 0.0008 -O.S2 0.603 2.2s 0.024 

Total 167 34 20.4 1173 76 6.S 12S3 41 3.3 6.lS 0.0001 4.14 <0.001 9.41 0.0001 

Stratified (z' • p') 4.90 0.0001 l.4S 0.147 S.39 0.0001 
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TABLE 7 
Distribution of inj uries and major inj uries in the two halves of  
football gamesa 

Injuries Serious injuries 
No .  % of No . % of 

Half o f  game No . expected total No . expected total 

1st (0-2 1 min) 1 10 136 40 .4 57 72 . 5  39 . 3  

2nd (22-42 min) 162 136 59 . 6  88 72 . 5  60 . 7 

x2
( •9 . 9 42 ,  p 

1)  
<0 . 005 2 

x ( 1 )  
•7 . 510 , p <0 . 0 1  

a Practice inj uries and inj uries of  unknown time excluded from analysis . 

Recently , the face mask was introduced into tackle football . The bas is 
for addition of the face mask was the intuitive feeling that a bar of 
sorts would protect the player ' s  face from direct blows . 'nlere was no 
experimental trial to evaluate the effectiveness of face masks . Some 
physicians are now challenging their e ffectiveness on the grounds of an 
increased incidence of  head and face inj uries directly or indirectly 
attributable to it . 

'nle evidence to support the use of mouth protectors was gained largely 
through the epidemiologic process . Several studies have demonstrated 
the effectiveness of the mouth protectors in reducing or preventing 
mouth and dental inj uries by comparing the numbers of inj uries to 
players similarly exposed but wearing and not wearing mouth protectors . 
The methodologic approach should be equally applicable to other types 
of equipment . 

Other equipment has received far less attention . Shoulder pads , hip 
pads , and thigh pads have been ignored by the researcher ,  as evidenced 
by the lack of  data supporting the protection claimed for the various 
styles and types of equipment . 

Football shoes have received considerable attention in recent years . 
Some advocate low-cut shoes for performance . Others feel that high-
top shoes prevent ankle inj uries . To some , the type o f  cleat appears 
to be related to the incidence o f  foot , ankle , knee , and leg inj uries . 
Hanley4 cites his s tudy to support a cleatless heel . Other investi
gators recommend a conical , soccer , or ripple-type heel . This problem 
can be resolved only when information on risk of inj ury according to 
type of shoe or cleat has been gathered and evaluated . The results 
may be different from those expected , as shown by the findings at the 
Univers ity of Minnesota , 5 which indicated that the risk o f  foot , ankle , 
or knee inj ury for players with a standard touch-football shoe was twice 
as great as for players similarly exposed but wearing tennis shoes 
(Table 8). 
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TABLE 8 
Attack rates and risk ratios of foot and leg inj uries according to shoe 
type 

Foot and leg inj uries 
No .  Risk 

Shoe type No . % No • .  expected Rate , % ratio 

Non-touch-
football 8 ,909 72 .5 71 9 1 .4 0 . 8 1 . 0 
Touch-
football 3 , 376 27 .5 55 34 . 6  1 . 6  2.0 

Total 12 , 285 100.0 126 126 . 0 1 . 0  
x2 (1}·1 9 .507, p <0.0005 

ENVIRONMENT VARIABLES 

There is ample evidence of the relationship of football fatalities to 
high temperature and humidity . There is no evidence , however ,  on the 
occurrence of football inj uries at high temperature or humidity . It 
would help to complete the assessment o f  environmental factors if there 
were evidence on such variables as humidity , barometric pressure , 
lighting (night games or practice) , wind direction and speed , and con
di tion of  turf .  

The factors of uneven sod , holes , debris , and other foreign matter on 
the playing surface are mostly controlled . In the last 2 years , there 
has been some evidence , as reported by Whitehurst , 8 leading to the be
lief that artificial turf may drastically reduce the frequency and 
severity of foot and leg inj uries . The number of man-games of exposure 
is far too low to offer conclusive evidence to support his finding ,  but 
with additional fields and hours of exposure , relationships may be 
drawn . 

NATIONAL SURVEY 

To assist in evaluating the entire problem of  tackle-football inj uries , 
an effort is underway through the cooperation of the American College 
of Sports Medicine ' s  Committees on Safeguards and Medical Aspects of 
Sports and their member groups to compile basic morbidity data on 
inj uries . The instrument under consideration is shown in Fig .  1 . 
Through a tedious process of field trial and experimentation , it is 
hoped that an acceptable surveillance form will be introduced in about 
100 colleges and 100 high schools for the 1969 fall football season . 
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INS'nUCTIONS FOR COMPLrl'ING THIS FOIM 
A AU. QUESTIONS MUST BE ANSWERED EXCEPT 

THOSE MARKED WITH AN ASTERISK (") 
WHICH MAY BE OMITTED IF NOT PERTINENT. 

B EXCEPT WHERE INDICATID, ONLY ONI 
RESPONSE MAY H MAAKED. 

C THIS FORM MUST BE COMPLETED WITHIN 
"8 HRS. AFTER THE INJURY HAS OCCURRED. 

UNK-UNKNOWN. 
NEC-NOT ELSEWHERE CLASSIFIED. 
PLAYER IDENTIFICATION 
1 lnltla"'----:,-...--.,.,--...,...--'· M. ... 
2 Ploce of Injury __________ _ 

3 Injury Number ( l 1st ( ) 2nd ( ) 3rd ( ) 4th 
tcol 11 ( J 5th+ 

INSTITUTIONAL IDENTIFICATION 
•4 IF HIGH SCHOOL PLAYER 

a. TrJMI of Hlth Schoel ICll 11 
I ( l Publle 3 ( l Priwte Cnon-Nll 
2 C l Paroeh 4 Cl Other 

b. sa .. fHlthSchoel lCol fl 
1 ( ) 500 3 ( l 1000-1499 
2 ( l 500-999 "' ( ) 1500+ 

•5 IF JR. COLLEGE, COLLEGE OR UNIVERSITY 
a. TrJMI of Schoel cc.i 111 

1 ( ) Prlmorlly Tax Supported 
2 ( ) Prlvate;Rellgklla 

b. Sba " Schoel ICol 111 
1 ( ) 1000 "' ( l 10000.19999 
2 ( ) 1000-4999 5 ( l 20000+ 
3 ( ) 5000-9999 

PLAYD DESCRIPTION 
6 AGE, ICol 11-UI 

01 ( ) <'"' 
02 ( ) 14 
03 ( ) 15 
°"' ( ) 16 

05 ( l 17 
06 ( l 18 
07 ( ) 19 
08()20 

09 ( l 21 
10 ( l 22 
11 ( )  23 
12 ( ) 24+ 
99 C) UNK 

7 YEAR OF ELIGIBILITY ICollll 
1 ( l Freshman 3 C ) Junior 
2 ( ) Sophomore 4 C ) Senior 

9 C) UNK 

8 WEIGHT ICol 111 
1 () <140 
2 ( l 140-159 
3 ( ) 160-179 
"' ( ) 180-199 

9 HEIGHT (ft/In) ICel ••1 
1 ( l <5'6" 
2 ( l 5,6-5,8 
3 ( l 5,9-5, 11 
"' ( l 6,0-6,2 

5 ( ) 200-219 
6 ( ) 220-239 
7 ( l 240-259 
8 () 260+ 
9 Cl UNK 

5 ( l 6,3-6,5 
6 ( l 6,6-6,8 
7 ( l 6,9+ 
9 Cl UNK 

•10 PLAYING p0SITION WHEN INJURED IN GAME, 
SCRIMMAGE, OR DRILLS - - ._ ...,l ICel IMIJ 
01 ( l Split End 10 ( l Flanker 
02 C l Tight End 1 1 ( l Halfback 
03 ( l Tackle 21 ( l Safety 
04 ( ) Guard 22 ( ) Une Backer 
05 ( ) Center 23 ( l Halfback 
06 ( ) QB 241 l Guard 
07 ( ) Fullback 25 ( ) Tackle 
08 ( l Wingback 26 ( l End 
09 ( ) Tailback 99 ( l UNK 

FIGURE 1 

Coif 

Col I 

Col 11 

Col 11 

Colll 

Col II 

c.11'·11 

INJURY DISCRIPTION c.11-
11 NATURE OF THE INJURY� ICol IMll 

01 ( l Abrasion 11 ( ) Sprain 
02 C l CGntusian S.V.rw (Nor) 
03 ( l Cana.mien 12 ( ) Strain Cmulcle) 

Cmlnorl Miid 
04 ( l Conamlan <nan-tear) 

(major) 13 ( l Strain (�le� 
05 ( l Dental Injury Sewre (tear) 
06 ( ) Dlslacatlan 14 ( ) Sun Stroke 
07 ( ) Fraeturw 15 ( l Heat Exhtn 
08 ( l Lacerot1on 16 ( l Frost Bli. 
09 ( ) Punetww Wd 17 < l MenllCUI (tear 
10 ( ) Sprain 1 8 ( ) Other 

Miid Cnon-teorl 99 ( l UNK 

12.A IODY PART lHYOLVID ____ _ 
........... (Colll.a.I 
01 C l Jaw 08 C l Eyelld/B,_ 
02 C ) Faca 09 C l Up 
03 C ) Noel 10 C l Tongue 
04 C ) sCatp 11 C ) Teeth 
05 ( ) Skull 12 C l Ear 
06 C > Forwhead 13 C l Head CNS 
07 ( ) Eye 14 C l Other IWad 
Neck 
21 C ) Vembral 
22 ( )  Softn.. 
a..t 
31 ( ) Rlbl 
32 ()Liq 
Aw-
41 ( ) Uwr 
"42()Spi.., 

GUTNCt 
51 ( l Kklnly 
52 ( ) Bladder 
53 ( l Tes191 
Mmc.i.sblml<MSI 
60 ( ) Vertebrae 
61 ( ) Aeromeoc:lavleular 
62 < l Shoulder NEC 
63 ( l Clovic:le 
6"' ( ) Upper Arm 
65 ( l Elbow 
66 ( ) Fol'9Clrm 
67 < l Wrist 
68 () Hand 
69 ( ) Finger 

23 ( ) Ne,.,. 
24 C l Other Neck 

33 ( l Heart 
34 ( ) Other Chest 

·"'3 ( l GI Tract 
« Cl Other 

AbdorMn 

5"' C l Panis 
55 ( l Other GU 

70 ( l Pelvis 
71 ( ) Iliac c-t 
n < > Hamstring 
73 ( l Hip 
74 ()Thigh 
75 () K..-
76 ( ) Lower I.Ag 
n < l Ankle 
78 ( l Foot 
79 C ) Toe 
80 ( l Other M-S 

121 Miolltple l•Jurr <- tcol -1 

99 ( l UNK 

13 BODY SIDE OF INJURY tco1111 
1 ( ) Right 3 ( l Not Applicable 
2 ( l Left 9 I l UNK 

14 SEVERITY OF INJURY tcolMI 
1 ( ) Fatal 
2 ( l Hospitalized 
3 ( ) Injury With No Participation !lost time) 
4 ( l Injury But With Portiol Participation 
5 ( l Injury But With AetlYI Portlelpaiton 
9 () UNK 

15 PRE-EXISTING PHYSICAL/SENSORY PROBLEMS 
(Col If) 

Woa there evidence of a pre-existing physical or 
sensory problem associated with this Injury? 
I ( I Yes 2 I l No 3 < l Uncertain 9 < l UNK 

16 DID THE PLAYER CONTINUE TO PARTICIPATE 
:�1tti:�E

S
�����l�1N AFTER INITIA.L 

1 Cl Ye 2 ( l No 

tcol 11.a) 

(Col If) 

Form being considered for collecting inj ury data .  (Continued on facing page.) 
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*17A WM. THIS A REINJURY OF A PREVIOUS 
TRAUMATIC CONDITION? cw 111 

I ( l Ye 2 ( )No 9 ( )  UNK 

* 1 7 B IF A REINJURY, HOW DID IT OCCUR? cw 111 
I ( ) Athletlc Activity 9 ( )  UNK 

2 ( ) Nonathletic htlvlty 

INJURY DISCltlPTOU 
18 GENERAL ACTIVITY CW Ill 

l()Game 4 ()Drill 
2 ( ) Scrimmoge 5 ( ) Other 

3 () Eicerclse 9 < l UNK 

*19 IF GAME OR SCRIMMAGE, INDICATE TYPE OF 
PLAYIColMI 
l()Poss 6 ( l Fi.mble 
2 () Run 7 ( ) Other 
3 () Punt 8 ()NA 
4 ( ) Kick.Off 9 () UNK 
S ( ) F ield Goal 

20A ACTIVITY AT TIME OF INJURY !Col 111 
1 ( ) Blocking or Blocked 
2 ( ) Kickl ng or Blocking Kick 
3 ( ) T ockllng (or being tackled) 
4 < ) Pile-up 
S < > SNpped-on 
6 ( ) Running (noncontactl 
7 ( ) Running (fixed object) 
8 () Other 
9 () UNK 

208 STATUS !Col Ml 
l()Off..iw 

2 () o.t.wiw 
9 () UNK 

21 FIB.D SURF ACE CONDITION lcOl 111 
I ()Dry 

2 < > Wet/Mud 

22 F IELD SURFACE TYPE !Col Ml 
I ( ) Gross 

2 ( ) Dirt Soll 

23 TIME OF INJURY 1Co11t1 
I ( ) Spring Proc 

2 ( ) p,.season Proc 

24 MONTH OF INJURY le.I-II 
01 ( ) Jon OS ()May 
02()Feb 06 ( ) June 
03()Mor 07 ( ) July 
04 ( ) Apr 08 ().fwg 

3()F ronn 
9 () UNK 

3 ( ) Artlflclol 
9 () UNK 

3()Game 
4()� 

GameProc 
9 () UNK 

09 ( ) Sept 
10 ( ) Oct 
ll ()Nov 
12 < ) DK 

*25 IF INJURY OCCURRED IN REGULAR SEASON, 
INDICATE WEEK OF PLAY OF SEASON !Col_, 
01 0 07 ( ) 1 3 ( ) 
02() 08 ( ) 14 ( ) 
03 () 09 () 15 () 
°" ( ) 10 () 16 () 
OS ( ) II() 17+() 
06 () 12 () 99 () UNK 

26 DAY OF WEEK OF INJURY 1c.u•1 
1 ( )Mon 4 ( ) Thurs 6 ( l Sot 

2 ()Tues 5 () Fri 7 () Sun 
3 ( l Wed 9 ( l UNK 

27 TIME OF DAY OF INJURYIW.,> 
1 < l 6-8:S9 AM S ( ) 6-8:S9 PM 

2 ( l 9-11:S9AM 6 () 9-11:S9PM 
3 ( ) 12 ,,_,.2:S9 PM 7 ( l 12-S:S 9 AM 

4 ( ) 3-S:S9 PM 9 ( )  UNK 

!Wiil 

!Wiii 

!Col Ill 

CWMI 

(Col II) 

!Col Ml 

cc-1 m 

!Col Ill 

fW 111 

(Col-) 

(Col_, 

(Col .. ) 

fW .... , 

1 3  

28 TEMPERATURE AT TIME OF INJURY 
0 () 20 3 () -40--49 6 ( l 70-79 
1 ()2()..2 9  4 ( ) 50-59 7 ( )  8()..90 

2()3()..39 5 ()� 8 ( ) 9()..99 
9 () 100+ 

29 CLIMATE AT TIME OF INJURY!Col411 
1 ( ) Clear or Cloudy 3 ( ) Snow or Sleet 

2 ( ) Rain or Drlzz lo 9 !lUNK. 

*30 QUARTER oi: INJURY 
(game lnjurle only) cw., 
1 ( ) lat 3 ( ) 3rd 9 ( )  UNK 
2 () 2nd 4()4th 

*31 IF EQUIPMENT WAS REQUIRED, WAS IT 
WORN, I.E., LEFT PADS OFF, ETC. lc.14'1 

1 ()Yes 2 () No 9 () UNK 

*32 IF A HEAD INJURY, GIVE HELMET 
DESCRIPTION 

a. T,,. Fee...,. .. !Col Ml 
I () OneBor 2 ( )  TwoBors 3 () Coge 

b. s.....- T,,.cw n1 
I ( ) Yes 2 () No 
hltenlol ....... CWlll 
I ()Ye 2 () No  
2 C-WHtlolt S..,H1l111 & Padol ... (Col DI 
I ()Ye. 2 ()No 

*33 IF A DENTAL OR MOUTH INJURY, WAS 
MOUTHPEICE WORN !Col Ml 
1 ()Yes 2 () No 7 () UNK 

34 IF ILIAC CREST, PS.VIS, OR THIGH INJURY. 
DESCRIBE PADDING USED 
TO COVER AREA cw Ill 
l()Soft 3 ( ) Combination 

2 ()Hord 4 ( l None 

*3S IF AN KLE, KNEE, OR LEG INJURY 
o • .,_,. .. wn cw,., 

I ( ) Toped 3 ( l Braced 
2 ( ) Wrapped 4 ( ) None 

b. She Tppe ICll lrl 
1 ( ) Lowcut 3 ( ) Hightop 

2 ( ) Medium 4 ( ) Soccer 
c. a..t T,,. !Col Ml 

!()None 
2 ( ) Conical 

d. Heel !Col lfl 
I ( l Ring 
2 ( ) Bar 

3 ( ) Soccer 
4 ( l Multiple 

3()9-
4 ( l Cleat 

9 () UNK 

9 () UNK 

S ( l Other 
9 ( ) UNI( 

S ( l Ripple 
6 ( ) Other 
9 () UNK 

36 IS THERE ANY EVIDENCE WHICH INDICATES 
THAT THE INJURY WAS CAUSED OR THE 
SEVERITY AMPLIFIED BECAUSE OF 
INADEQUATE, IMPROPERLY WORN, OR 
FAILURE IN THE DESIGN OR MATERIALS 
IN THE EQUIPMENT WORN? !Col Ml 
I ( ) Yes 2 ( ) No 4 ( l Uncert 9 ( ) UNK 

37 IS THERE ANY EVIDENCE WHICH INDICATES 
THAT THE SEVERITY OF THE INJURY WAS 
LESSENED BY THE PROTECTIVE EQUIPMENT 
WORN AT THE MOMENT OF INJURY? 1c.ia11 

1 ( ) Yes 2 ( l No 4 ( ) Uncert 9 ( ) UNK 

38 RCORD COMPLETED BY !Col 611 
I ( ) T roiner (octive 5 () Monoger 
2 ( ) Trainer (student) 6 ( ) Physicion 
3 ( ) Cooch 7 ()Other 
4 ( ) Aa't Cooch 

Oii• 

c.i• 

c.i• 

c.i •  

c.IM. 

c.in 

c.ia 

c.ID 

c.IM 

c.i u  

c.IM 

Col O 

c.i •  

Col lt  

CelM 

Celt! 

CelU 
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Many of  the factors introduced in this paper will be evaluated from the 
national survey . There are , of course , many other variables that cannot 
be critically analyzed from a surveillance effort . Through the epidemio
logic process , however , the factors that appear to be most provocative 
can be studied in greater detail . The most meaningful data that may be 
derived from the survey will be a reasonably reliable national picture 
of the problem of tackle-football inj uries . 

SUMMARY 

The epidemiologic method has been shown to afford a very useful approach 
to the study of accidental inj uries . Through the mechanism of mortality 
and morbidity s tudies , followed by well-designed investigation of con
tributing player , game , and environmental factors , evidence may be 
generated to answer some of the more confounding questions on the eti
ology of football inj uries . 'llle pro cess of evaluating the factors that 
appear to differentiate inj ured from uninj ured players would seem to be 
highly productive for characterizing the risks associated with the 
presence or absence of these factors . 

An effort to gain the information needed to begin epidemiologic study 
is now underway through the implementation of  a national surveillance 
system of tackle-football inj uries , in the hope that adequate data on 
the predictive character of some host , game , and environmental variab les 
may be collected that will , in turn ,  shed ligh t  on the complex etio logy 
of football fatalities and inj uries . 
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t-ETHODS OF ESTAB L I SH I N G  H U� TOLERANCE LEVELS 

LAWRENCE M. PATRICK 

For obvious reasons , human tolerance cannot be established through 
direct exposure of people to an inj ury environment .  Furthermore , 
tolerance depends on environment and is therefore different for differ
ent exposure conditions . For example , the energy in a bullet might be 
sufficient to cause injury , whereas the same quantity of energy in a 
large mass travel ing at low speed might merely push a person out of the 
way without inj uring him. Inj ury through a crushing force is essen
tially a static injury , and a bul let inj ury is the result of a dynamic 
impact ; the protection required for each is different . 

Consequently , human tolerance must be based on quantitative and quali
tative data related to specific environments . Several methods of estab
lishing the tolerance include : calculation based on known conditions , 
such as mass , velocity , hardness , and geometry ,  combined with velocity , 
direction , and impact site on the body ; simulation of the environment ;  
and measurement during activity in the normal environment .  Unfortunately ,  
no t all the conditions are usually known, s o  i t  is often necess ary t o  con
duct experiments to establish them before calculations can be made . In 
such a case , it is probably as easy and m:>re accurate to measure impact 
conditions directly by s imulating the environment . 

Simulation of an environment requires duplicating conditions accurately . 
For example , the crash environment for an autom:>bile is duplicated by 
crashing it under the same conditions as those being s tudied .  The 
sports environment can be simulated by ascertaining from observations 
and high-speed m:>vies the exact conditions of each impact under s tudy . 
These can then be duplicated with anthropomorphic dummies or human 
cadavers propelled with suitable mechanical devices and with the in
strumentation necessary to measure injury-producing accelerations or 
forces . 

The most obvious and , in some respects , the optimal method for estab
lishing tolerance is to measure the appropriate conditions in the real 
environment . The forces on a knee s triking a helmet , the ground , or 
any other obj ect can be measured with a force-indicating covering 
(Met-net) or some other device . Unfortunately , the forces measured 
in this manner are seldom near the human tolerance level and would 
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therefore generally be too low , unless enough data were obtained to in
clude cases of inj ury . 'llle drawback of this type of damage is the re
quired modification of a player ' s  equipment or the addition of trans
ducers , which in themselves might cause inj ury to the player . 

An alternate to measuring the environment accurately is to set impact 
values well above those which can be encountered in the environment 
and provide pro tection for the higher values . 'lllis has the major dis
advantage of requiring the levels to be excess ively high , so that the 
protective devices must be larger than truly necessary . 

A voluntary tolerance under simulated conditions indicates approximate 
inj ury tolerance level , but it is generally low ; true inj ury tolerance 
level is likely to be two to four times the voluntary level . 

A technique used extensively at Wayne State University involves the 
establishment of the volm1.tary tolerance levels followed by impacts 
of the same kind to human cadavers at severi ties that are increased 
until there is skeletal damage . It has been shown that bone does not 
change its physical properties substantially af ter death if it is kept 
JJX)is t .  'llle intact cadavers are eni>almed ; consequently , the bone is 
JJX)ist and the data are realis tic .  The cadaver data are also conservative 
and must be corrected for age , because the cadavers used are generally 
those of  persons who were over 60 years old at the time of death . 'llle 
bones of such cadavers break 100re readily than would those of persons 
in the prime of life and in good physical condition . 'llle use of cadavers 
is limited to tests of skeletal damage and , in some cases , intemal
organ damage that can be deduced from skeletal damage . Brain-inj ury 
levels have been established by this method . A linear fracture that 
results from impact of the forehead against a hard , flat surface pro
duces a moderate concussion .  'lllerefore , an impact to the forehead 
from a hard , flat surface that produces a linear fracture is equated 
with a 100derate concussion . 

Many investigators have used anes thetized animals to study impact 
tolerance . 'llle mechanism of inj ury can be accurately determined in 
this manner , but the correlation between animals and humans has not 
been found . 'lllerefore , the use of animals is o f  questionable value 
in sports inj uries . 

Human tolerance of impact can be measured in terms of force , pressure 
( force per unit area) , and/or acceleration . Important considerations 
include the part of the body ; the direction , veloci ty , mass , and 
geometry of the impact ;  the hardness , rigidity , and roughness of  the 
involved surfaces ; and the player ' s physical condition . Many of  these 
items are interrelated in such a way that pro te ction against one auto
matically provides protection for some of the others . 'lllere are some 
intuitive approaches to protection that have been proved through trial 
and error . In general , it is known that a so ft surface is less inj urious 
than a hard surface , a large area less inj urious than a small area , 
and low velocity less inj urious than high veloci ty , i f  o ther conditions 
are the same .  
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Tolerance levels for impact to various parts of the body have been 
established that are applicable to the sports environment .  These 
include impact to the head , knee , ches t , and face . 3 , S  If the tolerance 
level is known, then protection can be provided by designing a protective 
device that will attenuate the force or acceleration of an impact to the 
tolerable level . 

KNEE INJURIES 

Knee inj uries have been reported as among the mos t prevalent inj uries 
in football . Although they are not dangerous to life , they can end 
players ' careers and can cause prolonged pain and dis comfort . Some 
surgical procedures can repair many knee inj uries s atis factorily but 
require rather long periods of convales cence . 

A proposed method of determining knee-impact toler.ance follows : The 
environment must first be es tablished by subjecting volunteers to loads 
simulating those of impact from other players in various directions . 
Obviously , the loads must be well below the inj ury level . The same 
loads should then be applied to cadavers , so that the deflections and 
loads may be compared with those of the volunteers to es tablish equiva
lence . Thereafter , the loads should be increased until fracture or 
soft-tissue damage results . The types of loads to be applied should 
be decided on the basis of high-speed movies , with location , velocity , 
and force as important measures of inj ury . Some knee inj uries have 
been reported to occur with no impact , when turf and cleat conditions 
combine to produce bending or torsion loads beyond the inj ury level . 
Forces and accelerations during voluntary and cadaver loading can be 
measured by a suitable t ransducer , such as hydraulic pressure in a 
bladder , s train in thigh pads , and the previously mentioned Met-net . 
If an impact involves a rigid or semirigid body ,  an indication of the 
force can be achieved by mounting an accelerometer on the impacting 
mass . 

Protection of  the knee requires limitation of angular excursion . A 
protective device to limit angular excursion must not be res trictive 
to the point of impairing the normal function of  the knee , and i t  must 
not result in other injuries to the wearer or to other players . Splints 
and braces have been suggested as knee protectors but have no t been ac
cep table and , in most cases , have not been effective . A pneumatic 
sp lint or some other new device is required . Of course , the best way 
to eliminate the injury is to avoid the condition that causes it . A 
b reakaway cleat or optimization of the turf-cleat interface would mini
mize or eliminate inj uries related to the turf-cleat interface , and 
more s tringent refereeing could reduce exposure to impacts from un
protected directions . 

Many knee inj uries occur when players are blocked from a blind side . 
This can be avoided by providing adequate visibility in the helmet 
and by using a device to warn of impending impact . Perhaps some kind 
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of radar or other electronic gear can be developed to give a player a 
signal when a blocker is approaching from a blind side .  

Another me thod , which appears ridiculous b ut might be poss ib le , would 
use a pneumatic splint that would inf late immediately after impact but 
in sufficient time to prevent excessive angular D>tion o f  the knee in 
any direction . I f  the maximal velocity is assumed to be 25 ft /sec 
(7 . 6  m/sec) and an inflation time of  15 msec is possible , then it will 
require a trigger approximately 4. 5 in. (1 1 . 4 cm) from the leg to 
initiate inflation in time to prevent an inj ury. A s imilar device has 
been prop osed and is under development for use in automob iles to mini
mize occupant inj ury from impact. In that case , a sensing device 
triggers an inflatable airbag in front o f  the passenger when the ac
celeration caused by the impact reaches a predetermined level .  Ob
viously , innovation will be required in the solution of the knee-inj ury 
problem. 

A hydraulic bag around the knee is another possibility ; the fluid 
pressure would increase with the impact ,  providing stiffness or 
bracing for the knee and at tenuating the force . 

HEAD INJURIES 

Head-impact tolerance is probably better known than any other . It is 
the most important part of the body to p ro tect and consequen tly has 
been given the greates t  consideration . Transmitted acceleration to 
the head is the characteristic associated with tolerance by D>st in
vestigators . For massive impacts where moderate b ut not fatal inj ury 
results , as is the case in automobile-racing collisions , a seve rity 
index of 1000* or more has been estab lished using the equation estab
lished by Gadd .2 A transmitted acce leration o f  up to 400 g for a few 
milliseconds at a time has also been established as a tolerance level . 1 
Voluntary and cadaver neck reactions in the whiplash environment have 
been reported by Mertz . 4 Chest-impact forces o f  1100-1200 lb (500-550 
kg) on a padded target 6 in . ( 15 cm) in diameter have been established6 
on cadavers and from investigations o f  accidents that involved known 
forces of up to 1800 lb (815 kg) with the force dist ributed over the 
thorax and abdomen through a s teering wheel . 7 

Many different types of helmets are in use in indus try and sports . 
The well-known construction hard hat is used primarily to prevent 
concentrated loads from falling obj ects . They provide very little 
attenuation of impact and are not e ffective against side impacts . 
Automobile- and D>torcycle-racing helmets are designed for one massive 
impact and are not suitable for football players . However ,  many of  
their design characteris tics are relevant and will be use ful in design
ing the optimal football helmet . 

* Field data on impacts to windshields and ins trument panels indicate 
the value of 1000 to be satis factory or even conservative for single 
severe head impacts . However ,  it is probably too high fo r repeated 
blows such as those received by foo tball players . 
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Current s tatis tic� about which there seems to be some controversy , show 
very few fatalities in football , compared with the number of  players in
volved . 'nlere are generally said to have been about 12 fatalities in 
1 96 8 ,  compared with between 2 and 3 million participants . Considering 
that each participant is exposed to many impacts each year , it is obvious 
that the present helmet is doing a good j ob in providing pro tection and 
that modifications must be made with care to avoid increasing the number 
of fatalities . 

'nle present trend is to apply the same s tandard to football helmets that 
is used for autom:>bile racing and other high-hazard vehicular activities , 
as specified in S tandard Z90 . l  of the United S tates of America Standards 
Institute . I do not think that is a safe approach to the problem of 
head protection for football players . Standard Z90 . l  is based on a 
design criterion of one severe impact with moderate inj ury . To achieve 
this protection , the available dis tance must be used efficiently by 
providing the maximal force that the head can stand over the total 
stopping dis tance . I f this approach is used in the s tandard for foo t
ball helmets , the transmitted accelerations will be comparatively high , 
and it is possible that more fatalities and inj uries will result , rather 
than fewer , because of the cumulative effects of many impacts at too
high acceleration levels due to the s ti ff liner . 

I f  a player will be subjected to many impacts , a lower transmitted 
acceleration is required for the less severe impacts . Consequently , 
the s tandard should be based on many impacts o f  a lower energy level , 
with a greatly reduced accep tab le level o f  transmitted acceleration . 
'nlis can be accomplished by a softer liner , which would ''bottom out " 
if subjected to the higher energy specified in S tandard Z90 . l , but 
which would e ffectively attenuate the impact at the energy levels and 
conditions of football . The input energy will have to be determined 
from observations and measurements made on the p laying fie ld , with 
the design predicated on mitigating inj uries from football impacts , 
rather than the more severe impacts encountered in other activities . 

SUMMARY 

It is essential that the protective equipment for sports be des igned on 
the condit ions associated with those sports . The environment for each 
sport must be determined through calculation , measurement , and/or simu
lation of playing conditions . Emphasis must be p laced on the most severe 
conditions , but the cumulative effect of many less severe exposures 
should also be considered . Study of the performance of success ful pro
tective equipment will be valuable in determining the des ign criteria 
for future protective equipment . 
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H UMAN TOLE RANCE OF I M>ACT 

JOHN P . STAPP 

Biodynamics deals with the e ffects of mechanical forces on living 
tissues . I t  is concerned with correlating mechanical-force factors 
with the physiologic and anatomic changes that occur in a living body 
or any of its parts during or after exposure to mechanical s tresses . 
These changes include : 

( 1) Acute , immediately reversible anatomic and physiologic reactions 
that are not inj urious . 

(2) Acute , persis tent anatomic and physiologic reactions with signs 
and symptoms o f  inj ury , such as :  

(a) neurocirculatory shock , concussion , pain , and anxiety wi th 
associated changes in vital signs and physiologic reactions ; 

(b ) abrasions , contusions , ecchymoses , hematomas , and ruptures of 
skin , meni>ranes , and viscera; 

( c) strains , sprains , and dislocations of  j oints ; 

(d) fractures of b ones and cartilages ; and 

(e) associated reversible disabilities . 

( 3) Chronic ,  irreversible anatomic and physiologic effects with dis
ab ling injuries , such as :  

(a) permanent impairment of function o f  an organ or s tructure o f  
the body ; and 

(b )  amputation or avulsion of or irreversible damage to an organ 
or structure . 

(4) Fatal inj ury , including immediate and delayed effects on vital 
structures and functions due to : 
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(a) hemorrhage , hypoxia , obstruction , or direct trauma to respira
tory or cardiac control centers ; 

(b ) combined effects of multiple inj uries and shock ; and 

(c) decapitation or evisceration . 

All those conditions may result from abrupt velocity changes when a 
moving living body collides with another moving body or a s tationary 
and resistant object or when a stationary body is struck by a moving 
object . Finding the quantitative relationship between mechanical
force characteristics and degrees of  physiologic and anatomic e ffects 
provides criteria for survial without inj ury , survival with inj ury , 
and death . Such criteria are essential for determining limits of 
performance and specifications for protective design . 

lbe quantitative stress analysis of man derives its upper limits from 
observations made on accidental or suicidal exposures of living hl.IDans 
to collision force , confirmed by experimental application of comparable 
dynamic force to cadavers and anesthetized animal subjects ; in the range 
of reversible effects , anesthetized animals and human volunteers have 
been experimentally exposed to measured increments of dynamic force 
while responses were recorded . lbe quantitative relationship of col
lision force to its effects on the whole body and its parts determines 
the characteristics o f  human responses and vulnerabilities . lbe magni
tude of difference between the threshold of inj ury to a vital organ and 
manifestations of  irreversible inj ury constitutes a safety factor 
applicable to exposure limits and performance standards for protective 
equipment . 

FALLS 

In the United S tates in 1968, 2 9  falls caused more than 20 ,000 deaths , 
mainly from head injuries sustained after tripping or s tumbling. An 
astronaut whose 1 70-lb body mass acquired 56 billion ft-lb of kinetic 
energy during a safe 5-min as cent into orbit , 2 9  more than 100 miles 
above the earth , returned safely to earth ,  only to be incapacitated 
a few weeks later by tripping and striking his head on the edge of a 
bathtub ; the incident involved the dissipation of fewer than 560 in. -lb 
of energy in less than 0 . 0 1  sec .  Terminal free-fall velocity o f  the 
human body is attained in dropping through air from 482 ft above sea 
level to a constant speed of 178 ft/sec ,  or about 120 mph , as air drag 
offsets the acceleration of gravity . lbe velocity is higher at alti
tudes of decreased air density , but retards to that at sea level be
fore impact . In decreasing order from terminal velocity , a fairly 
complete spectrum of effects of  free fall onto snow , water , earth , 
concrete , and steel landing surfaces can be constructed from observa
tions o f  human falls from known heights . 
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Collision forces can be es timated from the height of free fal l ,  the 
weight of the victim , the dep th of plas tic deformation of  the impacted 
surface , the body orientation and o.>ntacting area at impact , and the 
location and extent of inj uries , compared wi th those obtained in 
anesthetized animal and cadaver subjects in experiments in which forces 
were recorded .  

In the case of  survived falls soon after which death occurred from 
other causes , the nature and extent of nonfatal internal i.nj uries ob
served at autopsy could be compared with those of  anesthetized experi
mental animals after equivalent exposures to impact . 

The pioneer in mechanical analysis of survived human falls was 
Hugh DeHaven , who founded the Cornell Universi ty Crash-Inj ury 
Research Program. DeHaven became involved in the problem of crash 
survival after a midair collision at 600 ft between World War I 
fighter planes ; he sustained severe crash inj uries , whereas the other 
pilo t walked away from his demolished aircraft practically unhurt . 
During his convalescence , he began studying aircraft accidents , and 
thereafter he dedicated his life to crash-survival research , mitil 
his retirement in 1952 . His analytic methods are illus trated in 
Table 1 ,  based on data from two cases in a report on survived falls 
published in 1942 . s 

An estimate of compression forces can be made by assuming that half the 
body surface contacted the earth during indentation ; therefore , dividing 
the product of body weight and impact g by hal f  the body area will give 
compression , in pounds per square inch . According to Sendroy and 
Cecchini , 22 the body surface area for a 125-lb , 62-in . female would 
be 2635 in . 2 ; 

( 125 lb) (1 35 . 8 g) 1 2  9 i (2635 in .2) (2) • • ps • 

Had the victim landed on her feet at the same impact velocity , assuming 
the area of the soles to be 50 in . 2 , the compressive force would be 
339 . 5  psi . 

Corresponding values for the other fall victim would be 15 . 9  psi for 
half the body area , and 373 . 3 psi for the soles of  the feet . 

In either case , the same fall to a landing on the feet could have 
proved seriously disabling or fatal . Paradoxically , the smaller the 
area of initial contact in a fall or dive into water , the higher the 
pltmge velocity that can be sustained . Snyder , 2 5 reporting on un
impeded falls of 39 males and 1 1  females ranging from 7 to 80 years 
of age , fotmd that 116 ft /sec ( 79 . l mph) was the maximal velocity for 
surviving a feet firs t plunge with body perpendicular at water entry . 
Impacting the water with half the body area--whether front , back , or 
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N 
"' 

TABLE 1 
Analysis of survived human fallsa 

Sex 

F 

F 

Age , 
years 

42 

2 1  

Fall 
Height Weight height 
in . E.!!! lb !,& ft m 

6 2  157 125 56 55 1 7  

6 7  1 70 l l5 52 9 3  28 

a Derived from DeHa!en . s 
b Calculated from _v _ 

2gs 

Impact 
speed 
ft /sec m/sec 

54 16 

7 3  2 2  

Indent 
depth � Impact 
in . � -1._ surface 

4 10 1 35 . 8  Packed 
garden 
earth 

6 15 165 . 5  Loose 
garden 
earth 

Body 
position 

Left side 
and back 

Right s ide , 
back ,  and 
occiput ; 
nearly 
supine 

Effects 

Conscious , 
uninj ured 

Fractured 
right wris t , 
conscious 
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side first�presented approximately five times the contact area of a 
headfirst or feetfirst entry , correspondingly increasing the decelera
tion rate and the magnitude of impact against relatively incompressible 
water and lowering the velocity limit for survival . The highest sur
vived velocities for specified body orientations at impact in this 
series were : prone , 88 ft/sec ; supine ,  93 ft/se c ;  lateral , 87 ft/sec ;  
and buttocks firs t ,  105 ft/sec . In one uninj ured survival o f  feet first 
water entry at 97 ft/sec , absence of spinal inj uries suggests a decelera
tion of less than 35 g. If it is assumed that maximal deceleration 
from 9 7  ft/sec was 35 g, then the deceleration dis tance , s ,  in water 
would be : 

v2 /2gA - (9 7 ft/sec) 2 / [ (2 ) ( 32 . 2  ft /secf ) (35 .0 ) ] - 50 in .  

Thus , most of the kinetic energy would be dissipated in less than one 
body length from an entry velocity of 66 mph . 

Snyder2 4 describes 305 known free falls from the San Francisco Golden 
Gate Bridge from 1 935 through August 1966 , with only two survivors . 
Fall heights range from 2 39 ft (sea level at high tide from a low part 
of the span) to 26 1 ft ( from the highest point on the bridge at low 
tide) . Respective water-entry velocities from free fall would be 
108 ft/ sec ( 73 . 6  mph) and 1 1 1 ft/sec ( 75 . 7  mph) . Between 1937 and 
1966 , the San Francis co Coroner ' s  records include 169 autopsies o f  
these fall victims . 

Findings from these autopsies include : 129 cases of lung lacerations 
by fractured rib fragments ,  including 82 with lacerations of the heart 
and great vessels , and 9 1  cases of liver lacerations . There were 52 
occurrences of rupture of one or more heart chani>ers and 38 of aortic 
rupture . These indicate water entry other than perpendicular to the 
long axis of the body .  One 16-year-old boy plunged 244 ft from the 
Golden Gate Bride , hitting the water feetfirst  at 72 . 8  mph . His only 
inj uries were a midshaft fracture of the left clavicle , fractures of 
the fifth lumbar vertebral left transverse process , and minor retro
peritoneal hemorrhages . No contusions of the body surface could be 
fotmd at the time of res cue or during 3 days of hospitalization before 
he was sent home . 

Tolerance of repeated exposures to water-collision impact has been 
demonstrated by profe ssional exhibition divers o f  Acapulco , Mexico , 
who plunged headfirs t 135 ft from cli ffs into the ocean , hi tting the 
water at an average speed of 58 . 5  mph . The most experienced of these 
divers performed this feat an es timated 26 ,000 times in 25 years . 
Schneider , Papo , and Alvarez2 0 examined six of these divers and found 
x-ray evidence of old thoracic vertebral compression fractures in four 
of them. Three had involvement of the fifth thoracic verteb ra ,  two had 
old fracture signs in the sixth , and one showed old healed fractures of 
the second , third , fourth, and seventh thoracic verteb rae . In addition , 
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healed fractures were found in metacarpals , radii , and ulnae . The only 
known death from attempting this feat was that of an American college 
amateur diver .  This long record of repeated whole-body decelerations 
from 5 8 . 5  mph in a distance of less than one body length , with only 
occasional survivable and reversible inj ury , suggests an upper limit 
for exposure to whole-body impact at an inj ury threshold level , beyond 
which frequency and severity of inj ury would be expected to increase as 
a function of exposure increments . 

Falls into snow from great heights have been survived .  A celeb rated 
example was RAF Flight Sergeant Nicholas Alkamade . About midnight on 
23  March 1944 , he jumped without a parachute from a burning bomber at 
18 , 000 ft , free falling into pinetree branches in a German forest ,  
which retarded his descent to a landing in 18 in . of snow. His only 
injuries were bums (incurred before the jump) and minor s cratches and 
bruises . The incident was thoroughly investigated and documented by 
his German captors . Another case , in Alaska in Feb ruary 1955 , was 
reported by Kiel : S  

During one of the battalion drops , from 1 ,200 ft on 
a clear , relatively warm day , an observer noted what 
appeared to be an unsupported bundle falling from 
one of the C-1 19 airplanes ; no chute deployed from 
the object . The impact looked like a mortar round 
exploding in the snow . When the aid men reached 
the spot , they found a young Negro paratrooper 
flat on his back at the bottom of a � ft crater 
in the snow , which consis ted of al ternating layers 
of  soft snow and frozen crust . He could talk and 
did not appear inj ured ; nevertheless , he was air 
evacuated to a hospital . His only inj uries were 
an incomplete fracture of a clavicle , a chip 
fracture of the second luui>ar , and a few bruises . 
He was released from the hospital in time to return 
south with his unit .  

During free fall , the human body at tains a cons tant velocity--1 95 km/hr 
( 12 1 . 3  mph) at 1 47 m ( 482 ft )  above sea level--known as terminal 
velocity , when wind drag offsets gravitational acceleration . There 
is retardation from higher velocit ies attained in less dense air at 
considerable altitudes above this , so that final impact at sea level 
is at terminal free-fall velocity ,  whether from 1 8 , 000 or from 1200 ft . 
Thus , the paratrooper decelerated from 54 . 25 m/sec ( 1 78 ft/sec) in less 
than 1 .065 m ( 3 . 5  ft ) of crusty snow . His average deceleration can be 
calculated from: 

v2 12 gs - (54 . 25 m/sec) 2 / [ (2 ) (9 . 8  m/sec2 ) ( 1 . 065 m) ] - 141 g .  
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There is a similarity between such whole-body free-fall impacts and the 
ground impacts at considerably lower velocities in football blocking and 
tackling .  

MECHANICAL IMPEDANCE EFFECTS 

The amplification of impact force by resonant response is a very 
important factor in the inj urious de formation of viscous-elastic 
living tissues . Propagated deformation in compression and shear 
through a vis cous-elas tic mass proceeds at an interface with the 
remainder that is not yet in motion , storing energy that is expended 
in the res toration to the original shape of  the mass . A pneumatic
elastic analogy would be the deformation of a football during a kick , 
as seen in high-speed motion pictures . Frame by frame , the foot can 
be seen indenting one s ide of the football while the other s ide stands 
still . As the indentation reaches a limit , for an instant all parts 
of the football move at the same rate as the foot ;  then expenditure 
of stored energy begins to return the ball to its original shape while 
reacting against the toe of the indenting foot . The other side of  the 
ball accelerates fas ter than the foot by the added velocity of rebotmd .  
I f  the kick is  delivered at a rate equal to or  greater than the re
sonance of the football ,  the ball will spring away from the foot at a 
rate approaching twice the acceleration and four times the velocity o f  
the kick . A partially inflated football that indents to a kick with 
no rebound would deform and thereafter travel no faster than the 
original peak acceleration of the foot permitted .  

Relatively firm masses , such as the pelvis and the thorax , held 
together by the relatively elastic lumbar spine , can behave like 
two weights linked by a spring . A kick in the pants can telescope 
the lumbar spine and be followed by a rebound that amplifies the 
motion of the upper torso . The focal point of compression in the 
lumbar spine receives the pressure of the kick plus the reaction 
pressure of ,  in effect , a spring ' s  being compressed .  The coubined 
loading at this point results in a higher probability of compression 
fracture at this location than at points above or below it . I f  the 
kick in the pants is delivered more slowly than the time required for 
elastic compression of the luubar sp ine ,  the upper torso gets into 
motion be fore the lumbar "spring" can be signi ficantly compressed , 
and the threshold for compression fracture is not exceeded . Amplifi
cation of impact force can be modulated in two ways : ( 1 )  by adjusting 
the rate of application of force , and (2 ) by interposing a deformable 
material that will change the rate of  transmission o f  force to the 
body . 

Ruff 1 8 investigated static and dynamic compression loading of the 
vertebral colUllll. in the longitudinal axis . Fresh cadaver vertebral
colUllll. segments were compressed in a static-tes t machine to find the 
breaking load on each of  the lower five thoracic and all five lumbar 
vertebrae . He es timated a compression limit of 10 kg-m (about 870 in . -lb ) 
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to fracture the first lumbar verteb ra with loading applied to the whole 
spinal column . A stress-strain analysis of the vertebrae in the living 
spinal colu1111 was accomplished on a subject lying supine on an x-ray 
table with heels , hips , and shoulders supported on skateboards , with 
x-ray pictures taken at each coiq>ression increment of 10 kg (22 lb) 
applied between the head and feet , to record compression of inter
vertebral disks and reduction in space between vertebrae , from the 
fourth thoracic level to the fifth lumbar verteb ra . In all , six such 
increments were applied , up to a total of 60 kg ( 1 32 lb ) , equivalent 
to the body weight of the subject . The reduction in intervertebral 
spaces with load increment as a function o f  s train was determined ,  and 
from it the percentage of body-weight loading in the upright position 
for each vertebra was calculated . The product of this percentage and 
gravities , equaling the static breaking load for each verteb ra previously 
measured on fresh cadaver static tes ts , was supposed to equal the dynamic 
accelerative load range of tolerance for the verteb ra .  He obtained 
values ranging from 18 . 2  to 25 . 7  g from these calculations . Tests with 
living human subjects catapulted upward in ej ection seats on a test 
tower resulted in lwii>ar spinal fractures in three of four subjects 
exposed to 26 .0 g for 0 .005 sec . 

Latham1 0  exposed human volunteers s trapped tightly to a seat to 
sinusoidal oscillations of 2-20 Hz in the vertical axis . Body dis
placement at the iliac cres t relative to that of the seat was ampli
fied about twofold at 5 Hz , indicating whole-body resonance ; shoulder 
displacement relative to the iliac crest was maximal at 8 Hz , indi
cating resonance between upper torso and pelvis-lower extremities 
through the lwii>ar "spring" coupling ;  and os cillations o f  the head 
relative to the shoulder attained resonance at 1 7-20 Hz . These 
frequencies correspond with impact pulse durations of 0 . 1 , 0 . 06 3 ,  
and 0 . 025-0 . 029 sec , respectively . Dropping a subject in the seat 
15 . 24 cm (6 . 0  in. )  onto a concrete floor excited a fundamental 
resonance of 5 Hz: recorded by an accelerometer mounted on the crest 
of the ilium, adj acent to the center of gravity of the body . A sledge
hammer striking upward against the bottom of the seat excited a re
sonant response of 8 Hz at the hip-to-shoulder linkage and 17-20 Hz 
in the shoulder-to-head coupling . Coiq>aring the subjective sensations 
at each of the whole-body resonant frequencies , Latham considered the 
5-Hz and 8-Hz exposures to be more severe than 1 7-20 Hz at similar 
input aiq>litudes . 

Bierman3 recorded standing waves in the abdominal and thoracic walls 
of 22 volunteers while they lay supine on a narrow table after a vest 
weighted at the comers was dropped from a height of 9 1 . 5  cm ( 3  ft) 
onto the chest and abdomen . The voluntary tolerance limit for this 
iiq>act exposure was about 1500 kg ( 3300 lb ) of force . No ins trumenta
tion other than high-speed motion-picture cameras and load cells ( a  
type of  strain gauge) was used . The subject , sandwiched between the 
table top and the weighted vest ,  sustained abrupt intra-abdominal and 
intrathoracic pressure increase , causing lateral deformation of the 
body cavities ; the wave phenomena probably are confined to the body 
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wall ,  in contrast with the inertial excitation of  both the internal 
masses and the body wall during abrupt velocity change of the whole 
body . Furthermore , the rigidity of bony articulations and the walls 
of the body cavi ties is determined by stiffening o f  opposing sets of 
muscles that surrotmd the j oints and body cavities . This can modulate 
the mechanical impedance characteristics of the whole body through a 
limited range o f  increase in resonant frequency , with stiffening, as 
demonstrated by Coermann4 and Edwards and Lange . 6 They used animal 
and human subjects in various body pos tures and states of muscle ten
sion on a shake table ; increases of resonant frequency from 5 up to 
8 Hz were correlated with muscle stiffening . Apart from the effect 
of muscle s tiffening , Vogt et at. 3 4 fotmd that voltmteers seated on 
a shake table mounted to a centri fuge experienced an increase in 
resonant frequency and in subjective tolerance to low-frequency 
oscillations when head-to-foot centri fuge acceleration was applied 
simultaneously .  A constant load of  2 g increased ftmdamental resonant 
frequency from 5 to 7 Hz while decreasing displacement of e ffective 
mass from 1 . 73 to 0 . 88 mm, for a decrease of 49%; likewise , at a 
cons tant load of 3 g ,  resonant frequency rose to 8 Hz and displacements 
diminished to 0 . 6 75 mm, wi th correspondingly lessened subjective dis
comfort . Vogt e t  at .  fotmd that up to 3 g of centri fuge accelerative 
force applying a s teady load is a cons traint to tissue deformation by 
the sinusoidal os cillations of the shake table , stiffening body re
sponse from a resonance of 5 Hz to 8 Hz , wi th a corresponding increase 
in tolerance to subjective sensations to the combined e ffect .  

MUSCULAR TENSION EFFECTS 

�rris et at . 1 5  describe 40 experiments with 10 healthy men in which 
the spinal column was supported wi th an "inflatable support" (pneumatic 
pressure with a closed glottis against the constriction of thoracic and 
abdominal-wall muscles ) while each subject lifted a 200-lb weight from 
the floor with two hands and with his legs held s traight . Intra
abdominal and intrathoracic pneumatic pressures were recorded , lever 
arms were measured for progressive displacements during the lift , and 
force vectors were calculated . 1lle "inflatable support" contributed 
600 lb , or 29% , of the 207 1 lb exerted to lift the weight from the 
floor . 

Under dynamic loading conditions of exposure to impact , the legs held 
straight and sti ffened by muscle contraction with the feet against a 
45-deg footrest supported up to 55 . 4% of the decelerative force , 
112asured by a s train gauge in the footrest , while 25 . 6% of the load 
was applied to the seatbelt , and the remainder in friction against the 
seat , with the subject seated facing forward on a sled catapulted to 
a stop against a hydraulic piston brake . In 30 experiments on 15 
voltmteers at peak decelerations of 3 . 1- 15 . 5  g ,  with strain gauges 
recording loads on all webbing restraints and agains t the footrest ,  
Armstrong et at . 1 determined the dis tribution of forces with the legs 
held s tiff and relaxed during an abrupt stop of the sled . The sum o f  
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horizontal leg forces was as high as 364 . 8  kg (805 lb ) during a sled 
deceleration peak of 12 . 4  g. At best , "propiotonic restraint" would 
be a fortuitous factor in an actual crash , depending on voluntary and 
reflex responses of a victim who was able to anticipate the collision . 

Watt and Jones 3 5 report that organized leg-muscle antigravity activity 
during landing from a jump to the ground is normally brought about by 
a "packaged" or programed sequence of neuromuscular activity triggered 
well before the moment of impact . This denies re flex , or feedback , 
modulation o f  myotactic responses to the event . Human subjects whose 
electromyographic activity was recorded from electrodes over the body 
o f  the gas trocnemius before , during ,  and after a 38-cm ( 15-in . )  jump 
onto a platform, instrumented to time the landing impact , demonstrated 
electromyographic activity about 180 msec be fore impact , increasing to 
a maximum and terminating well be fore myotactic reflex could have taken 
place . They pos tulate that constant-velocity parachute descent may 
cause difficulties in adj usting the phasing o f  neuromuscular organiza
tion that depends on constant acceleration o f  free fal l .  

Three modes o f  energy transmission to the whole body can produce effects 
ranging from subjective distress to inj ury ,  demonstrated in the prev
iously described human accidental and experimental exposures to mechan
ical force : ( 1 )  abrupt pressure change and localized deformation re
sulting from inertial displacement of the body against res traints and 
from relative movement between supported and unsupported parts of the 
body ; (2) excitation of interaction , by impact pulses matching or ex
ceeding the body ' s resonant frequencies , between body masses through 
viscous-elastic linkages , and of organ masses through their ligamentous 
attachments ; and (3) propagation of strain waves that , in compression , 
tension , or shear , can exceed the elastic limits o f  tissues at areas 
of maximal distortion . 

These effects can be modulated by muscular s tiffening and by constraint 
resulting from sustained accelerative force during exposure to impact 
or to oscillations in the range of whole-body resonances . 

LOCALIZED IMP ACT EFFECTS 

The force applied per unit area is directly related to inj ury and 
survival limits . A 1000-lb blow applied to 1 in . 2 o f  the head can 
cause fracture and fatal concussion , whereas the same force applied 
to 200 in . 2 of the back would produce an innocuous 5-psi pressure 
rise . Anatomic and physiologic di fferences in vulnerability between 
particular body areas also determine inj ury thresholds and surviva
bility . A crushing inj ury of the foot , requiring amputation , can be 
survived ; a crushing inj ury of the head can be fatal . Decelerative 
forces that can be applied to the pelvic and shoulder girdles with 
impunity would deform the soft abdominal wall , with serious conse
quences . The more vulnerable ventral body areas can be guarded by 
flexing the trunk and neck and folding the liubs in the fetal position . 
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'nle design o f  protective equipment for football players--such as helmets , 
face guards , and shoulder , hip , and thigh pads--should take into account 
( 1 )  frequency and severity of  impact exposure and resulting inj ury rates 
at various anatomic areas , (2 ) methods o f  distributing and attenuating 
the force of  a localized blow ,  and ( 3) avoiding inj ury to an opponent 
by iq>act against the device . 

Neck 

Simmons and Herting2 3 calculated the forces incurred in American- and 
Japanese-s tyle hanging executions . 'nle traditional American 6-ft ( 1 . 83-m) 
drop is in excess of requirements for neck fractures , whereas the Japanese 
drop o f  1 . 42 m (4 ft 8 in . )  did not break the neck in two of  three hang
ings witnessed by U .  S .  observers in the late 1940 ' s .  Assuming that , 
in these two cases of no neck fracture , the neck stretch was 2 . 5 4  cm 
( 1  in . )  at a body weight of about 68 . 2  kg ( 1 50 lb ) ,  the force at the 
end of a 1 . 42-m drop would be 944 kg (2080 lb ) . Estimated neck load-
ings for weights of 45 . 5  and 1 13 . 5  kg ( 100 and 250 lb) dropping 1 . 42 m 
in Japanese style would be 700 and 1430 kg ( 1540 and 3140 lb ) , re
spectively ,  and for the American-style 1 . 83-m drop , 980 and 1 846 kg 
(2 160 and 4060 lb ) , respectively . This would place their estimate · 
of 944 kg for the two cases at a fracture threshold below the American 
minimum but within the overlap of the American-s tyle and Japanese-s tyle 
loading ranges . 

Schneider et ai . ,1 9 in analyzing head and neck motion and weight-bearing 
in the upright pos ture , describe the head and firs t two cervical verte
brae as a unit , designated as the "cervicocraniUJD, 11 bearing on the main 
neck colunn made up of replicating cervical vertebrae from the third 
to the seventh . According to Schneider e t  a i. , the juncture o f  the 
cervicocranium with the third cervical verteb ra is a site o f  mechanical 
weakness ,  where disruption occurs in j udicial hanging and similar 
inj uries . They describe normal weight-bearing in the upright posture 
of the head as symmetric loading by the two occipital condyles on 
either side of the lower skull opening against the bearing surfaces o f  
the first cervical vertebra ,  along lines converging to a point where 
the body o f  the se cond cervical vertebra rests on that of the third . 
Shearing and bending forces applied in neck extens ion at this juncture 
of the cervicocranium with the third cervical verteb ra tend to concen
trate in the posterior arch of  the second cervical vertebra at its 
weakest point , predisposing to rupt ure in a "hangman's  fracture , " 
however induced . Thus , this juncture becomes a fulcrun for disruption 
by simultaneous neck extension and head traction similar to hanging or 
to hooking the chin on the upper rim of a steering wheel in an auto
m:>bile crash . Violent hyperextension and traction applied through the 
leverage of a football-helmet face guard are not without hazard in 
this regard . 
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Thon:u and Abdomen 

lbe effects of impact and deceleration on the thorax and abdomen have 
been described on the basis of accidental inj ury and within voluntary 
tolerance limits observed in experimental decelerations of the who le 
body ,  as well as by s triking the chest and abdomen o f  the stationary 
body . Both types of experimental exposures have been applied increment
ally to anesthetized animals through the range o f  injurious effects . 
High-speed motion-picture photography and cineradiography , as well as 
single and multiple-sequence s till photography and x-rays , have been 
of great value in recording body displacements and relative internal
organ motion caused by impact and deceleration . 

Of particular interest are the ef fe cts o f  impact on the heart and large 
arteries and veins in the thorax and abdomen . Several workers2 , l 6 , 2 1 
have reported on lethal trauma produced when a nonpenetrating blunt 
object strikes the ches t and abdomen and on the effects of transmitted 
force from whole-body deceleration in tearing and shearing the aorta 
and vena cava or rupturing atria and ventricles . 

The relationship of the contractile state of the myocardium at the time 
of impact to the occurrence of cardiac inj ury was investigated by Life 
and Pince . 1 2 In a single cardiac cycle , the heart undergoes a sequence 
of profound changes in s ize , position , and configuration concurrently 
with electric ,  mechanical , and hydraulic changes associated with muscle 
contraction .  To determine the relationship between applied impact to 
the chest and the contractile status of the heart in terms of the kind 
and severity of  injury sus tained ,  these authors dropped an 1 8 . 4-kg 
(40 . 5-lb )  cyclindric weight 10 . 16 cm (4 in . )  in diameter 1 . 98  m ( 78 in . )  
directly over the precordium of an anesthet ized dog and measured the 
left ventricular pressure with a catheter introduced through the common 
carotid . Cyclic changes in left ventricular pressure , indicating the 
contractile status of the ventricular myocardium, provided a cue for 
phasing the drop of the weight . All 30 animals in this series were 
impacted at the end of the expiratory phase of the respiratory cycle 
as a control on pneumatic effects ; the drop was timed with the selected 
stage o f  the cardiac cycle . The weight had a velocity at impact of 
6 . 22 m/sec (20 . 4  ft/sec) , and the kinetic energy transferred was 
35 . 9  kg-m (about 260 ft-lb ) . Duration of the impact pulse was 50 msec , 
with a rise time of 20 msec at 1 300 g/sec t o  a peak of 25 . 9  g .  The 
equivalent loading was 473 kg ( 1040 . 7  lb ) ,  and the force : area ratio 
for the impacting end of the cylindric weight was 5 . 84 kg/cm2 (83 psi) . 
Regardless o f  whether impact occurred during sys tole or diastole , the 
left ventricular pressure rose to 42 7 ± 2 . 3  mm Hg .  

The cardiac inj ury depended directly on the contractile state of the 
myocardium at impact . All animals impacted during either ventricular 
systole or diastole had ruptures o f  one or both atria ;  one or both 
ventricles were ruptured in animals impacted during vent ricular systole , 
and none in animals impacted during ventricular diastole . Life and 
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Pince postulate that changes in the ventricle during systo le predispose 
to damage when the heart is s truck in this phase , and that rigidity of 
the myocardium during isometric contraction of the filled ventricle 
increases its frangibility relative to impact over the precordium. The 
relative incompressibility of the blood coupled wi th the relatively 
long opening response time of the pulmonary and aortic valves (compared 
with the brief duration of impact ) may tend to produce an "anvil e ffect , "  
in which the myocardium is caught between the "anvil" of the ventricular 
blood and the ' 'hammer" of the inwardly deflected s ternum. Whatever the 
mechanism of failure , impact during ventricular sys tole produces greater 
damage to the ventricular myocardium than impact during dias tole . 

I t  is pos tulated that aortic inj uries in crash-inj ury deaths are due to 
pressure waves induced in vascular spaces , probably through the abdomen . 
Hansen7 lllldertook to determine whether aortic inj uries from impact 
deceleration were caused by tearing or shearing forces on the aortic 
arch due to abrupt displacement of the heart and diaphragm or were 
caused by increased intravascular pressure due to compression of 
thoracic vessels and the heart , raising hydrostatic p ress ures suffi
ciently to rupture the walls of the aorta and heart partially or com
pletely . He exposed anesthetized beagle dogs to ab rup t  deceleration 
in the headfirs t supine pos ition to a peak o f  20 g in a pulse of 300-msec 
duration . By means of a single-exposure flash x-ray , he filmed the 
heart once during a deceleration . By repeating the deceleration of the 
same subject at about 10-min intervals and phasing the x-ray exposure 
each time to a 25-msec increment in the approximately 300-msec pulse , 
he obtained a set of about 12 sequential single x-rays in as many im
pact exposures . From this composite of x-rays , the time-displacement 
curve of heart excursion during impact could be plotted approximately . 
The average displacement history suggested a sine-wave function with 
superimposed damping after one cycle , fully attenuated after rebound 
in 300 msec or less . The extent of displacements and the localization 
of tensions at the aortic arch near the origin of the le ft subclavian 
artery and insertion of  the ligamentum arteriosum support the concept 
of shearing and tearing action . Two anes thetized chimpanzees de
celerated supine and headfirst to mre than 100 g sustained transverse 
rupture of the aorta , characteris tic o f  tears . 3 1  Klotz and Simpson9 
produced ruptures of the aorta by static rise o f  hydraulic pressure to 
3 . 16-4 . 57 kg/ cu?- (45-65 psi ) . 'nlese ruptures caused by static pressure 
were lengthwise of the vessel , whereas traumatic ruptures associated 
with deceleration and impact are transverse . Roberts et al. 1 7 compared 
aortic rupture in dogs produced by blunt impact against the s ternum 
with blood circulating in eight subj ects and following abrupt exsangui
nation through catheters implanted in the abdominal aorta and vena 
cava in six others . All animals were autopsied immediately after ex
posure . In both series , transverse tears occurred in the aorta with 
no difference in pathology whether blood was present in the great 
vessels or not . These authors believe that tears of  the intima and 
media of the aorta and great vessels result from displacement of the 
heart during impact or deceleration , because : 
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( 1 )  tears were localized anatomically , tmiformly posterior or posterior 
and right lateral (pressure damage would have random distribution ,  in 
accordance with Pascal ' s law) ;  

(2 ) they occurred in the absence of intravascular pressure , where b lood 
had been drained abruptly be fore exposure to impact ; 

( 3) aortic displacements were large enough to result in tears , and 
these experimental inj uries were identical with those in human 
deceleration fatalities ; and 

(4) longitudinal tears characteristic of hydros tatic-pressure damage , 
such as were produced in experimental pressure elevation , were absent 
in the aorta and arteries and found only occasionally in veins . 

Teare 3 3  described ruptured descending aortas in eight of 26 victims 
of a j et-aircraft crash ; he attributed these ruptures to hyperflexion 
over the seatbelt . I reported a survived vertical crash from a 
height o f  24 . 4  m (80 ft) by an Air Force free-balloon pilot , who 
sustained severe internal inj uries ; a year after the crash , the pilot 
underwent surgery for an aortic aneurysm, with replacement of the 
distal arch of the descending aorta by a Dacron prosthesis . 2 9 

Some areas and organs of the abdomen are anatomically vulnerable to 
direct impact . Widmann , 36  reporting on 119 cases of blmt abdominal 
trauma, of which 39 -went to surgery , claims that the liver and spleen 
are less able to absorb energy tmder abrupt compression than are the 
hollow viscera , owing to limited mobility with respect to pedicles 
and proximity to the lower rib margins , agains t which they impinge 
during impact or deceleration . The spleen has an entirely arterial 
blood supply , so that hemorrhage tends to continue and recur , in 
contras t with the low-pressure portal venous supply to the liver , 
which favors rapid clotting .  In his experience , Widmann estimates 
that one of every 450 trauma admissions has been for splenic rupture . 
Schneider et az . 2 1 warn that inj uries resulting from seatbelt impinge
ment in a car crash showing contusions of the abdominal wall may also 
include contusions of intra-abdominal viscera , leading to delayed per
foration , scarring ,  hemorrhage , or intramural hematoma formation in 
the bowl . They cite case histories o f  five automobile-accident 
survivors in support of this observation , including one with a small 
bowel performation . 

WHOLE-BODY IMPACT TOLERANCE 

Abrupt-deceleration effects in whole-body exposure -were observed and 
recorded on human voltmteers and on anesthetized primates ,  bears , and 
swine relative to increments of velocity change in crash-simulation 
sleds and snubbed swings . Different body orientations and a variety 
of protective restraint sys tems were investigated in more than 3000 
experiments (to date ) . 
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Lewis and I 1 1  determined tolerance limits for volunteers exposed to  
abrupt impact while seated and restrained in three different crash
force simulators : 

( 1 )  An aircraft seat suspended by cables to form a swing could be re
leased from a predetermined height and arrested by an anchored steel 
cable in less than 5 in . ( 12 . 7  cm) after descending to the vertical 
position . 

(2) A tubular steel sled was s lipper-mounted between cylindric rails 
250 ft ( 76 m) long on concrete piers 3 ft (9 1 . 5  cm) high ; the center 
of gravity of the sled lay between the rails . Early experiments used 
gas-actuated ejection-seat catapults for propulsion ; these were later 
replaced by a pneumatic-hydraulic catapult with a 43-ft ( 1 3-m) stroke 
piston capable of velocities up to 1 75 ft/sec (5 3 . 4  m/sec) . A solid 
s teel piston 6 in . ( 1 5 . 2  cm) in diameter and � ft ( 1 . 4 m) long ex
tending from the prow of the sled provided water-inertia braking by 
entering a corresponding cylinder in a steel block mounted between 
the rails at a chosen distance from the start of the run . The cylinder 
contained water held in by a plastic diaphragm , which was rup tured by 
entry o f  the pis ton , ramming water out o f  135 holes through the upper 
half of the cylinder wall . Threaded chokes or plugs determined the 
cylinder leak rate and programed sled retardation by water inertia . 
Th.is device was named the "Daisy t rack" (after the well-known toy air
guns ) . Several sleds were developed for the Daisy track , o f  one- to 
three-seat capacity , with provisions for a variety of pitch , roll , and 
yaw orientations . 

(3 ) A portable 24-in . -gauge track 25 ft ( 7 . 6  m) long had a s lipper
mounted platform that held a seat adjustable to face forward or rear
ward . It could be propelled by a rubber bungee slingshot to speeds 
of 25 ft/se c ( 7 . 6  m/ sec) in 18 ft (5 . 5  m) to enter spring-loaded clasp
type friction brakes pinching the 2-ft ( 7 . 3-m) central keel attached 
lengthwise beneath the plat form . These b rakes could stop the sled in 
less than 6 in . ( 15 . 2  cm) with deceleration up to 28 g at onset as high 
as 1200 g/sec . This device was suitable for both experiments and 
demonstrations with human and dummy subj ects . It was named the "Bopper . "  

Typical results with the three devices are shown in Table 2 .  

I found that , for a constant magnitude o f  decelerative force , the 
physiologic effect correlated with rate o f  onset for durations not 
exceeding 0 . 4 sec . 3 1 When a volunteer ,  seated and restrained with 
webbing straps on a rocket sled on rails , was exposed to 38 . 6  g in 
1 17 msec , facing forward , recordings o f  the ches t-mounted accelerometer 
and the reference accelerometer under the seat corresponded closely in 
onset and magnitude . Th.e dynamic load of 7980 lb ( 3627 kg) against 
280 in . 2 ( 1806 cm2 ) of webbing left a slight reddening of  local pres
sure areas on the shoulders and hips . Physiologic reactions corres
ponded to those after moderate exercise (run 21 4 ,  Table 3) . An 
exposure to the same 38 . 6  g with onset in 28 msec against the same 
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TABLE 2. 
Comparison of swing, Daisy , and Bopper performance (all hU1181l subj ects , facing forward , restraiued 
by seatbelt only) 

Simulator 

Swing. 111111 
SviD.g, seat 

Daisy , IUD 
Daisy , seat 

Bopper , 11811. 
Bopper ,  seat 

Stopping 
s2eed dis tance 
ft/sec !/sec in . £!! 

15 .4  4 . 7  5 12. . 7  
1 5 . 4  4 . 7  5 12. . 7  
2.9 .0 8 . 8  1"" 36 . 2.  
29 .0 8 . 8  1 ""  36 . 2 

19 .0 5 . 8  Sis 14.0 
19 .0 5 . 8  5ls 14.0  

Deceleration 
Duration , Onset , 

sec g/sec 

0 .08 570 
0 .04 1500 
0 .07 500 
0 .01 544 
0 . 62 900 
0 .54 740 

Peak , 
Body Force 
weight on belt 

� ....!!!.... � .!!!..__ k_ 
2.3.0 156 71 3588 1631 
30.0  
1 7 .0 130 59 2.2. 10 1005 
1 8. 7 
28.0 165 75 4290 1950 
20 .0 

Load area P ress ure Inj urious 
in . 2 c;;a 2!! kg/c;;a effects 

48.0 309 . 6  74 . 7  5 . 3  None 

42. .0  2.70 .9 52. .6  3 . 7  None 

48.0 309 . 6  89 . 5  6 . 3  Back s train 
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type o f  res traints resulted in neurocirculatory shock with blood 
pressure below 50 mm Hg and loss of cons ciousness for about 60 sec ,  
shortly after the sled s topped . Two days of partial bedrest were 
needed for recuperation , during which black and blue contusions with 
local muscle soreness developed at s trap impingement areas on 
shoulders and hips ( run 133 , Table 3) . Even 100 re severe reactions 
occurred after exposure in the backward-facing seated position to a 
peak of 40 . 4  g attained in 19 msec , with resulting lag followed by 
ampli fication to 82 . 6  g at 3826 g/sec onset ,  recorded on the chest
mounted accelerometer .  The subject had severe back pain and cardio
vascular shock with less than measurable blood pressure and loss o f  
consciousness o f  1 min with brief recovery and relapse of  about the 
same duration as he was being evacuated from the sled to a hospital , 
where he was in bed sedated and under traction for the firs t day of a 
3-day admission . Recuperation required a total o f  5 days . Even in 
the less vulnerable , backward-facing seated position , the correlation 
between increased abruptness of  onset and greater severity o f  physio
logic s tress is evident .  The twofold amplification of recording from 
the chest-mounted accelerometer compared with that of the seat reference 
accelerometer indicates excitation of resonant response in the rib cage 
and sternum, deforming inward and rebounding ,  with unmeasured , cor
responding displacements and de formations o f  viscous-elastic and 
pneumatic tissues of the thoracic contents . 

The results of the human experiments described are applicable primarily 
to aircraft and automotive crash exposure and evaluation of protective 
restraint sys tems , including various configurations of webbing s traps 
for seated subjects facing forward and bulkhead or seatback restraint 
for seated subjects facing backward . Nevertheless , these experimental 
impacts and their physiologic effects reseui>le the more severe types 
of body contact and ground collision effects encountered in football 
blocking and tackling . 

Another approach to prote ction from the e ffects of  whole-body exposure 
to impact is described by Loui>ard e t  aZ. 1 3 , 1 4 as isovolumetric con
tainment . It consis ts of enclosing the torso in a semirigid ,  padded 
plastic container that , in addition to distributing forces uniformly 
against presenting surfaces , maintains posture , restricts deformation 
of the body wall , and confines displacements of internal organs and 
tissues . Survival limits of anesthetized small primates and of guinea 
pigs markedly increased by isovolumetric containment , compared with 
harness sys tems restraining the torso by holding the pelvic and 
pectoral girdles . Devices for isovolumetric containment ranged from 
a "sleeping bag" of webbing or fabric , tightened against a back sup
port with head and neck fixed , to a rigid mold of plas ter of Paris 
lined with energy-absorbing padding in a snug cocoon around the animal 
subject . The optimal orientation and containment permitted survival 
up to 400 g at 200 ,000 g/sec produced by impact of a table-top sling
shot-propelled miniature sled on rails into a barrier o f  aluminum 
honeycomb metal , which was partially crushed to s top the sled in 
0 . 50 in . ( 1 . 3  cm) . 
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TABLE 3 
BUllllll exposures to whole-body crash illpact 

DeceleratiOll Dura- Force Restraint 
Age , VelocitI chanl! distance tiOll , Ollaet ,a Peak We&llbs �f--2 area loading 

R.m Subject years ft[sec a/sec ft !__ AIL- q[sec _a_ .!!!...__ Y. .!It_ Y. 111 .2 E!L_" 
(1) Subject seated facing forward 

Restrain ta :  NylOll -bbing shoulder straps , belt , tie dow straps froa belt to seat pan. 

133 BL 30 213 - 87 - 126.0 65.0 - 26.5 - 38.5 24 . 6  1 . 5  0.155 13 70 38.6 17 7 80 6832 3105 238 28. 7  
135 JPS 39 220 - 105.5 - 114.5 67.l - 32.2 - 34.9 24.6 7.5 0 . 160 1344 38.l 172 78 6553 2979 217.5 30.2 

� 214 PWS 39 222.5 - 41.0- 181 .5 67.9 - 12.5 - 55.4 36 . 4  11.1 0 . 283 331 38.6 206 94 7952 3615 280 28.4 0 215 JPS 39 226 - 50 .2 - 175.8 68.9 - 15.3 - 53 .6 31.2 9.5 0.228 493.5 45.4 175 80 7945 3611 219.5 36.5 

(2) Subject seated facing backward 
Restraints : Seatbelt only 

113 WAil 29 206 - 90 - 116 62.8 - 27.5 - 35.3 24.6 7 . 5  0 .160 1156 35 . 0 152 69 5 320 2418 260 20 . 5  
ll4 JFF 30 208 - 96 - 112 63.4 - 29.3 - 34.l 24.6 7.5 0.160 1160 34. 8  153 70 5324 2420 252 21.l 
335 !LB 32 44 . 3  to 0 13.5 to 0 1 . 24 0.38 0 .065 2136 40.4 130 59 5252 2387 205 25.6 
Measured Oil subject Et.B ' s cheat : 3826 82 . 6  

a 
Onset and acceleration calculated fro• brake"1>erfot'111111ce data. 
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Effectiveness of isovolumetric restraints for larger primates was 
del!X)nstrated by Sonntag et at . ,2 8 with results shown in Table 4 .  Two 
experiments were done with anesthetized chimpanzees seated facing for
ward with legs extended , held in a contoured mold of energy-absorbing 
foam plastic between an aluminum shield with a facial opening and a 
plywood backboard , l!X)unted on the Daisy sled . The sled was decelerated 
from a little less than 90 mph in 28 in . (about 40 m/sec in about 71 cm) , 
attaining just  under 150 g at a lit tle less than 1 3 ,000 g/sec in approxi
mately 16 .O  msec .  Other than muscular bruising and small abrasions to 
the malar eminences , neither of the chimpanzees sustained any signifi
cant injury .  The calculated impact forces  were 8 100 and 7460 lb (about 
3700 and 3400 kg) at peak g ,  sufficient to buckle the 1 /8-in .  (0 . 3-cm) 
aluminum shield about 3 in . ( 7 . 6  cm) outward . Factors contributing to 
uninj ured survival were : ( 1 ) rigid , sandwich-board alignment of head , 
neck , and trunk ; (2 ) containment of the front body wall and restriction 
of displacement of internal organs by compression against the 7-in . 
( 1 7 . 8  cm) of foam plastic ; and ( 3) impact-load distribution over l!X)St 
of the available presenting body area .  Body-cast containment and damp
ing by energy-absorbing padding of fer the ultimate achievement to date 
in crash-impact protection . 

DISCUSSION 

Biodynamics research observations and experiments t o  date relate pri
marily to aircraft and vehicle crash survival . Military priorities 
have j usti fied hazardous experiments with human volunteers and anes
thetized animal subj ects to accomplish the medical corps mission of 
conserving the fighting strength . No similar experiments have been 
carried out with complete optical and ele ctronic instrumentation to 
determine impact forces and tolerance limits by exposure to measured 
increments o f  impact in football body and ground contact collision 
situations , although miniaturized telemetry in football helmets has 
been used to record forces sustained in actual football games ,  as 
described by Dr . Reid elsewhere in these proceedings . 

The following estimate of forces encountered in a collision between two 
football players is submitted to suggest orders o f  magnitude being 
dealt with : Assume that two football players , each weighing 200 lb 
and rlllllling on a collision course at 30 ft/sec ( 100 yard dash in 10 sec), 
ram together at midfield , mutually indenting about 3 in . before 
falling apart . Each player then sustains : 

acceleration • v2 /2gs • ( 30 ft /sec) 2 / [ (2 ) ( 32 . 2 ) (� ft ) ] • 56 g. 

Force • ma = (200 lb ) (56 g) • 1 1 , 200 lb 

Assuming a collision contact area of 400 in.2 for each player , the 
average impact load would be ( 1 1 , 200 lb) / (400 in .2 ) • 28 psi . Two 
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f; 

TABLE 4 
Isovolunetric crash restraints 
(anesthetized chimpanzees ) 

Stopping 

Run 
Weight Velocity chan!j ,_ dis tance Peak 
lb � ft/sec � sec in . � JL_ 

3849 55 25 131 . 5 89 . 7  40 . 1  28  71 . 1  1 47 . 5  
3850 50 22 . 3 130 . 0  88 . 6  39 . 7  28  71 . 1  148 . 8 

Dura- Force 
Onset , t ion , !�al 
g/sec msec lb � Restraint 

12 , 900 16 .0  8100 3682 Polyurethane 
12 , 200 1 5 . 3 7460 339 1  Polyvinyl 
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players in good training would perhaps be 100mentarily s tunned by this 
encounter ,  but would probably pick themselves up and recover in time to 
take part in the next play .  Such collis ions and buffetings are re
peatedly endured and recuperated from during a game , with some help 
from helmets , face plates , shoulder pads , hip pads , and thigh pads . 
Quantitative data on human tolerance , on evaluation of whole-body crash 
protection , and on the correlation of physiologic  response to mechanical 
stress , even though primarily related to aviation and automotive crash 
requirements , can nevertheless be useful in criteria for design and 
performance standards o f  football protective equipment until more 
specific data can be obtained from controlled , adequately ins trumented 
experiments with football players reproducing in simulation the impacts 
they experience while playing foo tball . Projecting from the improvement 
that has been achieved in helmets through design and performance 
standards based on quantitative head-impact research , as reported by 
other writers in these proceedings , there could be jus tification for 
100 re exact research on whole-body impact prote ction in this violent 
body-contact sport , in which inj ury is a serious occupational and health 
hazard . 
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F .  GAYNOR EVANS 

ENE RGY -ABSORPTION TOLE RAN CE OF THE 
EXT REMIT I ES AN D PELV I S  

Anyone who has ever seen an American football game , either in person or 
on television , knows that it is a rough contact game in which the chances 
of being inj ured are greater than in 100s t  other sports . Foo tball fans 
are also aware that the extremities , in general , and the knees , in par
ticular , are commonly involved in football injuries . However , the type , 
the frequency , and the magnitude of inj uries to the extremities may not 
be generally known . 

An analysis of inj uries occurring in 465 Air Force football players 
during 34 games in the 1965-1966 season 1 revealed a total of 290 
inj uries , of which 1 1 1 ( 38%) were classified as maj or .  Of the 290 
injuries , 38 ( 1 3%) resulted in hospitali zation , 22 ( 8% )  resulted in 
surgery , and 65 (22%) kept the victim out for the season . 

Sprains were the 100st comm:>n inj uries , accounting for 45 (41 % )  of the 
major inj uries and 80 (28% )  of the total inj uries . Sprains resulted 
in 17 (45%) of the hospi talizations , 1 3 (59%) of the operations , and 
33 (5 1%) players ' being out for the season . The knee and ankle were 
involved in 87% of the maj or sprains and 35% of the major inj uries . 

Fractures accounted for 1 8 (6%) of the total and 15 ( 1 4%) of the major 
inj uries . 'llle ankle and the forearm-wrist-hand area were the 100s t  
common s ites o f  fractures . Dis locations accounted for 1 0  ( 3% )  o f  the 
total and nine (8% )  of the major inj uries . The mos t coUDDOn s ites o f  
the dislocations were the shoulder j oint (glenohumeral ) ,  the forearm
wrist-hand area , and the ankle . 

Contusions , which were found in all parts of the body , accounted for 
86 ( 30%) of the total inj uries and 1 1  ( 10%) o f  the maj or inj uries . 
Strains of the musculotendinous unit occurred in 42 ( 14% ) of the total 
and in eight ( 7%) of the major inj uries . Lacerations and abrasions 
accounted for 16 (6%) of the total inj uries , but none o f  the major . 

Inj uries not included in the above categories accounted for 38 ( 1 3% )  
of the total and 23 (21%) of the major inj uries . 'lllese consis ted of  
traumatic arthritis , boutonniere de formity ,  bursitis , brachia! plexus 
stretching, tendon dislocations , and pneumothorax . 
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According to Thomdike , 2 5 from records between 19 32 and 1959 in the medi
cal room of the Dillon Field House at Soldiers Field , Chicago , the in
j uries severe enough to require an athlete to miss one or more sessions 
of practice or games were , in order of decreasing frequency , sprains , 
muscular contusions , s trains , fractures and dislocations , siq>le contu
sions , inflammations and infections , j oint contusions , lacerations and 
abrasions , and intemal inj uries . Of the 829 3  inj uries recorded during 
that period ,  543 were classed as "miscellaneous . " 

Thomdike also pointed out that the greates t inj ury expectancy is with 
the fall sports , the most highly organized and supervised o f  any 
seasonal sports program. nie Eastwood report on football fatalities 
is cited to the effect tha� during the 29-year period covered , football 
fatalities averaged 1 7 . 24 per year . However , the incidence per 100 ,000 
players was only 1 . 52 for high schools and 2 . 20 for colleges . 

A statistical analysis , cited by Ferguson and Bender , 8 of inj uries of  
920 athletes at a prominent college from 1950 to 1955 revealed that 
48 . 7% of them were severe enough to disqualify the athlete for one or 
more participations in all sports . Ten o f  the inj uries and one illness 
prevented all further participation in athletics . Of the inj uries , 
nine occurred in football . Analysis o f  the inj uries with respect to 
the part of  the body involved revealed that the knees ( 44 cases) were 
the most frequently inj ured , followed by the ankles (34 cases ) , the 
head ( 10 cases) , and the neck (eight cases ) . 

An analysis made by Hibbert 1 1  in four selected areas--one in the Pacific 
Northwest , one in the Rocky Mountains , one in the Southwest , and one in 
the South--of 46 , 824 high-school athletes during the 1948-1949 school 
year indicated that about one of every five participants was inj ured ,  
with fatalities occurring in approximately one of  every 25 , 000 partici
pants . Football accounted for 86 . 3% of the inj uries . Of the inj uries , 
32% were bruises , 20 . 6% were sprains , and 1 8 . 1% were fractures . In the 
1947-1948 season , sprains constituted 34% , fractures 30% , and b ruises 
19% of the inj uries .  The sprains occurred , in des cending order of 
frequency , in ankles , knees , back ,  shoulders , and wris ts . The corres
ponding order of frequency for fractures was clavicles , legs , fingers , 
forearms , and nose . nie highest incidence o f  inj ury (38 .5%) occurred 
at 1 7  years of age , followed by 28 . 7% at 16 and 25 . 5% at less than 16 
years of age . From 18 to 20 years of age , the incidence of inj ury was 
less than 6% . These data indicate that the frequency o f  inj ury de
creases with the age (and experience) o f  the athlete . 

When considering skeletal inj uries of the extremities in athle tes o f  
high-schoo l age or  younger , i t  should be remembered that the epiphyses 
of some of the long bones may not fuse with the shaft of the bone until 
the age of 20 or later (Fig . 1 ) . This may account for epiphyseal in
j uries in young people , although Hale , Research Director o f  Little 
League Baseball , reported no inj uries of  this type in 7 7 1 , 8 10 boys , 8 
probably because baseball is not primarily a contact sport (the greates t 
number of inj uries were caused by getting hit with a pitched ball ) . 
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Furthermore ,  Little League players are usually small and therefore col
lisions between them are less likely to cause severe inj uries than are 
collisions among high-schoo l ,  college , or professional football players . 

FIGURE 1 
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Time of appearance of epiphyses and their fusion with the shaft of  
human long bones . (Reprinted with permission from M:>rris . 2 1 ) 

The response of  a body , including the human one , to the application of  
a force is a function of several factors , both mechanical and biologic . 
Among the mechanical factors to be considered are the type and the 
magnitude of the force ; the point , direction , speed , and duration of  
application of the force to the body ; and the size and shape of the 
body and mechanical properties of the material composing the body . 

Under the same loading conditions , a large body can support a greater 
force before failing than can a small body of the same shape and com
posed of the same kind of material because of dif ferences in the amo\lllt 
o f  material in the two bodies . However , a steel body tolerates a 
greater force be fore breaking than does a wooden body o f  exactly the 
same shape and dimensions because of differences in the mechanical 
properties o f  steel and of wood .  Furthermore , a body composed of  more 
than one kind of material may tolerate a greater  force be fore failing 
than a body composed of either one of the materials alone . 
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The human extremities and pelvis are bodies consis ting of  a variety o f  
different materials ( tissues ) , and  their tolerance t o  the application 
of a force is influenced by differences in the mechanical properties 
of these materials . Such biologic factors as age , sex , physical condi
tion , and race also affect the tolerance of the extremities and pelvis . 

Of the various tissues composing the adult human body , muscle forms the 
larges t proportion (43%) of  the total body weight (Fig .  2 ) . The same is 
probably true for the extremities and the pelvis in part icular , although 
no actual figures pertaining to this were found in the available litera
ture . The extremities form a larger proportion of the total adult body 
mass than is generally realized . Dempster2 found that the upper extremi
ties o f  eight adult human male cadavers constituted 9 . 7% ,  the lower ex
tremities 3 1 . 4% ,  and the sijoulders 10 . 3% o f  the total body weight (the 
proportional weight of the pelvis was not determined) . Thus , the ex
tremities , including the shoulders , account for about half (5 1 . 4% ) the 
total adult body weight . 

FIGURE 2 

50 
w� r.. 

40 

20 

10 

0 

Abeolu.te 
c-,_.-. 
Skm -4 Fat mB 
VUc:era E::'J 
No..-. -
M1'Kle Cl!!1 
Sbloton l!!J 

RolaUn �omJIODCHIU 
ol Tot.al Bocfy 

6 Lwaar Newborn Adult. 
Motitb• 

Periods ol Lile 
c-poa•nt.e ol Body 

Age differences in the absolute and relative components o f  the human 
body . (Reprinted with permission from Wilmer . 2 6) 

Lissner and 1 1 5  have pointed out that all inj uries result from the ab
sorption o f  energy that occurs when a part of  the body comes into con
tact with another body or object moving at a different velocity . Such 
a situation can occur tm.der three conditions : ( 1 )  a part o f  the body 
at rest but free to move , such as the head or an extremity , can be 
struck by a moving object and accelerated ; (2) a moving part of the 
body can strike a resting object and be decelerated ; o r  ( 3) a moving 
part of the body can strike or be struck by a moving obj ect , in which 
case the part of the b ody is accelerated or decelerated , depending on 
which is moving faster ( the part of  the body or the object) and on the 
relative masses and direction of each . The inj ury to the body part 
will be identical in all three conditions if the velocity difference 
between the body part and the other object is the same and i f  the loca
tion o f  the blow on the body part is the same . 

50 

Copyright © National Academy of Sciences. All rights reserved.

Football Injuries:  Papers Presented at a Workshop
http://www.nap.edu/catalog.php?record_id=20983

http://www.nap.edu/catalog.php?record_id=20983


Because most football inj uries arise from blows or impacts , the capacity 
of the various components of the extremities and other parts of the body 
to absorb energy is one of the most important mechanical properties to 
be considered . It is therefore surprising to find little information 
in the literature on the energy-absorbing capacity of various parts and 
tissues of the body . 

The firs t inves tigation , as far as I am aware , o f  the relationship 
between trauma and energy was by Gurdj ian and Lissner , 9 who produced 
deformation and fracture of dry human skulls by the application of 
various amounts of energy to different parts of the skull .  Mos t of  
the tests were made with 1 4 . 3  in. -lb o f  energy , although in other tes ts 
the energy level varied from 8 to 18 in . -lb . In a later s tudy , 1 0  intact 
heads of adult human cadavers were tested with energies varying from 
400 to 907 in . -lb and impact velocities of 13 . 5-22 . 8  ft/sec (4 . 1-
7 m/sec) . The lowest amount o f  energy required to produce a single 
linear fracture was about 400 in . -lb .  Great variation in the energy 
required to produce a single linear fracture was seen from one head to 
another ,  owing to differences in scalp and skull thickness , variations 
in skull shape , and slight changes in the site o f  the blow to the head . 
The fact that a single linear fracture could be produced in a dry skull 
with as little as 40 in . -lb ,  compared with the 400 in . -lb required for 
the intact head , suggests that the scalp and soft tissues covering the 
skull form an excellent energy-absorbing material . 

Concerning the relationships of energy , velocity ,  and acceleration to 
head inj ury , it has been emphasized6 that no t only the magnitude of  the 
energy involved is important , but also its rate of  absorption . Thus , 
the longer the time during which the energy is absorbed , the greater 
the magnitude of the energy that can be safely tolerated . The magnitude 
of the energy and the total durat ion for it to be absorbed were accu
rately measured . The energy varied from 286 to 581  ft-lb , and the time 
for absorption of the energy , from 0 . 0019 to 0 . 0 1 1 7  sec . 

The energy-absorbing capacity , under bendinf� o f  fresh humeri , femora , 
and tibiae has been inves tigated by Mather .  Paired femora of 28 
subjects , the humerus and the femur of 1 2 , and the tibia and the femur 
of 16 were tested . The results of the s tudy (Fig . 3) showed that the 
femur absorbed more energy than the humerus , the tibia more than the 
femur , and the left femur 100 re than the right .  Correlations between 
the energy-absorbing capacities of  specimens in each group of  subjects 
were significant at the 5% level or be tter , except for the tibia and 
the femur o f  the same subj ect , which showed no significant differences 
in their energy-absorbing capacity . 

In a second study , Mather 1 7 determined the energy required to fracture 
the tibia of an intact human leg when loaded like a simple beam. Legs 
from 107 men and 52 women , ranging in age from the teens to the 90 ' s , 
were tested . None had died from physical violence . Mather fotmd , 
for the legs of males matched with an equal number of randomly selected 
females , that 7-8 kg-m of energy had to be applied to fracture 
half the tibiae (Fig . 4 ) . The difference between the load-earring 

5 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

F o o t b a l l  I n j u r i e s :   P a p e r s  P r e s e n t e d  a t  a  W o r k s h o p
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 2 0 9 8 3

http://www.nap.edu/catalog.php?record_id=20983


capacity o f  the tibia of a yotmger subject (less than 65 years old) was 
s ignificantly greater , at the 1% level , than that of the tibia of an 
older subject . 
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FIGURE 3 
Comparison of the energy-absorbing capacity in bending o f  fresh human 
long bones . Based on data from Mather . 1 6  

Mather1 8 has also inves tigated the energy-absorbing capacity o f  intact 
unembalmed adult human fe100 ra subjected to static and dynamic bending .  
One meui>er of  each of  32  pairs of  femora was tested under s tatic bend
ing in a Mohr and Federhall materials-testing machine , using a capacity 
range scale o f 500-10 , 000 kg . The deflection of the center o f  the 
bone was measured with a dial gauge , calibrated in units of 0 . 025 mm ,  
attached to the test bed of the machine . The energy-absorbing capacity 
of the other member of each pair of femora was determined under impact 
loading in drop-weight tests in which a striker was dropped from a 
known height onto the center o f  the shaft o f  the bone . The velocity 
of the tuppet was 32 ft/sec (22 mph or 35 km/hr) .  The mean energy re
quired to fracture the femur by static loading was 20 . 5  ft-lb , compared 
with a mean of 31 . 3  ft-lb in the impact tests . Mather took care to 
point out that impact tests , from the engineering viewpoint , are less 
reliable than static tes ts for determining the mechanical properties 
of a material , because structures are 100re sensitive to the s tress
raising e ffects of  flaws in the material under impact loading .  

Tolerance of the extremities and pelvis to forces must also be con
sidered in terms of the energy-absorbing capacity of  their various 
tissue components . Although there is an extens ive literature on the 
stress-st rain characteris tics and the 100dulus o f  elasticity of various 
tissues , a search of the avai lable literature uncovered only one publi
cation in which the energy-absorb ing capacity of a tissue is mentioned :  
Lebow and 1 4 compared the energy absorbed by wet- and dry-tes ted speci
mens o f  cortical bone from the embalmed femur of  a 78-year-old white 
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man .  The dry specimens absorbed an average o f  69 .o in . -lb/in . 3 of energy , 
compared with an average o f  83 . 6  in . -lb/in . 3 for the same ntDllber of wet 
specimens . 
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FIGURE 4 
Energy required to fracture tibias o f  intact htDllan legs when loaded 
like simple beams . Based on data from Mather . 1 7 

The average energy (kg-cm/cm3) absorbed to failure by di fferent human 
tissues was determined by measuring the area tmder the stress-s train 
curves for various tissues . The stress-s train curves , from which the 
energy was calculated , were for tension tests o f  s tandard specimens o f  
bone and skin , s t rands of  fibers o f  tendon and nerve , small pieces o f  
tissue from the walls of arteries and veins , and a few muscle bundles . 
None o f  the test specimens was a cross section of an intact bone , 
tendon , nerve , blood vessel , or muscle . All the energy-absorbing data 
were calculated from stress-strain curves published by researchers 
working in the laboratory of Pro fessor Hiroshi Yamada , Chairman of the 
Department of Anatomy at the Kyoto Prefectural University of Medi
cine . 1 2- 1 4 , 2 0 , 2 2  , 2 4 , 2 8  From Fig .  5 i t  is evident that tendinous tissue 
has the greates t  and skeletal-muscle tissue the lowest average energy
absorbing capacity . However ,  the energy absorbed by all the soft 
tissues coni>ined (such absorption occurs in many parts of  the body 
when a blow is applied to it )  is m:>re than twice that absorbed by bone . 

Whenever a blow is applied to a part of  the body , the skin and other 
soft tissues covering a bone absorb some of  the energy of  the b low 
be fore it reaches the bone . Even such a relativef� thin l ayer o f  soft tissue 
as the scalp , as demonstrated by Gurdj ian et ai . , is a safety factor , 
as far as skull fracture is concerned . 
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Average energy absorbed to failure by various human t issues . Based on 
measurements of the area tm.der stress-st rain curves published by various 
investigators . 

The relative am:>tmts of soft  vs . hard tissues vary continuously along 
the extremities , as can easily be seen from examination of serial cross 
sections . In the proximal segments o f  the extremities (thigh and upper 
arm) , the bone is surrotm.ded by large muscles that , with other soft 
tissues , absorb much of the energy o f  a blow . In the proximal hal f  o f  
the middle segment (leg and forearm) , the muscular tissue st ill pre
dominates , although the muscular tissue is gradually replaced by tendons 
in the distal half of the segment . At the level of the wrist , there is 
more hard tissue (bone) than soft tissue . A somewhat similar change 
occurs in the leg as the ankle region is approached ,  although the rela
tive reduction in the amotm.t of muscle tissue is less than in the wris t 
region . 

The most coJDDX>n inj uries of  the hand and foot are ankle and wrist 
sprains and digital fractures . In all three regions (especially the 
wrist) , there is little soft tissue , compared with the amotmt of bone . 
However , the wrist and ankle bones consis t primarily of spongy bone 
surrounded by a thin shell of compact bone . According to Policard and 
Roche , 2 3 the human ankle and heel bones contain 80% nonosseous tissues . 

Spongy bone is s tructurally a foam , somewhat similar to s tyro foam , and 
is thus a good energy-absorbing material . 7 The energy-absorbing ca
pacity of spongy bone was experimentally demonstrated by Dr . Physick 
(cited by Wistai-2 7 in 1 827 )  with a row of ivory balls . I f  the first 
ball in the row was allowed to impact the others , the concussive force 
between the balls was suf ficient to impel the las t  ball of the row a 
distance approximately the same as that through which the firs t ball 
traveled before striking the others . However , when the firs t ball in 
the struck row was replaced by a ball of  spongy bone of the same size 
and the experiment repeated , the momentum of the striking ball was 
entirely absorbed by the spongy ball , and the las t b all o f  the row was 
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not moved . Dr . Physick also pointed out that the energy-absorbing ca
pacity of the ball of  spongy bone was greatly enhanced if i t  was wet . 

Although muscle tissue itself has relatively little energy-absorbing 
capacity , the muscles of the proximal parts of the extremities , because 
of their size , absorb much of the energy of a blow to these regions . 
The low energy-absorbing capacity o f  muscle tissue may explain the 
frequency of the charley horse type of inj ury seen in different sports . 

Let us consider next dis locations , sprains , and other types o f  j oint 
inj uries , especially those concerning the knee and the ankle . The 
stability of a j oint depends on three anatomic factors : (1) confi gura
tion of the j oint surfaces o f  the bones , (2) joint capsule and ligaments 
surrounding the j oint , and ( 3) tendons of  muscles crossing the joint . 
The relative importance of these s t ructures varies with the joint and 
with the degree of freedom of 100vements at the j oint . No j oint can 
have maximal stability and maximal mobility simultaneously ; there must 
always be some compromise . 

'nle shoulder has the greatest freedom of movement of any j oint , but it 
is also the 100st often dislocated . The anatomic s tabilizing factors 
of the shoulder joint are , in order of  importance , the muscle tendons , 
the configuration of the j oint surfaces (humerus head in glenoid fossa) , 
and the joint capsule and ligaments . In contrast , the knee is more 
stable but has less freedom of  motion . The structures respons ible for 
its integrity are , in order of importance , the tendons o f  the large 
muscles crossing the j oint , the j oint ligaments , and the articular sur
faces of the bones forming the j oint . Regardless of the anatomic sta
bility of the knee , it is often inj ured in foo tball and responsib le for 
incapacitating players . In spite o f  the frequency o f  j oint inj uries , 
no data on the energy-absorbing capacity or other mechanical properties 
of human j oint ligaments and capsules were fotmd in the available 
literature . 

We have studied pelvic de formations and fractures with the S tress coat* 
method . 5 The Stresscoat pattern consis ts o f  parallel cracks in a special 

* "Stress coat" is the trade name for a s train-sensitive lacquer that 
is used in industry to determine areas o f  high tensile strain , 
where fai lure is likely to occur in machine parts . The structure 
to be tested is firs t given a white or black undercoat ing ,  over 
which the Stresscoat is sprayed .  On the next day ,  the specimen 
is covered with a wetting agent and then tested under stat ic or 
dynamic conditions . After the test , the specimen is sprayed with 
Statiflux powder , which fills the cracks in the Stress coat , so 
that they can be seen . Because the powder does not change the 
sensitivity of the lacquer , the test can be repeated if no Stress
coat pattern is obtained . 
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lacquer . 'lb.e cracks arise only from tens ile strain in the underlying 
material and are oriented transversely to the direction of  the strain . 
The cracks appear first at the site o f  highest tensile s train , where 
failure will occur if sufficient force is applied . The lacquer sensi
tivity is calibrated in inches /inch . For exaq>le , a sensitivity o f  
0 . 0007 means that every time the underlying material stretches (tensile 
strain) 0 . 0007 in . ,  the overlying lacquer will crack . 

A pelvis was weighed and Stresscoated .  It was then suspended over a 1 40- 1b 
steel block with a string and dropped onto the block by burning the 
string .  'lb.e specimen was dropped so that the ischial tuberosities 
struck the block simultaneously ; it was caught on the rebound , s o  that 
it hit the block only once . The weight of the specimen multiplied by 
the distance through which it was dropped yielded the energy (in inch
pounds ) dynamically applied to the ischial tuberosities . 

We tested 22 specimens of lumbar spines and pelves . 5 Sixteen embalmed 
specimens were tested with 33-112 in .-lb , and s ix unembalmed speci
mens , with 39-90 in . -lb of energy . No fractures were produced . 

In a second series of cadavers , the lower extremities and pelvic muscu
lature were removed , the bony pelvis Stress coated , and 200-450 in .-lb 
dynamically applied to the ischial tuberosities . A fracture of the 
right ischium of one pelvis was produced with 240 in . -lb of energy . 
One specimen with about 0 . 5  in . ( 1 . 3  cm) of so ft tissue under each 
ischial tuberosity showed only a threshold tensile s train (Stress coat ) 
pattern after application of 450 in. -lb of energy , the maximum used in 
any test . This demonstrates again the good energy-absorbing capacity 
of soft tissue . 

An exaq>le of an extensive Stresscoat pattern obtained by dynamically 
loading the ischial tuberosities is seen in Figs . 6 and 7 .  The cracks 
constituting the Stresscoat pattern arose from tensile s train created 
in the underlying bone by displacements and oscillations of various 
parts of the pelvis (Fig . 8) . Lateral and medial os cillations o f  the 
region of the anterior-superior iliac spine caused bending o f  the iliac 
ala , so that opposi te sides of the same region were alternately sub
jected to tensile and coq>ressive strain . The Stresscoat cracks arose 
when the side was convex and undergoing tensile strain . 

Of particular interest in the general field of trauma is the de100nstra
tion by McElhaney and Byars 1 9 that the energy-absorbing capacity o f  
cortical bone (eui>almed human femur) decreases s teadily as the strain 
rate of  loading changes from 1 to 1500 in . /in . -sec .  This is of  special 
significance , because 100st traumatic inj uries arise from impact . 

The energy absorbed to failure under static loading by small specimens 
of spongy bone from different parts o f  embalmed human femora has been 
determined . 3 However , the energy-absorbing values ob tained would prob
ably be different with iq>act loads . 
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FI GURE 6 
An extensive tensile-strain pattern produced in the eubalmed Stress
coated pelvis of a white man by application of 6 7  in . -lb of energy to 
the ischial tuberosities . 

FI GURE 7 
View from the right side o f  specimen seen in Fig . 6 .  
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FIGURE 8 

P E L V I C  

F F 

D I S P L A C E M E N T S  
u n d t r  

DYNAMI C  LOADING 

t 
Displacements o f  various parts of the pelvis produced by dynamic load�n g 
of the ischial tuberosities . (Reprinted with permission from Evans and 
Lissner . 5 ) 

It is hoped that the foregoing b rief review o f  the present state of 
knowledge of the energy-absorbing capacity of adult human extremities 
and pelves will st imulate the much-needed research in this area . Data 
on the energy-absorbing capacity of  j oint structures (capsules , liga
ments , and interarticular disks) would be particularly valuable and 
would aid in the design of protective clothing and gear to prevent , or 
at least reduce , the incidence of joint inj uries . Anything that can 
contribute to the prevention or reduction of knee inj uries would , I 
believe , be welcomed by all associated with foo tball .  

The wor� reported here was supported in part by Public Health Service 
research grant AM-03865-10 from the National Inst itutes o f  Health . 
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ft£CHAN I CAL AN D  PHYS I OLOG I C  FACTORS 
RELATED TO HEAD I ftP ACT 

V .  R .  HOD�ON , E .  S .  GURDJIAN,  and L .  M. THOMAS 

Considering the nmnber of  participants in all levels o f  football compe
tition , ranging from Little League through college to professional , and 
the numbers of inj uries to other parts of the body , head inj ury ranks 
low . However ,  despite advances in protective gear , 8 serious head and 
neck inj uries s till occur , and , in terlDB o f  the threat of such inj uries 
to life or normal activity , the head and neck rank as the most important 
parts of the body to protect . In addition , less severe head inj uries ,  
such as a subconcuss ive blow ,  can be a contributing factor to other 
inj uries , because they reduce alertness .  Because of the increase in 
size , speed , and specialized tactics o f  players , the propensity for 
inj ury will require new advances in protective headgear . I t  is the 
purpose of this paper to present our experiences in experimental and 
clinical head inj ury , with regard to types of inj ury and physi cal 
factors associated with them , in the hope o f  providing assis tance in 
the design of  head protection . 

TYPES OF HEAD INJURY 

The varieties o f  head inj ury may be lis ted as follows : 9 

Scalp : 
Laceration 
Subgaleal hematoma 

Skull fracture : 
Linear 
Dep ressed 
Perforating 

Intracranial clot : 
Epidural 
Subdural 

Brain inj ury :  
Concussion 
Contusion 
Laceration 
Intracerebral clot 
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These inj uries are de fined below . 

Sca l.p 

Laceration. A scalp laceration is a cut or tear of the scalp due to 
direct contact of the head with another body .  

Subgal.eal. Herrutorru . Blood vessels connecting the pericranium and s calp 
may be torn as the result o f  force components tangential to the head . 
Bleeding may be diffuse , and blood may collect in the space between 
these s tructures . 

Sku l.l. Fracture 

Linear. A linear fracture due to a blunt blow is formed as follows : 3 
At impact , the area around the point of application of the blow is 
bent in . Simultaneously , there is an out bending peripheral to the 
inbent area . This outbending is selective and may be localized to the 
parts of the skull where a linear fracture is initiated . Owing to the 
resulting tensile forces , the fracture then extends toward the point 
of impact and in the opposite direction . Extension is directly toward 
the region of impact , rather than to one side or the other , because , 
although this area is initially in compression (bent in) ,  it rebounds 
immediately after the energy of the blow has been absorbed and becomes 
an area of tensile stress . If insufficient energy is expended in the 
blow , the fracture may remain limited and not reach the point o f  im
pact . 

DepPSssed. A depressed skull fracture is an inward displacement of a 
part of the calvarium that , i f  other conditions were the same , can be 
produced by a blow of higher energy than required to cause a linear 
fracture . 3 lbe more rapid the blow , the less distant outbending there 
will be and the more localized the area o f  depression . The area of  
depression is  fragmented by radial fracture extending from the center 
of impact . lbese radial fracture lines in a depression are due to 
tensile stress from inbending and are initiated on the internal sur
face of the skull . 

Perfora.ting. Perforating skull fractures are caused by the penetra
tion o f  high-energy missiles or rigid objects of  small cross-sectional 
area into the intracranial space . 
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IntracraniaZ Clot  

EpidumZ . Rup ture of  interconnecting and dural blood vessels can form 
a clot between the skull and the dura . This is usually produced by 
fracture but can occur if deformation of the skull is sufficient to 
cause a separation of the dura from bone . 

SubduraZ.  Blood vessels between the dura and the b rain may be tom 
owing to relative motion between the b rain and the skull caused by 
angular acceleration of the head or poss ibly by intracranial pressure 
due to linear acceleration of  the head (Fig . 1 ) . 

Brain Injuxry 

Concussion .  Concussion has been defined9 as the immediate pos ttraumatic 
unconscious s tate , not associated with macros copic lesions o f  the b rain , 
frequently reversible but potentially fatal , and associated (in the human) 
with amnesia .  Cereb ral concussion is probably due to trauma to the di
encephalic and midb rain portions o f  the brain stem (Fig . 2 ) . 

Con tusion . A brain contusion is a b ruise on the surface o f  the brain . 
I t  is frequently seen in the frontal and temporal regions and is due 
to contrecoup pressure , direct slapping of the skull on the brain 
caused by a blow , or abrasion of the b rain against the rough edges of 
the skull caused by the relative movements of angular acceleration 
(Fig . 3) . 

La.aeration . A brain laceration is a cut or tear in the brain surface . 
It is usually caused by penetration of an object into the int racranial 
space . 

IntracerebraZ Clo t .  Intracerebral clots are caused by tearing of blood 
vessels within the brain owing to relative movements in the b rain tissue 
and attributed to shearing s tresses involved in the pressure gradients 
of head accelerations and skull deformations (Fig . 4) . 

INVESTIGATIVE METHODS AND RESULTS 

We will concentrate our at tention on intracranial clots and brain 
inj uries , because these are most prevalent among head inj uries associ
ated with football . 
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FIGURE 1 
Acute bilateral subdural hematoma due to laceration of vessels from 
relative movements of the brain and veins connecting with the sagit tal 
sinus .  
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rwm lilifililii1 B r a i n st  e m 

Pon s J R e s p i r a t or y, v a somotor cont ro l I 
FIGURE 2 
Sagittal section of the human head , showing some of the vital areas 
involved in head inj ury .  (Reprinted with permission from Torrograrns of 
the Head, by Marvin L .  Daves and William E .  Loechel . Published by 
Charles C Thomas , Springfield , Ill . , 1 962 . )  
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FIGURE 3 
Impact on dog head without fracture of the skull but with a contusion 
of the brain from the elastic inbending of the bone . 
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FIGURE 4 
Extensive brain stem hemorrhages due to pressure gradients at the 
cranial spinal junction . 
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In our laboratory , we use anesthetized animals , human cadavers , and 
experimental and mathematical models to s tudy head and neck inj uries . 
We have s tudied the various indices of inj ury of the scalp , skull , and 
brain . We have measured deformation of the skull , which may result in 
various types of fractures and brain inj uries . We have measured the 
motion of the heads of anesthetized animals after impact ; intracranial 
s tructures are probably inj ured by relative movement of tissues as a 
result of translational and angular accelerations . We have observed 
responses to low-level sinusoidal forces at points on the skulls o f  
human cadavers t o  try to learn about the mechanical impedance character
istics of the head , which are related to specific types of inj ury . The 
results of our s tudies are summarized in the following paragraphs . 

The degree of inj ury suffered by an experimental animal after an impact 
to the head is determined by physiologic monitoring and by ascertaining 
response to mechanical and noxious stimuli . Figure 5 includes a graph 
of physiologic changes in a 1 3 . 5-lb (6 . 1-kg) mature female stumptail 
monkey after it received a blow that rendered it unresponsive to any 
kind of stimuli for several minutes and groggy for an hour . It sustained 
no fracture o f  the skull . This is an example o f  a moderate experimental 
concussive effect , which is characterized by a rise in blood pressure , 
decrease in heart rate (bradycardia) , cessation of respiration (apnea) , 
electrocardiographic abnormalities , and loss of response to mechanical 
stimuli (see Fig . 5 ) . The results are similar in dogs and cats . 

In a series of experiments with the stumptail monkey , the single index 
most closely associated with degree of concussion was apparent head 
acceleration (impact force divided by head weight) . A plot of degree 
of  concussion vs . apparent head acceleration is shown in Fig . 6 . The 
degree of concussion was based on a relative study of the typical 
physiologic manifestations (shown in Fig .  5 ) , as well as a care ful 
electrocardiographic and electroencephalographic s tudy o f  the animals . 
'nle animals in this series weighed 10 . 5-2 3  lb (4 . 8- 10 . 4  kg) and the 
tests revealed that the larger the head , the harder it was to produce 
experimental concussion . In this species , head weight was proportional 
to body weight . In the human , of course , that is not always the case ; 
in fact , smaller individuals may have larger heads than larger indi
viduals . At present , this work and the studies of others indicate that 
linear head acceleration and associated pulse duration are the best 
bases for evaluating head-protective equipment . 

It has been observed that , in an acute experiment , a series of subcon
cussive blows do not produce an observable cumulative effect . Koch and 
Filene , 5 however , have concluded that there is cumulative effect in the 
experimental animal with more severe blows . These opposing views are 
difficult to reconcile , but intensity o f  the blow and the condition of 
the animal are undoubtedly important in any cumulative e ffect . Age , 
sex , weight , state of health , and anatomic and physiologic differences 
may influence the results . The data summarized in Fig .  7 were gathered 
from multiple head blows to the same animal . It  shows the variations 
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FIGURE 6 
Relationship between degree of concussion and impact force/head weight  
(rigid-body acceleration) . 

in force , intracranial pressure , head acceleration , and pulse duration 
as the velocity of impact is increased from a low level to a lethal 
level . It can be observed that the pulse duration remains essentially 
constant throughout the range of velocity from 8 to 50 ft /sec (2 . 4  to 
15 . 2  m/sec) . The acceleration measured on the top of the head in line 
with the force increases nonlinearly from a low level to 500 g at 20 
ft/sec (6 . 1  m/sec) . At this point , the pressure opposite the blow 
(pickup 5 )  approaches -1 atm , which is near the vapor pressure of the 
spinal fluid in which the pressure pickup is bathed . Thus , a minimal 
pressure of nearly - 1  atm was obtained for all subsequent higher
velocity blows . The maximal positive p ress ure on the side of the im
pact (pickup 6) increases positively in a nonlinear manner to about 9 5  
psi (6 . 7  kg/ cm2 ) a t  the lethal veloci ty . The force of impact increases 
at a nonlinear rate to about 1600 lb ( 725 kg) at lethal veloci ty . The 
head acceleration increases even faster than the force , indicating the 
presence of some angular acceleration in the head motion . Undoubtedly , 
angular accelerations play a large role in the production of head in
j ury , particularly hemorrhagic e f fects on the surface o f  the b rain . 
However , up to now , it has been impossib le to find any correlation 
between extent of head inj ury and angular acceleration , because flexural 
and vibration effects make it difficult to record skull acceleration at 
high impact velocities . 

The effects of head acceleration in the human may be visualized by ob
serving a t ransparent two-dimensional model of the sagittal section of 
the human head in a sequence of high-speed photographs taken during a 
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Variations in force , head acceleration , intracranial pressure , and pulse time as ftmctions of impact 
velocity of a 2-lb (0 . 9-kg) striker against the occiput o f  a s tumptail monkey . 
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0 .003-sec impact to the model (Fig . 8) . As with the blows to the 
anesthetized monkey , a positive pressure is recorded in the model on 
the side of the blow ;  opposite the blow , a negative pressure is indi
cated by the growth of tiny air bubbles . They attain a maximal size 
in frame 7 (after 0 . 00 15 sec) and then disappear as the s triker and 
head separate . Pressure records indicate that the phenomenon of reach
ing a pressure of -1 atm followed by a sharp positive-pressure spike 
occurs at a threshold level of 1 70 g in a model or cadaver preparation 
with a 6-in . ( 1 5 . 2  cm) major diameter and increases in severity as 
acceleration increases .  lhese pressure effects may be interpreted as 
being due to acceleration of  the skull and inertia of  the contents , 
which produces a positive-pressure buildup on the blow side and tends 
to produce separation , and there fore below-atmospheric pressures , on 
the s ide opposite the b low . lhe negative gauge pressure extends toward 
the blow side into the brain a distance depending on the intensity o f  
the impact . Blood-vessel hemorrhages ( like the petechial hemorrhage in 
Fig .  4) detected opposite the impact locations have been attributed to 
this phenomenon by Unterharnscheidt and Sellier 1 1  and Gross • 1 

The physical properties o f  the head , including weight , structural 
geometry of the components ,  elastic and viscoelastic characteristics , 
and natural frequencies , as well as the size and shape o f  the striking 
obj ect , relative velocity o f  impact , line o f  action , blow location , 
intervening absorbing material , area of iq>act , and body orientation 
with respect to the head during impact , are primary factors in determin�ng 
the extent and nature of head inj ury . We have shown in the human cadaver .  
with the predominantly oval head , that deflections and volume changes 
\lllder a static anteropos terior or posteroanterior load are very much 
smaller than those \lllder a side-to-side loading . 1 0  This indicates that 
forces along the maj or a-p axis would produce predominantly accelera-
tion (or deceleration) , whereas transverse forces would tend to produce 
deformation wi th acceleration of the head . We showed that in the dog 
a b low to the occipital protuberance with an upward component was much 
more effective than transverse blows to the side or top of  the head 
in producing experimental concussion and mortality . 2 Some of the signs 
of experimental concussions--such as loss o f  corneal reflex , drop in 
b lood pressure , bradycardia ,  and apnea--are manifes tations of neural 
dys f\lllction in the medullary region o f  the lower b rain stem and upper 
cervical region of the cord due to shear stress during movement caused 
by pressure gradients . 9 It is probable that a b low to the occipital 
protuberance of the dog has more effect on these regions of the b rain 
than a transverse blow . An occipital collision or uppercut in the 
human may have the same effect . 

Figure 9 shows a flash x-ray sequence o f  the head of  a monkey be fore 
iq>act (le ft ) and 0 .0005 sec after initial impact to the occipital 
protuberance . Lines of lead tags have been inserted into the b rain 
of this anesthetized animal in positions calculated to indicate relative 
movements of the brain stem and brain with respect to the skull . It 
is evident from these x-rays that the blow has produced both linear 
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FI GURE  8 
High-speed photographs of a two-dimensional clear plastic model o f  the 
human head taken at 7000 frames/sec . Frames 3-7 show the growth of 
bubbles in the occipital region due to below-atmospheric pressure 
caused by impact to the forehead on the left . 'Die bubbles have practi
cally disappeared by frame 12 . Total elapsed time of bubble formation , 
0 . 00 15 sec . 
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and angular acceleration , which in this experimental situation were con
trolled to be plane motion . Unless by coincidence the line of action o f  
the resultant force acting on the head passes through its center o f  
gravity , the resultant motion will in general be translatory , as well 
as rotatory about the orthogonal axes through an arbitrary reference 
point . In the monkey subject shown in Fig .  9 ,  there is no macroscopic 
evidence of  relative movement in the brain tissue indicated by the lines 
o f  lead resin core solder across the brain . However ,  at the cranio
spinal junction , at least 2 mm of  tissue displacement downward can be 
observed ,  indicating s tretch and shear in the area o f  the medulla of 
the brain stem where the respiratory and vasomotor centers are . Pudenz 
and Shelden6 and Hirsch and Ommaya4 have shown that much larger relative 
movements between the brain and skull occur , owing to much longer-acting 
forces , indicating that relati-ve movement of brain tissue is a function 
of time and diminishes as pulse time decreases . nte impact depicted in 
Fig .  9 lasted only 0 .00 1 7  sec , because only skin and a hard rubber pad 
were between the striker and the skull . In a typical football collision 
involving a helmet , the pulse duration could be expected to be 0 . 00 7-
0 .030 sec , depending on the conditions of the impact . 

More insight into the response of the human head to an impact may be ob
tained by studying Fig .  10 , which compares the frequency response o f  a 
point on the front of the skull. of the hman cadaver (based on a silicon 
gel preparation , of the same consistency as brain tissue) with the fre
quency spectrum of pulses delivered to the head with and without a hel
met . The top portion is a p lot of mechanical impedance , dynamic stiff
ness , and apparent mass of  the head against frequency of the vibrating 
force . The body is situated in an erect seated position suspended 
about the center of gravity with the head free to move (see Fig .  1 1 ) . 
Owing to inertial , elastic , and damping properties of the head , the 
mechanical impedance , which is resistance to motion of a point on a 
body ( force/velocity) , varies with frequency , as do dynamic stiffness 
( force/displacement) and apparent weight ( force/acceleration) . nte 
force and acceleration are measured at the driven point on the fore
head in discrete frequency steps from 0 to 5000 Hz . The ratio of force 
to acceleration is then plotted as the apparent weight vs . frequency on 
the nomogram, and the mathematical relationship between apparent mass , 
dynamic sti ffness , and mechanical impedance is governed by the nomo
graph construction . Mechanical impedance is plotted on the horizontal 
lines , the dynamic stiffness on the negative-slope lines , and the ap
parent mass on the positive-slope lines . In summary , the plot shows 
that the point on the forehead appears to the driving force as a mass 
of 10-1 1 lb (4 . 5-5 . 0 kg) up to 1 30 Hz ,  rising to a maximum o f  25 lb 
( 1 1 . 3  kg) at 313 Hz ,  falling steadily to 0 . 1  lb (0 .05 kg) near 900 Hz , 

and leveling of f near 0 .5 lb (O . 2  kg) above 1000 Hz .  The mechanical 
i�edance varies from low values below 10 lb /in . -sec ( 1 . 8  kg/cm-sec) 
to a maximum near 150 lb /in . -sec (20 . 6  kg/ cm-sec) at 3 1 3  Hz , and then 
to a minimum value of 2 lb /in . -sec (0 . 4  kg/cm-sec) at 900 Hz . The 
dynamic stiffness varies from around 1000 lb/in . ( 180 kg/ cm) at 30 Hz 
to a maximum of 250 ,000 lb/in . (45 ,000 kg/cm) at 313 Hz . It then drops 
to 10 , 000 lb/in . ( 1800 kg/cm) at 900 Hz and increases steadily thereafter .  
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....... 
VI 

FIGURE 9 
Flash x-ray of anesthetized stumptail monkey taken be fore impact (left )  and 0 . 0005 sec after contact 
of a s triker with the occiput . The x-rays indicate that both translation and rotation of the head 
occur . Lead solder tags at the craniospinal junction indicate several millimeters of superior
inferior movement o f  the brain s tem relative to the skull at this location . 
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Top , plot of mechanical impedance data vs . frequency for 1-lb (0 . 45-kg) 
sinusoidal input to the frontal bone of the skull of the human cadaver .  
Bottom, frequency spectrum o f  three pulses delivered t o  the forehead 
of the same cadaver used to obtain the mechanical impedance data above . 
These spectra are for a short pulse ( t  • 0 . 00 17 sec ,  no padding) , for 
a helmet drop onto a rigid surface , and for a long pulse (t • 0 . 020 sec) . 
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FIGURE 1 1  
Setup for determining the mechanical impedance o f  a point on the human cadaver head . 
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The interpretation of this chart is as follows : Below 150 Hz is the 
frequency range in which the skull behaves essentially as a rigid body . 
The phenomenon at 3 1 3  Hz is called "antiresonance" and represents the 
first mode of bending ,  in which the skull flexes in a symmetric manner 
such that the rear of  the head deflects while the front of the head 
presents maximal res is tance to being moved. At 900 Hz is the third 
mode of the head , in which the front of  the head deflects with minimal 
energy input .  An unsymmetric second mode near 600 Hz could not be 
investigated thoroughly by our methods . Above 1000 Hz , the sinusoidal 
force is driving only the portion of the skull that immediately sur
rounds the point of application . 

The bottom portion o f  Fig . 10 shows the frequency spectrum of  pulses 
delivered to the forehead of the same cadaver on which the mechanical 
impedance data were taken . The spectrum shows the distribution o f  
energy in a pulse as a function of  frequency range to the le ft of  the 
first  touchdown of the curves ; the natural frequency o f  the struck 
object determines the nature of  the inj ury ,  as well as iq>ortant 
characteris tics of the pulse . The spectrum width varies inversely as 
the duration of the pulse ; i .e . , a long pulse will have a frequency 
spectrum with a narrow width , such as the 0 . 020-sec pulse spectrum 
shown on the left . The spectrum of this pulse is too narrow to excite 
bending modes in the head (below 150 Hz ) ; consequently ,  all its energy 
will be transmitted as kinetic energy , producing rigid-body accelera
tion of the head and therefore accelerative types o f  brain inj uries , 
as discussed previously .  However ,  the energy in an extremely short 
pulse , such as the 0 . 00 1 7-sec pulse recorded for iq>act to the cadaver 
forehead with no padding , is more diffuse , with relatively large energy 
components over a broader frequency range . A short pulse has a pro
pensity to excite bending modes in the head and therefore is the type 
of pulse that , if it contains sufficient energy , produces fracture . 

Between the plots of the 0 . 020-sec and 0 . 00 1 7-sec pulse spectra is the 
plot of the spectrum of a 0 . 00 7-sec pulse obtained from an iq>act of 
a cadaver wearing a crash helmet ( fiberglass shell with nonresilient 
liner on a rigid surface) .  This is probably the minimal pulse dura
tion to be expected in a football contest--e . g . , a fall onto a frozen 
turf . Most football head impacts would be o f  much longer duration 
using any of the modern headgear and therefore would produce pre
dominantly acceleration of the head . Experience bears this out . For 
example , a professional football team might experience a maximum of 
six or seven concussions (players rendered unconscious) in a season , 
with perhaps the same number of subconcussive inj uries (players dazed) 
in a single contest , but fractures are practically unheard o f  (on the 
basis of conversations with professional football t rainers ) . 

Reid et al .,7 at Northwestern , were the first to s tudy head iq>acts in 
football by means of radiotelemetry . They mounted a triaxial accelero
meter to the right of the vertex of the shell of the helmet and measured 
accelerations along the x ,  y ,  and z axes . Their work was concerned pri
marily with the study of the feasibility of recording by radiotelemetry , 
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and it  is uncertain what their recorded accelerations mean in terms of 
force input to the head or actual head accelerations and duration of  
i�act . Accordingly , a preliminary study has been instituted in the 
Wayne State University Department of Neurosurgery laboratory designed : 
(1)  to determine the relationship between helmet accelerations and head 
accelerations on the human cadaver for several o f  the types of footb all 
helmets commonly in use ; ( 2 )  to determine the force-time input to the 
helmet corresponding with the measured accelerations ; ( 3) to compare 
impact response of  the head , including linear and angular acceleration , 
with the several types of helmets and with the body and head in various 
connnon attitudes with respect to each other during impacts to the front , 
side , and rear of the helmet ; (4 )  to compare impact response o f  the 
helmets against a rigid barrier and soft turf ; ( 5 )  to compare head
i�act acceleration response with and without helmets ; (6 )  to develop 
a hamess or transducer mount that , when wom by the cadaver with 
miniature triaxial accelerometers attached , will produce accelerations 
similar to those measured near the same point on the skull ; and ( 7 )  to 
record head-impact accelerations in football situations by radiotelemetry 
data transmitted from the heads of  volunteers . 

Preliminary results of drop tests ( as  illustrated in Fig .  12 )  indicate 
that helmet accelerations are much higher in amplitude (by a factor of  
about 4) and high-frequency components and have no relationship to 
skull-acceleration pulse shape directly under the helmet pickup . 
Figure 13 illustrates a typical oscillographic record o f  a drop tes t . 
Channels are referred to location in the insert diagram . 

SUMMARY 

The p rimary types of head inj uries to be expected in football are 
related to intracranial pressure changes and relative movement s  
caused by linear and angular accelerations (or decelerations ) .  These 
are concussions , subdural hematomas , and petechial hemorrhages . I t  
has been found that , for b lows delivered t o  the occiput of a group of 
stumptail monkeys , the ratio of force to head weight (rigid-body 
acceleration of the head) was the best single index o f  degree of con
cussion . Head-impact tests involving various energy levels and body 
attitudes of human cadavers wearing several current and proposed hel
mets have begun in the laboratory . The general purpose of the experi
ments is to correlate head and helmet accelerations , input force , 
energy , and attitude in the laboratory with radiotelemetry data and 
high-speed photographs from scrimmage and college varsity action . 
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FIGURE 12 
Typical setup for determining forces , head accelerations , and energies 
involved in impacts against a rigid surface with the body in various 
attitudes . 
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RADI OTELEt-ET RY STUDY OF HEAD INJ U RI ES 
I N  FOOTBALL 

STEPHEN E . REID , JOSEPH A .  TARKINGTON , and MATTHEW PETROVICK 

Over 1 million young men participate in the game of football in the 
United S tates . During the 196 7 season ,  24 deaths directly related 
to football were recorded : 16 in high-school , five in sandlot , and 
three in college football .  O f  the 24 deaths , 2 1  ( 88%) resulted from 
inj uries to the head and neck . This fatality incidence of fewer than 
three per 100 ,000 participants has remained fairly cons tant from year 
to year and implies that nothing has been done to improve the situation . 
Actually , with the changing game and today ' s  bigger and fas ter athletes , 
the potential danger has increased and the fact that the fatality inci
dence has remained the same is a tribute t o  those responsib le for the 
safety of the players . 

'nle purpose of our research s tudy , begun in 196 1 at the sugges tion of 
med>ers of the Committee on the Medical Aspects of Sports of the 
American Medical Association , is to gather impact data to help reduce 
the incidence of head inj uries in footbal l players . 'nlis progress 
report covers the three phases of development of a perfected telemetry 
system, preliminary data , and p lans for future work . The study has 
developed a reliable method for telemetering any type of s cientific or 
physiologic data from the football field and could be valuable in 
developing or proving the reliability of any protective device , 
including those for the knee . 

PHASE I :  TELEMETERING OF HELMET IMPACT 

All previous studies on head inj uries in football had been done in the 
laboratory , recording accelerations in g 's as a weight struck a head 
form. Forces were determined from calculations of conditions simu
lating those observed in slow-motion pictures of football games . In 
our s tudy , the method of radiotelemetry and microelectronics was used 
to instrument a player in such a way that the actual impact to his 
helmet during regulation football games could be measured. The player 
participated in the game without being conscious that he was a 
"research laboratory . "  Slow-mtion pictures were taken of the instru
mented player in action . 
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To avoid commercialism with regard to any parti cular football helmet , 
we did not attempt to tes t the helmet on the field , b ut recorded the 
imp acts encountere d  by the helme t , ra ther than by the head . All manu
facturers then could be told of the fo rces encountered on the field 
and use the information to improve their products . 

The firs t  electronic helmet was worn by Joe Schmidt , the Detroit Lions 
lineb acker , in the Pro Bowl game in January 1962 . The me tho d was pe r
fected and a t riaxial accelerometer was fixed to the shell o f  the 
helme t . The accelerometer me as ured impacts in three mutually perpendic
ular planes ,  lo cated the point o f  contact on the shell of the helmet , 
and measured the time during which the force was acting . 'Dlis informa
tion was then telemetered to the press box ,  where it was recorded .  

Impact data of blows to the helmet (not to the head) were measured 
during the 196 3 ,  1964 , and 1965 football seasons of  Northwes tern 
University ,  and 89 3 impacts on one player ' s helmet were recorded 
(Table 1) . During 50% of the time that the player was in the game , 
he received no contact . It was interes ting to learn that 725 ( 81 . 2%) 
of the b lows were encountered by the sides of the helmet , 96 (10 . 8%) 
by the front , 44 ( 4 . 9%) by the back , and only 28  ( 3 . 1%) by the top . 
Forces were recorded in g 's ,  and the time during which the force was 
acting was measured in milliseconds . 'Die recorded g 's ranged from 
zero to 5 780 ,  but 87% of the blows regis tered 400 g or less , 7% from 
400 to 1000 g ,  and 6% over 1000 g. The time during which the force 
was acting ranged from 1 to 150 mec , with the higher g ranges associ
ated with the shorter intervals . 

PHASE II : TELEMETERING OF BRAIN WAVES 

In 1965 , when the method of telemetering impact data from the football 
field was established , the decision was made to proceed to the next 
phase of  the s tudy : telemetry o f  the brain waves of the football 
player during a game . Electroencephalography provides a visual record 
of the spontaneous electric activity emanating from the brain through 
electrodes placed on the s calp . 'Die principles are physiologically 
similar to recording the heart waves in electrocardiography . A 
tracing is recorded from each side o f  the b rain by two pairs of  
electrodes placed at the parietal and occipital regions . A fifth 
electrode in the midline of the occiput acts as a ground wire (Figs . 
1 and 2 ) . 

'Die method of  telemetering electroencephalographic (EEG) tracings was 
perfected during the 1965 , 1 966 , 1967 , and 1968 football seasons o f  
the Northwestern University football team. The normal background 
rhythm of adults during the res ting state is 9-1 2 cycles /sec (alpha 
waves) when the· subject has his eyes closed (Fig .  3) . It was necessary 
to establish the ins trumented player ' s background rhythm during the 
excitement of a football game with his eyes open , because this pattern 
had never before been established . Other activities of the player 
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produce different patterns , which were tabulated and found to be con
sistent for specific activities . 'nte EEG tracings recorded at the very 
moment of  impact may be of little value , because the scalp and the 
electrodes on it usually move with reference to the generator potential 
from the brain and , there fore , produce an artifact (Fig . 4 ) . However , 
the EEG can be very significant immediately after impact , in that it 
normally reverts to its basic background rhythm. 'nte frequency of the 
background rhythm tends to rise consistent ly with the commonly accepted 
relationship between high-frequency alpha activity and tension or 
extreme alertness ;  at other times , the frequency may fall below the 
value recorded under conditions of relative res t . It is this slowing 
of the background rhythm after impact that could indicate b rain damage . 
'Ibis has not happened during this study , but the means for recording 
such data has been accomplished . 'ntere has been no previous knowledge 
of the character of the EEG pattern immediately after impact ; such 
knowledge and a correlation with impact can now be obtained . 

TABLE 1 
Distribution of blows to football helmet during 1963 , 1 964 , and 1965 
seasons 

Duration o f  
Impact , g No . blows force , msec 

0-400 781 1-150 
40 1- 1000 6 1  1-30 

> 1000 5 1  1-4 

Recording force in g ' s  proved tmsatis factory . Although these were 
impacts encountered by the shell of the helmet , and not by the head , 
1000 g seemed tmrealis tic . Force equals the product of mass and 
acceleration (F = MA) . In the laboratory , the use of a head form 
allows the mass to remain constant ; force is then directly proportional 
to acceleration and has some real meaning . On the football field , the 
player is a "coiled spring , " and the mass varies from practically 
nothing , as in a near miss , to probably several potmds . What was 
actually being recorded , in most  instances , were the vibrations o f 
the shell of the helmet ; even with recorded accelerations o f  over 
5000 g, the p layer rarely experienced ill e ffects . 'ntis study has 
demonstrated that conditions that prevail on the football field 
cannot be simulated in the laboratory , nor are they identical on the 
field even tmder similar sets of circumstances . 
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FIGURE 1 
Bob Olson after a football game , with electrodes in place • 

. . 45 _ 

FIGURE 2 
Special compartment on Bob Olson ' s  helmet for EEG transmitter . 
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FI GURE 3 
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Top , telemetered EEG tracing showing alpha wave (eyes closed) from 
each side of brain . Bottom, sudden change due to stimulus o f  opening 
eyes , followed by settling down to normal background rhythm . 

FI GURE 4 
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llOTt BASE l llll STAB I L I TY 1 REST I NG E ,l .; .  BASE EYES IJ'Ell 

Top , normal background rhythm of EEG. Bottom ,  artifact of EEG at 
moment of impact . 
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PHASE III : TELEMETERING OF COMPLEX DATA 

'Ibis undertaking , fraught with many difficulties since its inception in 
1 96 1 ,  has of necessity developed in sequential stages to its final 
phase . Two separate telemetry sys tems , one for impact and the other 
for EEG, would interfere with each other ' s signals , causing "cross-talk" 
artifacts .  In addition , with the data recorded on two separate 
galvanometers , with paper speeds of 250 mm/sec for impact and 25 mm/sec 
for EEG, it would be impossible to synchronize the two recordings ac
curately . 'lbe high paper speed needed to record impact required a very 
sensitive galvanometer , which used a light beam to register on photo
graphic paper .  Titis recorder , however , produced a tracing that could 
not be photographed .  

Our basic-research proj ect has resulted in the accumulation of  a great 
deal of  technical data from the very vigorous environment of the foot
ball field that had never before been available . The opportunity to 
collect these data is afforded only during a short season each year 
from a single instrumented player , and the harves t is subject to many 
unpredictable variables . 

With the experiences gained in earlier phases , the project was now 
ready for its final stage of development .  A single telemetering sys tem 
was required that would t ransmit six channels o f information to a 
special galvanometer in the press box capable of producing records 
suitable for photographing . 

What force data should be measured , and from what part of  the player ' s 
head? Accelerations are certainly important measurements of  impact , 
but , when the mass involved is unknown , force has no real meaning. 
Force may be used to record impact , but the time during which the 
force is acting is an important variable with each impact . The 
velocity and the mass involved add important characteristics to 
recorded force . lbe three fundamental units of  force--length , mass , 
and time--are interrelated in the various types of impacts .  For 
instance , force is the product of mass and acceleration (F • MA) , 
impulse is the product of force and time (I • FT) or of mass and 
velocity (I • MV) , and kinetic energy is one-hal f the product of mass 
and the square of the velocity (E • � MV�. All these components of 
impact have significance ; the di fferent types of  impacts on the foot
ball field require different combinations of the fundamental units of 
force for more accurate understanding .  

Tite helmet that was used consists of a smooth , rigid plastic shell and 
a system of strap webbings that suspends the shell on the wearer ' s  
head . The space o f  about 1 in . between the head and the shell allows 
for dissipation of the impact force . lbe characteristics o f  the 
suspension mechanism must permit some stretch of  the webbing , to 
increase the time for dissipation , but must not allow the head to 
strike the shell . A small two-channel telemetry system was designed 

88 

Copyright © National Academy of Sciences. All rights reserved.

Football Injuries:  Papers Presented at a Workshop
http://www.nap.edu/catalog.php?record_id=20983

http://www.nap.edu/catalog.php?record_id=20983


and built to test the efficiency of various transducers in different 
lo cat i ons on the player ' s  head . 'nte dynamic s tructure of the suspension 
sys tem, its anchoring within the shell of the helmet , and its elas ticity 
and force-absorbing qualities were monitored with a force t ransducer or 
s train gauge . 

Preliminary engineering tests showed a significant di fference between 
the type of helmet impacts and the forces that are re fle cted to the 
s t raps of the suspension sys tem . lbe shell o f  the helmet has a high
frequency characteris tic with considerable acoustics and mechanical 
ringing during impact . In contras t ,  the webbing within the helme t , 
when fitted agains t the player ' s s calp ,  acquires a low-frequency , 
dampe d  oscillation with extended duration of forces . 

We de cided to cement a force transducer to the suspension sys tem of the 
helmet at each of the three popular target areas of the head--right 
fron t al and left and right temporal . The force that reaches the head 
is recorded by measuring the force components at the absorbing mecha
nism of the helmet . Toward the close of the 1968 season , a completed 
six-channel telemetry sys tem was tes ted . It measured the more 
realistic forces of impact encountered by the football player ' s  head-
three channels of impact forces , two channels of  EEG, and a spare 
channel for further development (Fig .  5 ) . Recordings of the telemetered 
data are synchronized with the isolated action on video tape . 'nte 
telemetered data are s tored on electromagnetic tape and can be repro
duced at any time for study . 

COMPUTER ANALYS IS OF HEAD IMPACTS 

To fulfill our criteria , it was necessary to conceive and design an 
analog computer that would automatically calculate the force , velocity , 
and acceleration of impacts that are delivered to the press box in 
graphic form. 'nte force is calibrated and converted into a current 
instantaneously proportional to the force . 'ntis signal is examined 
by the first derivative of the computer .  As the force is incrementally 
created , the changing magnitude or  increasing force is converted into 
a velocity measurement . 'nte velocity then corresponds to the rate of 
change or s tretch of the webbing suspension while it is in the process 
of  absorbing the impact . lhe velocity signal then is examined by the 
second derivative of the computer and is converted into accelerat ion . 
The s cientific evaluation of head impact must measure the three f\Ulda
mental units of force--length , mass , and time . The EEG alone does not 
provide the necessary reference point , as determined by these earlier 
studies . 'nte final phase of the study included : 

( 1 ) meas urement of direct force on the st raps o f  the suspension sys tem ; 

(2) measurement of time during which the force is acting ; 
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FIGURE 5 
Woody Campbell with EEG transmi tter compartment on helmet and radio 
station on shoulder pads for telemetering impact . 
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(3 ) measurement of the rate of change of the webbing as it stretches 
and absorbs the impact in reference to the player ' s head (the rate of 
change is therefore the velocity of the webbing as it moves within the 
helmet) ;  
(4) measurement of the changing force magnitude or acceleration im
parted to the webbing ,  with reference to the player ' s  head and the 
anchorings of the webbing ; and 

(5)  computation o f  involved mass from the formula , F • MA .  

Those measurements constitute the minimum that will permit an adequate 
assessment of the relationships o f  football impacts . With them, one 
may determine the source of damaging impacts recorded by the EEG 
(Figs . 6 ,  7 ,  and 8) . 

SUMMARY 

11iis progress report covers the developmental s tages of a six-channel 
telemetry system that records impact data from a player engaged in 
regulation footb all games . 11ie recorded data include three channels 
of force received at the player ' s head and two channels of EEG. 11ie 
three telemetered values of force are calib rated and converted into a 
current ins tantaneously p roportional to the force . Following the laws 
of di fferential calculus , these signals are examined by the firs t and 
second derivatives of a specially designed computer in the press box 
and are converted to velocity and acceleration measurements o f  the ab
sorbin g  suspension sys tem of the helmet . 11ie force values of impacts 
and synchronized EEG recordings are s tored on e lectromagnetic tape 
and the data of any single football action can be reproduced and 
examined with the isolated action of the player recorded on video tape . 
Because every impact on the field results in a different combination 
of force components , the opport\Ulity to examine these components in 
any significant head inj ury by EEG recordings will be a miles tone in 
solving the problem of head inj uries in football .  

We wish to  acknowledge the assistance of Dr . Frederic A .  Gibbs for 
his interpretation of the EEG recordings , the Wilson Sporting Goods 
Company for its technical assistance , and the cooperation of the 
Northwestern University Athleti c  Department , and especially to 
Woody Campbell and Bob Olson , the recently instrumented football 
players . Funds for this project were provided by the Evanston 
Hospital and the Sports Foundation , Inc .  
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FIQJRE 6 
Teleme te red signals of forces received by s uspension me chanism of 
helmet . Each force produces a different type of graph . Right frontal 
force has been put through computer to find velo city and acceleration . 

Pape r  speed , 25 mm/sec . 

FIGURE 7 
Telemetered signals of forces received by mechanism of he lmet . Right 
frontal force has been p ut through computer to  find veloci ty and ac
celeration . P aper speed o f  250 mm/sec shows mo re  det ail than the 
25 mm/sec of  Fig . 6 .  
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FIGURE 8 
Simultaneous telemetering of two channels of EEG and three channels of 
iq>act , showing impact waves and their effect on EEG tracings . 
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ROBERT M. GRUENINGER 

I NFLUEN CE OF PHYS I QUE AND BODY S I ZE 
� PE RF ORMAN CE 

'lbe topic o f  s ize , physique (i . e . , body build or shape ) , and perfo rmance 
is very broad . Hence , I shall be able to mention only a few highlights , 
with s ome new , interes ting , and , I believe , important results that have 
practical applicat i ons , not only in pro fessional football , b ut also in 
football as played by high-s chool boys and college men . Some o f  the 
recent res ults should ultimately redound to the benefi t of the general 
public ' s health , especially in regard to real o r  imagined "weight p rob
lems . "  

It can be shown that body s ize and shape do have a s igni ficant in
fluence on individual perfo rman ce . The three-dimens ional "mound 
diagram" 3 in Fig .  1 i llustrates how perfo rmance--when i t  can be 
directly measured--is quant itatively related to Wetzel grid ratings 
of body size and shape , as determined from a contestant ' s height and 
weight . 

Although this pro cedure was originally worked out by 1 9 40 to evaluate 
the growth of b ab ies and children , 7-9 it is particularly use ful in our 
field as a classi fier of  the largest athletes , because it furnishes 
s tandards for body volume

r density , and composition and energy require
ments of adults , as well . 1 It  yields values for body volume and 
density that agree , for p ractical purposes , extreme ly well (r • 0 . 996+) 
with results obt ained by chemical analysis , undetwater weighing , or 
K4 0 counting of eni> ryos , infants , and adults . 1 0  Of particular interes t 
is the fact that the latest (seventh) revision of the Food and Nut rition 
Board ' s manual , Reoo1T111Sndsd Dietary A Z.Z.o�ces , 6  published by the 
National Academy of S ciences , tabulates values fo r daily calori c  in
take that are s tatis tically identical , for the heights and weights 
specified over a 20-year postnatal age range , with those first proposed 
in the form of Wetzel ' s grid some 30 years ago ; the me an  difference , 
in fact , amounts to only 1 3 kcal/ day . 

For these basi c  reasons , but also be cause of my own long experience , 
I have full confidence in this obj ective approach to class i fying 
athletes o f  all ages and to appraising their perfo rmance in term 
of grid ratings . 4 
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�11 CASES- GRUENINGER 

FIGURE 1 
Three-dimensional "unund diagram" schematically representing how physi cal performance tends , in 
general , to vary with Wetzel grid ratings of body size and shape l as measured in levels ( • • •  , 
90-1 75 , • • •  ) and channels ( • • • , A4 , A3 ,  • • •  , B 3 , • • •  ) . 
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In general , performance scores increase with increasing body size , ex
pressed as grid levels ; e . g . ,  larger boys can chin more times than 
smaller boys , but only up to some maximal size , after which the number 
of chins diminishes . Physique or body shape , going from channel A3 to 
M and over to B 3 (Fig . 1) ,  has a similar limiting influence 90 deg out 
o f  phase ,  as the engineers describe it . 

'ftle actual shape of the "mound , "  of course , varies with di fferent events , 
as shown by the peak values in Table 1 for world or Olympic champions 
and college and high-school athletes . 3 Evidently , di fferences in the 
size and shape of athletes ,  ranging from shot-putters down to the 
smallest marathon and cross-country runners , are undeniably associated 
with differences in physical and athletic performance . Although all or 
almost all other factors are favorable , top-quality performance cannot 
be counted on in the absence of some highly speci fic and preferential 
coni>inations of size and shape , as , for example , in the cases of 
Roger Bannister and Jim Ryun ,  two under-4-min milers . 

To illustrate more explicitly how size and shape and their components 
are related to individual body compos ition and , hence , how all are in 
turn related to performance , let us examine the flowchart in Fig . 2 .  
Firs t , size and shape ( as  determined from height and weight) lead to 
considerations of body volume and density . The diagram next indicates , 
however , that we must not expect that a given height  and weight will 
always lead , via size and shape , to a single value of volume or density .  
In fact , for a given height-weight-size-shape input , we shall ,  in 
general , meet three types of volume dis tribution , depending on the 
relative amounts o f  fat , water , and residual solids that compose the 
human body . Thus , in addition to an athlete ' s size and shape , we must 
also take account of his body composition if we are to help him to 
achieve the full performance that he is s tructurally capable of . 
(There are , of course , other factors , such as age , experience , intelli
gence , aptitude , incentive , and desire . But , important and decisive 
as each of these may be , I must  pass them by he re . )  

With special reference to professional football , let us next consider 
(Fig .  3) the s cat tergrams of selected playing positions--DT , TE , DE , 
etc . --as plotted in a Wetzel grid size-shape field . Their general 
location is northwest of the spot (+) at which the so-called average 
adult male would be found , with the Astronauts midway be tween . Pro
fessional football players , taken as a group , tend to be 20-40 levels 
above the size of the general population and considerably more s tocky 
by about three to five channels of physique than a medium-built adult . 
Characteristically , they occupy a band at the left of  the broad physique 
spectrum, considerably farther removed from the center channel than the 
equally typical location of professional basketball players at the far 
right , who are j ust as large but much more slender . Here is s ufficient 
evidence that physique (shape) plays a role in physical performance . 
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TABLE 1 
Favored channels and levels in track and field events 

Event 

Shot put 
Decathlon 
Dis cus 
Javelin 
100-yard dash 
200-yard dash 
Low and high hurdles 
Running broad jump 
Pole vault 
880-yard run 
High j ump 
High j ump 
440-y ard run 
Mile run 
2-mile run 
Marathon 
Cross- country run 

Swimming: 

100-meter 
150-yard medley 
Diving 
Women ' s  swimming 

Women ' s  gymnastics 

Russian basketball 
American basketball 
American basketball 

Miscellaneous :  

High 
school 

A2-19 1  

A2.-190 

Ai -1 70 
Ai- 1 70 

A1M-169 
Ai -1 75 
A1 - 1 72 
M-166 
M-1 70 

M-1 70 
M-163 

B 1B2-153 

Smallest dwarf : 8 years ; size of 

College 

A2-198 

A2.-196 
A1 -186 

A1A2-l80  
Ai -180 

A1M-180 
A1M-1 7 7 
A1 -1 7 7  M-1 7 7  
B 1 -l 7 7  

M-1 75 
M-1 74 
M-1 73 

Ai-205 
A2Arl6 l  
AiM-146 

3-month infant • • • • • 

Tallest man :  8 ft 10� in. (2 71 cm) . 
Heaviest man : 1047 lb (476 kg) • 

Heaviest woman: 772� lb ( 35 1  kg) • • •  

a Time , 3 min 54 . 5  sec .  
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World or 
Olyq>ic 
champions 

A3A2 -250 
A1 A2-192 

AA.-2 15 

A1 -l 8l 
Ai -181 
M-185 

A1 - l8 l  
M-1 82 

A1M-156 
A� l96 

19 8 
M-1 77 

B 1 -1 74a 

A1M-157 
8 3- 1 45 
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FIGURE 2 
Flowchart interrelationships between size , shape , performance , and body 
composition for three basically distinct types : muscular , nominal , and 
adipose . 

FI GURE  3 

NFl/AFl 
_,.. Grid Ratings 

Typical grid locations of size and shape for National and American 
Football League players (DT , TE ,  DB , • • •  ) ,  compared with professional 
basketball players (B) , with the "average male adult" (+) , and with 
Astronauts (dot about midway between) . 
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Some overlap is seen in the football region .  This sugges ts that a man 
so located might very well play two or more positions (other factors 
being equal) . However , for a given team position , our experience indi
cates that chance will favor the man whose size and shape mos t closely 
approximate the position averages . 

Table 2 shows how size and shape tend to vary from one specific playing 
position to another ,  and how surprisingly small are the differences 
between the National and American Football Leagues in average position 
values . Although the corresponding variabilities (standard deviations) 
are not included in this table , it should be stated that they , too , are 
essentially the same in the two leagues for each position . The over
all \Uliformity displayed in Table 2 is all the more remarkable when one 
considers that performance in football is defined and categorized here 
indirectly (i . e . , in terms of playing position) , in contrast with 
direct scaled measurements of performance that are made on track and 
field athletes . 

TABLE 2 
Mean sizes and shapes of 640 NFL and 405 AFL Football Playersa 

No . 2laiers Size Sha:ee 
Position NFL AFL NFL AFL NFL AFL Channel 

LB 82 56 2 14 . 2 2 1 3 .0 9 . 35 9 . 2 7 As 
DB 96 6 1  195 . 8  194 . 9 4 . 95 5 . 14 A3 
DT 5 3  3 3  225 . 2  226 . 5  10 . 38 1 1 . 9 7  AE) 
DE 49 29 222 . 6  223 . 4  9 . 4 1  10 .00 As 
E 40 28 200 . 2  202 . 1  4 . 92 4 . 82 A2A3 
T 5 1  2 8  223 . 8  225 . 3  10 . 00 10 . 6 3  As� 
G 49 35 220 . 6  222 . 0  10 . 94 1 1 . 29 As c 24 1 3  2 19 . 5  2 1 8 . 7 10 . 60 9 . 34  As TE 2 7  12 2 1 3 . 5  212 . 9  7 .  70 7 . 35 � 

QB 37 27 200 . 4  199 . 7 5 . 4 7  5 . 10 A3 RB 83 so 204 . 6 205 . 4  7 . 9 3  8 . 6 1  Al+AS FL 27  22 19 7 . 9  192 . 7  4 . 58 5 . 03 A 3 
K 14 11 1 97 .5 205 . 5  6 . 04 7 . 71 � p 8 0 196 . 8  7 . 09 

a Wetzel grid ratings . 
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All the results in Table 2 are "official , "  in the sense that they have 
been derived from the data on 640 NFL and 405 AFL players on the 1968 
ros ters that were furnished by Central Headquarters (Commissioner ' s  
Office) and  that were presumed ,  accordingly , to represent "trained 
down" or "properly conditioned" values . For the computation o f  size , 
shape , and body volume and density (and some items of body composition) , 
a Univac 1 108 program that Wetzel developed for eubryos , babies , 
children , and supersize adults ( 750 lb or more) was used . As the 
entries in Table 2 show , there is clearly no such thing as an "average 
football player . "  But , as we view the 1 4 playing positions distributed 
among more than 1000 profess ional players , there are as many different 
(and characteristic) averages as there are positions . On the basis of 
previous studies of  various sports , there was never any doubt as to 
whether we would find signi fi cant di fferences in size and shape among 
professional foo tball players in different positions , but I had not 
expected that the two leagues would prove to be so s trikingly alike 
at each position . 

We are compelled to conclude that for the dozen or so playing positions , 
there is no statis tical or practical difference in body size and shape 
of players between the two major football leagues . Moreover ,  consider
ing the wide variations among adult men at large , one must regard the 
virtual interleague identity so evident in all the playing positions as 
nothing short of phenomenal . 

Whatever differences do exis t must be attributed solely to differences 
in the performance demands of the various playing positions themselves . 
I t  would appear that a kind of natural selection--based essentially on 
a man 's  size and shape (i . e . , on his physical makeup) --is at work , and 
not personal whim or other fleeting influences . In any event , from 
the statistical standpoint , we may look on these two sets of data as 
being samples and subsamples that have been drawn from a very well
defined , physically homogeneous population of young men who habitually 
manifest equally homogeneous position , team ,  and game performance on 
the field. 

A graphic comparison of the size-shape relationships is shown in Fig . 4 . 
The complete independence of size and shape , when expressed as Wet zel 
grid ratings , is indicated by plotting size as vertical rectangles and 
shape as horizontal bars . No distinction is made between the NFL and 
AFL values , because the actual differences are too small to be seen on 
the chart . Different pos itions can be seen to be clearly associated 
with , and apparently call for ,  distinct combinations of size and 
shape . 

In addition to s ize and shape , a factor that should be discussed in 
connection with performance is body composition . It , too , is rather 
complicated ,  but a few examples will readily show how such information 
can be very useful . 
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FIGURE 4 

l T G c 
..... - - - -

RI QI FL TE 
- - - - -

SIZE , SHAPE f. POSITION 

K , 
- -

DI LI 
- -

Positional differences in body size and shape of 1045 professional 
football players in 1968 (see Table 2 ) . 

In Fig .  2 ,  we S81i that , at any given weight (and with no serious pathology) , 
three basically different types of coq>osition will be encountered : 
predominantly muscular {M) , nominal* (N) , and predominantly adipose (A) , 
depending on an individual ' s  proportions of wate r ,  fat , and nonfat or 
residual solids . 

In Fig . 5 ,  M represents an actual member of the San Francisco 49er 
team whose body densities were measured by A .  R . Behnke , U . S .N . , in 
19 42 . 1 The player ' s  position was not stated , but his size and shape 
ratings were almost identical with those of the right defens ive back 
of the Baltimore Colts  of 1968 .  Behnke ' s  player (M) had a measured 
body dens ity of 1 .0 735 ,  which is high , coq>ared with the 1 . 063 that 
is conventionally regarded as the average for normal young adult 
males ; it is s till higher when compared with the Wetzel grid s tandard 
density of 1 .0 490 for a man of the size and shape of those two players , 
namely , A3-205 . As a result , the corresponding volume index , A ,  was 
0 . 9 77 ,  which indicates definite muscular predominance . 

The center block (N) in Fig . 5 ,  for a player of  identical weight
height-si ze-shape ratings , but of "nominal" composition , indicates 
that volume will be s lightly greater ,  fat about twice that of M, and 
water only 5 or 6 percentage points less . The volume index , A ,  is 
1 . 00 even . 

* That is , healthy , normal , etc . , with only small , negligible , or 
trivial variations . 
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M N A 

J 
s .s 

f f f 

A. .• ,, 1 .00 1.0ZI 

FIQJRE 5 
Re1ative amounts of wate r ,  fat , and residual solids in men of identical 
body configuration (i .e . , same height , weight , size , and shape) , but of 
three distinctly different volume distributions--M, N ,  and A ,  typifying 
muscular and adipose predominances (M and A) in contras t with no pre
ponderance , i . e .  , nominal (N) or standard body compartmentalization . 

'Dle last block (A) of Fig .  5 represents a man o f  the same weight-height
s ize-shape ratings , but wi th fat increased to 33% and water down to 48% 
o f  weight ; A is 1 . 025 . 

According to the usual weight-height tab les , each of the three men (M, 
N ,  A) , at 7� in . ( 190 cm) and 2 10 lb (95 kg) , is about 35 lb ( 1 6  kg) 
or some 20% ttoverweight , " a figure that is o ften presumed to represent 
just  "s imple obesity" and to call for prompt weight reduction of , say ,  
15%-1 7% . What is also often assumed in such cases is that weight loss 
will be entirely fat loss . And it is further supposed that s uch loss 
will benefit health , as well as physical per formance . 'Dlat is possibly 
so .  

But it is certainly not so in the case o f  football player M ,  who , by ac
tual measurement , had only 1 1%  fat and could not possibly lose 1 6% fat . 
I f  he were advised to reduce by a few pounds--say , 5 or 6--would it be 
fat alone or some valuable muscle , too ? And would it be at no risk-
especially if he feels well at 2 10 lb? Player N has 20%-2 1% or about 
44 lb (20 kg) of fat , which would leave him with 9 lb ( 4  kg) of fat 
after all-fat reduction , or only 4% o f  fat in his body , which is rather 
low for being "normal . " Player A, however , would seem to have better 
prospects of being "improved" by fat loss . But does he? His 33% fat gave 
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him 69 lb ( 31 kg) to start with and would leave 34 lb ( 1 5 kg) , or  19 . 5% 
of his new weigh t ,  after similar reduction .  ibis seems normal , but 
would actually lack about 10 lb (about 5 kg) of  the expected or "nominal" 
value of 2 1% ,  or 44 lb (20 kg) , for a man of his size and shape . 

The foregoing are by no means extreme examples . lbey are cited here 
because the question of whether to advise weight reduction often arises , 
not only among weight-watchers , but also among trainers and coaches , 
many of  whom seem to believe that "making weight" (to some arbitrary 
level) will invariably iq>rove performance . On occasion , players have 
been fined for reporting to camp with what is regarded as excess fat , 
and others , for perhaps equally tenuous reasons , have been importuned 
to gain weight . The matter , however ,  is not as simple as that . 

Nonetheless ,  these problems o f  ''weight-making" and "overweight" do 
present some of the most frequent opportunities o f  putting sound 
principles of size , shape , and body composition to practical and 
correct use . To that end , one of the first notions that must be 
abandoned is that every young man ( football player or not) between 
1 8  and 30 years old is to be appraised in terms of  a single fixed 
s tandard calling for a body density of 1 . 064 ,  with 1 4%- 15% fat and 
a daily caloric intake of 2800-3000 . Like performance itsel f ,  fat , 
density , and caloric requirements depend on size and shape , with the 
result that 20%-25% is acceptable , for example , as long as it conforms 
to size , build , and M-N-A rating .  

As an educa�or who has long been interested in physical fitness and 
performance , I would venture the view that men already attuned to the 
special demands of professional football will rarely , i f  ever , require 
a 15%-30% reduction in weight , in the hope of improving their per
formance , simply because they are alleged to be that much "overweight . "  
Hence , my habitual waming to coaches and trainers : Beware o f  ordering 
weight reductions in the belie f that only fat will be lost , especially 
if there is comparatively lit tle fat present initially , as there is , 
for example , in almos t every "natural athlete . "  

Figure 6 shows numeric ratings for the Baltimore Colts defensive team 
in their 4-3-4 array . !bat the largest players (levels 220-2 39 ) and 
stockiest ( 8 . 9-1 1 . 5 )  are in the front line is no surprise ; it merely 
confirms what every fan knows . Notable , too , is the 10-level dropo ff 
in the 2nd and again in the last line of de fense . Comparison of these 
values with the league data of Table 2 yields many interesting simi
larities . 

Such studies and comparisons of team and individual s ize-shape and 
composition ratings not only are worth studying on their own , but 
constitute a fundamental step toward the ultimate appraisal of par 
or subpar performance with which they are so directly linked .  
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202 199 195 195 
A3 (5 . 2 ) A1t\ (2 . 5 )  Ai (4 . 1 ) 

2 12 2 14 2 14 

As ( 1 1 . 6 )  A5 (9 . 6 )  A5 (9 . 6) 

220 222 222 
A4A5 ( 8 . 9 )  A5A6 ( 10 . 8) A5 (9 . 6 )  

FIGURE 6 
Size and shape (level and channel) ratings o f  the 1968 Baltimore Colts 
defensive team in a 4-3-4 array with the front line at the bottom . 
lhe right cornerback (A3-202) matches the configuration of Behnke ' s  
49er (M, in Fig . 5 )  very closely . 

In summary , I would emphasize a few important points : 

( 1 )  Abmdant evidence from a broad field of  athletic activities has 
clearly shown that body size and shape , as expressed in terms o f  
Wetzel grid ratings ,* are directly , and often preferentially ,  related 
to the quality of physical performance that individual participants 
are capable of displaying . 'Die same is true of pro fessional football 
players , among whom characteristic patterns clearly indicate that over
all performance depends on size and shape , among other things . 

(2 ) A third component , body composition , is also to be included in 
appraisals of fitness , particularly to take accomt of variations in 
body density and thereby of fat burdens , which may di ffer widely even 
among men of the same weight . 

(3) Control of size , shape , energy , and composition is definitely 
indicated to minimize the occurrence of  the football version o f  
getting romd plugs into square holes--assigning men t o  playing 
positions that are inappropriate to their physical characteristics . 

(4 ) Extended s tudies of the type described here could help to clari fy 
the problem of inj ury susceptibility , which , in any event , must take 
due accomt o f  differences in size , shape , and performance . 

(5 ) Arbitrary insis tence that players reduce weight , on the assumptions 
that fat will be lost and that performance will be improved , is not 
somd . When advice on this matter is necessary , it should be based 
on a full medical review, including appraisal and evaluation of the 
fat and muscle content of an individual player ' s  body . 

* I .e . , channels and levels . 
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(6 ) Professional football players belong to a very select group of 
people . The game they play calls for much discipline and dedication . 
They are large and stocky ,  they have high body density and muscular 
predominance (just short of typical weight lifters ) , their bodies have 
low fat content , and they have great speed , agility , and endurance . 
Among them, we find a dozen different specialists on a single team . 
To classify them incorrectly is to impair not only the individual 
players ' efficiency and development , but those of a team as well .  

ADDENDUM 

A few additional data are important for coq>arati ve purposes , particu
larly in connection with secular trends in the size and shape of  men 
who play football . For exaq>le , a s tudy of my own ,  4 covering 2 19 8  
college players between 1943 and 1948 , produced the results shown in 
Table 3 .  It is evident that collegiate players of  that era , if not as 
large and stocky as today , were certainly not as small as many of 
today ' s  observers are inclined to believe they were . That is also 
indicated by the data of the University of Michigan Rose Bowl s tarting 
team of January 1948 .  Figure 7 shows precisely the same front-line 
to back.field diminishing gradient in size ( 10 levels ) as is displayed 
among the professional teams today (such as the Baltimore Colts of 
1968 ,  in Fig . 6 ) . 

TABLE 3 
Physique (shape) and size (level) characteristics of U .  S .  collegiate 
football teams ( 19 43-1948)a 

Posi tion Sha2e (channel) 
As Ai. A3A2 A1 M 

Tackle 205 19 7 

Guard 196 190 

Center 190 

End 190 

Back 1 85 1 80 180 

a Derived from Grueninger . 4 
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End Tackle Guard Center Guard Tackle End 

At+-192 

Quartetback 

Halfback Halfback 

Fullback 

FIQJRE 7 
Physique (shape) and s ize ( level) characteristics of  University o f  
Michigan Rose Bowl champion team ( 1948) . (Derived from Grueninger .  4 )  

The somewhat earlier observations of Behnke e t  az . l in 1942 on the 
San Francisco 49ers yield the team averages lis ted at the top of  
Table 4 .  These are followed by the grid ratings o f  the 49 athletes o f  
Novak e t  aZ . 5 in five di fferent sports (including 16 footb all players )  
at the University of Minnesota in 1966 . The final entries in  Table 4 
represent the highly successful San Diego State College team and were 
calculated from measurements furnished me by Carter ,2 which are almost 
identLcal with those for the 49ers a quarter of  a century earlier . 
Average size (both college and professional) has increased by only 
about 10 levels (allowing for the differences between college men and 
the s1igh tly older professional players) , whereas average shape (or 
physique) has remained virtually constant at A4A5 ( 7 . 0 )  over the same 
period .  
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TABLE 4 
Secular size-shape grid ratings , 1 942-1968 

No . Size 
x 10-2 

Shape 
x 10-2 Observer Team persons Year (level) (channel ) 

Behnke San Francisco 25 200 A£. { 7 . 0 )  
e t  aZ .  1 49ers : 

High density 19 1942 195 A3 (6 . 0 )  
Low density 6 1942 2 13 As.As ( 10 . 2) 

Novak University of 
et aZ . 5 Minnesota :  

Football 16 1966 206 A4A5 ( 8 . l )  
Baseball 10 1966 192 A2 ( 4 . 4 )  
Swimming 7 1966 1 86 A1M(2 . 5 )  
Track 9 1966 1 7 7  M(O . 3) 
Gynnastics 7 1966 1 7 3  M(0 . 2) 

Carter2 San Diego State 
College : 

Offensive 
line 10 196 7 2 1 2  �A5 ( 8 . 3) 

Defensive 
line 8 196 7  207 As (9 . 2) 

Offensive 
backfield 12 196 7 195 A3 (6 . 0 )  

Defensive 
backfield 5 1967 190 �A3 (4 . 7) 

Team 35 1 96 7  202 � ( 7  . 2) 
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JOHN B .  KRESS 

STREN GTHEN I N G ,  CON D IT I ON IN G ,  AND THE 
P RE DI CT I ON OF I NJ U RY 

My purpose here today is to report what we do at the U .  S .  Military 
Academy , to prevent inj uries in our program of physical education , 
intramural athletics , and club activities . Our inj ury problem is 
perhaps greater than that of any other college or university in the 
United States , primarily because our mission , training objectives , 
philosophy , and policies are directed toward the development of young 
o fficers capable of leading troops under extreme and hazardous wartime 
conditions . We believe that each Military Academy graduate must be 
physically educated and conditioned to accomplish this leadership task , 
and that there is no better way to prepare him physically for his chosen 
profession than through varied , rigorous activities of the type that 
will promote the continuous development of s trength , endurance , coordina
tion , agility , flexibility , and power . We are firmly convinced , also , 
that the athletic field provides the mos t exacting laboratory in our 
situation in which to develop leadership qualities ,  and that the dis ci
plines of sports and games cont ribute immeasurably to the development 
of a capable West  Point product . 

Our population approximates 3800 cadets ranging in age from 17 years 
6 months to 23  years ; in weight , from 125 to 230 lb (5 7 to 105 kg) ; and 
in height , from 5 ft 4 in . to 6 ft 8 in . ( 163 to 203 cm) . On entrance 
into West Point , many of our cadets are superb athletes and others are 
nonperformers . Our philosophy and policy establish that every cadet 
will compete against his peers in either an intercollegiate , an intra
mural , or a club activity during every athletic season--fall , winter , 
and spring--of his 4 years at the Academy . Except in boxing and 
wrestling , little consideration is shown for the vas t differences in 
height , weight , physical maturity , and sports experience . With over 
400 , 000 man-hr o f  participation each year under these conditions ,  it 
is plainly evident that we must consider each man-hour as an hour of 
exposure to inj ury . We know our problems , and we realize that it is 
incumbent on us to control the rate and severity of inj uries . We state 
our purpose very simply : to prevent inj uries and to provide the best 
of care and treatment for inj ured cadets . To meet the challenge ex
pressed in this purpose , we have for many years inves tigated the many 
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facets of our program; and I shall attempt to give a general overview of 
the practical application of some of the aspects of our efforts in the 
area of inj ury prevention . 

PREVENTION OF INJURY AND REINJURY 

We are convinced that we must know the causes of inj ury if we wish to 
prevent them . Our policy requires on-the-spot reporting of all in
juries , with special attention to cause . How was the cadet inj ured? 
Why was he inj ured? What can we do to prevent similar inj uries in the 
future? On the basis of our study of each inj ury ,  we make changes in 
rules , sizes of fields , officiating and coaching techniques , etc .  

Inves tigations o f  all knee inj uries over a period o f  several years con
firmed a prior conviction that many knee inj uries that occurred every 
year in our program were actually reinj uries of pre-Academy origin . 
'lll.ese findings led to the initiation of a pre-Academy inj ury survey 
conducted by the office of physical education , and a concurrent study 
of the medical records of all incoming cadets by the orthopedic s taff 
of our hospital to identi fy all new cadets with histories of pre
Academy knee inj uries . With this information on hand , we initiated 
a program of inj ury screening in which we used several diagnos tic 
techniques , including manual examinations for j oint stability and 
muscular-strength evaluations , to determine the physical s tatus of 
previously inj ured new cadets . Originally started to offset the re
inj ury cycle among new cadets , this screening program proved so 
effective that it was es tablished as a follow-up procedure for all 
inj uries to the knee . We now screen all cadets who incur knee injuries 
before we allow them to participate in contact sports . I f  a knee is 
not ready for contact activities , we assign the cadet to a knee
development squad and to a noncontact activity . We have found that 
this restrictive procedure protects cadets during a critical reinj ury 
period and , at the same time , permits them to participate with a 
lessened chance of reinj ury .  

When we discovered that many cadets entered the academy with residual 
weaknesses originating from pre-Academy traumatic experiences and that 
these weaknesses , if left uncorrected , were major causes of reinj ury , 
our next approach was to establish a program of specific conditioning 
for the knee j oint in an effort to abort the reinj ury cycle . Three 
years of continuous research followed . In a series of s tudies , we 
assessed the value of specific exercises designed to develop the 
strength and endurance of the musculature supporting the knee j oint 
and studied the effects of specific conditioning in the prevention 
of original or recurrent knee inj uries . The annual and composite re
sults of this combined study s trongly indicated that specific con
ditioning is most effective in reducing both original and recurrent 
inj uries . A program of knee-strength development was recommended and 
accepted by the director of physical education as a permanent function 
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of his department . The results of this work during last fall ' s athletics 
season show the e ffectiveness of this program. 

Forty new cadets with histories of pre-Academy knee inj uries were 
assigned to a program of knee-strength development during the summer 
of 196 8 .  Thirty-six of these cadets had histories of surgical repairs , 
two had previous dislocation of the patella , one had chondromalacia , 
and one had recurrent locking of the knee . In each of these cadets , 
there was a significant difference--10 lb ( 4 . 5  kg) or more--between the 
two legs in strength of the quadriceps or hamstring or both on the day 
of entrance into the Academy . These new cadets entered West Point on 
1 July , and the program started on 8 July . Within the firs t  8 days of 
normal training , seven of the cadets were reinj ured , and three of  the 
reinjuries required surgery . Of the original 40 new cadets , therefore , 
only 33 were able to participate in the program. The program continued 
for 7 weeks and was conducted 5 days each week in lieu of mass athletics 
and corps squad screening . Cadets , on the average , were able to com
plete 6 weeks of concentrated work . One week was spent in the field 
for military indoctrination . 

Among the 33 cadets who completed the program , two inj uries were re
corded during the fall athletics season ; one was original , and the 
other ,  recurrent . The original injury required only 3 days for re
covery . The recurrent inj ury required 20 days . Both inj ured cadets 
completed the fall athletics season without reinj ury . No playing 
res trictions were placed on these 33 cadets . Seven of them competed 
in intercollegiate football ; four , in intramural football ; one , in 
intercollegiate soccer ; and seven , in intramural soccer . The other 
14 competed in e ither intramural track , triathlon , lacrosse , or tennis . 

In 1965 , we s tudied the e ffects of stool-stepping in the strengthening 
of the musculature supporting the knee j oint . We found that , in the 
early stages of conditioning (during the first 3 weeks ) , 5 min of 
stool-stepping was as effective as isometrics or isotonics . The 
stool-stepping technique , however , appeared to lose its e ffectiveness , 
insofar as strength gains were concerned , once the athlete was condi
tioned to lift his body weight consecut ively for 5 min . Longer dura
tions of s tool-stepping produced no signi ficant gains in strength . No 
effort was made during this investigation to add weight to the body ; 
but we believe that i t  is reasonable to assume that stool-stepping 
with weight added to the body would result in increased strength . 
As a result of this experimentation , stool-stepping is used as a con
ditioning agent during the first 3 weeks of our intramural season . 

In another investigation , we s tudied the effects of the removal o f  heel 
cleats from intramural football shoes in the prevention of knee in
juries . As a result of a 4-year investigation that included the use 
o f  cleats , flat heels , short front cleats , and disk heels , we eliminated 
the use of heel cleats completely from our intramural football program. 
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How effective these practical aspects of inj ury prevention are can be 
told only by examining the record . This fall , with 5 72 players engaged 
in intramural football for a t otal of approximately 10 ,000 man-hr of  
participation , we had a total of  33 knee inj uries , only one of which re
quired surgery . The total time lost from practice sessions was 9 3  hr , 
or an average loss of fewer than three 1-hr practice sessions per inj ury . 
The total game time los t  was 61 hr , or an average of fewer than two 
games per inj ury .  We are well aware that the pendulum may swing in the 
direction of an increase in the number of inj uries , but we believe that 
continued efforts in the field of inj ury prevention will enable us to 
continue to reduce the number and severity of inj uries . 

Although I have discussed chiefly the prevention of knee inj uries , our 
efforts are by no means restricted to knees , but include inj uries of 
all major joints . 

PREDicrION OF INJURY 

In cooperation with the orthopedic s taff of the U .  s .  Army Hospital at 
West  Point , we are working on a project in the prediction of injuries . 
This project is still in an embryonic stage , but we are gathering use
ful data . Some of our observations follow . 

(1) The presence of residual muscular weaknesses resulting from trau
matic experiences leads to susceptibility to reinj ury . These weak
nesses can be scientifically evaluated .  

(2) Various forces--st ress , compression , tension , and strain--may act 
directly or indirectly on j oint mechanisms in habitually poor postures , 
and faulty postures may have a direct bearing on performance and on 
the incidence of pain and disability .  

( 3) Favoring an inj ured lini> may result in faulty posture , which ,  i f  it 
persists and is left uncorrected , may play a major part in the reinj ury 
cycle . 

(4) The incidence of lateral pelvic tilts among young men of college 
age is so great that , statistically , a lateral pelvic tilt with the 
right hip prominent may be considered normal for right-handed young 
men . 

(5) Muscular imbalance , especially in the gluteus medius , is intrinsi
cally associated with most lateral pelvic tilts . In the etiology of 
sports injuries , this muscular imbalance and the resulting instability 
of the pelvic girdle are associated with pain and dis ability in the hip 
region , the knee , and the lower back .  The mechanics of the lower back 
cannot be divorced from the mechanics of the pelvis and legs , nor can 
the mechanics of the legs be separated from the mechanics of the pelvis 
and hip . 
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(6 )  Although flexibility is a desirable component of physical fitness , 
too much flexibility , as evidenced in hyperextensibility of the elbow 
or the knee , may be considered a precursor of laxity in all j oints and 
of subsequent subluxations and dis locations . 

( 7) Restricted flexibility , as evidenced by heavy or tight musculature 
and rest ricted j oint action , may serve as a valuable diagnostic observa
tion in the prediction of muscular and tendinous inj uries . 

(8)  Athletes who are bow-legged , either st ructurally or posturally , may 
not be p rone to knee inj uries , but may suffer severe pain and subsequent 
handicap because of either a contracture or s tretch weakness of the 
piriformis muscle in its relationship with the sciatic nerve . 

(9) Two exercises most often neglected in the rehabili tation of inj ured 
or surgically repaired knees are hip abduction and flexion of the thigh 
on the hip . Manual or instrument tests of the abductors and the flexors 
should be given to ensure the complete reconditioning of the leg muscu
lature . Weakness in these areas may serve as a predictor of inj ury . 

(10) Recurrent subluxations and dis locations would be less frequent if  
they were treated as fractures , insofar as recovery time and recondi
tioning time are concerned . The practice o f  returning the symptom-free 
athlete to a coq>etitive status is , in our j udgment , a serious mis take . 
Repeated subluxations or dislocations increase the probability o f  re
currences . 

(11 ) Controlled tes ts , such as traversing an overhead horizontal ladder 
or releasing one hand from a two-handed suspended or hanging position 
on a horizontal bar ,  are not useful as predictors of subluxation or 
dislocation of the shoulder . 

(12 ) A stretch weakness of the lower section of the rectus abdominis 
usually accompanies an anterior tilt of the pelvis , and leg-lifting 
exercises from a supine position may increase the weakness . Leg-lifting 
exercises are contraindicated for athletes with lower-back conditions . 
Abdominal tests are considered necessary in prediction of  inj ury . 

(13) In many ins tances , the so-called weak back is one in which the low 
back muscles are actually tight ,  and not weak ; painful lower-back con
ditions often result from contractures of these tight muscles , and 
hyperextension exercises are contraindicated in these cases . 

(14) Observation of the position of the kneecaps in standing may be 
important in predicting inj ury .  I f they face inward , rather than 
straight ahead , it may be due to inward rotation of the entire leg 
from hip to foot , in which case there would be an indication of weak
ness in the outward rotators . Or it may result from rotation or 
torsion of the lower leg in relation to the femur--often seen in 
hyperextension of the knees . It may produce a s tretch weakness in the 
popliteus muscle . 
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SUMMARY 

We are fortunate at the Military Academy . We have opportunities to work 
with a fine group of young men , most of whom believe thoroughly in de
veloping and maintaining a high degree of personal physical fitness . 
We try to imbue them with a philosophy of fitness that stresses pre
paredness to meet the unusual demands that might arise during a lifetime 
career in the Army . We test them , for diagnostic and motivational pur
poses , at least semiannually in tests of endurance , speed , strength , 
coordination , and agility . We design our programs with confidence that 
our cadets are fit to play the game , and we do not rely on the game to 
develop fitness . We are indeed fortunate , because fitness for competi
tion is , we believe , an essential requirement of any program that s tresses 
athletics for the physical welfare of the participants . 
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HOWARD G .  KNUTT GEN 

PHYS I OLOGI C BASI S O F  PE RFO RW\NCE AN D  PHYS I CAL
CON D I T I ON TE ST I N G  

In dis cussing the physiologic basis o f  performance ,  it is necessary to 
consider all the factors that may interact . For the purpose of 
analyzing performance in the game of football , I would like to set 
forth a system of categorization of the many factors involved . 'nlis 
system involves eight categories : ( 1 )  skills , (2 ) knowledge of game 
and s trategy , ( 3 )  psycho logic state , ( 4 )  size and proportions , 
(5)  strengths of D¥>vements , (6 )  speeds of movements , ( 7) energy 
sources available , and (8) energy-release pro cesses {aerobic energy 
release and anaerobic energy release) . 

lhe firs t  three categories are psychologic ,  and I will dis cuss them 
only b riefly .  'nle implications they have for inj ury are rather ob
scure , b ut their implications for performance are important . 

Skills involve the coordination of the D¥>vements of  the various body 
parts to b ring about running , blocking , tackling , passing , etc . 
Although we sometimes term them "neuromuscular skills , " it should be 
emphasized that we are actually talking about a teaching or training 
of the nervous sys tem. Muscles leam nothing and cannot act on their 
own .  The magnificent execution of the top-flight athlete is the re
sult of a better-trained brain , spinal cord , and associated nerve 
cells . 

Considering over-all performance in football , a knowledge of the game 
itself , the team' s own offense or de fense , the moves to expect from 
opponents , and the coordination of D¥>ves with teammates all determine 
a player ' s  success and value to the team. 

lhe player ' s  ability to use his skills and his knowledge of  the game 
(together with his D¥>re "physical" and "physiologic" qualities) 
depends heavily on his mental state . nie importance of the game , 
the player ' s competitive spirit , and the stresses of his life off 
the football field can certainly prevent him from performing well 
or, in some cases , cause him to perform far beyond what one would 
normally expect from him. 
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Physical size and body proportions are extremely important in performance 
and probably play an important part in the incidence of inj uries in pro
fess ional football . In general , a good big man is of more value in 
performance than a good small man . 'nle role of the size of  particular 
body parts , such as the hands of a pass receiver ,  is fairly obvious . 

In addi tion to a player ' s s ize , the strength and speed with which he 
performs particular movements are crucial . 'nle speed with which an 
o ffensive lineman moves at the snap o f  the ball , the speed of a passer ' s 
release , and the speed of a linebacker reacting to a play are but a 
few examples . 'nle s trength with which movements are made is an added 
factor : the tackling move may be fast but ,  if it isn ' t  performed with 
strength (or force) , the runner breaks away . I lis t strengths and 
speeds as separate factors because research has shown that the strength 
of a particular movement (e . g . , arm flexion) or group of movements 
(s uch as those involved in a defensive charge) bears little or no 
relationship to the speed of performance . I have also put everything 
in the plural for these two categories because a particular player ' s 
ability to perform one movement or set o f  movements with either 
s trength or speed might have little relationship to his abilities to 
perform other movements . 

ENERGY SOURCES AND ENERGY RELEASE 

The immediate source of energy for muscle contraction and , therefore , 
physical exercise is a high-energy phosphate coq>otmd , adenosine 
t riphosphate (ATP) . As far as is known , the muscle cell (or muscle 
fiber) cannot contract in the absence of ATP . ATP depends greatly 
on another high-energy compotmd , creatine phosphate , whose breakdown 
can cause rapid resynthesis of ATP . Both compotmds are formed in the 
cell ,  and neither requires the presence o f  oxygen to release its stored 
energy . 

'nle body cells would soon become depleted o f  these two compotmds if it 
were not for the foods taken in , p rincipally carbohydrates and fats . 
After diges tion , carbohydrates and fats are delivered to the muscle 
cells as glucose and fatty acids . Once in the cell , they can be 
broken down , eventually to the was te products of carbon dioxide and 
water , with the release o f  energy for the synthesis of high-energy 
phosphate compotmds . 

It has been shown that , in long-lasting continual activity o f  high 
intensity ,  the s tored carbohydrate (glycogen) in the muscle cells 
is very important in competition . Football is not a very long-lasting 
activity , and it is doubtful whether anything more than a normal mixed 
diet (appropriate in calorie level) is necessary to enable the best 
performance . I do not believe that any special consideration should 
be given at this time to energy sources as a factor determining per
formance capacity in football . 
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The source of energy is one consideration ; the process of releasing the 
energy (including the speed of the chemical reactions) is another .  We 
generally divide the cellular processes into two separate but related 
phases : aerobic and anaerobic .  I will de fine "aerobic energy release" 
as that which proceeds with the continuous supply of  oxygen from the 
lungs . "Anaerobic energy release " is that which occurs in such quick 
burs ts or at such high levels of physical activity that continuous 
supply o f  oxygen is neither involved nor necessary .  

Research has shown that it takes at least 60 sec to become completely 
aerobic in energy release during physical activity and that , if violent 
physi cal exercise is confined to 10-sec bursts , the necessary energy 
can be supplied anaerobically (see Fig . 1 ) . Table 1 shows that distance 
running depends to a great extent on the delivery of  oxygen and to a 
lesser extent on anaerobic processes , as measured by the oxygen debt . 
The 1 500-m race (approximately a mile) is run on energy that 
is about half aerobically released and half anaerobically released . 
Running twice the length o f  a football field (200 m) is predominantly 
anaerobic . Therefore , running dis tances shorter than the length of a 
football field would usually involve exclusively anaerobi c  energy re
lease . The training of  the oxygen-delivery mechanisms (chie fly the 
circulatory system) and the measurement of a person ' s aerobic  capacity 
are probably of li ttle concern in football . 

Keeping in mind the data in Table 1 and the research evidence that 
delivery of oxygen to the muscle is unnecessary in bouts of exercise 
las ting less than 10 sec , I decided to perform a research project one 
Sunday afternoon to determine how long a professional football player 
is active at any one time (or play) . With a stopwatch , I timed each 
play , including kickoffs , punts , etc . , in the first halves o f  both the 
NFL P ro Bowl game and the similar game of the AFL . The results are 
shown in Tables 2 and 3 .  The watch was started on kickoffs when the 
kicker began his forward movement and stopped when the b all was 
whistled dead by the officials . Timing of all other p lays was from 
the snap of the ball at center until the ball was whist led dead . 
Without elaborate dis cussion , I would point out that the average time 
that a player was actively performing was 5 sec (5 . 1  sec for the NFL 
and 5 . 0  sec for the AFL) . The shortes t plays were the extra-point 
attempts . The longest single play (in duration) , a Fran Tarkenton 
scrani>le ,  in the NFL game was 10 . 4  sec long . The longes t play in the 
AFL game , an intercepted pass , with return , was 1 4 . 0  sec long . I t  
seems rather obvious that the game of football is a series o f  situa
tions in which the energy-release processes are almost exclusively 
anaerobic , i . e . , do not require the delivery of  oxygen from the lungs . 

TESTING OF PHYSICAL CONDITION 

The factors involved in physical condition and , there fore , performance 
capacity that can be tes ted include movement strengths , movement speeds , 
aerobic capacity (maximal oxygen consumption) , and anaerobic capacity . 
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FIGURE 1 
Blood lacti c acid concentrations for total work production of 
25 , 200 kpm/min (le ft )  and 15 , 1 20 kpm/min (right)  in 30-min periods 
through intermittent work (alternating work and rest periods ) . Blood 
lactate concentrations are plotted on the ordinates as milligrams o f  
lactate per 100 cc o f  blood .  (Reprinted with permission from 
Astrand et aZ . l )  

TABLE 1 
Oxygen cost of  running various distances in competition and relative 
contributions of aerobic and anaerobic  mechanisms of energy releasea 

Distance run , meters 
3000 

200 400 800 1500 (steep . )  5000 10 ,000 Marathon -- -- -- --

Oxygen delivered 
from lungs to 
tissues ,  
liters 1 . 5 3-5 8-9 16-1 7 38-40 60-70 1 35 560 

Oxygen debt 
liters 8-9 1 1 -12  1 1 -1 3  1 1-12  8-10 8-10 7-10 3-5 

Total oxygen 
used , liters 10 15 20 28 47 70 1 4 3  565 

Approximate ratio 
o f  aerobic to 
anaerobic energy 
release , % 15 : 85 25 : 75 40 : 60 55 : 45 80 : 20 85 : 1 5 95 : 5  99 : 1  

a Data from Saltin . 2 
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TABLE 2 
Ave rage lengths of total times of plays during the first h al f  of  the 
1969 NFL Pro Bowl game (including special plays--kicko ffs , p unts , 
fie1d- goal attempts , and extra-point attempts)  

Average time ,  sec 

1 st q uarter : Run 16 plays 3 . 7  
Pass 15 plays 4 . 7 

2nd quarter : Run 1 7  plays 3 .9 
Pass 2 1  p lays 6 . 4  

1 st  hal f  Special 14 plays 6 . 4 

Total 83 plays 5 . 1  

TABLE 3 
Average lengths o f  total times of plays during the firs t  h al f  o f  the 
1969 AFL Pro Bowl game (including special plays--kickof fs , p unts , 
field-goal at temp ts , and extra-point attempts)  

Average time , sec 

1s t  quarter : Run 2 1  plays 3 . 7  
Pass 1 1  plays 5 . 7  

2nd quarter : Run 1 8  plays 4 . 0 
Pass 27 plays 5 . 2  

1st hal f Special 1 7 p lays 6 . 8  

Tot al  94 plays 5 . 0 
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The testing of  the strengths of the various body movements has usually 
been confined to the few movements that can be easily tested . I t  is 
convenient that the strengths o f  knee flexion and knee extension can 
be easily tested , inasmuch as the knee is so important from the stand
points of performing football skills and the hi gh incidence o f  inj ury . 
Because we cannot measure the s t rengths o f  the myriad other body move
ments and because those strengths show very inconsis tent relationships 
with each other in any individual , any attemp t to measure over-all body 
strength or representative strengths may prove meaningless .  

The measurement o f  isolated-movement speeds , s uch as arm flexion , 
suf fe rs from the same problem--lack o f  relationships among the various 
body movements .  In addition , research has shown that there is little 
relationship between the speed with which a movement can be performed 
and the s trength with whi ch it  can be performed . There fore , the test
ing of speeds of isolated movements shows little promise of being 
valuable . 

lbe s peed o f  performance of a series o f  movement s (or skills ) is o f  
great practical importance in football performance . I refer t o· the 
periods involved in such s i tuations as the followin g :  ( 1 )  an o ffensive 
center initiates a snap and moves up int o  a b locking pos i tion , (2 ) a 
quarterback receives a snap and moves back into a pass ing position , 
and ( 3) a punter receives the ball and kicks it . These per formance 
speeds are determined by a combination of s t rengths , skills , and move
ment speeds . Each performance can be easi ly timed wi th a s topwat ch 
or , in more sophis ticated fashion , with electronic t imers . 

The ability of  a person to provide oxygen to his tiss ues , labeled 
"aerob ic capacity" or "maximum oxygen uptake , " can be meas ured pre
cisely in laborat ory pro cedures or estimated adequately in what one 
might consider field tes ts . As we have already seen , aerobi c  capacity 
and the involvement o f  oxygen in energy release have little o r  no 
bearing on performance in football . There fore , the measurement o f  
aerobic  capacity need not be considered .  

Anaerobic capacity , the ability t o  release energy without the delivery 
o f  oxygen , can be measured by measuring the so-called oxygen debt or 
by measuring a player ' s ability to sus tain a maximal e ffort . 
Measurement of oxy gen debt is an elaborate laboratory pro cedure 
and applies more to extended burs ts o f  maximal effo rt than to the 
4- to 6-sec b urs t s  o f  effort involved in a footb all play . A player ' s 
ability to sustain maximal effort in a field test can be estimated 
with a stopwatch and by requiring the player to per fo rm  s uch an 
activity as maximal speed sprinting o r  pushing a blocking sled wi th 
maximal e ffort until he stops from exhaus tion . But the relati onship 
of the results of such determinat ions to perfo rmance capacity in 
foo tball may prove inconsequent ial . 
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'nlerefore ,  it is difficult ,  i f  not impossib le , to relate physiologi c  
capacities to  foo tball-performance cap acity an d  s uccess . It  seems 
apparent that , although phys iology plays a role in the entire scheme of 
perfo rmance ,  foo tball is predominantly a game of skill ,  knowledge , size , 
motivation , and movement strengths and speeds . The firs t  four are not 
related to what we have discussed as being "physiologi c , " and the las t 
two , s trengths and speeds , cannot be adequately as sess ed or evaluated . 

It  appears that the best way to evaluate a person ' s perfo rmance capacity 
in foo tball is to s tudy his actual performance . This , of course , comes 
as no revelation ; coaches have been doing it for years with movie films 
and proj ectors . 

INJURIES AND INJURY PREVENTION 

Having observed professional foo tb all fo r the last 25 years , I think 
it is obvious that two factors of extreme importance with regard to 
inj uries are the size and speed of the players . I do not have any 
statis tics on the speed o f  today ' s players comp ared wi th those of 10 
and 20 years ago , but I think it safe to as s ume  that they are at leas t  
as fast , i f  not significantly fas ter . I do have data on the size o f  
players (weight being the import ant factor) o f  the las t 2 5  years . I 
have sele cted the New York Giants as a representative team and , with 
the aid o f  the office of the Commissioner of Professional Fo otball , 
have been able to plo t the change in the average weights o f  particular 
segments of  some o f  the New York Giants teams , as well as the team 
averages . It can be seen from the data plo tted in Fig .  2 that the 
wei gh ts o f  the players coming into pro fessional footb all are getting 
higher and higher . 'nle increase in the average weight  of the New York 
Giants from 19 42 to 1968  is 22 lb , or 1 1% .  'nle incre ase is probably 
not a sign o f  increas ing obesity in the population of  the United States . 
Rather , these players are larger in total b ody si ze , muscle mass , and 
strength . Momentum equals the product of mass and velo city ; there can 
be no doub t  that these men are hi tting harder and inj uring each other 
mo re e ffectively . The question can be logically raised as to whether 
this change in player s ize might require modifi cations in the rules o f  
play . 

In conclusion , it appears that the professional foo tball player who is 
no t suffering from inj ury is prob ab ly "in condition" for the activity 
involved and that the tes ting o f  physiologic capacities offers little 
help for the prediction o f  performance capacity or inj ury prevention . 
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FIGURE 2 
Average weights of selected New York Giants footb all teams from 1 9 42 
through 1 9 6 8  and segments of  the teams according to posi tion ( ave rage 
wei ghts of 19 6 8  team do not include the p reseason rookie ros ter) . 
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TEST IN G AN D  DEVELOP I N G  CARD I OVASCULAR F I TNESS 

KENNETH H .  COOPER 

''Physical fitness " may iq>ly to a physician the absence o f  disease . To 
a wei ght li fter , i t  may be synonyDX>us wi th large muscle mass . To a 
phys i cal educator , it may be compatible with the ability to per fo rm  a 
required nwii>er of  calis thenics or the ability to rlm 600 yards within 
a spe ci fied period . A co111110nly accepted de fini tion implies adequate 
cardiopulDX>nary reserves , particularly as indicated by a hi gh "aerobic 
capacity " o r  "endurance capacity . " "nlis latte r  type o f  phys ical fitness 
is important to the p ro fessional football player , because it may delay 
the onset of  fatigue , perhaps reduce the likelihood o f  inj ury , and per
mit rapid recovery after a burst of activity--i . e . , e ffective repayment 
of oxygen debt . 

Because the development of a hi gh "aerobic capacity" requires time , 
such capacity in football players should be developed be fore fall 
training.  The playe rs can then concent rate on developing required 
skills , learning plays , and even building specific mus cle st rength . 
Pro fessional football players should keep themselves "physically fit " 
throughout the year . 

TESTING CARDIOVASCULAR FITNESS 

To assess cardiovascular fitness or aerobi c  capacity accurately , it is 
necessary to DX>nitor a subj ect during continuous hard work . 7 Physio
lo gic indices of cardiovas cular status are maximal working capacity , 
peak heart rate , and maximal oxygen intake o r  consumption . Of  these 
three indicato rs o f  cardiovas cular fitness , maximal oxygen consump t ion is 
considered the ;DX>st reliable . 1 0 , 1 1 , 1 6 However , maximal oxygen consump
tion involves an expensive and time-consuming labo ratory procedure that 
cannot be adapted to large group studies . "nlere fore , in our laboratory 
we lUldertook the development o f  a field test that would correlate well 
with laboratory-determined maximal oxygen consump tion . Following the 
pattern established by Balke , 2 we developed a 12-min walk-rlm test . 
We evaluated 1 15 men 1 7-52 years old on the t readmill and on a 12-min 
field test . The correlation between the 12-min dis tance (in miles ) and 
maximal oxygen consuq>tion ( in millilite rs per kilo gram pe r minute) was 
0 . 89 7 . Thus , maximal o�gen consump tion could be estimated accurately 
from the 12-min walk-rlm (Table 1 ) . 
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TABLE 1 
Walk-run performance and maximal oxygen consumption 
( 1 15 men 1 7-52 years old) 

12-min walk-run dis tance , 
miles 

Maximal oxygen cons ump tion , 
ml/kg-min 

TABLE 2 

< 1 . 0 
1 . 0-1 . 2 4  
1 . 25-1 . 49 
1 . 50- 1 .  74 

> l . 75 

<25 . 0  
25 . 0- 33 . 7 
3 3 . 8-42 . 5  
42 . 6-5 1 . 5  

>5 1 . 6  

Walk-run performance o f  several groups of males before training 

Average distance in 1 2  min ,  miles 
% exceeding 1 . 50 miles in 12 min 
No . tested 

a Data from Doolittle and Bigbee .6 
b Testing performed in tennis shoes . 

Average age , years (jb 
1 3 . 5a;t> 19 . lc 2 8 .  

1 . 52 
6 1 . 8  

489 

1 . 4 1 
3 7 . 9 
1 442 

1 . 35 
1 7  . 1 
102 8 

c Testing performed in brogans or coni>at boots . 

TABLE 3 

34 .oh 
1 . 2 7 

10 . 2  
460 

Cigarette smoking and walk-run performance of 419 basi c airmen on 12-min 
test 

Smoking history , No . 
cigarettes per day subjects 

Never 1 2 8  
Quit 64 

< 10 86 
10- 30 1 3 1  

> 30 1 0  

Average distance in 12 min, miles 
At end of 6 

At beginning of weeks of 
training training Increase 

1 . 4 7  1 . 6 1  0 . 14 
i . 44a l . 5 7a 0 . 1 � 
1 .4 2b 1 . 54c o . 12a 

1 . 4Jh 1 . 52C 0 . 09C 
1 .  35b 1 . 44c o . o9a 

f Not significant when compared with "never" group . 
0 . 05>p>O . 0 2 . 

c p<0 . 001 . 
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Most athletic teams use performance on a 1-mile rtm as the indicator of 
aerobic or endurance capacity . However ,  the mile run is too anaerobic 
to be a g<?Od indicator of aerobic capacity . 'lbe study reported by Allen 
and Bryanl showed a correlation coefficient of only 0 . 359 between maximal 
oxygen consumption and the 1-mile run . Consequently , we encourage the 
use of the 12-min test as an indicator of  endurance capacity . 

Maximal oxygen consumption of 42 ml/kg-min is generally accepted as 
in�cative of sat isfactory aerobic capacity .2 , fl , 1 6 It can be seen 
from Table 1 that a minimum of about 1 . 5 miles in 12 min is required . 
lbat minimum is applicable to all meubers of a football team. In 
ad�tion , for players who are required to run down field repeatedly , 
such as offensive backs and ends , I would suggest a required minimum 
of 1 . 75 miles in 12 min .  

After a distance of 1 . 5 miles in 12 min had been established as the 
indicator of a sat is factory level of fitness , we tested several large 
groups consisting primarily of deconditioned men . Table 2 shows a 
general lack of cardiovascular fitness , particularly with advancing 
age . The lower level of performance by 19 . 1-year-old basic airmen 
compared with that of 1 3 . 5-year-old schoolboys6 could be explained in 
part by the difference in footgear--tennis shoes vs .  brogans or combat 
boots . However ,  no similar explanation could apply to the lower per
formance level observed in 28 . 0-year-old officers compared with 19 . 1 -
year-old airmen . 

The sensitivity of the 12-min field test to cardiovascular fitness was 
documented in this s tudy , and it s sensitivity to cigarette snnking ,  in 
another study . S Table 3 shows that the average distance covered in 
12 min by the nonsmokers was significantly greater than that covered 
by the snnkers at the beginning and at the end of 6 weeks of physical 
training . 

DEVELOPING CARDIOVASCULAR FITNESS 

Previous investigations have shown that calisthenics and strict muscle
building exercises have little if any effect on improving the cardio
vascular system. 1 4 To the contrary , endurance-conditioning exercises-
such as long-distance rtuming , cycling , walking , and swimming--readily 
produce significant changes in both the cardiovascular and the pulnnnary 
systems . 

Training of the type necessary to develop competitive endurance athletes 
was not the objective of this physical-conditioning program . Its pri
mary purpose was to develop the cardiovascular sys tem so that unexpected 
emergencies could be tolerated l s and , perhaps , the onset of ischemic 
cardiovascular disease delayed . 9 An exercise program that included 
some type of regular , vigorous effort was required9 if this obj ective 
was to be achieved . Unless the training stressed the cardiopulnnnary 
system and was of sufficient duration , only minimal benefits would be 
realized . 
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As the various prerequisites for optimal cardiovascular conditioning 
became apparent , it was realized that a reliable method for comparing 
types of exercise was needed be fore training progra� could be developed . 
In searching for a method of equating different exercises , we found that 
the oxygen or metabolic cos t was the ideal common denominator .  'lllis 
value could be obtained readily by collecting and analyzing the air ex
pired during a s tandard performance , such as walking , running ,  or 
cycling a known distance in a specified time . Because the oxygen cost 
of a physical activity decreases with conditioning , it was necessary to 
s tudy a cross section of highly conditioned athletes and deconditioned 
subjects . We also reviewed other investigators ' work , 8 , l 2 , 1 3  with re
markably comparable results (Table 4) . A sys tem estimating the meta
bolic cos t o f  the exercise was developed using excess oxygen consump
tion--i . e . ,  the total oxygen consumption minus the res ting oxygen re
quirement . The energy cost was converted into milliliters per kilogram 
per minute , and a simple point sys tem established .  The points , in 
multiples of seven , represent the approximate excess cos t or consump
tion in milliliters per kilogram per minute . An example of the oxygen 
requirement for a moderately built 78 . 5-kg man to walk and run 1 mile 
is shown in Table 5 .  It should be noted that points are awarded in a 
stepwise , rather than linear , manner ,  with the slowes t performance in 
each interval . Consequently , in some instances , fewer points are 
awarded than the energy expenditure of exercise actually indicates .  
Ultimately , more effort will be required to reach any particular point 
goal . 

Various types of physical activi ties were quantitated , and the next 
obj ective was to es tablish a fitness goal--the number of points per 
day or per week required to enable mos t persons to achieve the minimal 
oxygen consumption of 42 ml/kg-min (the equivalent of running 1 . 5 miles 
in 1 2  min) . A number of studies demonstrated that exercise averaging 
30 points per week would produce the minimal level of cardiovascular 
fitness in mos t persons , provided that this fitness was achieved 
progressively over 10-16 weeks . To achieve higher levels of fitness , 
more points per week were necess ary :  50 points per week were compatible 
with a performance of 1 . 60-1 . 65 miles , whereas 75 points per week were 
needed to achieve the excellent level o f  fitness , 1 . 75 miles in 12 min . 
Roughly 80%-85% of the subj ects who participated in this program and 
worked up to the previously mentioned point levels were able to achieve 
their goals . 'lllose who were unable to achieve the desired level of 
fitness after completing the training programs usually fell into two 
categories : (1)  those who were 10%-15% overweight and did not lose 
weight in response to their exercise program, and (2) those who smoked 
more than 20 cigarettes per day . 
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TABLE 4 
Metabolic cos t of walking and running on treadmill , Kcal/min 

Pollack 
Mile Cooper , 4 Cooper , 4 et  az.,1 2 , 1 3 Margaria , 8 
time , net cost total cos t total cost total cost 
min : sec (7 8 . 5 1  kg) ( 78 . 5 1  kg) (66 . 0-86 . 0  kg) ( 72 . 5  kg) 

5 :  10 19 . 0a 
6 : 15 16 . 6  1 8 . 0 
6 :45 1 5 . oa 
7 : 00 15 . 0  16 . 0  
8 : 00 14 . 2  15 . 6  
8 : 34 1 3 . 5a 
9 : 00 12 . 8  1 4 . 0  

10 : 00 1 2 . 2  13 . 5  
10 : 20 u .oa 
1 1  : 00 12 . 1  1 3 . 5  
1 1 : 36 1 1 . 25 
12 :00 10 . 1  11 . 5  
13 : 00 7 . 5 9 .0 8 . ooa 
13 : 24 8 . 34 
14 : 00 6 .6 8 .0 
14 : 30  5 . 7  7 . 2 
15 : 00 5 . 0  6 . 5 5 . 8  
16 : 00 4 . 6  6 .0 
17 :06 5 . 29 5 . 0 
18 : 42 4 . 38 
20 : 00 3 . 4  4 . 9 4 . 4  

a 66 . 0-kg male . 

TABLE 5 
Total excess oxygena requirements for walking and running by 78 . 5-kg man 

Mile time , 
min : sec 

�20 :00 
14 : 30- 19 : 59 
12 : 00- 14 : 29 
10 : 00- 1 1  : 59 
8 : 00- 9 : 59 
6 : 30- 7 : 59 

<6 : 30 

Average oxygen cost , . Assigned point 
ml/kg-min _v_al_u_e ___ _ 

< 8 . 7  0 
8 . 7-1 4 . 4  1 

1 4 . 4-25 . 7  2 
25 . 7-31 . 2  3 
3 1 . 2-35 . 8  4 
35 . 8-42 . 1  5 

>42 . 1  6 

a Total excess oxygen • ( total oxygen conslDDption) - ( resting oxygen 
consumption per minute) (duration o f  run ,  in minutes ) . 
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SUMMARY AND CONCLUSIONS 

For the purpose of this s tudy , the term "physical fitness " implied ade
quate cardiovascular-pulmonary reserves , as indicated by maximal oxygen 
consumption . A field test of fitness was developed because of the im
practicality of mass laboratory testing . The field test consisted of 
a maximal performance in 12 min ; the correlation with the laboratory
determined maximal oxygen consumption was 0 . 89 7 .  After the development 
of a field test for evaluating fitness , an exercise program was designed 
that would develop adequate cardiovascular-pulmonary reserves . To 
accomplish this objective , a point system was developed on the basis 
of the excess oxygen requirements for given physical activities , and a 
specific weekly point goal was established . This goal could be reached 
through various exercise programs varying in length from 10 to 16 weeks , 
or perhaps even longer . Roughly 80%-85% of the men tested in this con
ditioning program were able to achieve the minimal level of fitness . 

The application of this study to the training regimens o f  professional 
football players is obvious . If a high aerobic capacity is present at 
the beginning of fall training , the athletes can expect a delayed onset 
of fatigue , quickened reflexes , and perhaps a reduction in the number 
of athletic inj uries . 
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KENNETH D .  ROSE 

THE POTENTIAL FOR CARDIOVASCULAR ACC I IENTS 
IN ATHLETES WITH CARDIAC PROBLEMS 

Whether diseases of the cardiovascular system are sufficiently common 
in athletes to warrant attention in sports medicine has been the subject 
of considerable discussion in the past . As in many areas of human dis
course , the clear unders tanding of the problem that could lead to its 
resolution is clouded by divergent opinions , o ften coming from recognized 
authorities each of  whom is undoubtedly biased--in this case by his own 
attitude toward the relative value of athletic competit ion in modern 
American culture . One finds in the literature , for instance , such 
anomalous statements as that attributed to Dr . Marshall Franklin : 5 
"If • • •  this [murmur] is a functional murmur or a mild cardiac defect ,  
I will probably let him go ahead , telling him what symptoms he might 
expect--shortness of breath , palpitation , etc .  If he has these symptoms , 
he must stop whatever he is doing--even if he is about to make the 
wi.nning touchdown" ; or that of Dr .  Albert Hyman: 9 "Patients with 
grossly abnormal findings from most standard diagnostic tests including 
elec trocardiograms , phonocardiograms or angiograms may be able to par
ticipate in continuous high levels of activity--even contact sports . " 
I quarrel , not with the above statements coming from cardiologists long 
known for their interest and competence in sports cardiology , but with 
the implication of generality , which leaves the casual reader with a 
skewed view of the importance o f  abnormal cardiovascular function in 
cou.,etitive sports . 

Expert opinion such as that expressed by Dr . Hyman is based on a life
time of experience in sports cardiology encou.,assing numerous athletes 
with cardiac anomalies who apparently were untroubled by their disease . 
I have encountered some myself . One , who at the age of 8 was thought 
to have rheumatic heart disease , was later found to have a small , 
physiologically uniu.,ortant interventricular sep ta! defect . A dis tance 
runner in college , he still runs 15 miles daily at the age of  29 . In 
spite of this knowledge of his history , I s till could not conscientious ly 
recommend that a person with a known interventricular septa! defect be
come involved in cross-country running . The reason is that an isolated 
example , such as his , is never a sound basis for generalization . 
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My point is that the controversy surrounding cardiovascular disease in 
sports steJJE from inadequately controlled data and biased opinion . What 
is needed is an objective approach . Instead of the premise that "athletic 
competition is good for cardiac patients and here are some cases to prove 
it , "  or the premise that "athletic competition is bad for cardiac patients 
and here are some cases to prove it , "  the approach should be : "Given a 
specific cardiovas cular disease , what is the evidence that athletic com
petition affects the patient one way or the other? " In 196 7 ,  at the 
Ninth Annual Conference on the Medical Aspects of  Sports , I delineated 
a few areas in which some practical information was available . 1 5 I 
would like to expand those observations here . 

Table 1 is a representative lis t of cardiac deaths that occurred during 
or immediately after athletic competition . (It should be mentioned 
that heat exhaustion and heat s troke have been carefully excluded as a 
cause in these cases • ) 

Some general observations may be made . Of the 44 persons who died , 38 
were between the ages of 1 4  and 19 ; most were 15-1 7 years old . That 
sugges ts that most sports-related cardiovascular deaths occur at the 
high-school level . Most o f  the deaths were related to football ; thus , 
most occurred during football season , although one ( case 3 1 )  occurred 
in spring football practice . Inasmuch as 36 of the 4 1  football-season 
deaths occurred between 15 August and 30 September ,  some attention 
should be given to activity at time o f  death . From this s tandpoint , 1 4  
occurred during practice sessions , three during wind sprints , five 
during laps , four during calis thenics , two during unspecified warmup 
exercises , and only eight during a football game . lbose whose hearts 
were physically unable to withstand the rigors o f  football succuui>ed 
during the preseason conditioning program. With those thoughts in mind, 
attention should be directed toward the known antecedents of these 44 
cardiac deaths . 

CONGENITAL HEART DISEASE 

Six of the 44 victiDE had congenital heart disease . Only one of the 
reports speci fically identi fied the lesion as an atrial septal de fect , 
although i t  may be presumed that the other five had chani>er or vascular 
anomalies identifiable by auscultation , chest x-ray , or both .  It can 
be seen that patients with congenital heart disease do die during 
athletic activity ; blanket approval of  such activi ty without complete 
investigation should be condemned .  Not all congenital anomalies are 
identifiab le by routine methods . Jokl , McClellan , and Rose l 0 , 1 2 have 
reported on seven persons 1 1-22 years old who collapsed and died during 
strenuous activity ( five in organized sports) and who were found at 
autopsy to have anomalous coronary arteries . 

Three other examples will illustrate decisions relative to congenital 
lesions in sports . One patient presented to his examining physician , 
at the age of 1 8 ,  with grade IV systolic and dias tolic murmurs over 
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TABLE l 
Cardiac Deaths in Athleteaa 

Case Ap. years �Ac�t�i-vi�t�Y--------
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 

14 
15 
16 
17 

1 8  
19 
20 
2 1  
22 
23 
24 
25 

26 
27  
28 
29 
JO 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 

43 
44 

14 
16 
17 
17 
15 
14 
9 

15 
12 
14 
14 
15 
18 

17 
19 
18 
16 

16 
1 1  
17 
16 
14 
17 
16 

19 

19 ? 
19 
15 
15 
15 

17  
17  
18 
16 

18 
15 
16 
16 
19 
22  
36 
14 

17 
17 

Football warmup 
Footb all calis thenics 
Football calis thenics 
Football wind sprint 
Football pract ice 
Football warmup r1111 
Baseball 
Baseball 
Football and r1111 
Football ga• 
Football ga. 
Football p ractice 
Football game 

Football p ractice 
Foo tball practice 
Foo tball practice 
Football calisthenics 

Football ga. 
Recreational sports 
Rope clillDing 
Football practice 
Wind sprints , football 
Wind sprints , football 
After do ing laps , football 

Football practice 

Footb all ga• 
Football practice 
Footbal l ga• 
Football calisthenics 
Lapa 

Football practice 
Footb all ga• 
Football practice 
Foo tb all practi ce  

Football wal"Dlp 
Football , laps 
Foo tball p ractice 
Football practice 
Football practice 
Football game 
Ho rse race 
Basketball 

Baske tb all 
Basketb all 

Data 

5 Sep t .  
8 Sep t .  

Sept . 
2 Sept . 

19 Aug . 
Sep t . 

16 Aug. 
13 July 
4 Oct . 
5 Nov . 

27 Sept . 
10 Oct . 
23 Sept . 

12 Sep t . 
31 Aug . 
2 Kar . 

23 Sep t . 

9 De c .  
De c .  

29  Nov. 
Fall 

27 Aug . 
18 Aug . 
2 3  Aug .  

19  Aug . 

1 1  Sept . 
1 Sept . 

Fall 
5 Oct . 

10 Nov . 

20 Kay 
14 Aug . 
5 Sep t .  

18 Aug . 

2 7  Oct . 
15 Sept . 
28 Aug. 
21 Aug . 
1 8  O ct . 

8 Nov. 
12 July 
6 De c .  

Dec . 
4 Dec . 

196 7 
1967 
196 7 
1967 
196 7  
1967 
1967 
196 7 
1967 
1966 
1966 
196 7  
196 7  

1967 
1965 
1966 
1966 

1968 
196 8 
1968 
1965 
1965 
1965 
1965 

1965 

1964 
1964 
1964 
1964 
1964 

196 3  
196 3 
1968 
196 1 

196 1 
1961 
196 1 
1 96 1  
1961 
1961 
196 7 
196 7 

196 7 
196 7 

Remarks 

''Violent exertion" 
Collapsed and died 
Ruptured aneurysm 
Collapsed and died 
Fatal heart seizure 
Collapsed and died 
S t ruck in cheat by pi tched ball 
St ruck in chea t by pitched bal l 
Cardiac arrhythmia and arrest 
Heart disease (autopsy) 
Organic heart disease (autopsy) 
Organic heart disease 
Ventricular arrhythllia ,  rheW1At ic heart 

disease ( autopsy) 
Heart attaclt (autopsy) 
Right-aided heart failure (autopsy) 
Cardiac arres t ,  electric irregularity 
Focal and dif fuae myocardial fibrosis , 

anoaaloua righ t  coronary artery (autopsy ) 
"Col lapsed and died" 
Cardiac arrest 
Congenital heart disease 
Electric irregularity (autopsy) 
Elect ri c irre gularity (aut opsy) 
Elect ric irregularity 
Congenital heart disease with heart failure 

(autopsy) 
Subeodocardial myocardial infarction 

(autopsy) 
Heart failure 
Congenital heart disease 
Acute myocarditia (autopsy) 
Col lapsed and died 
Cheat pain , collapsed and die d ,  no overt 

heart disease in autopsy 
Congenital heart disease 
Heart attack (no atreouo ua  exercise) 
Cheat pain , excessive exe rcise 
Ven t ricular fib ril lation , congenital heart 

disease (autopsy) 
Possible heart attack 
Heart at tack (autopsy) 
Congenital atrial aep tal de fect (autopsy ) 
Acute vent ricular fib rillat ion 
Heart failure , history of heart disease 
Heart attaclt ( co ronary) 
Struck in cheat by ho rse 'a head 
Collapsed and died (natural causes , 

corone r ' s  repo rt ) 
Collapsed aid died 
Collapsed and died 

a Data from files of C .  s .  Blythe and D .  c .  Amold , 2  A. J .  Ry an ,  and It .  D .  Rose . 
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most of the precordium and t ransmitted to neck , back ,  and axilla . Under 
ordinary circumstances , this patient would have been totally restricted 
in his athletic exercise , because his original diagnosis was rheumatic 
heart disease . However ,  he was referred for cardiac-catheterization 
studies , including valvulography , which revealed a congenital bicuspid 
aortic valve with minimal funct ional impairment . This 1 8-year-old boy 
had played 4 years of metropolitan-league high-school footb all and o ther 
sports without symptoms . The murmur was dis covered at examination for 
employment after graduation from high school . In college , he was not 
rest ricted in his activities and played in all intramural sports without 
difficulty , graduating at the age o f  2 3 .  At his last examination , as a 
senior , there was no x-ray or ECG evidence of left ventricular hyper
trophy . 

The second case involved a freshman s tudent whose screening chest x-ray 
on entrance revealed enlargement of the right side of the heart . He was 
referred to his physician , and complete cardiovascular analysis , includ
ing angiocardiography , revealed congenital downward displacement o f  the 
tricuspid valves into the right ventricle (Ebstein ' s  disease) . Although 
some persons with this anomaly live to middle age and even advanced age 
without symptoms , the average age at death is 22 , and sudden death from 
arrhythmias is common . The young man in question had played high-school 
football , although the anomaly should have been easily detected on 
physical examination . He was strongly advised , by his physician , 
against participation in sports demanding severe physical etress and 
was given a restricted health classification at the university . In 
spite of that , he continued to play int ramural football and basketball . 
One can conclude only that he has been fortunate , although foolhardy . 
This emphasizes the difficulty in controlling known cardiac-risk 
patients when they are athletically inclined . The answer , of course , 
is to attempt to steer them into less-demanding sports , thus protecting 
them from the rigors of physically and psychologically strenuous con
tact sports while affording them an outlet for their drives . 

The need to understand the latent danger in cardiac anomalies is empha
sized by the third case that came to my attention indirectly but never
theless authoritatively . A high-school basketball player had known 
aortic stenosis , but his angiocardiographic analysis , ECG , chest x-rays , 
and stress studies all revealed normal cardiopulmonary function . 
Clearance was given for him to compete . He died in acute cardiac 
arrhythmia , presumably ventricular fibrillation , while playing in a 
high-school basketball game . Ordinarily , cases of this nature never 
come to the attention of those who need to know, and I mention this 
one only to re-emphasize that known cardiac disease cannot be treated 
lightly when the issue concerns whether its bearer should subject him
self to the stresses of 20th-century competitive sports . My recom
mendation would have to be that all persons with known cardiovascular 
anomalies ,  regardless of their current functional capacity , be en
couraged to dispel their physical and psychologi c drives in pursuits 
less physically demanding ,  but as satis fying ,  as competitive athletics . 
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MYOCARDITIS 

Two of the 44 victims died of myocarditis that was p roved at autopsy ,  
altho ugh some of thos e lis ted as dying from collapse , violent exertion , 
arrhy thmias , and organi c heart disease may have had myocarditis . 
Burch et aZ . 3 have con cluded that the common occurrence o f  clini cally 
occult coxs ackie B vi rus in fe ction may be related to the etiology o f  
s udden , unexpected cardiac deaths . The incidence of  coxsackie B ,  as 
well as o ther viruses , in the college -age group is we ll known . In the 
spring of 1967 , we observed two cases of trans ient and one of s us t ained 
arrhythmia in athletes in whom acute virus diseas e  was di agnosed . i s  In 
the fall o f  19 68 , a fourth case was i dent i fie d . The ECG findings are 
shown in F i g . 1 .  No te that the arrhy thmia reve rted to no rmal with time . 
Because the phys i ologic s t ress of athle t i c  compe tition s uperimpose d  on 
an inflamed myocardium is potenti ally dange rous , i t  is our re conunenda
tion that in all cases o f  acute virus i llness in athletes , other than 
c ommon colds , myocardi tis be ruled o ut be fore return t o  active competi
tion . S uch a s t udy can be done wi th small expense in time and money 
and is wo rth th e e ff 1>rt . I f  the re is evi dence o f  myo cardi tis , release 
for ful l  parti cipation should be withhe ld until a ret urn to no rmal . 
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FI GURE 1 
Arrhy thmia during viremia .  
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RHEUMATIC FEVER 

Only one case ( case 1 3) was officially identified as rheumatic heart 
disease , although others listed as organic heart disease or death from 
arrhythmia may also be included as possible cases . Although the con
sensus prohibits participation during the acute phase of rheumatic 
fever ,  disposition of the quiescent rheunatic patient is far from 
settled . Even the late Joseph Wol ffe , eminent sports cardiologist ,  
appeared to contradict himself in this regard . In the early 1960 ' s , 
he stated : 2 1 ,2 '+  

After apparent recovery from the acute phase of fatigue , 
auricular or ventricular ectopic beats may appear in 
showers , and may give rise to auricular or ventricular 
fibrillation . This serious dis turbance of the conductive 
sys tem may account for the sudden death during or immedi
ately following a strenuous game , without any evidence of 
congestive cardiac failure . This may be classified as 
electrical death . 

A few years later , he said : 22 "Coincidental abnormal ECG findings of 
any type should , in the absence of organic heart disease , be considered 
functional in nature . "  

The pertinent question , o f  course , is whether organic heart disease is 
present . In some instances it is obvious , but evidence of  cardiac en
largement or hypertension in an athlete is not necessarily a sign of  
organic heart disease . Nor is  an increased ASOT , * CRP , **  or  sedimenta
tion rate , or even some of  the ECG signs , such as the juvenile pattem 
T inversions in V 1 -V2 . However ,  absence of all the traditional findings 
of or�anic heart disease does not preclude its presence . Thomas et 
aZ . , 2 for instance , reported the sudden death o f  an 1 8-year-old foot
ball player and a 15-year-old wrestler , both o f  cardiac arrhythmias . 
The standard autopsies were negative , but serial sections across the 
conduction mechanism, including the bundle of His , revealed multiple 
areas of focal necrosis . Although there was no definitive etiologic 
diagnosis , it was clear that both boys died in acute cardiac arrest as 
a result of a pre-existing but unrecognized disorder affecting the con
duction mechanism of the heart . lb us , even in the absence of  clear 
evidence o f  organic heart disease , such disease may be present . 

One of the ECG signs of rheumatic heart disease is first-degree block ,  
a prolongation of the PR interval .  In 1967 , . we reported the few cases 
observed in our 1200 screening ECG ' s . 1 5 In one case , the patient had 
no evidence of heart disease or history of illness , and his high-school 
sports record was good ;  he was allowed to play ,  but he was found later 
to have a history of rheumatic fever as a child . He had concealed this 
information , but he completed his 4-year college scholarship without 
incident . 

* Antistreptolysin "O" titer . 
** C-reactive protein . 
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First-degree heart block may be associated with later problems . In 1 96 8 , 
a varsity basketball player , whose s creening ECG had revealed a PR inter
val o f  0 . 2 1  sec , was seen to clutch his chest and s top during a practice 
game . Questioned as to his trouble , he denied having a problem . A few 
minutes later , he again clut ched his chest ,  gasped for breath, and fell 
to his knees , this time admitting severe chest pain . Shortly there
after , an ECG (Fig . 2) recorded at the health center showed obvious 
gross irregularity--a typical atrial fibrillation . Later t racings re
vealed a return to complete normalcy , and he continues to participate 
without difficulty . There is some support for a liberal approach to 
this type of problem . l , 4 , 7 , 8 , l 8 But again , more longitudinal studies are 
needed to furnish a basis for definitive reconunendations . Until they 
become available , decisions on such cases must be made on the basis o f  
continued observation . 

FIWRE 2 
At rial fibrillation in athlete with previous first-degree heart block .  
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The valvular diseases of rheumatic fever once were considered positive 
contraindications to active sports participation . But newer methods 
for s tudying cardiovascular dynamics are leading to a more liberal 
approach , �articularly in the mild , treated case kept under close ob
servation . 1 However , the desirable follow-up is difficult , i f  not i� 
possib le , except under ideal conditions of patient-physician relation
ship . For practical purposes , therefore , it is advisable to continue 
recommending restriction from strenuous sports . 

CORONARY HEART DISEASE 

Although a medical problem primarily of the over-40 age group , coronary 
artery disease is not unknown in younger patients � In the series re
ported here , two athletes died of this ailment ; one was 19  and the other , 
22 . In 196 7 ,  a promising 25-year-old professional basketball player 
reportedly suffered a coronary occlusion . Fortunately for the profes
sional athlete , there is evidence of an inverse relationship between 
the physical activity of work and coronary heart disease . In a s tudy 
of  early precursors of fatal coronary heart disease in former college 
s tudents , Paf fenbarger and co-workers 1 3 found college athletic partici
pation to lower the incidence of fatal coronary heart disease signifi
cantly . I t  is reasonable to assume that continued participation would 
continue that favorable relationship . 

Smith and co-workers 1 9 reported on several patients who developed ac
quired bundle-branch block .  'lbeir ages ranged from 29 to 39 years . 
One had angiographic evidence of coronary artery disease . One with 
right bundle-branch b lock (RBBB) had typical angina pectoris without 
x-ray evidence of coronary artery disease . Another died of acute 
myocardial infarction 8 months after routine ECG revealed an acquired 
RBBB . Autopsy revealed extensive coronary artery disease . The possi
bility of such an unfortunate accident ' s  happening in varsity or pro
fessional sports could be decreased by routine annual ECG, with ex
tensive cardiovascular study being reserved for persons whose tracings 
show significant changes , such as acquired bundle-branch block .  

ARRHYTHMIAS 

Disorders of the conduction mechanism of  the heart present a special 
problem to the physician interested in sports medicine . Of the 44 
persons listed in this series , 11 were recorded as having died from an 
arrhythmia , but ventricular fibrillation was most likely the terminal 
event for many of those whose history indicates only that they "col
lapsed and died . "  In any respect , at least 35% of the cardiac deaths 
in this series resulted from disorders of the conduction mechanism. 
What should the physician do when confronted by a varsity player in 
midseason whose chief complaint is inordinate fatigue and whose only 
positive finding is a second-degree heart block with shifting nodal 
rhythm and incomplete right bundle-branch block? In the case illustrated 
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in Fi g .  3 ,  the athlete ' s preseason screening ECG was normal ; thus , 
these findings represented a change in cardiac status . There was no 
evidence o f  obvious heart disease . 

FIGURE 3 
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Atrioventricular block in athlete ; etiology unknown. Screening ECG 
in August 1968 was normal . 

Wolffe , reporting on a survey of 321 2  ECG ' s of athletes actively en
gaged in a variety of sports , s tated that he observed only 28  instances 
of heart block ,  including all types . 2 2  In his opinion , heart block of 
any kind ought not prevent participation in athletics . He was supported 
in his belie f  by Hovak , who further reported on 25 cases in a total of 
244 7 trained athletes from Czechoslovakia and who felt that disorders 
of this nature were the result of vagotonia . * There is , however ,  con
siderable evidence , not only clinical but also experimental , to indi
cate that in the sus ceptible heart sudden vagotonic influences seriously 
modify cardiac conduction and physiology , even to the extent of pro
ducing cardiac arrest and death .2 3  In addition , Schneider1 7  has found 
that coronary patients with the greatest tendency to bradycardia in 
response to a sudden frightening s timulus have the poorest prognosis , 
in terms o f  death from subsequent coronary occlusion . Thus , the 

* The incidence of  arrhythmias in these reported series was only 0 . 9% . 
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appearance of good health in a person with supposedly "vagotonically 
induced" heart block is not a pztiol'i evidence of a completely normal 
conduction mechanism. Rather ,  susceptibility to vagotonically induced 
heart block is a pztiozti evidence of an abnormal conduction mechanism. 

TRAUMATIC HEART DISEASE 

Of the 44 deaths listed in Table 1 , three resulted from direct blows 
to the chest : cases 7 ,  8 ,  and 41 . Cases 7 and 8 are unusual , in that 
death followed immediately after the blow ,  in both instances with a 
thrown baseball . case 7 was a 9 -year-old boy who was struck by a 
pitched ball in a Little League practice game . Case 8 was a 15-year
old boy who was struck by a wild toss , catcher to pitcher covering 
home plate , as he tried to score a critical run from third base . Both 
boys died in acute ventricular fibrillation or arrest precipitated by 
a direct blow over the heart . Autopsy findings are not available on 
case 7 to give us the needed definitive diagnosis . The diagnosis of 
acute arrhythmia is more easily substantiated in the second case ; the 
medical examiner ' s report reveals no evidence of inj ury .  

Such injuries are less likely in varsity o r  professional players because 
of  the heavier musculature in the adult contestant . However , cardiac 
trauma does occur , with an occasional fatality . We reported one non
fatal instance in a blocking back who was "speared" by an opposing 
lineman. 1 6 Selective coronary angiogra�hy and ventriculography re
vealed no residual evidence of inj ury , 1 and the player has just 
finished his elegibility , serving as Nebraska 's firs t-team defensive 
corner linebacker . His ECG (Fig .  4) is entirely normal , and he has 
had no evidence of cardiac disorder in spite of a strenuous season . 
I am strongly opposed to the vicious practice o f  "spearing , " as well 
as to the use of an elbow or knee when the sole purpose is to disable 
an opponent . Those who watch football critically from a medical s tand
point are appalled at the obvious efforts to disable . I would add my 
voice to the others in urging that deliberate "spearing" or other 
attempts to inj ure be cause for ej ection from a game . 

One cardiac death occurred in a freak accident in horseracing (case 41) . 
The deceased , a 36-year-old jockey , was st ruck in the chest by his 
horse ' s head . He complained of chest pains after the race and was 
examined at a medical center , where x-rays revealed no injury . He 
died suddenly 3 hr later , while riding home in a car .  Th.is is a 
typical case history for cardiac contusion . Ferrd and Steward6 re
port the case of a golfer who was struck in the chest by a golfball . 
He was in shock for 15 min and recovered , only to suffer a fatal myo
cardial infarction 2 days later .  It is coDDDcn for significant cardiac 
trauma to become apparent only after several hours or even 2 or 3 days 
after injury .  One should be suspicious of cardiac inj ury in all acute 
anterior chest injuries and should observe the patient closely . Our 
patient developed symptoms only 12 hr after inj ury . 1 6 Fortunately , he 
had been hospitalized immediately after the game by an orthopedic team 
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Cardiac contusion 2 years after inj ury . 
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phys i cian specifically for observation for possib le cardiac contusion . 
In this disease , a previously recorded ECG is of inestimable value and 
would aid in making a decision concerning future participation . 
Pollard1 4 reported a case of cardiac contusion in 196 3 ,  wherein the 
dia gnos is was based on some x-ray evidence of cardiac enlargement and 
incomplete RBBB and peaked T waves in the ECG . The results of all 
other laboratory tests were normal . This man was a senior in college 
and a vigorous competitor , but he was removed from further football 
part icipation . Because RBBB , and particularly incomplete RBBB , is 
such a comnon ECG finding in healthy young adults and is usually the 
s o-called congenital form , 1 9 only acquired RBBB following an incident 
o f  this nature could be considered significant . In this respect , a 
previously recorded ECG would have given the answer .  

SUMMARY 

I have tried to make some practical suggestions relating to the ab
normal heart in the athlete or would-be athlete , illustrating wherever 
possible with speci fic examples from my experience and from the ex
perience of others . 'lllese suggestions can be summarized as follows : 
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(1) There is no substitute for prevention , and the best preventive 
measure is a good history and physical examination by a knowledgable 
physician . The American Medical Association ' s Committee on the Medical 
Aspects of  Sports has devoted itself to furthering this goal by recom
mending procedures and suggesting criteria , by sponsoring local and 
national meetings on sports medicine , and by furnishing pamphlets ,  
folders , and other printed material free or at cost to colleges , high 
schools , and grade s chools for coaches , trainers , administrators , 
physical-education instructors , and physicians responsible for the 
medical aspects of athletics . The deaths of many of the athletes 
listed in Table 1 and others could have been prevented by annual com
prehensive athletic physical examinations in which due attention had 
been given to the heart . 

(2) A routine chest x-ray and screening ECG should be included in all 
pre-participation examinations and should be repeated annually . 
S creening procedures cannot identify all diseases , but the return is 
great enough to warrant their use . 

( 3) Most congenital defects can be identi fied by the procedures men
tioned in the preceding two paragraphs . The bes t approach when such 
defects are identified is to try to steer the person into sports that 
lack the strenuous psychologic and physical stresses o f  competitive 
team sports . Failing this , one should insist on a positive identifi
cation of the lesion and should be guided by the known prognosis in 
making recoumendations . Frequent f\.Ulctional follow-up is mandatory , 
and the coach and administrators should be apprised o f  the potential 
risk . 

(4) At any age , one should suspect myocarditis in any athlete who does 
not recover promptly from a virus illness . Routine testing for this 
ailment as a prerequisite for return to full competition is the ideal . 

(5 ) Rheumatic fever , pas t or present , must always be suspect . Temper 
the irrational drives of the sports-oriented postrheumatic person with 
calm judgment and guide him into noncontact individual sports that do 
not demand physiologic output to the point of  exhaustion . 

(6) Coronary artery disease can occur at any age , but it is progressively 
more comnon with increasing age .  One episode of coronary occlusion should 
permanently restrict the player ( if  he is fort\.Ulate enough to survive 
it) , because it is rare for only one artery to be involved . For preven
tion , lifetime physical fitness is mandatory . Routine annual ECG ' s ,  
particularly for the professional , can identify subclinical changes , 
such as acquired b\.Uldle-branch block , and should identify those re
quiring a more thorough cardiovas cular survey . 

( 7 )  Cardiac contusion probably occurs more often than we recognize . 
Awareness of its likelihood in the presence o f  anterior chest inj ury 
is the best prevention against serious sequelae . When it is suspected , 
the subj ect should be hospitalized for observation . Spearing should be 
outlawed , and deliberate attempts at inj ury should be cause for ej ection 
from the game . 

144 

Copyright © National Academy of Sciences. All rights reserved.

Football Injuries:  Papers Presented at a Workshop
http://www.nap.edu/catalog.php?record_id=20983

http://www.nap.edu/catalog.php?record_id=20983


A concerted at temp t  is being made at the primary , secondary , and college 
levels to accumulate valid death s tatis tics b acked by autopsy reports , 
and p ro fessional spor ts should enter int o  this endeavo r i f  the o ccas ion 
arises . 2 '!be p urpose is to es tab lish a valid s cienti fi c  b as is for 
i dentification of  p rob lems from whi ch  future re commendations conce rning 
p arti cipation can be made . 

Forty-four deaths are p rob ab ly not many when compare d  with the number 
o f  man-hours of contact sports  played per year , and few indeed when 
compared with Vietnam and automob ile accidents . But most o f  them are 
p reventab le by examination and common sense , and they ought not to be 
permitted to occur . 

I wish to  thank Drs . Jerome E .  Bleicher , Ri chard Hamme r ,  and 
William J . Kuzman for specifi c details of some cases p resented 
herein . 
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LACT I C  AC I D , OXY GEN DEBT , AND TRAI N I N G  

CHARLES M. TIPTON and KENNETH M .  BALDWIN 

It is widely held that the presence of lactic acid in the b lood is 
direc tly responsible for the exis tence of an oxygen deb t . We plan to 
examine some aspects o f  this relationship and to dis cuss the influence 
of t raining on them. 

The b asic relationship between glycogen,  glucose , pyruvic acid , and 
lactic acid is shown in Fig . 1 .  Details concerning the enzymes re
sponsible for these reactions , equilibrium constants , and co factors 
can be folDld in most b iochemistry texts . The over-all reactions o f  
the glycolytic process lead to the production of pyruvi c  acid an d  a 
small amount of adenosinetriphosphate (ATP ) . For lactic acid to be 
produced from pyruvic acid , the oxidation-reduction state o f  the cell 
has to favor the following react ion , which is catalyzed by the enzyme 
lac ti c  dehydrogenase (LDH) : 

pyruvic 
acid 

+ NADH + W LDH , lactic 
acid 

+ NW 

'nle production of lactic acid is related to the total metabolic re
quirements of the cells ; there fore , it i s  important to  consider the 
cellular factors that determine oxygen consumption . 

Data f rom isolated mitochondrial preparations and from tiss ue slices 
indicate that the cellular levels o f  adenosinemonophosphate (AMP) , 
adenosinediphosphate (ADP) , inorganic phosphate , and reduced nucleo
tides determine the amolDlt of oxygen consumed by the cells . 1 2 , 1 3 

These considerations compel one to review the metabolic reactions 
within the cell and the involvements between lactic acid and these 
reactions before as cribing a cause-and-e ffect relationship between 
meas urements of lactic acid and oxygen consumption . 

I t  has been known since 1 806 that lactic acid can be produced in 
mus cles . 8 The reasons for its production are complex b ut can be 
said to be related to aerobic or anaerobic conditions . Under aerobic 
conditions , the oxidation-reduction state of  the cell favors the reac
tions of pyruvi c acid and NADH* within the Krebs cycle of the mitochondria .  

* NADH and NAD+ are the abbreviations o f  the reduced and oxidize d forms 
of the coenzyme nicotinamide adenine dinucleotide . 
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Elementary metabolic relationships within mus cle cells . 

However , at res t  and even under oxygenated conditions , 3 3 , 5 3 a small 
amount of lactic acid will be produced . The nature o f  the b lood flow , 
the redis tribut ion of flow, t ransport characteris t ics , and mass-action 
considerations appear to be p rimarily responsib le . 3 , 9 , l O When anaerobic 
conditions prevail , the energy needed fo r oxidation of the nucleotides 
is inadequate ; thus , the N.ADf° :NADH ratio changes , and pyruvic acid is 
reduced to lactic acid in the p resen ce o f  LDH . Be cause lactic acid can 
easily cross cellular membranes , its concentrat ion within the blood
s tream will increase soon after the intensity of exer cise is increased . 
As ment ioned by Diamant et aZ . , 1 4  there is at res t , as well as during 
exercise and recovery , a marked gradient between the lactic acid levels 
in muscle and blood . 'lhat findin g  emphasizes the difficulty in using 
blood levels to predict concentrations within t iss ue s . Another point 
worth emphasizing is that lactic acid can be produced and used in 
adj acent re gions of working tissue . 2 5 Moreover , lactic acid can be 
actively transported against a concentration gradient . 1 9 , 5 1 

In the blood , lactic acid can be involved in chemical reactions that 
have different ATP requirements (Table 1 ) . In the liver and kidney , 
lactic acid can be converted into glucose . These reactions require 
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ATP , thereby increasing ADP leve ls , which in tum elevates the oxirn 
requirements of the cells . In cardiac tissue 1 1 , 34 and mus cle , 1 5 , 

lact i c  acid can be reconverted into pyruvic acid and then oxidiz ed to 
carb on dioxide and water . When that occurs , AT.P is produced ,  int ra
cellular levels of ADP are reduced , and oxygen requirements are lowe red . 
Other factors that bear on the oxygen consumption of  the cell are 
temperature , active transport and absorption requirements , 1 9 , 5 1  blood 
flow and redis tribution o f  flow , 3 , 9 , l O  hormonal influences (e . g . , o f  
catecholamines ,  th?roxine , glucagon , and steroids ) , 45 , 4 9 the resatura
tion o f  myo globin , , 3 8 , 52 and the resynthes is o f  phospho creatine . 7 , 32 , 4 1 

TABLE 1 
Simpli fied view of lactic acid me tabolism 

Tissue Vas cular role 

Ske let al lactic acid can diffuse 
from mus cle to blood 
and from blood to 
muscle 

Cardiac 

Hepati c 
and 
renal 

lactic acid can be 
extracted from blood 
by heart 

lactic acid can be 
extracted from blood 

Chemical re actions 

lactic acid 

J t  
pyruvic acid--+ C02+H20 

lactic acid 

J, 
pyruvic acid 

J, 
phosphoenolpyruvic acid 

� 
glucose-6-phosphate 

J, 
glucose 

J, 
gly cogen ( liver) 

Energy 
consideration 

ATP 
is 
p roduced 

ATP 
is 
p roduced 

ATP 
is 
required 

For all these reas ons ,  we believe that it is extremely di ffi cul t  to 
relate the level o f  lacti c acid in the b lood directly to a meas ure 
of oxygen cons ump tion . 

Let us examine the ori gin and meaning of  the term "oxygen deb t . " About 
50 years ago , Krogh and Lindhard3 7  observed that the pattern of oxygen 
recovery after exercise was ass ociated with a rapid component and a 
slow component . Several years later ,  Hill , Long,  and Lupton2 6- 3 0  
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introduced the term "oxygen deb t " to des cribe the oxygen requirements 
that exis ted after the cess ation of exercise . They als o ob served a 
re covery pattern that contained fas t and slow coq>onents .  The results 
of the classic s tudy of Margaria , Edwards , and Dill 3 8  in 1 9 33 led to 
the labeling o f  the fas t component as the "alactacid deb t" and the slow 
coq>onent as the "lactacid deb t . " Obvio us ly , lactic acid was in some 
way associated with oxygen requirements after exercise . 

To unders tand the bas is for this nomenclature , it is es sential to 
s wmnarize b riefly the s tate of  knowledge in 1 9 33 .  'nle isolated-mus cle 
experiments conducted by Meyerhof 3 9 , 40 in 1920-192 1 had clearly shown 
( 1 ) that lactic acid accumulated with mus cle st imulation and (2 ) that 
oxygen was required for its re conversion into glycogen . Meye rho f re
ported that 80% of the lactic acid that was produced was converted into 
glycogen , and the remaining 20% was oxidized to carbon dioxide and 
water .  Because Meyerhof had s t oichiomet ri c data to s upport his s t ate
ments , mos t inves tigators were impressed and convinced by his findings . 
Furthermore , it  was then generally accepted that carbohydrates were the 
only energy source for mus cular cont raction . 'illus ,  the concept of  an 
oxygen deb t evolved during an era when lactic acid was held responsible 
either directly or  indirectly for the amotmt of oxygen used during re
covery . I t  was inevi tab le that the te rms "lactic acid" and "oxygen 
deb t" would become inseparab le . 

I t  might appear that we are trying to dissociate lactic acid levels 
from oxygen-deb t meas ures completely , and some inves tigators have 
adopted that attitude . 1 ' 2 We be lieve that there is a relationship 
between lactic acid and oxygen deb t , b ut that it canno t  be rigidly 
classi fied into two conventional compartments .  

It is well known that mus cle tissue does not contain the necess ary 
enzyme k inetic condi tions to reve rse glycolys is ; lactic acid canno t  
be converted directly into glucose or  glycogen an d  mus t  eithe r diffuse 
from the tiss ue or be converted b ack into pyruvic acid.  The kidney 
and the liver are also unable to conve rt lactic acid di rectly into 
glucose . However ,  they can convert it indirectly be cause of the ex
istence of  the dicarboxylic acid shut tle sys tem within these tiss ues . 

Lardy and his asso ciates at Wisconsin 1 7 , 1 8 have shown that tryp tophan 
and quinolinic acid will s electively inhib it one of the enzymes in
volved in the pro cess of converting lactic acid into glucose--e . g . , 
phosphoenolpyruvic carboxykinase . Barnard5 had the ori ginal idea o f  
s tudying the influence of  these inh ibitors on oxygen consumption , 
oxygen deb t, and lactic acid in exercis ing dogs . Us ing dogs that 
exercised under control and tes t  (tryptophan and quinolinic acid) 
conditions , he found that the mean values fo r res ting oxy gen consump
tion , exercise oxygen cons tDDption , and oxygen deb t were reduced in the 
presence of  the inhibi tors . From a pe rcent age s tandpoint , these changes 
rep resented reductions of 8% , 1 1% ,  and 44% , respectively . Blood meas
urements of lactic acid and glucose were not as extensive as the oxygen 
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measurements because of prob lems with the permanently implanted catheters ; 
b ut , in general , the recovery lactic acid levels after t ryptophan and 
quinolinic acid were lowe r .  In contras t ,  the blood glucose levels afte r 
tryptophan and quinolinic acid rose after the first 30 min o f  the deb t 
perio d . Unfortunately , fatty acid levels were not meas ured , and the 
contribution o f  this subs trate to the oxygen requirement during exercise 
or re covery could not be as certained . 

The s tudy of Bamard showed that blo cking o f  the Cori cycle ( convers ion 
of  lactic acid into glucose or  glycogen) makes it poss ible to change 
the magnitude of  the oxygen deb t .  The study did no t tel l us of  the 
changes in intracellular ratios of N.An+ to NADH , the ratio of lac tic 
acid to pyruvic acid , the levels o f  AMP and ADP , hormonal concentra
tions and influences , blood-flow pattern , s ub s trate pre ference , et c . , 
b ut it did indicate that lactic acid can cont rib ute to the facto rs 
res ponsible fo r an oxygen deb t . Barnard and Foss (tmpub lished data) 
studied the influence o f  prop ranolol on the oxy gen deb t o f  exercis ing 
do gs . They observed that the debt decreased wi th blockage of the beta 
receptors . These studies make it clear that one should no t generalize 
that a meas ure o f  oxy gen deb t is also an absolute meas ure o f  solely 
anaerobic metabolism. 

'Die metabolic adaptations associated with training are s upe rimposed on 
the numerous considerations previously mentioned (Fi� . 2 ) . Beginn�ng 
wi th the class ic studies o f  Robinson and Harmon , 4 6 ,4 it be came known 
that the oxygen requirement , the oxygen deb t , 2 7 , 4 7 and the blood lactic 
acid level are lowered fo r a given work task after completion of  an 
e f fe c tive training pro gram. Besides lowering oxygen deb t and blood 
lactic acid levels (Fig . 3) at given wo rkloads , training wi ll increase 
the capaci ty for oxygen consumption . 3 5 , 4 6  According to Robinson and 
Harmon , 4 7  the me chanical effi ciency o f  their subjects markedly imp roved 
with training . It  is reasonable to ass ume  that the acquisi tion o f  
skill in running would reduce the energy demands o r  requirements o f  
working muscles . 

In recent years , investigators have initiated numerous studies on the 
int racellular changes accompanying exercise and t raining .  Gli ck  and 
Bronk ' s2 0 , 2 1 results from liver s tudies clearly show that exercise 
inc reases the activity of the enzymes associated with the Krebs cy cle . 
The findings by Hollos zy 3 1 indicate that trained rats have a greater 
capacity than nont rained rats to oxidize pyruvic acid ; this enhance
ment was associated wi th  greater activity o f  the enzymes of the electron 
transpo rt system . One possible advantage o f  s uch a change would be an 
increase in the capacity to utilize oxygen and to produce ATP . Go llnick 
and King22  found that the skeletal mus cle of  trained an imals has more 
and larger mitochondria than that o f  nontrained animals . Studies on 
the enzyme (LDH) that catalyzes the reaction between lactic acid and 
pyruvic acid suggest that t raining will enhance its activity . 2 3 , 2 4  

Training has been repo rted to cause an increase in the amount o f  
myoglobin within muscle . 42 Although myo globin has traditionally been 
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Training influences on b lood lactic acid and o�gen consumption . 
(Based on findings o f  Rob inson and Harmon . '+ 6  , '+ 7) 
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considere d  to be an 'b�gen store , " the newer concept holds that it is 
an oxygen facilitator. 5 By any interpretation , the ability to del iver 
oxygen to the cell is increased . Be cause total body hemoglobin appears 
to b e h igher in t rained persons , 5 0  any change in the oxygen-delivery 
capacity of  the blood must also be considered . Although it  is acce�ted 
that training increases the number of capillaries within the heart4 
and skeletal t iss ue , 36 , 4 3 it  is not known whether training improves 
the blood flow to exercising muscle . In view of re cent findings on 
the anatomic and phys iologic differences between white and red skeletal 
fibers , 6 , 1 6 it  is possible that training alters not only the blood sup
ply , but also the metabolic character of these fibers . A s ummary of 
these considerat ions can be seen in Table 2 .  

TABLE 2 
Comparison of red and white skeletal mus cle fibersa 

Characteristics 

Wo rk 

Metabolic 

B lood flow at 
res t  and during 

electric stimulation 

Capacity for 
vasodilatation 

Oxygen consumption 
at rest and during 
elect ric s timulation 

Red fibers 
(example : solew;i) 

Slow and 
sustained 

contractions 

Subcellular co�osition 
and enzyme 

concentration favor 
ae robi c  pro cess es 

Highe r 

Hi gher 

Hi gher 

White fibers 
(example : gas tro cnemius) 

Rapid and 
brie f 

contractions 

S ub ce llular s tructure 
and enzyme 

concent ration favor 
ane rob ic p ro cesses 

Lower 

Lower 

Lowe r 

a Based on data o f  Beatty et at . 6 and Folkow and Halicka . 1 6  

It  has been clearly shown that exercise decreases mus cle ATP and 
phos�hocreatine levels (CP in Fig .  1 ) . 7 , 32 Piiper and his asso ci
ates � tried to quantify the relationship between phosphate compounds 
and oxygen debt and showed in their mus cle preparation that there was 
a relationship . (However ,  t raining was not a factor in their study . )  
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Using the data provided by Pardee and Ingraham ,4 1  Hultman et az. 32 est i
mated that 1 kg o f  muscle tissue would require 70 cc of oxygen to re
generate the phosphate bonds altered by exe rcise . Mus cle is considered 
to be approximat ely 40% o f  the body weight and 4 8% of the lean body mass 
in man . At present , the re are no availab le data on how training in
fluences the amount , e f fi ciency , and rep lenishment o f  high-energy phos
phate bonds . Obvious ly , s uch research is neede d .  

We believe that t raining improves th e  capacity for an d  the efficiency o f  
oxidative metabolism , with the production o f  more ATP an d  less lactic 
acid . Of  the lactic acid that is produce d ,  we think that the heart 1 1 , 34 

is capable of extracting a greater percentage of accumulated blood 
lactate than the kidney or live r .  The removal of  lactic acid by the 
kidney and liver h as  been shown to be proportional to its arterial 
concentration . 4 8 , 4 9 The result of training is to decrease the amount 
of oxygen required for gluconeogenesis . With more ATP being produced 
in the cells and with an enhanced capacity for oxygen de livery to the 
cells , less oxygen should be requi red for res torative purposes . Thus , 
unde r standardized work condit ions , less oxygen will be needed for 
exercise and recovery periods . Whether this does explain the lower 
oxygen debt associated wi th training should be the subject of further 
research . 
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LEROY KLEIN 

THE FORWffI ON , MATU RAT I ON , AN D  
DESTRUCT I ON OF COLLAGEN 

Many football inj uries involve sprains ,  tears , and ruptures of tendons , 
ligaments ,  and menisci of j oints and bones . 3 0 These injuries involve 
connective tissues that are predominantly mechanical and whose major 
constituent is collagen . Collagen constitutes 75%-95% of all the 
organic matter in tendons , 5 ligaments ,  and bones . 2 8 The tensile 
strength of collagenous tissues de�ends on the collagen content . The 
b real<.ing strength of pure collagen is quite high , between 10 and 
50 k g/ rrirl- • . 

'Ole repair of injuries involves the production of new collagen by in
coming cells ( fibroblasts ) as a means of re-establishing the conti
nuity of the collagenous framework . The new collagen is quickly 
attached to or mixed with the pre-existing (old) collagen and then 
matures over a period of months into a well-ordered structure . I f  
the new collagen becomes excessive and remains random and poorly 
organized , it is considered to be scar tissue , which frequently inter
feres with the mobility of j oints . 

STRUCTURE AND METABOLISM OF COLLAGEN 

The quantitative importance of the proteins of the musculoskeletal 
sys tem (collagen and muscle protein) is emphasized by the observa
tion that together they represent 80%-90% of the body ' s  protein . 6 
Collagen alone accounts for one-fourth of the body ' s  protein ; some 
55% of the collagen is found in the skeleton and about 35% of it in 
the skin . 1 5  In different sites of the body , collagen differs in 
amount , in fibril size , and in fibril or fiber arrangement . 

Collagen differs in several respects from other proteins in the body . 
It contains two amino acids--hydroxyproline and hydroxylysine--that 
are not found in other proteins . Some of the essential amino acids 
(methionine , phenylalanine ,  and tryptophan) are found in very small 
amounts or not at all in collagen . Hydroxyproline and hydroxylysine 
are made after the collagen molecule has been synthesized by the 
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addition of hydroxyl groups to some of the polypeptide-bound proline and 
lysine . 32 Thus , neither hydroxyproline nor hydroxylysine can be used in 
the synthesis of collagen . 

The ultimate source of new collagen is the specialized cells , 4 fib ro
blasts and osteoblas ts .  A soluble molecular precursor of collagen is 
synthesized intracellularly on the microsomes�2 and is then extruded2 50 into the extracellular medium as an elongated rod , approximately 2800 A 
long and 14 i wide with a molecular weight of 300 ,000 . Collagen is one 
of the largest macromolecules synthesized biologically . The completed 
collagen molecule , consis ting of three polypeptide chains , will mature 
and cross-link extracellularly to form insoluble collagen fib rils and 
eventually fibers . The degree of internal and external cross-linking 
affects the physical properties of collagen ; e . g . , the tensile s trength 
of collagen appears to increase with the number of intermolecular cross
links . The increase in number of cross-links appears to be  much slower 1 4 , 1 7 
than was heretofore recognized . The architectural pattern of the tissue , 
as created by the organization of collagen fibrils into fibers and fibers 
into bundles , also affects its physical and mechanical properties . 

Of parti cular significance to inlured tissue is that collagen is 
relatively inert metabolically , 2 in the sense that it is nonrenewable , 
little collagen being destroyed and replaced by new collagen . Thus , 
any inj ury requires a substantial increase in synthesis of new collagen 
if structural continuity is to be re-established . However , it has been 
demonstrated that pre-existing (old) collagen of rats could be reused 
in the formation of "new" collagen and in the remodeling of new and old 
collagen . 1 4 , 1 9 It is not known whether that can occur in man . Because 
collagen is metabolically inert , collagen that is made during growth in 
childhood and adolescence is still present in adulthood and old age . 
Collagen stays around long enough to age , and various physical properties 
(such as fib ril size , crys tallinity , and solub ility) change with age . 7 
This aging aspect of collagen is believed to be partly responsib le for 
the physical slowing down of athletes with age . 

DEGRADATION OF COLLAGEN 

Measurements of urinary hydroxyproline have provided a means for s tudy
ing collagen de�radation in animals and humans . The finding that in 
adolescence l 0 , 3 and infancy l B  the excretion of urinary hydroxyproline 
is D11ch higher than in adulthood has suggested that urinary hydroxy
proline is derived in part from newly synthesized collagen . This has 
been more clearly shown by isotopic studies . 2 1  From additional iso
topic data it  has been concluded that in young adult rats2 7 and adult 
monkeys 1 approximately 57%-70% and 80%-86% , respectively , of the urinary 
hydroxyproline comes from insoluble collagen , whereas only 30%-43% and 
14%-20% comes from the breakdown of newly synthesized collagen . Recent 
studies 1 3 on 20-month-old rats that were labeled with 3H-proline at 
1-2� months of age have demonstrated that only 10%-25% of urinary 
hydroxyproline is derived from old , insoluble collagen , and 75%-90% 
from the synthesis of new collagen . 
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'llle quantitative relationship of urinary hydroxyproline to total coll�en 
degradation , irrespective of its biologic source , has been determined3 
to be approximately 20%-25% . Thus ,  the major amount of urinary hydroxy
proline appears to be derived from de novo collagen synthesis . However ,  
the breakdown of new , salt-solub le collagen could occur intracellularly 
or ext racellularly . The administration of penicillamine to prelabeled 
rats caused a sixfold to eightfold increase in the neutral salt-soluble 
collagen pool but was without effect on the total amount or specific 
radioactivity of urinary hydroxyproline . These data indicated that 
urinary hydroxyproline was not derived from the extracellular breakdown 
of salt-soluble collagen and suggested that newly synthesi zed collagen 
was degraded intracellularly , after the hydroxylation step of p roto
collagen and before its extrusion from the fib roblast .  

EFFECT OF TRAUMA AND NONTRAUMATIC CONDITIONS ON COLLAGEN DEGRADATION 

The degradation of collagen , as seen by the excretion of urinary h1droxy
proline , is markedly increased in traumatic states , such as burns , 6 
acute paralys is , 1 2 and fracture healing . 1 2  In widespread bone disorders-
such as hyperparathyroidism , hyperthyroidism, and Paget ' s  disease--much 
higher levels of urinary hydroxyproline have been found3 compared with 
those observed in acute paralysis or fracture healing . 2 Urinary 
hydroxyproline data from astronauts in the weightlessness of space 34 
sugges ted that a s ignificant increase did not occur ; the absence of 
gravity apparently did not have an effect , although disuse denervation 
caused a marked breakdown of bone collagen in man . An effect of starva
tion on men aged 18-2 7 was a small increase in urinary hydroxyproline . 1 5  

When rats were placed under the influence o f  low-frequency mechanical 
vibration for 3 hr daily over a period of 3 weeks , there was no effect 
on urinary hydroxyproline . 3 1 However ,  when rats underwent marked 
physical exercise (swimminf for 90 min) , there was a definite increase 
in urinary hydroxyproline . Those results suggest that fatiguing 
exercises are a stimulus to collagen metabolism . The urinary hydroxy
proline level appears to be a sensitive measure of small changes in 
collagen metabolism in the normal , abnormal , and traumatized man .  

RELATIONSHIP OF COLLAGEN TO FOOTBALL INJURIES 

An important , but unknown and highly variable factor in football 
inj uries , particularly those involving ligaments and tendons , is the 
rate of  healing of the inj ured site , with re turn of tensile strength 
to the original level and the development of scar tissue . Excessive 
scar formation in tendon healing will limit the motion of the restored 
tendon ; thus , the chief problem is usually not the repair process 
itself ,  but limiting the amount of scar tissue . Any interference with 
the blood supply to the tendon will also limit the repair process . 

1 65 

Copyright © National Academy of Sciences. All rights reserved.

Football Injuries:  Papers Presented at a Workshop
http://www.nap.edu/catalog.php?record_id=20983

http://www.nap.edu/catalog.php?record_id=20983


In either tendon or ligament healing , the initial inj ury is the s timulus 
to the onset of collagen production as part of the repair process . '!he 
production of collagen appears to be a self-limiting process . Excessive 
fibrous tissue can be further stimulated by subsequent trauma (either 
surgically or athletically induced) , excessive motion or tension , 26 or 
infection . Partial re100val of the scar tissue is believed due to the 
re100deling of the repaired area . What starts or controls the remodeling 
process is not known ,  but the reuse of citrate-soluble collagen 14 may be 
involved . 

The a100unt of difficulty in repairing tendons and preventin g  adhesions 
varies 3 with the type of tendon--extensor or flexor . The extensor 
tendons are more superficial and have less tendency to retract . They 
have a 100re di ffuse b lood supply2 9 via the paratenon than the flexor 
tendons , which depend on a few small blood vessels that course through 
the tendon sheath . Flexor tendons have little regenerative ability and 
are subject to much scar formation . But the prognosis is good in in
juries to extensor tendons , which have good regenerative ability and 
undergo only minimal scar formation . 

Scar formation could be prevented (although healing would also be 
hindered) by inhibiting collagen production , once repair o f  the inj ury 
gap were almost complete , in one of three ways . 2 4 The intracellular 
synthesis of collagen could be blocked with protein inhibitors like 
actinomycin D and cortisone ; however , these compounds have severe 
systemic effects . Another approach is to block collagen production 
by inhibiting the hydroxylation of proline and lysine via specific 
iron chelators or scurvy , which is caused by vitamin C deficiency ; 
neither of these methods could be used safely . A third approach is 
to interfere with the maturation of soluble collagen to the insoluble 
state . The maturing of collagen is the result of the formation of new 
intra100lecular and intermolecular cross-links , which can be blocked by 
administering beta-aminopropionitrile 1 1 , 22 or penicillamine . 9 Such 
treatment would prevent the new collagen of scar tissue from becoming 
insoluble ; thus the scar would be weak and the increased solubility 
would permit removal of all or part of  the collagen . The use of beta
aminopropionitrile in man1 1 , 2 2  has resulted in  some toxic symptoms , 
and some side reactions also occur with the administration of peni
cillamine . 9 It is not known whether , on cessation of treatment , the 
soluble collagen will readily mature to insolub le collagen and thus 
negate the early beneficial effects . The use of penicillamine or 
beta-aminopropionitrile locally at the site of injury ,  instead of 
systemically , may circumvent some of the side reactions . Of the various 
ways of controlling the physical properties of scar tissue , the latter 
approach appears to be the most specific and the safest . 

Outs ide of the use of bacterial or mammalian collagenases to destroy 
insoluble collagen , there is no pharmacologic agent available to 
solubilize mature collagen . Biologically , it appears that fibrous 
collagen , 1 4 which is not strongly cross-linked intermolecularly , can 
be solubilized ; but it is not known whether heavily cross-linked , in
soluble collagen can be solubilized as a means of removing scar tissue .  
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PHILIP D .  GOLLNICK 

STRUCTURAL AN D  FUNCT I ONAL CHAN GE S  I N  
ftl.JSCLE AFTER E XE RCI SE AND TRAI N IN G  

Skeletal muscles are the immediate effectors in the performance o f  work , 
so i t  is only logical that they should have been the subject of  numerous 
inves ti gations to determine what adaptations , if any , occur in them 
during t raining to enhance their functional capacity . Perhaps the mos t 
overt  response of skeletal muscle to training is an increase in size . 
To be sure , hypertrophy does not occur every time a muscle performs 
work , but only when the intensity of the work exceeds that to which the 
musc1e is normally exposed . From a morphologic standpoint , it appears 
that three changes (or combinations of the three ) could take place to 
produce the increase in mus cular size in response to training : (1 ) an 
increase in the sarcoplasmic fraction , ( 2 )  alterations in the amount of 
structural material , and (3) changes in the number and/or size of the 
contractile proteins . 

The search to determine which changes may occur in response to exercise 
is old .  One of the earliest investigations into the phenomenon was 
that  reported by Morpurgo 3 8 in 189 7 .  He removed the sartorius muscle 
from one leg of each of two dogs , and then removed the contralateral 
sartorius muscle after a 3-month training program of arduous running .  
Comparison of the 111.1s cles taken before and after exercise revealed 
that  the average fiber diameter had increased by 55% , whereas the total 
number of fibers was unchanged . These results were later confirmed by 
Th�rner4 7 and Hoffmann . 3 1 More recently , Holmes and Rasch 34 were un
able to find any change in the number of myof ibrils per fiber in the 
sartorius muscle of exercised rats , nor any evidence of hypertrophy in 
this muscle after a rather mild 7-week training p rogram. On the basis 
of the work of Morpurgo , it has generally been assumed that the in
crease in cross-sectional area of muscle after training was due to an 
increase in the sarcoplasmic fraction of the muscle , not the addition 
of new fibers to the muscle . 

Helander2 6  provided the firs t indication that changes in components 
other than the sarcoplasm might account for the increased muscular 
size after training .  He found that after 4 months of running 1 km/day 
the protein of the myofilament fraction of the gastrocnemius muscle of 
adult guinea pigs was 15% greater than that of the sedentary controls . 

1 7 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

F o o t b a l l  I n j u r i e s :   P a p e r s  P r e s e n t e d  a t  a  W o r k s h o p
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 2 0 9 8 3

http://www.nap.edu/catalog.php?record_id=20983


However ,  total sarcoplasmic pro tein of these Dllscles was not signifi
cantly affected by the training . Denny-Brown1 0  reported that a twofold 
increase in the myofibrillar count accompanied a 25% hypertrophy in the 
soleus muscle of the cat . The hypertrophy was induced by removal of the 
gas trocnemius from one leg of the cat while leaving the soleus intact . 
The soleus muscles from the experimental and control sides of the cats 
were examined 3 11K>nths after this surgical treatment . Similarly , 
Goldspink 1 5  found that a threefold to fourfold increase in myofib rillar 
count accompanied the work-induced hypertrophy in the biceps brachii of 
mice ;  in these experiments , a 30% increase in fiber area was produced 
by forcing the mice to lift weights to obtain their food . 

Goldberg 1 4 has attempted to elucidate the mechanisms by which hyper
trophy occurs by applying the technique of sectioning the tendon of 
the gastrocnemius muscle in the rat . In this preparation , the weight 
of the soleus and plantaris muscles of the experimental leg is signifi
cantly greater than that on the contralateral side 24 hr after surgery , 
with the maximal difference between control and experimental legs being 
reached in 5 days . Thereafter , growth of the hypertrophied muscles 
parallels that of the controls . Average fiber diameter in these hyper
trophied muscles was 24% greater than that in controls . This compen
satory hypertrophy also occurs in hypophysectomized animals and thus 
is independent of growth hor11K>ne . In the hypophysectomized rat no 
growth occurs in normal muscle after hypophysectomy or in the muscle of 
the surgically treated leg ,  once the maxiDllm hypertrophy has been at
tained after the fifth day . Total increase in fiber diameter was 29% 
in these animals , or approximately the same as that occurring in the 
normal rat . Goldberg1 � has also shown that an increased synthesis of 
contractile p rotein accompanies the compensatory hypertrophy in the 
soleus and plantaris muscles of hypophysectomized rats after sectioning 
of the gas trocnemius tendon . In these s tudies , inj ected leucine 1 4c 
was found to be incorporated into the myofibrillar protein in direct 
proportion to the increase in muscle weight . He also found , however , 
that it was being incorporated into the other components of muscle-
such as the mitochondria , calcium-binding grana , microsomes , and the 
soluble protein--in equal proportion to the change in myofibrillar pro
tein . Thus , there was no disproportionate production of one muscular 
component at the expense of the other ; the result was the development 
of additional muscular tissue with normal functional capacity . 

The mechanisms producing cardiac hypertrophy have been found to be 
similar to those p roducing hypertrophy of skeletal muscle . It appears 
that the bas ic processes producing the increases in size are similar , 
i f not identical , for both tissues . The incorporation of 1 4c-labeled 
amino acids into myocardial p rotein during hypertrophy occurs at rates 
similar to those during skeletal-muscle growth . 2 2 , 45 Richter and 
Kellner44 have also shown that a general increase in the fiber diameter 
of heart muscle accompanies its hypertrophy . This hypertrophy is the 
result of a large increase in the number of myofibrils per fiber .  
Examination o f  these myof ibrils by electron microscopy revealed that 
the basic geometric arrangement of the filaments was unchanged by 
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hyper trophy . "nlese results suggest that hypertrophy occurs from an 
addition of myofilaments to the muscle through the formation of new 
myofibrils or poss ibly by addition to pre-exis ting myofibrils . In 
suppo rt of this concept ,  Carney and Brown6 found that the diameters 
of the filaments in normal and hypertrophied rat myocardium were simi
lar . Tilus , the increase in myofibrillar protein does not occur as the 
result of an increase in size of the existing filaments , but by the 
addition of new filaments similar in size to those already p resent . 

It has also been reported that in animals the vas culari zation of both 
heart and skeletal muscle increases during training . 4 3 Presumably , 
this occurs by an opening of existing capillaries , and not by the 
formation of new ones . Whether this effect occurs in human muscle is 
unknown . However , Grimby et az . 2 1  did not find any differences in 
blood flow through the muscles of trained and untrained subj ects at 
res t  or during work . 

Increases in strength and work capacity usually accompany training . 
The increase in strength can be accounted for by the change in muscle 
size and perhaps also by an improved capacity to use all the muscle 
fibers . The question remains of whether any adaptations occur in the 
metabolic apparatus to increase functional capacity . Because of the 
need to obtain tissue for analysis , these investigations have been 
conducted almost exclusively on animals . 

For the most part , training has been found to have little or no effect 
on enzymes of the g ,lycolytic pathway , such as aldolase , 2 4 lactic de
hydrogenase , 1 6 , l 9 ,2 0 , 4 9 phosphorylase , 2 0  hexokinase , 4 2 and alpha-
glycerophosphatase . 9 This lack of a positive adaptive response may 
be due to such factors as the normal capacity of  the system , the choice 
of enzymes to be studied , and the nature of the work used in the train
ing programs . Tile capacity of this sys tem seems to be quite high ; very 
high levels of blood lactate occur during heavy work , even in untrained 
subjects . Thus , further augmentation of this sys tem may not be needed . 
As for the choice of enzymes for study , those which have been studied 
are not rate-limiting to the total system, whereas phosphofructokinase , 
which is rate-limiting ,  has not been studied . And finally , most of 
the investigations have used endurance swimming or running as the 
exercise for training .  It is counnonly known that such exercise relies 
primarily on the oxidative system ; therefore , it cannot be expected to 
stress the anaerobic sys tem . 

Tile e ffect of training on the aerobic capacity of skeletal muscle is 
somewhat more controversial . Perhaps the first report on this subject 
was that of Chepinoga , 8 who found a significant increase in the succinic 
dehydrogenase activity of rabbit skeletal muscle after a training pro
gram of treadmill running .  Howeve r ,  Hearn and Wainio2 5  and Gould and 
Rawlinson2 0  found no change in this system in rat skeletal muscle after 
training programs of swimming 30 min/day for various periods . More 
recently , studies by Hollos zy 3 3  have demonstrated that the oxygen 
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uptake , enzyme activity , and total protein of the mitochondrial fraction 
of rat skeletal muscle were significantly increased by a strenuous pro
gram of treadmill running .  Like Hearn and Wainio2 5  and Gould and 
Rawlinson , 2 0  he found no such adaptive response in rat Dllls cle after a 
4-week program of swimming 30 min/day . Pattengale and Holloszy4 1 also 
found a significant increase in the myoglobin of rat muscle after train
ing .  "nlis increase occurred specifically in Dlllscles that were actually 
used during exercise and did not occur in all DlllScle as a general body 
response to training . A functional role for this increase in myoglobin 
may be to aid in the transport of oxygen from the b lood to the aerobic 
system. 

In support of the findings of Holloszy ,  we l 8 have found the concentra
tion , and perhaps size , of mitochondria in rat skeletal muscle to be 
increased after a s trenuous training program of treadmill running . 'lbe 
approximately twofold increase in mitochondria per unit area of Dll18cle 
tissue closely parallels the enzymatic and protein changes reported by 
Holloszy . "nlese findings indicate that the aerobic capacity of skeletal 
muscle can be enhanced by training when the exercise program is suffi
ciently severe and long .  

Considerably less information is available on the immediate effects of 
exercise on muscle structure and function . However , Altland and 
Highmanl , 3 0 have shown in a series of papers that prolonged exercise 
can produce s tructural damage to skeletal muscle . Skeletal muscle of 
rats was examined histologically either after a single 16-hr exercise 
bout or after three to five daily 6-hr exercise sess ions . Tissue damage 
from this exercise was characterized by the existence of s cattered 
necrotic or partially necrotic muscle fibers , with some of these fibers 
having been replaced by mononuclear cells . Other changes after exercise 
included "fragmentation and atrophy of s cattered muscle fibers , in
distinct striation , cytoplasmic basophilia, marked proliferation of 
Dll18cle nuclei , formation of multinucleated giant cells , and focal 
interstitial fib roblas t ic proliferation and infiltration by various 
types of inflammatory cells . 11 3 0  Increases in serum enzymes , some of 
which originated in skeletal muscle , 1 2  also occurred after these 
exercise bouts . "nlis leakage of enzymes from the muscles into the 
blood is probably a direct manifestation of the tissue damage . 
Similar changes in serum enzymes have been observed in humans after 
s trenuous exercise 1 1 , 2 7 and may also  be an indication of damaged 
skeletal n1.1scle . Training before the exercise test eliminated or 
greatly reduced the damage to the tissue and the rise in serum enzymes 
in the rat . This tissue damage may be responsible for the soreness 
that occurs in skeletal Dlllscle , particularly in unfit persons , after 
exercise . 

We have found that exhausting exercise produces a general tissue edema 
and massive swelling and cristae degeneration of the mitochondria of 
rat skeletal n1.1scle • 1 8 "nlese changes were temporary ; they were not 
found in muscle from rats killed 24 hr after exhaustion . ntey also 
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depended on the severity of the exercise used to produce exhaustion , 
occurring after rmning but not after swimming . The mitochondrial 
changes after exhausting rmning resemble those occurring in heart 
and liver after ischemia , acute and .chroni c hypoxia , and permanent 
anoxia . � , S , 7 , 2 8 , 3 7 , 4 0 , 4 6 These similarities suggest that hypoxia 
may occur in skeletal muscle during exhausting exercise . 

We have also examined human skeletal uuscle after exhausting exercise . 1 7 
We took samples from the vastus lateralis before and after working to 
exhaust ion at 75%-80% of maximal aerobic capacity on the bicycle ergo
meter . No ultrastructural damage was observed in these muscle samples . 

When a muscle or group of muscles works at a given rate , a point is 
ultimately reached when this work cannot be continued . The time re
quired t o  produce this fatigue depends on the intensity of the exercise . 
The inability of the muscles to continue indefinitely at given work 
outputs may result from the failure of the metabolic processes to pro
vide a continual supply of adenosine t riphosphate (ATP) to the con
tractile apparatus . The decrease in muscular ATP and the depletion of 
phosphocreatine during heavy exercise supports this concep t . 32 , 3 5 How
ever , there is no evidence that the capaci ty of the metabolic systems 
to p roduce ATP decreases during exercise . On the contrary , J .  Karlsson 
et aL .  (personal communication) found that lactic dehydrogenase activity 
of skeletal Dllscle increased after exhausting exercise . What effect 
the swelling and cristae degeneration observed in rat muscle mitochondria 
after exhausting rtmning may have on metabolic capacity is unknown . How
ever , i t  is well known that , in isolated mitochondria , disruption of the 
basic s tructural configuration such as occurs with swelling can loosen 
or completely uncouple oxidative phosphorylation . 4 8 Work capacity of 
muscle would probably be reduced if  these changes occurred during 
exercise .  

One factor that may contribute to the onset of fatigue is the tmavail
ability of appropriate energy compounds to the metabolic systems . This 
may be especially important during heavy exercise , when muscle glyco�n 
is rapidly consumed and almost completely depleted at exhaustion . 1 7 , 9 
Fats can serve as energy sources during exercise , 2 3 and they are mobi
lized even during heavy exercise . 1 7 However ,  it appears that muscle 
glycogen is essential for high-intensity work , 2 9 with work time depend
ing on the initial glycogen concentration of the muscle . 2 

A concept that is often used to explain the failure of muscles to re
spond after prolonged activity is that of motor end-plate fati gue , in 
which fatigue is seen as resulting from failure of the neural impulse 
to cross the myoneural junction and depolarize the muscle fibers . 
Experimental results of Merton , 3 6 Brown and Bums , 3 and Naess and 
Strom-Mathisen , 3 9 however , have shown that normal action potentials 
from motor nerves occur in muscle at exhaustion but fail to produce 
contraction . Thus , it appears that fatigue is due to some failure in 
the excitation-contraction coupling , rather than to lack of s timulation 
of the fibers . 
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THE EFFECTS OF ENV I RONMENT ON P E RFORMl'N CE 

AUSTIN HENSCHEL 

The maj or natural environmental factors that influence physical ,  psycho
moto r , and mental performance are heat , cold , and altitude . Heat and 
cold are important because maximal performance requires that body 
temperature be maintained within a rather narrow range , only a few 
degrees . Altitude is important because maximal performance is limited 
by the amount of oxygen supplied to the tissues , and the available 
oxygen in the air decreases with increased altitude . 

There are many nonenvironmental factors that modify the amount of 
deterioration in performance caused by environmental factors , including 
age , sex , body build , physical fitness , nutri tional status , health 
status , clothing and protective equipment , fatigue , previous exposure 
(to heat , cold , et c . � and knowledge of ways to minimize the effects of  
exposure . 

The multiplicity of interactions among these many factors precludes a 
comprehensive examination of  the effects on performance o f  all the 
possible coui>inations of  factors . This discussion will therefore be 
limited to a general review of the effects of cold , heat , and altitude 
on performance .  

PERFORMANCE IN HEAT 

Excessive environmental or metabolic heat can be the causative factor 
in several types of heat disorders . All heat disorders are sufficiently 
incapacitating to prevent any effective competitive performance ; some 
may persist for hours or days , and one usually leads to death . The 
literature on heat illnesses has recently been reviewed2 5 and will not 
be dis cussed in detail here . It should suffice to point out that pa
tients with heat illness should receive medical treatment , that no heat 
illness should be dismissed lightly ,  and that heat illness may occur 
in susceptible persons under environmental conditions that are con
side red ext reme . Fatal heat stroke 39 has occurred in young men who 
had been working hard for 1-2 hr at temperatures of 86-92 F (30-33 . 3 C) . 
Those who saw the All-Star baseball game in St . Louis during the heat 
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wave in July 1966 observed firs t-hand some of the performance prob lems 
as so ci ated with high temperatures . During the 6 days o f  the heat wave , 
more than 500 excess deaths occurred in St . Louis . Many o f  the victims 
were young adults and middle-aged persons who were normally healthy . 22  

How many heat i llnesses o ccurred that did  not end in  death will never 
be known , but thousands of persons , no doub t , were incapacitated by the 
heat . 

Literally hundreds of studies have been conducted in which the physio
logi c and psychologic effe cts of various combinations o f  environmental 
heat and work were observed . The e ffects of  heat on performance are 
influenced by the capabilities and limi tations o f  the indivi dual (human 
factors ) , the environment to which he is exposed (envi ronmental facto rs ) , 
and the specific demands of  the activity (task factors ) .  

I will discuss the effects o f  heat on performance in two broad cate
go ries : ( 1 )  physi cal pe rformance , o r  perfo rmance that involves mainly 
mus cular work , and (2) psychologic perfo rmance , or  perfo rmance that 
involves receiving and pro cess ing information , making decisions based 
on this info rmation , and making other appropriate responses . 

PhysicaZ Performance 

The major factors associated with heat that in fluence the ability to 
perform physical work are the level of heat s tress , the physical con
dition of the worker, and the state of acclimatization to heat . 
Physiologic strain accompanying light work , as expressed by the in
crease in pulse rate , will increase by 30%-50% , ( 1 )  i f  15  min 
of hard work is done, or (2 ) i f  the air temperature is inc reased from 
70 to 1 15 F ( 2 1 . 1 to 46 . 1  C) , or ( 3) i f  the relative humidity (RH) in a 
hot climate is increased from 20% to 65% . 9 

Productivity during a working day is s trongly influenced by the air 
temperature and RH .  Output o f  ore and rock drilling may be only 50% of 
normal when the temperature in the mines reaches 92-95 F ( 33 . 3-35 C) 
with an RH of nearly l00% . 1 2 , 4 a  In these hot and humid condi tions , 
the predicted incidence of fatal heat s troke is about 1 per 1000 
workers per year . 4 7 On the basis of laboratory studies ,  it has been 
proposed that for an 8-hr daily work routine the environmental condi
tions should not exceed a dry-bulb temperature (DB ) of about 100 F 
( 37 . 8  C) and 50% RH for light physi cal work , 95 F ( 35 C) DB and 55% 
RH for medium physical work , or 90 F ( 32 . 2  C) DB and 60% RH for heavy 
physical work .2 7 Beyond these limits , many workers wi ll suffer ex
cessive s train , with high pulse rates and high body temperatures . 
Even below these limits , some of the less heat-tolerant workers may 
become heat casualties . 

Tolerance times for moderate work (282 kcal/hr) have been wo rked out 
for more extreme heat stress . 4 3 'llle average tolerance time was 87 min 
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at 99 . 5  F ( 37 . 5  C) DB and 75% RH , 44 min at 104 F ( 40 C) DB and 80% RH ,  
and  26 min at 1 1 3  F ( 45 C )  DB and 80% RH .  The physical-fitness index 
on a pack test decreased by about 15% when the air te�erature was in
creased from 65 to 90 F ( 1 8 . 3 to 32 . 2 C) with 75% RH . 3 

Most types of athletic performance that require a high rate of energy 
expenditure have an intermittent character . lbe short bursts of heavy 
work separated by short res t periods could be accomplished with less 
physiologic strain in severe heat than could continuous work . 2 6  How
ever , a frequently overlooked source of  heat st ress is solar radiation . 
Being in full sunshine will produce about the same amount of heat stress 
as will an increase in air temperature of 10-15 F (5 . 6-8 . 3 C) . 2 4 

Acclimatization to heat greatly enhances the ability to tolerate work 
in hea t . 1 , 2 , 2 3 , 2 5 I f a team is to play in heat , it must practice in 
the heat for several days to build up a tolerance that will enhance 
performance . 

Psyaho 'logia Perforrrrinae 

'nlree recent reviews of the e f fect o f  heat on psychologic performance 
have all demonstrated that there is a positive but complex and poorly 
defined relationship between heat and performance decrements . 3 , � 4 , 3 5 
'nle extent of deterioration of performance is determined by many 
factors , including the severity of the heat stress , the length of  ex
posure , the demands of the task , and the skill , motivation , and capa
bilities o f  the person . 

Performance on tasks requiring vigilance and visual skills decreases 
over time . A hot environment aggravates the rate of deterioration and 
the total decrease . 3 , 4 , 6 , 1 0 , 2 8  A funneling of the area of awareness 
toward the center of the visual field in heat stress is an �specially 
interesting observation because of  i ts implicat ion for many types of  
job , including the sports of football and basketball , in which wide 
visual fields are an asset . 1 0  I t has also been observed that decrease 
in performance occurs at a lower level o f  heat stress i f  the task is 
very complex than if it is simpler . What part of the deterioration 
results from changes in visual function and what part from the irri
tability , discomfort , and distraction of the hot environment cannot 
yet be identi fied . 

Many tasks that require several components of  manipulative skills have 
been studied under a wide range of  heat stress . These components in-
clude aspects of simple and complex reaction time ,  speed of  arm move-
ment , hand and arm steadiness , tracking skill with and without a handle 
load , ro tary pursuit , and hand and finger dexterity . 3 , 8 , 1 3 , 2 0 , 3 3- 36 , 4 1 , 42 , 4 5 

Performance is generally best at neut ral or comfort condit ions , and a 
decrease in performance becomes apparent as the heat load is increased . 4 1 
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However ,  a moderately severe heat load is necessary to induce change in 
performance . A 30% deterioration in performance on a complex tracking 
task occurred when the tests were performed in a hot and humid environ
ment . 36 Performance was more sensitive to an increase in humidity than 
to an increase in air temperature . In general , the greater the physical 
activity required or the more complicated the task , the less will be the 
heat stress at which a decrement in performance first  appears . 

Studies on the effects of heat stress on mental performance have shown 
deterioration ranging from almost none to significant amounts . 1 4 ' 1 8 , 29 . 35 , 44 , 4 6  
As with other types of performance , the decrease becomes progressively 
greater as the total heat stress and the period o f  exposure are in-
creased and as the task is made more complex . The upper thermal tolerance 
limit for unimpaired performance seems to be lower for mental than for 
physical tasks . 4 6 

Apparently , heat stress has little effect on learning ability , although 
the learner may think his achievement is poorer . 3 0  However, under heat 
s tress , as under most  other s tresses , variability in performance is 
increased . 5 , 1 9 This , of course ,  could have a significant impact on 
the final outcome in many individual or team sports . 

PERFORMANCE IN THE COLD 

Exposure in cold weather can have serious health consequences by causing 
excessive loss of body heat (hypothermia) or freezing of the tissues . 
Except under unusual circumstances , cold-weather clothing prevents a 
s erious reduct ion of internal body temperature . However ,  even a small 
drop in body temperature may stimulate shivering ,  which can interfere 
with precisely coordinated muscular act ivities . Consequently , per
formance of m:>st types deteriorates during shivering . And , o f  course , 
heavy body clothing has a hobbling e ffect . 

Of more practical importance , however , is the problem of keeping the 
hands warm without interfering with their use . A commonly experienced , 
but not frequently recognized , phenomenon is the cooling of the hands 
sufficiently to reduce finger dexterity while the rest of the body re
mains comfortably warm. 1 S , r6 , 4 0  

Several controlled laboratot'1 studies have been conducted to estab lish 
the effects of cooling on two important hand functions--tactile dis
crimination and finger dexterity . The ability to distinguish the 
distance between two points with the finger tips decreased by a factor 
of 4 when the finger skin temperature was reduced from 87 to 40 F 
(30 . 6  to 4 . 4 C) , even while the body was kept comfortably warm. 3 1  
Loss of tactile discrimination was roughly proportional to the decrease 
in finger skin temperature . When the hands were rewarmed , the return 
of tactile sensitivity lagged behind the return of skin temperature , 
so that the sensation of warmth did not truly indicate that function 
had returned . 
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Studies o f manual dexterity and hand cooling show much the same re
lationship between skin temperature and hand function . 1 5 , 1 6 , 4 0 When 
the hand skin temperature was lowered from 70 to 45 F (21 . 1  to 7 . 2  C) 
in 1 5  min , dexterity (knot-tying) was reduced by about 25% ; but when 
the coo1ing time was 35 min , dexterity was reduced by 50% . 1 5 'nle re
turn o f  function when the hands were rewarmed also was slower when the 
hands had been cooled more slowly , and some loss o f  function was present 
even after the skin temperature had been returned to normal . An im
portant observation was that a heated muff was more effective in re
warming than warm air . 1 6  

There seem to be some ethnic di fferences in cold tolerance . Field ex
periences in Korea suggested that cold inj uries were proportionally 
more frequent and more severe in the Negro than in the white troops . 1 7 
In laboratory studies of cold exposure , the finger skin temperature 
was several degrees lower in the Negro than in the white subjects . 
'nle spontaneous rewarming of the finger , which was frequently observed 
in the white subjects , was not present in the Negro . 3 8 

PERFORMANCE AT HIGH ALTITUDE 

The scheduling of the Olympic games in Mexico City in the summer o f  
1968 raised the questions in many countries of  whether athletes who 
had trained at lower altitudes would be at a disadvantage at the 
altitudes of Mexico City and whether training and competition at the 
higher altitudes would have any deleterious effects on subsequent per
formance at low altitudes . Several studies during the last few years 
have considerably clari fied the relationships between increase in 
altitude and decrease in performance . 1 1 ,2 1 , 2 7 (Denver is the only city 
with a profess ional football team at an altitude that might affect per
formance . )  

In considering the problem o f  altitude and performance , i t  is necessary 
to separate maximal aerobic work capacity (i .e . ,  hard work that can be 
sustained for only a few minutes expressed as maximal oxygen utiliza
tion capacity) from light or moderate work , which can be maintained 
for up to an hour or several hours (and may be at a rate of only 
25%-50% of the maximal work capacity) . Maximal aerobic capacity de
creases with increased altitude from sea leve1 . l l , 1 7 , 3 7 The rate o f  
decline in capacity becomes sharply greater at altitudes above about 
5000-6000 ft . At 5000 ft , maximal aerobic capacity is about 95% of 
sea-level performance ; at 1 3 ,000 ft , it is about 70% ; and at 24 ,000 
ft , it is only about 40% . A general rule of thumb is that maximal 
aerobic capacity decreases by about 3% for each 1000-ft increase in 
altitude above 5000 ft . Below 5000 ft , the decrease is not large and 
would probably be critical only under some special circumstances . 'nle 
deterioration o f  maximal aerobic capacity is reversed during a stay 
and training at higher altitudes , but the improvement is slow . For 
example , the period for which the subj ects in one study could pedal the 
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bicycle ergometer at very hard work levels was about 88% of  that at sea 
level for the first week or two at 13 ,000 ft , but had returned to 100% 
by the end of the third week . 1 1  

Hyperventilation is another characteristic of working at higher alti
tude s .  Pulmonary ventilation may increase by 35%-50% , so that the work 
of breathing may use up a large part of  one ' s  available oxygen . 

Heart rate at maximal work is not influenced by altitude . That is not 
surprising ,  inasmuch as maximal heart rate should be reached if maximal 
work levels are achieved , regardless of other factors (except possibly 
the degree o f  physical fitness) .  

Running times for l mile and 2 miles at sea level and at several alt i
tudes were coq>ared . 1 1 , 1 7 At 1 3 ,000 ft , speed was 75%-80% of that at 
sea level , and at 7500 ft it was 92%-95% . The difference in running 
was about the same for l and 2 miles and was of the same magnitude as 
the percent decrease in maximal aerobic capacity for similar altitudes . 
From these data ,  it could be concluded that a football team that t rains 
and coq>etes at altitudes near sea level will not perform as well at 
5000 ft as at sea level . 
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THE E FFECTS OF DEH YDRAT I �  ON PERFORMANCE 

SID ROBINSON 

Dehydration , excessive reduction of the body ' s  water content , is known 
to affect the work capacities of men in two major ways : (1)  it inter
feres with temperature regulation and may result in heat pyrexia and 
even heat stroke in men attempting to work for long periods in hot en
vironments ; and (2) even in moderate degrees ( 4% -5% of body weight) , 
it significantly reduces the work capacity in short periods ( 3-6 min) 
of exhausting work , in which temperature regulation is not a limiting 
factor . Both effects may interfere with athletic performance ; in the 
first case , lives are occasionally endangered . 

Normal men may be dehydrated rapidly during work in hot environments 
if water lost  through the sweat glands is not replaced by drinking . 
The rate o f  sweating may vary up to 5 lb/hr (2 . 3  kg/hr) , depending 
on the intensity of the work , the e ffective temperature of the en
vironment , and the clothing worn .  Large football players may sweat 
more than 5 lb/hr ( 2 . 3  kg/hr) during practice sessions on a hot sunnner 
day , particularly if they wear the full football uniform. A 200-lb 
(90 . 9-kg) man sweating at 3 lb/hr (1 . 3  kg/hr) without drinking water 
would be dehydrating at a rate of 1 . 5% of his body weight per hour . 
A 150-lb (68 . 2-kg) man who is well acclimatized to work ( 3 . 5  mph ; 2 . 5% 
grade) in severe heat (dry-bulb temperature , DB , 50 C ;  wet-bulb tempera
ture , WB ,  28 C) may sweat at an average rate of 3 lb/hr (1 . 3  kg/hr) 
for 6 hr , provided he keeps up his water and salt balance by drinking 
0 . 2% NaCl solution in water frequently during the work period . 1 3  
Without replacing water losses , even acclimatized men become seriously 
dehydrated , overheated , and exhausted long before completing such an 
exposure . 

WORK IN HOT ENVIRONMENTS 

Dehydration significantly reduces the tolerance of men for prolonged 
work in hot environments , whether the loss of body water is due directly 
to failure to replace water los t through the sweat glands and kidneys 
or is secondary to sodium chloride deficiency due to failure to replace 
salt lost in sweat and urine . l , 1 2 This effect on the tolerance of  men for 
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work in the heat undoubtedly fe�ends largely on reductions in sweatingl l , 1 2 
and circulating blood volume . ' O Both interfere with temperature reg
ulation and may result in heat pyrexia and even in heat stroke in men 
working in the heat . Under those conditions , high rates of sweating 
are required for evaporative cooling , and increased , rather than de
creased , plasma volumes are required to meet the great demands for 
circulation to the working muscles and for heat transport to the skin . 
Dehydration may well contribute to heat stroke and other heat illnesses 
in prolonged athletic performances in hot weather . Notable exaq>les 
are collapses of distance runners in championship races in hot summer 
weather and fatal and near fatal attacks of heat stroke among college 
and high-school football players during long practice sessions in 
August and September . 

The effect of dehydration in reducing sweating during work in the heat 
is a powerful and consistent influence , which persis ts in spite of in
creased thermal stimuli associated with the elevated skin and rectal 
temperatures that result from reduced evaporative cooling . l , l l , l 2 If 
men walk on a treadmill at 3 . 5  mph up a 2 . 5% grade in dry heat (DB , 
44 C ;  WB ,  26 C) without drinking water ,  their rates of sweating in the 
first hour will be an average of 10% lower than in similar exposures 
in which they replace lost water by drinking . 1 1  I f  they continue the 
exposures for 4 hr without drinking , they will be dehydrated by 3%-4% 
of body weight , and sweating rates will be an average of about 20% 
lower than in exposures in which they deliberately drink water to re
place sweat and urine losses . In addition to this moderate dehydra
tion and reduced sweating ,  evaporative cooling of the skin is reduced , 
skin and rectal temperatures are raised , and further strain on the 
circulation is indicated by high heart rates and in many cases symptoms 
of syncope . More severe dehydration increases the symptoms of strain 
and results in even higher body temperature . 1 2 

During work in hot environments ,  an expansion of the blood volume re
duces strain on the circulation and consequently helps to maintain 
circulatory stability and temperature regulation . Numerous workers 
have reported that the circulating blood volumes of men increase above 
basal values during actual exposure to heat . 4 , S , 7 , 9 , 1 4 , 1 9 we l 4 and 
others 3 , 1 8 have found that men who are acclimatized to the heat have 
normal basal blood volumes during rest in a cool environment .  We 
found increases in blood volume averaging 13% during 2- to 6-hr ex
posures to work in severe heat (SO C) in which water balance was main
tained by drinking 0 .2% NaCl solution . Bas s et at . 4 found that blood 
volumes of men increased by 15% by the 5th day of continuous acclimatiza
tion to severe heat , and by the 14th day they had returned to control 
levels . The increase was due largely to expansion of the plasma volume. 
Expansion of both plasma and total extracellular fluid volumes was found 
to depend on retention of sodium chloride by kidneys and sweat glands . 

In contrast with the favorable effects of increased blood volume of 
normal men during work in hot environments , dehydration reduces their 
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blood volumes when they can least tolerate it . Adolph 1 found in 
acutely dehydrated men in the desert that reductions in circulating 
plasma volumes were 2 . 5  times as great as would be expected if water 
loss f rom the plasma were in the same proportion as the loss from the 
whole body . More recently , Kozlowski and Saltin1 0  have confirmed that 
finding , and we found that the plasma volumes of men dehydrated by an 
average of 3% of body weight were reduced by an average of 6 . 5% .  

'nle effects of dehydration on temperature regulation and circulatory 
stability of men during work in the heat were s tudied in great detail 
by Adolph 1 and by Pitts et  ai . 1 2  They found that water deficits as 
low as 1%-2% of body weight caused measurable evidence of increased 
circulatory s train , as indicated by increases in the heart rates and 
rectal temperatures of men resting or working in hot environments . The 
strain , under otherwise constant conditions of metabolic rate and heat 
stress , increased linearly with water deficit . Accompanying the in
creased heart rates of the men associated with dehydration were parallel 
increases in rectal temperature , indicating a failure of the circulation 
in its function of heat transfer from tissues to skin . Such failure , 
accompanied by characteristic symptom; of decreased work output , 
drowsiness , faintness , dyspnea , dry mouth , and restlessness , Adolph 
called "dehydration exhaustion . " 

A resting man who is acclimatized to a hot climate will maintain water 
balance accurately by drinking enough water to keep his thirst satis
fied , and the water content of his body , measured each morning before 
the day ' s work begins , will be remarkably constant . In contras t , Dill 8 
and others2 , 1 2 have found that thirst does not always cause a working 
man t o  keep his water intake up to its output . 'nlat is the case par
ticularly in unacclimatized men , who may , in working in a hot environ
ment , secrete large volumes o f  sweat containing nearly as high a con
centration of salt as the body fluid from which it is produced . Sweat 
formation then involves little modification of the osmotic pressure 
of the extracellular phase and , there fore , does not greatly reduce the 
water content of the cells and does not cause a degree of thirs t pro
portional to the water deficit . An acclimatized man whose sweat is 
very dilute in salt (10-20 mEq/liter) is much thirstier for a given 
water deficit and will come nearer than the unacclimatized man to 
maintaining his water balance by voluntary drinking .  In the acclima
tized man,  thirst is more intense because the loss of water raises the 
osmotic pressure of the extracellular fluid and causes a withdrawal of 
fluid from the cells . 

Dill , 8 Pitts e t  ai . , 1 2 and Adolph l found that even acclimatized men 
working in the heat never voluntarily drink as much water as they 
sweat , even though it would be advantageous for temperature regula
tion , but usually drink at a rate of about one-half to two-thirds 
the water lost in sweat . Serious dehydration ,  with consequent circu
latory strain and hyperpyrexia ,  may result from such voluntary abstinence 
from water by working men , even when plenty of water is available to them . 
Adolph 1 has termed it "voluntary dehydration" and found that it varies 
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directly with the rate of sweating and the rate of work . It seems 
probable that voluntary dehydration may be even more pronounced and 
debilitating in football players during a hard practice session of 
2 hr or more on a hot day than it would be in men marching at a 
moderate rate in the desert or the tropics . Prevention of voluntary 
dehydration during work in the heat requires forced drinking of water , 
preferably containing salt in the same concentration as the sweat . 
'nle sodium concentration in human sweat varies widely , ranging from 5 
to 75 mEq/liter and averaging about 34 mEq/liter , which is equivalent 
to about 0 . 2% NaCl solut ion in water . 'nlis concentration in the drink
ing water during 2-3 hr of  hard work in the heat would generally protect 
men agains t serious dehydration and salt depletion , provided they drank 
enough to replace about 80% of the water being los t through the sweat 
glands . 

MAXIMAL WORK CAPACITY 

A number of investigators have found that dehydration reduces the ca
pacity of men to perform hard work , even in cool environments . 6 , 1 5- 1 7 
The effect is most pronounced if dehydrated men attempt maximal com
petitive work in hot weather . Buskirk e t  at . 6 found a consistent 
reduction , averaging 0 . 22 liter/min, in the maximal oxygen consumptions 
cVo2 max) of men dehydrated by an average of 5 .  7% of body weight . 
However ,  Saltinl 6 , l ? found that dehydration up to 5 . 2% caused no re
duction in Vo2 max or in maximal cardiac output but that subs tantial 
reductions occurred in work tolerance and in the ability to elevate 
blood lactate in exhausting work on a bicycle ergometer . 

we l 5 studied the effects of dehydration (4 . 2%-4 . 7% of body weight) on 
both the aerobic and anaerobic capacities and endurance of men in ex
hausting treadmill runs ( 3-6 min) in a cool environment .  'nle men were 
dehydrated by moderate treadmill work (MR 190 Cal/m2-hr) in the heat 
(DB , 50 C ;  WB ,  27  C) , and then rested in a cool room (24 C) for 3 hr 
without ingesting any fluid before performing the exhausting runs . 
Control experiments were carried out for comparison . The most signi fi
cant effect of dehydration on performance in the exhausting runs was 
a reduction from 4 . 6 to 4 .0 min in the average time the men could con
tinue the runs before they reached exhaustion . This decrease in en
durance depended , at least in part , on decreased efficiency , as indi
cated by a small (5%) increase in oxygen require1Dfnt per kilogram per 
minute oi running time . Inasmuch as the average Vo max and the amount 
of oxygen debt accumulated in the runs were the sa� , the increased 
oxygen requirements of the men in dehydration experiments depended on 
increments in the rates of accumulating the oxygen debt . On the average , 
the men accumulated about the same oxygen debts in both runs ; but , be
cause the average time of running was lower in the dehydration experi
ments , the buildup of the oxygen debt was faster in those experiments 
than in the controls . 
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Dehydration did not decrease the acceleration of oxygen consumption 
during the first 2 or 3 min of the runs . The retention of the maximal 
capacity for increasing oxygen consumption in exhausting work indicates 
that in dehydration the men were able to make adequate compensatory 
vasoconst rictor responses in the skin and viscera and thus shunt mos t 
of the blood flow to the working muscles . Another factor that probably 
helped in this response was the hemoconcentration that occurred in de
hydration ; the men ' s hematocrits at the start of  the runs averaged 
46 . 6 %  in the controls and 49 . 0% in the dehydration experiments . This 
increase in oxygen capacity of the b lood could compensate for a moderate 
reduction in maximal cardiac output ; such a reduction might be expected 
to occur with the reduction of blood volume associated with dehydration . 

PRACTICAL SUGGESTIONS 

Dehydration by more than 2% of body weight should be avoided by 
athletes during prolonged strenuous contests or pract ice sessions 
in hot weather . That is made clear by the phys iologic evidence pre
sented here and by the frequent occurrence of heat illnesses , includ
ing occasional heat stroke and fatalities , in athletes performing in 
summer heat . The reduction in work capacity of dehydrated men , even 
in cool environments , indicates that severe dehydration to reduce 
weight for athletic contests should be avoided . It is also important 
not to overhydrate and not to take more salt than that required to 
replace current losses through the sweat glands during contests . 

Avoidance of dehydration is not the only appropriate precaution for 
preventing heat illness in men under these conditions . Even the most 
superb ly trained athletes can overtax their capacities for heat dissipa
tion if they work hard and long enough in a situation in which heat 
dissipation is resisted by a hot environment and clothing (such as a 
football uniform) . In fact , athletes may be in more danger than less 
fit men who are less competitive and more likely to develop symptoms 
of syncope and to s top work before serious heat pyrexia develops . It 
is p articularly important to remember that football clothing and pro
tective gear add greatly to the stress of work in a hot environment ;  
if they must be worn in hot weather , the sessions must be greatly 
shortened . 

Prevention of dehydration of p layers during long football practice 
sessions and games requires planning and cooperation by the team 
physician , the coaches , the trainers , and the athletes . In the 
severe stress of football contests , "voluntary dehydration" may be 
more of a problem with players than it is with men performing more 
moderate , routine work . Therefore , a deliberate planned program of 
drinking water is required . 

Water should be replaced with 0 . 2% NaCl solution , because that is the 
concentration of salt in the average man ' s sweat .  Addition of some 
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sugar and lemon juice or other flavoring to imp rove tas te may be de
sirable . At leas t partial replacement of s alt is important to p rotect 
agains t heat cramps . It  is better to take the s alt in solution than 
in solid form , to ensure that adequate water is taken with the salt . 
About three b rief relief periods from work each hour should be provided 
for drinking .  The men should be convinced that water and s alt replace
ment is impo rtant and that their thirs t during contests wi ll not be an 
adequate guide to their water need . Each man should learn how much 
water he can drink in the relie f periods without gas t ri c  or other dis

turbing symptoms . The water consumed by each should be measured and 
recorded . A person consumes very little water by b riefly spraying 
his .mouth during relief periods . 

Nude body weights should be accurately recorded before and after work . 
Each man should learn in repeated practice sessions to drink enough 
to prevent losing more than about 1%-2% of his body weight . He should 
never drink enough during a session to gain weight . 
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CL IN I CAL ASPECTS OF DEHYDRAT I ON 

ROBERT J . MURPHY 

In a s tory in the 7 October 1968 issue of Newsweek, the following 
passages appeared : 

Big Ray Schoenk.e , guard for the Washington Redskins , 
appeared at training camp this summer carting ten 
cases of giant-size cans filled with a murky fluid 
called Gatorade . S choenke , who drinks at least  3 
quarts a practice session , knew that his team was 
still using water buckets , soaked towels and soft 
drinks to slake its heavy thirst . "But I con
verted them fas t , " he says . ''Now they ' re all on 
Gatorade . " 

So are all but two of the other professional 
football teams , 300 college teams and 1 ,000 high
school squads . When Notre Dame lost  to Gatorade
drinking Purdue last fall , the Fighting Irish put 
in an order for the stuff the following M:>nday . 
It is used by professional basketball teams , 
major-league baseball teams , tennis players , big
game hunters , rodeo cowboys and even trapshooters . 
Actors in the energetic Broadway production "Hair" 
say it beats  LSD .  It is , in fact , one of the 
hot test new products to hit the U .  S .  in years , 
with a potential market that may go well beyond 
sport s . 

• • • The new drink is absorbed into the system 
in three minutes ,  twelve times faster than plain 
water , quickly restoring an overheated player ' s 
physical and mental agility . 

Also appearing in November 196 8  in a full-page ad for Gatorade was a 
statement that it is 12 times better than water in quenching thirs t . 
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In 196 8 ,  I think Purdue University was still using Gatorade . Ohio State 
beat them and became national champions . Ohio State uses plain water. 

As the previous two papers have stated , sweat is a hypotonic solution . 
Actually , more water is lost than electrolytes , and theoretically it 
is logical to replace sweat with an equivalent fluid . As doctors , we 
are geared to the replacement of fluids over a 24-hr period . When a 
child is sick and losing fluids ,  we are concemed with adequately re
placing the electrolytes , as well as the water . But in football , the 
longest period involved in practice is about 2 hr , usually l� hr . Our 
bodies have an amazing adaptive mechanism ,  and it is generally unneces
sary to go into all the problems that we would face in handling an 
athlete who had been exercising for 6-8 hr . 

Dr . Cade ' s  original research , which produced the statement that Gatorade 
is absorbed from the gastrointestinal tract 12 times faster , was not 
done on a dehydrated subject . In my opinion , it is not valid , because 
the experimental work must be done on a dehydrated subject to make a 
proper evaluation . In the dehydrated animal--in this case , man--the 
primary intravascular deficiency is of water . In a l�- to 2-hr period , 
the stores of sodium ,  potassium ,  and the other electrolytes are ade
quate if there is enough fluid to 11¥)bilize them . 

Dr . Don Matthews (a  physiologis t) , Duane Eddy , Dr . Ed Hyatt of the 
Department of Physiology at Ohio State University , and two graduate 
students undertook this s tudy . The purpose was to determine whether 
water , Gatorade , Coca-Cola , or Kramer ' s  Take-Five was best as a re
placement fluid . Kramer ' s Take-Five was quickly abandoned , because 
it was hypertonic when mixed to the recommended proportions . That 
left water ,  Gatorade , and Coca-Cola . 

The effects of rehydration on performance were measured . Six college 
athletes were dehydrated by 3% of their body weight in a sweatbox. 
Before and immediately after dehydration , urine and blood samples were 
taken . Within 30 min after dehydration , the subj ects consumed a volume 
of replacement liquid equal to the a11¥)unt los t during dehydration . 
Then blood and urine samples were taken every � hr for l� hr . The 
subjects then performed a treadmill test , and the data were handled 
by one-way , two-way , and interaction analysis of the variants . 

Water and Gatorade were associated with significantly lower plasma 
sodium concentrations than Coca-Cola . Potassium concentration 
diminished throughout the experiment . Gatorade was absorbed at least 
as rapidly as water , and possibly a little faster , but not signifi
cantly . Performance times to exhaustion associated with the three 
drinks were not significantly di fferent . 

This study was done at the request of Stokeley-Van Camp , which pro
motes Gatorade , but I think an attempt was made by all to be as 
obj ective as possible . The following conclusions can be drawn about 
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Gatorade . This study revealed no contraindication to its use . The 
glucose i t  contained provided ready energy , as indicated by an in
crease in respiratory change ratio . It was better than water from 
the standpoint of replenishing water lost in sweat . It is physiologi
cally sound . The subjects liked it better than water . It was easy 
to drink . But there was no difference between water and Gatorade in 
performance , and there was no significant difference between water and 
Gatorade in absorption .  

'nle three clinical syndromes that we face on the football field are : 
heat c ramps , the painful contractions of skeletal muscles when a 
person sweats a lot ; heat exhaustion , the state of physiologic break
down o f  the body without increased temperature ; and heat stroke , in 
which an absence of sweating (for reasons not yet understood) is 
accompanied by dry , hot skin and a rapid increase in temperature . 
When the temperature rises above 105 F ( 40 . 6 C) , serious changes 
usually occur . 'nle first organ affected is the brain ; tmcons ciousness 
occurs . 'nle second is the liver ; if the victim recovers , he will 
usually have j aundice . 

My first experience with heat stroke involved a young man who was tm
conscious when admitted to the hospital . His temperature went to about 
105 F (40 . 6  C) . With icing and prompt administration of fluids , he 
awoke in about 3 hr , and he was apparently well the next day . Three 
days later , he came down with a typical case of j atmdice . 'nlat was 
about 14 years ago . At the time , we thought he might be coming down 
with infectious hepatitis . However , about 2 years later , a monograph 
described some 14 cases of j atmdice following heat stroke . 

I t  is often asked whether a boy who suffers heat stroke is more prone 
to heat stroke later and whether he should participate in athletics 
again . 'nle boy I described came back the next year and was an All
America guard at Ohio State . Once it became routine for him to re
plenish his fluids throughout practice and game situations , he never 
had any further problems . 

For a long time , it was fashionable not to drink water on an athletic 
field . It was primarily a discipline problem; coaches apparently felt 
that a boy was a weakling if he had to drink water on the field . I 
think that idea has been overcome in American football . It s till is 
prevalent in many places , but I know that Allen Ryan has been working 
in this area for years , and I think the word has gotten arotmd that 
salt and water replacement are important . 

There are some misunderstandings , however . A high-school boy in Ohio 
died 4 years ago . His coach had him wear a rubber sweatsuit in August 
to lose weight . The boy came in unconscious and later died . When we 
asked the coach whether he had given the boy water , he said he had 
not , but he had given the boy four salt tablets before he went out . 
Obviously , they had contributed to the death . 
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Bill Ashe , who was the head of the Department of Preventive Medicine at 
Ohio State , and with whom I worked originally in this field , was in the 
Arur; during World War II and told of an experiment . A general that he 
worked with was of the old school that believed that a quart of water 
a day was adequate for horse and man . Dr . Ashe said to the general : 
' 'You give me a platoon that you consider your worst in terms of marks
manship , and you take the best platoon ; let us have them work in the 
morning before they go out for target practice . Then we will go on 
a forced march in the desert . You give each of your men a quart of 
water , and let me give each of mine replacement as I desire . Then let 
us test them when they come back . " The best platoon dropped from about 
92% in the morning to about 64% in the afternoon . Dr . Ashe ' s  group 
dropped from about 62% to about 58%--not a very substantial change . 
This shows that dehydration has a definite effect on performance . 
Euphoria seems to accompany dehydration , however . The dehydrated men 
in Dr . Ashe ' s experiment were a little giddy and jolly , and they really 
felt that they were much bet ter able to perform than they proved to be 
in the actual testing situation . 

Another experiment was done , with wrestlers .  The treadmill test was 
used . A group of wrestlers and a control group could walk for 21 min 
on a gradually increasing level . When they were dehydrated by 3% of 
body weight ,  the time dropped from 21 min to 14 min . The same group 
was rehydrated , and tested again ; they could walk for 18 min . Rehydra
tion did not let them return to a normal time , but it was much i�roved 
over the dehydrated s tate . We are all concerned about wrestlers , par
ticularly in high school , and even jtmior high school , who dehydrate 
themselves to make a specified weight and then go out to perform . 

Some work done by the Department of Physiology at Ohio State showed 
the difference in water loss when a football tm.iform and a scrub suit 
were worn ,  with a markedly increased loss when a football tm.iform was 
worn .  As opposed to a loose-fitting scrub suit , a cons trictive foot
ball tm.iform does not allow evaporation from the skin . We use the 
long-sleeved jerseys and stockings only about once a year , usually in 
late November when it is very cold . I do not know how much control 
team physicians have over tmiforms ; but I am often concerned , as I 
watch the professional games in August , to see the p layers come out 
in full s tockings and long-sleeved jerseys , both of which decrease the 
aB>tm.t of skin available for evaporation . 

We think it is important that players be given water . We keep six 
cans of water on the field , and the boys are given the privilege of 
drinking ad Lib . We check their weights very carefully ; i f  a boy is 
losing a great deal , then we see to it that he drinks more . 

Salt tablets have the disadvantage of not being absorbed in some 
persons . We have tried to use various solutions on the practice 
field ,  but some of the boys will not drink them . We find that , i f  
we use ice water ad Lib throughout the period , they can maintain 
their balance between practice sessions with salt in their food and 
salt tablets . 

202 

Copyright © National Academy of Sciences. All rights reserved.

Football Injuries:  Papers Presented at a Workshop
http://www.nap.edu/catalog.php?record_id=20983

http://www.nap.edu/catalog.php?record_id=20983


We. depend heavily on wet-bulb temperature as a guide . I f  the wet-bulb 
temperature is under 60 F ( 15 . 6  C) , the boys can practice for 8 hr and 
never get into trouble with heat . If the wet-bulb temperature is 
60-65 F ( 15 . 6-18 . 3  C) , we watch the players very closely , but do no t 
push them very hard on the field .  I f  i t  is 66-70 F (18 . 9-21 . 1  C) , we 
insist that salt and water be given on the field (Gatorade , as far as 
I am concerned , would be fine in this case ) . If it is 71-75 F (21 . 7-
23 . 9 C) , we attempt to provide a rest period every 30 min . And if it 
is 76 F ( 24 .4 C) or higher , we sugges t that practice be pos tponed or 
conducted in shorts . These cri teria must , of course , be varied on the 
basis o f  climate . For example , in Texas raising each one by 4 F (2 . 2  C) 
would p robably be adequate . But the real purpose of the numbers is 
simply to alert the coaching staff and the training s taff when condi
tions favor heat problems . I f  they see a boy who is weak and does not 
feel good , they should not simply tell him to lie down , but should take 
hold o f the situation and be sure he gets the proper medical help . 

I would like to emphasize that heat stroke is a true medical emergency . 
Probably no emergency in medicine requires as prompt action as heat 
s troke , and the basic treatment of heat s troke is to lower the body 
temperature . I f you can keep the temperature below 105 F (40 . 6  C) 
until you can get the patient to a hospital , you will rarely lose a 
boy . It is vital to have ice available on the field . An iced blanket 
or sheet can be put over a victim , or he can be immersed in a bath of 
ice . Or four boys with ice in their hands can rub the victim ' s  arms 
and legs ;  that will do a great deal toward lowering the body temperature . 
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CHESTER M. PIERCE 

EFFECT OF FAT I GUE AN D  MENTAL STRESS 
ON FOOTBALL PERFORM!\NCE 

The cos t o f  inj uries in football is enormous . Some would put the cos t 
in dollars ; for example , the New York Tiroos s tated that the National 
Football League es timated that it would lose nearly $2 million las t 
season , merely paying men whose inj uries kept them from performing . 2 
Others recall that the cost could be calculated in terms of positions-
thus , the fantastic loss for football lovers when 16 quarterbacks are 
seriously inj ured in one season . In doctors ' dining rooms across the 
nation this fall , the cost was reckoned in terms of anatomy--haw many 
players would require knee surgery as a result of inj uries incurred C•a 
the football field . 

However ,  to the psychiatris t the as tonishing s tatistic is not in terms 
of inj ury . What is more stagge ring is that more men are not inj ured . 
The name of the game , in psychologic terms , is killing your opponent 
without insulting your own pride . When expert football players , with 
maximal experience as performers and magnificent all-around physical 
equipment , use their keen minds to dedicate themselves intensively to 
contest ,  the wonder is that there is not serious inj ury on each play . 
As though these attributes themselves were not sufficient to wreck 
many bodies , one must contemplate that all the attributes are aggra
vated by a relentless motivation to succeed in the game--to render 
your opponent useless--admixing such basic des ires as demons trating 
one ' s masculinity in public and earning an excellent live lihood .  

Keeping these psychodynamic ideas in mind , I will comment on some 
psychiatric aspects of inj uries . The comments will be based on 
laboratory experience , clinical observation ,  and theoreti cal specul a
tion . Finally , I will suggest a few research pathways that might 
diminish football inj uries and , incidentally , might have spinoff value 
for o ther areas of research , such as preventing automobile accidents 
and unders tanding the process of aging . 

Fatique is defined as a "state of increased discomfort and decre nsed  
efficiency resulting from prolonged or excessive exertion . " 1  AlJ 
physicians are aware that fatigue may be de fined functionally in terms 
of a person ' s psychologic interes t .  Thus , the bored teen-ager complains 
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of being too tired and too fatigued to do her homework. but is indefatig
able the same evening when dancing the Watusi .  Emotional stress , even 
of a chronic or subacute variety ,  can result in the increased discomfort 
and decreased efficiency that characterize fatigue . 

THE PROBLEM OF MAKING THE TEAM: A PHYSIOLOGI C BASIS FOR FATI GUE 
RESULTING IN INJURY 

Laboratory s tudies are now defining what constitutes good and res tful 
sleep . The good sleeper , who has a smaller risk of being fatigued 
during cons ciousness ,  spends more of his sleep hours in the deep stage 
of sleep . His EEG indicates that he uses up less of this deep sleep , 
which is represented by delta or slow-wave activity , during the first 
half of the night . His slow-wave activity is spread more smoothly 
throughout the night than that of the poor sleeper .  As one grows older , 
he has less delta sleep . Thus , the 5-year-old spends 50% of his sleep 
time in delta , or deep ,  s leep . The 85-year-old has no delta sleep .  I f  
this slow-wave sleep activi ty is aborted , in laboratory tests , the sub
j ect becomes noticeably depressed and apathetic when awake . Subjectively , 
one is fatigued . 

'nle results of fatigue in psychophysiologic terms include decreased 
100tor speed , lessened critical j udgment , and lo-wered susceptibili ty 
to pain . 

Let us hypothesize that a professional football player ,  whether veteran 
or rookie , begins to worry about making the cut . His anguish interferes 
with his sleep . More specifically , he alters his a100unts of deep sleep 
and dreaming sleep . Soon , both the quantity and the quality of his 
s leep are very di fferent , and in fact his biologic rhythm is put out 
of kilter .  These physiologic alterations mani fest themselves in ways 
that jeopardize football success . The rookie quarterback canno t  read 
bli tz patterns , not because of lack of comprehension , but because his 
thinking speed is reduced as a result of loss of slow-wave sleep . The 
veteran guard misses a blocking assignment because of an error of  
omission in his thinking process . 'nle cornerback ' s  misj udgments , only 
a critical second less than usual , might be due to a lack of sustained 
attention , which is secondary to a chronic , subclinical sleep dis turbance . 
After a "physiologically wretched" night in bed ,  occasioned by worries 
over mistakes in practice , a giant defensive tackle becomes much more 
susceptible to pain . Despite even valid protes t that subjectively he 
had had a good night ' s  s leep , the altered sleep cycle could be the reason 
for this man' s  crumbling under a relatively innocuous blow. 

In a game in which speed and reflex action are so criti cal , the fatigued 
player will suffer erratic performance . Loss of slow-wave s leep , associ
ated with and perhaps the cause of fatigue , results in slower reactions . 
This slowing, no matter how slight , makes the once-invincible athlete 
vulnerable , particularly when he is playing against adversaries all of  
whom are , by definition , expert football craftsmen . It is not inconceiva
ble that someday coaches will take brain-wave scans to help calculate 
potential injury .  
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A player  may respond to his fatigue by two other reactions that can 
claim our attention . On the one hand ,  he may become more irritable 
and labile in his interpersonal relationships , such as that with his 
wife . On the other hand , he might become anxious over his escalating 
emotionality ,  pain , and sleep loss , and pres cribe medicines for himself .  
Let us consider firs t  the player ' s relationship to his wife as a possi
ble cause of football inj ury . 

THE PROBLEM OF PLAYING ONE ' S  BEST : A PSYCHOLOGIC BASIS FOR FATIGUE 
RESULTING IN INJURY 

This is a genuine case history : John , a draft-choice running back ,  
desperately loved Mary . Just after his senior year ' s football season , 
his j ealousy , deliberately provoked by Mary , resulted in Mary ' s being 
beaten by John at a public festivity . On the basis of these skimpy 
details , m>st psychiat rists would wonder immediately about Mary ' s  
attitude toward her father and John ' s  attitude toward his mother . 
Because the couple had dis torted attitudes , rooted in their own child
hood perceptions of marriage , a therapist would be concerned about a 
situation that could result in extreme aggression--i . e . , murder and/or 
suicide . 

Despite medical advice to the contrary , Mary decided to marry John . 
John -went on to win a s tarting assignment on his NFL team. Predictably ,  
Mary , although living a chaste and faithful life , made John so "con
cerned about their relationship that friends speculated that "that 
girl has his head all messed up ; he won ' t  be able to play any football . " 
This diagnosis was sustained by the sa112 doctor who advised Mary not to 
marry John . In fact , the doctor ,  who saw Mary only on her infrequent 
visits back home , went on to predict to his colleagues that John ' s  
castrative anxiety would probably result in serious inj ury to himself .  
The doctors speculated , also , that Mary might become a victim o f  John ' s  
extreme aggression .  

Typically , John would boast of his new car . Mary would take this as 
her cue to confess about the "cute" NFL owner who tried to "hi t on" 
her and the wife of another player as they sat innocently flirtatious 
in a night club . John would cotmter , in a non sequi tur , that he didn ' t  
even have to t rain to play professional football . Such masculine 
bravado and unnecessary pride were interpreted by the psychiatrist as 
further evidence of John ' s pursuit of self-des truction . The doctor 
continued to worry about Mary ' s safety . 

In interpersonal react ions , John , amazingly enough , invited behavior 
from his wife that any observer could see obliged him to be demeaned , 
belittled , compared unfavorably with other men , and , in short , infanti
lized . 'nlat is , John demanded that his wife keep him a little boy . 
His wife accomB>dated him. Every psychiatris t will know that in all 
likelihood this was the sa112 pattern of stimulus and response that John 
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had known with his own mother . No doctor will be surprised to hear that 
at intervals John was physically abrasive to his petite wife , who behaved 
in such ways as to make him feel inadequate . 

Mary hinted that she might be with a handsome , rich , smart professional 
man while John was playing in a large metropolitan area . In truth , she 
was going to be with an aunt . John was much aggrieved and shot back at 
her that , just  a couple of weeks previously , he had asked her , ''How can 
I have 300 pounds of Roger Brown all over my back and you too ! " Indeed , 
on that last Sunday of his football career , it was not only the enormous 
load of defensive linemen on his back that led to ruination , but also 
the heavier and unremitting load of j ealousy , anger , despair , and doubt . 
In psychologic terms ,  his inj ury represented a self-punishment and an 
attempt to manipulate his wife and garner her sympathy . The inj ury 
spelled the end to both John ' s  football career and his marriage . Long 
after career and marriage had terminated , Mary lived in fear that John 
might kill her .  

Without the s tormy marriage , John might have proved to be a better 
inves t112nt for his team. The incessant marriage problems constituted 
a 112ntal stress that fatigued John and made him m>re prone to inj ury . 
At an unconscious level , the marriage problems may in fact have pre
cipitated the inj ury and even been critical in selecting the part of 
the body that was inj ured . The scouts who recruited John for the draft , 
had they known of the public fracas and his j ealousy , might have taken 
s teps to ensure a happier marriage for John and a better investment for 
their club . In advance , medical consultants could have foretold the 
mutually self-destructive nature of the marriage . I f  one wishes to be 
self-destroyed , is there a better place to be than on a professional 
football team? 

THE PROBLEM OF KEEPING ONE ' S  POSITION : A PSYCHOSOMATIC BASIS FOR 
FATIGUE RESULTING IN INJURY 

A psychosomatic illness is one in which organic changes are caused at 
least partially by chronic emotional conflicts , usually mediated through 
the involuntary nervous system. Theoretically , the remorseless pres
sures to keep one ' s position on a professional football team could pre
cipitate all manner of psychosomatic illnesses . 

In terms of inj ury , the chronic stress of playing could act separately ,  
but i t  would more likely be a part o f  a constellation in which fatigue 
was brought about by sleep disturbance , interpersonal s tress , and other 
intrapsychic or personal stresses . The result would be the same im
pairment of speed and j udgment and the same heightened sensitivity to 
pain as described in regard to sleep disturbances or mental conflict .  

A chorus of denial will gree t this hypothetical speculation , but I must 
repeat an axiom taught to 112 by a Nobel Prize winner :  Until it is  proved 
otherwise , consider every patient as being an alcoholic ,  a carrier o f  
venereal disease , and a drug addict . 
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Some p layers are battered so badly that the football season can be con
ceptualized as one large bruise . Such men continue to play , s toically 
disregarding their wounds . 'llleir motivation includes a comfortable 
salary , but also fierce p ride and a corporate image . Such men would 
be driven to play so that a hungry competitor could not get the opportun
ity to display his own talent . 

Under such circumstances , there must be aunng our Sunday heroes some 
who treat themselves with an assortment of drugs , including pain killers , 
hypnotics , and sti1Dllants . Naturally , the medical and staff adminis tra
tors would not be informed of this sort of  drug abuse . The formula 
would have countless variations .  For example , a young , strong , fas t 
veteran competitor appears at summer practice . In the ensuing s truggle , 
the p1ayer becomes more and unre tense about the certainty of his p osi
tion . He projects b lame onto inferior equipment , poor ground condi
tions , e tc .  He begins to be obsessive about contractual arrangements . 
Yet  he is pressed continually by the newcomer .  He takes some over-the
counter nonbarbiturate drugs to sleep . Then he finds that he must get 
some stimulants to give him a hoped-for sharpness and acuity . I f  pain 
appears , he might seek out medicines to apply over the damaged area . 
When such a cycle is established , the chronic euntional confli cts , even 
without mediation through the involuntary nervous sys tem , pla_ce the 
player in increased danger . He might be inj ured directly , owing to 
impaired j udgment and slowed reflexes . Or he might  inj ure himself by 
playing with part of his body so damaged that he should have been medi
cally disquali fied to prevent aggravation of the damage . Doctors and 
trainers need unre help in identifying and controlling cases of this 
type . 

SOME POSSIBLE PATHWAYS FOR RESEARCH 

Generally , there are three areas of psychiatric research that might pay 
dividends to professional football : (1) sleep and dream studies , 
(2) drug studies , and ( 3) studies of individual and group psychodynamics . 
Many specifics could be mentioned . Naturally , many details and much 
thought would have to go into planning any research program. For in
stance , whenever a person were inj ured , an interview could be conducted 
to elicit the immediately preceding events in the person ' s  psychosocio
cultural life . These data could be computed with other information 
gleaned from that player and others . Soon , thematic patterns might 
emerge that could have much preventive value . Studies of biologic 
rhythm, including sleep-activity cycles and temperature peaks , should 
be studied and correlated with inj uries , including their time of onset , 
where they occurred on the field , and dozens of other features . Another 
fruitful area would be the player-to-player group relationships and the 
player-coach relationships . 

Emphasis should always be on singling out the conditions associated with 
either never being seriously harmed or being inj ured frequently or 
severely . Telemetered information about brain-wave cycles over 24-hr 
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periods might be especially valuable . Once men were used to having be
havioral s cientists talk to them , specific s tudies could be designed to 
learn more of the motivation to play football and such aspects as the 
relationship of body-image pride and inj ury .  Football would be one o f  
the major beneficiaries if ideal drugs could be found that killed p ain ,  
promoted sleep without altering brain-wave pat terns , o r  s timulated 
psychomotor activity without causing spurious j udgment . Brie f psy cho
therapy for players ' wives would probably aid considerably in reducing 
inj uries . Developing appropriate therapy for selected players and 
family members would constitute another avenue of inquiry . 
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PSYCHOLOGI C SCREEN I N G  

THOMAS H. HOLMES II I 

I would like to discuss the development of a measuring device that seems 
to have an amazing ability to predict major health changes--including 
accident , inj ury , infectious disease , psychosomatic disease , and frac
tures --and to show how it works when applied to predicting injuries in 
a football team . 

Essentially , my thesis is that inj ury and disease are byproducts of 
man ' s  goals and the techniques that he uses to achieve them . There 
seems to be a s triking relationship between life style , life events , 
and disability . 

Research into such a thesis begins at the bedside , where the data from 
the medical history are organized as a medical biography , beginning with 
birth and including childhood , growth , development ,  aging ,  maturation , 
etc . I t  is simple to tabulate the age of occurrence of illness . The 
res t of the medical history--having to do with economic status , educa
tion, marriage , occupational history , and so on--should also be included � 

When one does this , one is impressed with the striking relationship 
between the appearance of illness or accident and various events-
such things as marriage to an unsympathetic woman, a job change , a 
jail term ,  and financial problems . 

We have found such relationships in the case of tuberculosis , cardiac 
disease , skin disease , hernia (not why it happens , but why it happens 
when it does ) , and many diseases--even pregnancy . 

Rather than do this in a purely qualitative way (j ust counting up the 
nuui>er of life events) , we thought we needed a quantitative way of re
lating life events to the onset of disease . 

Over the years , on the basis of some 10 ,000 patients ,  we have evolved 
a series of 43 life events that empirically show a s triking relation
ship between their occurrence in clusters and the onset of some kind 
of major health change . 
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What we were interested in was being able to say that , 
death of a spouse probably is more salient to a person 
traffic ticket or experiencing the Christmas holidays . 
demonstrate that such coq>arisons have validity . 

for example , the 
than getting a 
We were able to 

Our method was derived from psychophysics , the branch of psychology 
that addresses itself to man 's amazing subjective ability to quantify 
objective physical phenomena , such as the intensity of light and the 
loudness of sounds . Mathematically , this may be expressed as an equa
tion in which the response to the intensity of sound is a power function 
of the stimulus . 

One of the methods used in quantifying sound is the method that we 
used to quantify our 43 li fe events that have been empirically demon
strated to cluster at the time of illness onset . We took one of these 
events . Arbitrarily , we chose marriage . Marriage is a social event 
requiring change and ongoing adjustment . It was arbitrarily given a 
value of 500 : the amount of social change required by marriage is 500 
units . Then we asked our subjects (some 400) : "Does trouble with the 
boss require more change and adj ustment than marriage , or less change 
and adj ustment than marriage? I f  more , put down the proportionately 
larger figure . I f less , put down the proport ionately smaller figure . "  
And so on with each of the other 41 items , each being compared with 
marriage . 

We recorded the mean value of each of the 42 items , as judged by some 
400 persons in Seattle . The item requiring m>st change was the death 
of a spouse (1000) ; those requiring the least were a vacation and a 
traffic ticket (about 110) . Actually , we divided the figures by 10 , 
to use a scale of 100 , rather than a scale of 1000 . We then knew 
that , for example , the death of a spouse requires twice as much change 
or adap tation as marriage , and about 10 times as much as a traffic 
ticket . It takes about as much change to divorce a spouse as it does 
to get married in the first place . 

We broke down our sample for purposes of validation , comparing the 
ranking of all these items by males and females and by single and 
married persons . The coefficients of correlation are all above 0 . 90 , 
no matter along what lines or with what variables these samples are 
compared with each other . We have done the same kind of work to vali
date the method in Japan on Japanese , in Watts on Negroes and Mexican 
Americans , and las t summer in France on Frenchmen , and in Belgium on 
Belgians , and in Switzerland on French Swiss . All agree with each 
other and with Americans , at about the same level , about 0 .90 . The 
world over , the death of a spouse requires more change and adjustment 
than any other of these items . 

We feel now that we have a s cale that is quantitative , and that we 
can say how many units of life change are involved in any particular 
life style , instead of having to say "death of spouse , " "Chris tmas , "  
"fired , " "trouble with the boss , " or "in-law troub le . " 
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We then applied this to a retrospective study . We had a group of about 
80 resident physicians fill out the questionnaire , listing how many of 
these 43 events occurred in each of the last 10 years and , on a separate 
shee t • what health changes they had had in the last year . When we 
plot ted the life-change units by year over a 10-year period , the illness 
episodes could be seen to correspond strikingly with peaks or major 
crises in life-change units--a depress ive episode at 300 life-change 
units . prostatitis with gross hematuria at about 275 life-change units , 
and so on . 

Not all the crises , not all the accumulations of life events , are 
associated with illnesses .  We divided our life-change units and 
subj ects into low-risk , medium-risk , and high-risk groups--that is , 
many , not so many ,  and relatively few life changes . At a low level 
of life change , 37% of the crises or peaks in life-events accumulations 
are associated with major health changes .  In the medium range , from 
150 to 300 life-change units , about 50% of the crises are associated 
with illness . Where the score adds up to over 300 life-change units , 
about 79% of the crises or peaks are associated with major health 
change . 

When one accumulates the data from the questionnaire and assembles the 
life changes in each person ' s past ,  an assessment is made ; 8 months 
later , it is repeated .  The greater the life change , the higher the 
probability of illness or accident in the next 8 months . 

If  we divide people into high-risk , medium-risk , and low-risk groups 
on the bas is of life change , there is good correlation with illness 
or accidents .  An 80% correlation would be required for predict ion . 

A 2-year follow-up revealed essentially the same figures as the original 
assessment , in that 30% of the people in the low-risk group ( that is , 
0-149 life-change units) became ill , 50% of the people in the medium
risk group (150-299 ) had illnesses , and about 80% of the people with 
scores over 300 became ill . 

One of the young psychiatrists who worked with me in the development 
of this material did an epidemiologic study in the Navy. Personnel 
of three cruisers completed the questionnaires and were divided into  
three groups : high- , medium- , and low-risk . 'Die high-risk group 
always had a significantly higher illness rate than the low-risk group .  

We then attempted to test the hypotheses by studying a relatively 
homogeneous population in which age and sex were uniform and risk of 
injury and motivation were relatively constant . A local northwest 
football team seemed to satisfy these criteria . A significant inj ury 
was deemed one that prevented a player from suiting up for 3 or more 
days of practice , whether that included a regular game or not . We 
found that , of a squad of 100 , 26 players sustained 36 inj uries and 
three additional players had three illnesses that caused them to miss 
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3 or more practice days--two cases of infectious mononucleosis and one 
of influenza . In our other populations samples , there was a much higher 
risk of illness than of inj ury .  On the football squad , 50% of the high
risk players had injuries or were ill during the season , 25% of the 
medium-risk players , and only 9% of the low-risk players . 

We were interested in seeing whether there was any relationship between 
the seriousness of prior illness or inj ury and that of later illness or 
inj ury .  'nlere does seem to be a correlation . 

I would like to summarize by saying that , by using an empirically de
rived set of test items , an assessment of life stresses can be made . 
This is true ,  whether one is studying general populations or collegiate 
athletes . Of those who are classed as high-risk , the probability is 
that eight of 10 will have some significant health change within the 
ensuing 2 years . 
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COACH I N G ,  GAJtE SKI LLS , AND I N JU RY 

DONALD SHULA and EDDIE BLOCK 

Every football coach is acutely aware of the problems of teaching game 
skills that will protect individual p layers and prevent inj uries . An 
inj ury to a football player is a nightmare to a coach as much as it is 
to the player . Every coach wants his men to go through the football 
season Wlinjured . That is the basic formula of success for a winning 
football team. Everything else being equal , any team that has fewer 
inj uries is usually going to finish higher in the s tandings . 

Football is a contact sport , and the problems associated with collisions 
in football are compoWlded by the fact that the opponent is also aware 
that football is a contact sport . The result is that each side must 
resort to strategy . S trategy makes it more difficult to teach inj ury
preventing football skills , because for each skill there is a co\Ulter
skill or offsetting skill . Generally , it takes years of experience to 
learn enough of the game skills and the co\Ulterskills to become a 
polished and success ful player .  

�re complexity results from the fact that there are 44 basic components 
to consider in teaching game skills--i . e . , you have 11 offensive players 
and 11 defensive players , and your opponent has 11 offensive and 11 de
fensive players . And there are still other factors involved . 

Game skills vary not only with the 44 component positions , but also 
with each individual p layer . Each player has his own capacities in 
regard to strength , speed , agility , weight , size , etc . ; and the skills 
of football must be adapted to the different capacities of each player . 

Another formidable factor is that game skills vary with each play and 
with each of the almost \Ulending series of plays . We have basic plays 
and we have variations of them ; all involve the skills that must be 
taught to the players . 

Football is a team sport . 'nlat means that the skills of each player 
must be structured to dovetail with the skills of his fellow players 
if the proper timing, which is so important in foo tball , is to be 
maintained . Faulty timing of a play can result in physical inj ury , 
not to mention psychologic trauma . The psychologic s tatus of a player 
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under game conditions is alDW.)s t impossible to assess . But psychologic 
factors are certainly an important part of inj ury prevention in rela
tion to football skills . 

We also have to consider fatigue ,  cardiovascular s tatus , pain tolerance , 
biomechanics , previous inj uries , and biochemical factors in their ever
changing nature . 

If ever these few foregoing factors were reduced to a mathematical model , 
such a model would indeed be imposing . Yet with all these complexities , 
much has been left unsaid of such factors as rules of the game and 
interpretation of the rules in competition . 

In the face of such complexity , what can a football coach do , by way of 
teaching skills , to prevent ' inj ury without compromising the chance to 
win games ? 

The firs t s tep that we take in a practical approach is to realize that 
no one person can do the entire job ; so we hire assistants who are 
specialists . The assistants include football assistants who are 
specialists in teaching skills and medical assistants . We also need 
help from scouts and from the business personnel . 

The next step is to organize an over-all plan , with each of the 
specialists contributing to the plan . The plan includes an order 
of skills to be taught . Organizing and reorganizing the over-all p lan 
take place either during the season or , preferably , during the of fseason . 
Professional football involves a constantly changing strategy . We work 
ll months a year ; we take June off . Most of our organizational work is 
done in the offseason . We re-evaluate our performance on the field and 
try to find ways to improve , as far as the medical handling of  the 
players is concerned . All that is done in the offseason ; once the 
season starts , we are too concerned with the aspect of winning to have 
much time for anything else . 

Where new theories of teaching skills are concerned , we have to be 
wary . New theories of teaching skills are generally developed in a 
laboratory and of ten break down because they are based on only parts 
of game skills , whereas , as we have said , football is very complex . 
It is almost impossible to develop a workable theory apart from actual 
game conditions . There are just  too many unknown factors in actual 
competitive football . Most coaches consider that new theories are for 
the future . Coaches must think absolutely in terms of the present , the 
practical , the workable . The problem is to develop winning football in 
the present . That is often overlooked by research workers , with re
sulting distrust between the practical and the research man. The solu
tion is to s tick to the traditional methods . Of course , we are always 
alert for ways to improve methods that are successful . ''Traditional 
methods" are those which a coach and his assistants have found to be 
workable in their own experience . A coach is not likely to change his 
methods of teaching skills unless his methods have proved unsuccess ful , 
especially if a new method is based on a theory derived from a single 
case . 
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Our traditional methods , as well as those of most teams , begin ideally 
in the offseason .  We base our skills , firs t  of all , on preventing de
conditioning of our players in the offseason , and then developing 
physical strength with particular emphasis on the legs and upper body . 
For developing s trength in the offseason , we put a lot of emphasis on 
heavy-weight programs . We also encourage games in the off season .  The 
game that we prefer is handball . We think i t  is an excellent offseason 
condi tioner for almost any position in football . Basketball is also 
good , because it requires great endurance and use of the hands . But 
handball involves concentration , the use of both hands and feet , watch
ing the ball come off the wall , and getting into new positions quickly . 

Our next consideration is the development of cardiovascular e fficiency 
through running .  Last year , we s tarted the 12-min walk-run , as de
veloped by Col . Cooper . We started applying his method in our offseason 
condi tioning program. For the sake of experiment , we had some of our 
rookies see how far they could go , either walking or running , in 12 min , 
to get some sort of standard that we could measure other players 
against next year .  The results were amazing . Many supposedly condi
tioned athletes cannot go very far in 12 min . Some big linemen , for 
example , cannot run for any subs tantial distance . For them to cover a 
mile in 12 min would be quite an accomplishment . Some of the defensive 
backs and receivers might go 1 . 5  or 1 .  75 miles . Anything over 1 . 5  miles 
is s aid to reflect pretty good conditioning ; 1 . 75 miles represents very 
good shape . One advantage to this kind of offseason conditioning is 
that it is accessible ; all it takes is a measured distance and a watch . 
One can set up his own program , and take 12 min two or three or four 
times a week , depending on how much time he has . 

Probably the best part of our off season physical conditioning program 
consis ts of individualized programs . These programs are set up through 
discussions between the coaches and the medical staf f . We discuss 
physical weaknesses and review game movies and medical records of in
juries . We keep film clips of all inj uries . Then we send out indi
vidual conditioning programs to each player ,  feeling that one player 
might need D¥Jre work on the upper body or might have a weakness in the 
legs , etc . 

There are some weaknesses in this offseason program, however . The 
first big weakness is that there are not any provisions for physical 
contact in this program; the games talked about do not involve physi cal 
contact .  The player is not conditioned in the same kind of body load
ing as he encounters in his game skills when the season comes . P rob
ably most important , it is difficult to have proper supervision , be
cause we cannot supervise the players who are out of town and the ones 
in town all have different offseason occupations and schedules . So 
they are left to get it accomplished individually . 

Our of fseason program begins about 4-6 weeks after the end of the 
season . I t  is designed for three sessions a week , with an additional 
day suggested for the 12-min walk-run . Six weeks before the s tart of 
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the season ,  a letter is sent to all the players , advocating an inc rease 
in the strenuousness of their programs . We also send out a program de
signed to increase endurance , increase body flexibility ,  and polish 
general conditioning to a readiness peak for the opening of training 
camp . During the offseason , contact is maintained with all the players , 
either by letter or in person . 

We expect all our players to report to training camp in full readiness 
to go all out from the first day . We give each one a weight at which 
he has to report on the firs t  day of training camp . I t  is not a weight 
that he can get down to shape from; it is the weight at which he wil l  
play the entire season . If he is over that weight it costs him $ 10/lb 
per day . 

We also s tress speed and agility . Our first practice is in shorts .  We 
test them in the 40-yard dash . We do not r1Dl them against each other , 
because we found that players running against each other in a 40-yard 
dash get so keyed up that they have a tendency to pull a lit tle bit 
more that firs t day . So we have them compete against the clock . We 
put the players through an agility test . Five hurdles are spaced over 
a total of about 25 yards . The players run around the hurdles , not 
over them. This tes t gives us an indication of agility and quickness  
to go along with over-all speed . Straightaway speed is  fine . It i s  
nice to  know that a player can run 40 yards in 4 . 5  sec . But he migh t  
not have the s top-and-go speed that is necessary in a good football 
player . The ideal is to have good over-all speed plus s top-and-go 
speed , or agility speed . 

Our second practice session is in full pads , and in this session we 
begin establishing contact , or hitting . This is done by what is 
probably the simplest drill in football . We call it the Oklahoma 
drill . I t  has the basic ingredients of what football is all about : 
a ball carrier ,  a blocker , and a defensive man .  I give the offensive 
blocker the signal , and on the cadence he comes off the ball and fires 
s traight into the defensive man with the idea of driving him back . The 
defensive man meets his blow and tries to ward him off , s tand him up , 
and then be able to tackle the ball carrier ,  who is coming in between 
two dummies . This is a controlled dri ll , but it is a full-speed con
tact drill . Starting off this  way gets the players who have been in 
the offseason progra� ready to become involved in the spirit of  
football--the contact part • .  

When training camp starts , we do not allow any time speci fically for 
physical conditioning . We have our regular practices , and my whole 
thought in our practice sessions is not to spend a lot of time on the 
practice field . When we are working two days in training camp , our 
nw:>ming practice will be no longer than 1 hr 10 min , and our afternoon 
practice from 1 hr 10 min to 1 hr 20 min . We expect the players to be 
in good physical condition (the running aspect of conditioning) when 
they report to ca� ; when camp s tarts , we begin teaching skills . 
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Each assis tant-coach specialist begins his group with the basic tech
niques , for example ,  stance , and then starts on the contact that we want 
in our blocking , and then the followthrough after contact is made . 
Each skill is usually s tudied on an individual basis , depending on the 
skill being studied . It is first described to the player , it is usually 
in his notebook , and we try to have a movie of the particular skill 
that we want to teach on the field that day . We show this movie to the 
players and then we follow i t  up with actual practice on the field . 

The next s tep is to study skills on a man-to-man basis . At this point , 
the firs t  conditioning takes place . That is the Oklahoma drill . After 
the initial practice session , when we have es tablished the man-to-man 
basis , we get into team skills and try to put things together .  For 
example , we will take our offensive line--center , two guards , and two 
tackles--and put it against our defensive line--two tackles , two ends , 
and a middle linebacker--with a quarterback and two backs involved . 
We have what we call controlled key drills ; the defensive players are 
taught to read and react ; they are now faced , not with one man in 
front of them, but with one man in front and men on either side . They 
have to recognize blocking patterns and be able to meet the various 
offensive maneuvers that are thrown at them . Offensively , it produces 
a feel for teamwork . These are full-speed drills , but they are con
trolled , in that there is not a lot of pursui t and gang tackling , which 
leads to many inj uries .  

We also work our offensive backs and receivers in what we call skeleton 
pass offense and defense agains t our defensive backs and linebackers 
in controlled full-speed drills ; the receivers or backs rllll out for 
passes , and the defensive backs cover . When the ball is in the air ,  
it is up for grabs--it is anyone ' s  ball at that time . Contact is made . 
Play is at full speed . The defensive man tries to intercept .  But , 
again , there are not a lot of people involved in the impact or contact 
areas , s o  it helps cut down on inj uries , as opposed to over-all scrim
mages . The old idea was to throw the ball out there and start s crim
maging , and then come up with the toughest people you could have to 
build your team--and also with numerous knee inj uries and concussions . 

When these skills are put together in total teamwork and tried out in 
scrimmage , movies of the scrimmages are studied to disclose weaknesses 
and evaluate players . We try to find out why we are success ful or Wl
success ful in teaching particular skills . We do very lit tle scriDJDaging ,  
because , of course , we are now involved in five or six preseason ball 
games ,  in addition to 14 league games . We played some 2 3  ball games 
las t year , from the time that we went to camp , which was in the middle 
of July , Wltil we finished up in the Super Bowl in Miami on 12 January . 
That is a long period , with a lot of physical contact . We try to get 
all of our teaching done in controlled groups , so that the players are 
not exposed to serious inj ury . 

When the preseason games begin , we continue to polish the game skills 
that we have taken on in training camp . When the season starts , the 
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practice of the skills continues ,  and they are continually practiced 
throughout the season . Some of the physical problems that occur year 
after year with no solution are pulled muscles (generally in the legs , 
and affecting the muscles on both the front and the back of the thigh) 
and ankle and knee inj uries , both with and without outside forces . We 
get many impact or crush inj uries , particularly on the front of the 
thigh . Sometimes our players like to go light in practice and will go 
out without thigh boards ; any kind of blow can then produce crush or 
impact inj uries of the thigh . 

It seems that , once they are in good physical condition , the only time 
the players get pulled muscles is when they are playing on a combina
tion baseball-football field . A player might be running from the sod 
and hit the infield part . Say he is a pass receiver going out and 
looking up ;  he comes off the sod , and suddenly his cleats hit the sand 
or infield part of the field . 'nlis is likely to cause a pulled muscle . 
After practicing all year in Baltimore , we went to Santa Barbara to 
prepare for our game agains t the Rams . 'nle turf was totally different 
from the turf we worked on in Baltimore , and one of our players got a 
pulled muscle because of the difference , probably , in the type of turf . 
If we can ever get to a uniform type of surface , it would definitely 
cut down on these types of muscle pulls , and also on the knee inj uries . 
'nlose are what really plague us : when a player gets a bad knee 9 he is 
probably going to be los t to us for the entire year . 

Although it is very hot , especially in our training camp around 
Baltimore , and humid , we have had only a few mild cases of heat 
exhaustion . In the las t 15 years , no one has been hospitalized on 
account of the effects of heat . This is partly due to the very short 
time that we spend on the practice field , rather than being exposed 
to the hot sun for long periods . We stress conditioning of  the body 
to heat , both in the offseason and during training camp . 
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ALLAN J .  RYAN 

THE ROLE OF  P ROTE CT I V E  EQUI PJENT 
IN I NJ URY CONT ROL 

Although sport is as old as recorded history ,  and probably antedates 
i t ,  with a few exceptions the development of protective equipment for 
sports is a modem phenomenon . Archery offers one exception . The 
archer in sport as well as in his military role has worn a band of 
leather covering the wrist and forearm of his bow hand from time 
immemorial .  I t  is an obvious , simple , and practical expedient to 
absorb the snap of the bows tring . There has been essentially no change 
in the design of this equipment s ince it  was firs t introduced . We have 
a greater variety of materials to make it from now , but it  is safe to 
predict that , as long as man shoots a long bow , he will wear this par
ticular protective device . 

Another outstanding exception was the knight in armor . Armor was de
veloped for protection in warfare , starting apparently with the shield , 
then adding the helmet and gradually other pieces . Out of the training 
that a knight received for warfare there developed a sport , the sport 
of j ousting .  This consisted o f  riding on horseback agains t a similarly 
100unted opponent and attempting to unseat him by a thrust with a wooden 
lance . The concept was simple ; it offered a practical means of train
ing for armed combat , which was carried on chiefly by knights on horse
back ; the encounter was brie f (although it was repeated until at least 
one was unseated) ; and a clearcut decision was usually obtained . 
Special heavy ar100r was gradually developed for this sport . It finally 
became so heavy that men had to be li fted up onto their horses by a 
crane . If  they were dismounted , they were helpless until someone came 
to their assistance . In spite of this , serious and sometimes fatal 
inj uries were sustained . What developments would have eventually re
sulted we will never know ,  because a change in the s tyle of warfare 
made the knight in armor outmoded , and j ousting in that particular form 
disappeared . 

If parallels to the history of the dinosaurs and the progress of 
American football are detected here , I must admit that they were con
sciously drawn. The dinosaurs, with their seemingly invulnerable armor ,  
great size , and strength , failed to survive , whereas their near con
temporaries , the griz zly bears , with only a shaggy coat of hair to 
protect them , have survived to this day . When one looks at today ' s 
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typical professional football player , it is hard to find an area of  his 
body (at least when viewed from the front) that is not pro tected by some 
type of equipment . 

Protective equipment in football has been introduced gradually over the 
years , whereas Rugby , from which football sprang , has contented itself 
with a rather inefficient ear protector for some players and occas
ionally a very light pad sewn into the shoulder of the jersey . Having 
examined the evidence as to the reason for this different development 
quite carefully , I would have to say that the reason was the introduc
tion of techniques of play that laid open the possibility of serious 
inj ury to life and limb in American football . 

The first  of these was the abandonment of the scrum in favor of a 
s crimmage line of nine men . In 1883 , interference ahead of the ball 
carrier was allowed . Tackling below the waist was permitted in 1888 , 
but not below the knees .  The flying wedge was introduced by Harvard 
in 1892 , and flying interference by Pennsylvania in 1894 . Players 
could be pushed or carried forward by teaDDDates if they held the ball . 
Hurdling over the defensive line was permitted . Although mass plays 
and hurdling were prohibited in 1906 , the game changed from a fluid  
t o  a more static action , s o  that i t  was possible to contact an opponent 
more solidly and accurately , thus increasing the danger of serious 
inj ury . Tile development of headgear , shoulder pads , and other pro
tective devices followed naturally . Because of the development of this 
equipment , a player could hit harder with a greater assurance of his 
own safety . This required the development of more rugged equipment , 
setting up the cycle that has resulted in the best modern equipment 
based on high-iq>act plastic . 

We have arrived at a point where , by the use of the face bar or mask 
and a molded protector for the teeth , we have virtually eliminated 
the serious facial and dental inj uries of the past . But in the face 
mask we have a lever that the rules committee considers potentially 
so dangerous to the integrity of the neck that a 15-yard penalty is 
imposed for grabbing it . We have a helmet that provides extraordi
narily good protection of the head , compared with models of 20 years 
ago , but 90% of the fatalities in football today are due to head and 
neck inj uries , and there are many boys who survive but suffer irrepar
able brain damage or are paralyzed from inj uries to the brain and 
spinal cord . This very good piece of equipment is being used as an 
offensive and defensive weapon--purposes for which it was never in
tended . 

What injuries are we trying to protect against in football? I f  we 
classify inj uries according to whether they are self-induced , result 
from contact with others , or result from contact with obj ects in the 
environment , we can see that there is little possibility of influencing 
the first group and that the main eq>hasis must be on the second and 
third groups . However , many football inj uries are in the first group , 
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including especially those of the knee , which are a matter of utmost 
concern to all connected with football today .  

We can p ro tect the ankle j oint to a considerable extent by taping it . 
And we tape other j oints when they have been inj ured to support them, 
both during the recovery period and in a preventive way of ten for some 
time afterwards . We can put a harness on a shoulder and restrain its 
movement in such a way that recurrent dislocation may be prevented . 
No one as yet has developed a brace or support for the knee that can 
simultaneously allow the necessary range of motion and prevent inj ury . 
For protection against self-induced inj uries , we rely principally on 
conditioning for development of s trength in the muscles which help to 
support the j oints . 

Wi th regard to inj uries caused by violent contact with others , we are 
faced with a dilemma as far as the knee is concerned . But we are 
better off with the shoulder p ad ,  which offers under some circumstances 
good protection for the acromioclavicular j oint , although it plays only 
a minor role in preventing shoulder dialocation . We are trying pri
marily to prevent abrasions , contusions , and lacerations , and to some 
extent we are success ful . We can damp the forces of deceleration in 
blows to the head , which have the potential of producing concussion 
or more severe brain inj ury , but we cannot eliminate them to an en
tirely satisfactory degree . 

'nle environment of the football player is filled with hazards other 
than the hardness of the playing surface and the goalpos ts . The 
latter may be generously padded , and the effect of the former modified 
to some extent by the use of arti ficial turf . Control of coaches , 
players , and others on the sidelines , p lacement of benches and o ther 
impediments , and padding of walls and fences near the playing area 
are matters of environmental control that are often neglected but 
should not require the player to wear protective devices . 

At a national conference on protective equipment in sports , held at the 
University of Wisconsin on 14-16 June 196 8 ,  there was general agreement 
that a variety of protective equipment was available , that there were 
great di fferences in quality , and that manufacturers had generally been 
responsive to public demand and had made sincere efforts , based on the 
information available to them , to provide satis factory products . But 
research in the development of pro tective equipment has been more 
notable for its absence than for its achievements . Accordingly , the 
following recommendations were adopted : 

Protective Equipment in GeneraZ 

(1) The further application of the use of protective equipment to 
inj ury prevention in sports depends on the availability of more 
accurate data on the incidence of all types of inj uries in the sports 
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in question . The compilation and analysis o f  such data on a compre
hensive basis depend on the establishment of a center for the con
tinuous collection and reporting of  pertinent information . 'lllis center 
must be adequately funded and staf fed with personnel competent and 
experienced in the interpretation of such data . nie success of i ts 
efforts will depend on the cooperation of all agencies sponsoring 
competitive and recreational sport� and all persons supervising 
athletes , especially physicians and trainers . nie establishment of  
uniform reporting techniques using standard nomenclature for sports 
inj uries will be necessary . nie cooperation of  all committees , 
agencies , and organizations connected with the supervision and conduct 
of sports at all levels of amateur and professional competition , both 
individual and team, should be secured in ob taining raw data on in
j uries and fatalities for processing in the central registry .  

(2 ) A committee on protective equipment in sports should b e  established .  
This committee ' s  chief obj ectives would be : the maintenance o f  direct 
contact between individuals and organizations that represent various 
disciplines , professions , and business concerned with the safety of 
athletics and the development and use of protective equipment for 
sports ; and the standardization of accident research methodology as it 
relates to this special field . To ensure the s tability and perpetua
tion of  its impact , the committee should be established under the 
auspices of an existing organization with related purposes , such as 
the American College of Sports Medicine . The membership of the com
mittee should consist of representatives from the fields of physical 
education , sports supervision , recreation , medicine , s afety education , 
engineering and design , sporting-goods manufacture , the supply o f  
basic materials for manufacture , and perhaps other disciplines and 
occupations . Subcommittees should be formed to study the forces in
volved in football , ice hockey , baseball , wrestling ,  basketball ,  soccer , 
lacrosse , and Rugby . nie frequency , direction , deviation , and magni
tude of blows to various body parts should be determined as accurately 
as possible for each sport . Because of the frequency of death associ
ated with head and neck inj uries ,  the frequency of disabling knee 
inj uries , and the high frequency of ankle inj uries , first consideration 
should be given to soft-tissue stress tolerance in the head and neck , 
the knee , the ankle , the shoulder ,  and the thigh (in that order) . 
Tolerance of the neck to forces resulting from spearing (i . e . , butt 
tackling or butt blocking) should be ascertained , with emphasis on head 
positions that tend to lead to lateral inclination , extension , and 
flexion . (The effect of the cervical collar in mitigating s uch in
j uries should also be studied . )  The subcommittees would then be able 
to proceed to the ques tions of establishing the necess ary standards 
for protective equipment . In so doing , they would have to consider : 

( a) present practices , procedures , and s tandards , 
to ascertain common denominators and arrive 
at a uniformity of nomenclature (this would 
include contacting groups that have established 
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criteria based on physical evidence for 
use as a basis for developing standards ; 
those engaged in research on and manu
facture of protective equipment might 
be asked for unpublished data on pertinent 
tests and findings ) ; 

(b ) investigation of new , superior materials and 
products that might be app licable to the de
velopment of protective equipment ; 

(c )  review of the literature to uncover research 
and information that might be applied to the 
formation of standards ; 

(d) soliciting of the release of information 
developed under federal support for space 
exploration , so that related aspects could 

· be determined and findings applied as 
appropriate by researchers and manufacturers 
in the area of protective equipment ; 

(e) identi fication and classification of re
search needs in specific areas ; and 

( f) other specific problems involved in pro
tecting spectators of , as well as partici
pants in , the sports under study . 

(3) Because well-fitting mouthpieces are more effective in protecting 
the teeth and reducing the incidence of concussions due to blows on 
the jaw  and are more acceptable to p layers from the s tandpoint of 
comfort , careful fi tting is recommended . To further this goal , it is 
urged that contacts be established and maintained between state high
school athletic associations , colleges and o ther agencies sponsoring 
contact sports , state dental associations , and state health depart
ments to see that such services are provided to high schools at reason
able cos t .  Programs of fitting mouthpieces might be considered by 
dental schools or local dental associations as community-service 
proj ects . The possible role of dental hygienists and technicians 
should be explored to provide additional sources of manpower for such 
programs . 

(4)  There are many factors involved in the relationship between the 
occurrence of ankle and knee inj uries and the design ,  placement , and 
length of shoe cleats ; the surfaces on which games are played; the 
conditioning and experience of the players ; and taping or wrapping of 
ankles . The best available evidence indicates that the use of shorter 
cleats and/or the use of round or otherwise modified heel cleats will 
reduce the occurrence of serious ankle and knee inj uries . Because 
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practices and games take place on a variety of surfaces and under many 
different conditions , it is recommended that the type o f  shoe cleats 
permissible be s tandardized for all conditions on the basis of the 
average requirement .  The soccer cleat appears to satisfy requirements 
of safety and general utility . Further studies should be made to de
termine optimal materials , design , length , and placement of cleats . 
Because of the variety of new playing surfaces now available , it i.s ad
visable that guidelines be established for the use of different types 
of footwear that will promote safety to the greatest extent on each 
playing surface . 

Protective Equipment for Footba 'L'L 

(1) The top-grade football helmet , when properly fitted and maintdned , 
is e ffective in protecting a p layer from head , face , and mouth inj uries 
in the course of normal play ,  for which it was designed . A misguided 
faith in its e ffectiveness in other situations has resulted in the de
velopment of coaching techniques in which the helmeted head is used as 
an offensive and defensive weapon . "Spearing , "  the use of the pro tected 
head in blocking and tackling , exposes a player to serious hazard o f  
neck and spine inj ury . No equipment is available that will fully pro
tect the neck and the cervical spine from compression inj uries . A 
careful s tudy of the total problem, including possible rule changes , 
and enforcement of present rules that minimize the problem are needed . 

(2 )  Face protectors have effectively reduced facial and dental inj uries . 
The DJ.lltiple-bar protector is far more efficient as a protective device 
than the single-bar mask . Manufacturers are invited to use new ma
terials in making face masks and to improve the method of attachment 
in cooperation with helmet manufacturers . 

( 3) Well-des igned and well-fitted mouthpieces have eliminated almost 
all dental injuries and reduced concussions . Care should be used in 
selecting only top-grade , fitted mouthpieces . 

(4 ) Cantilever shoulder pads , when fit ted properly , provide the best 
protection for the shoulders . 

(5 ) Rib pads provide adequate protection when properly p laced and 
secured . 

( 6 )  Hip pads provide adequate protection when wom properly . They 
should be kept high enough to cover the iliac crest , to prevent ''hip 
pointers . "  

( 7) Thigh pads and knee pads , like hip pads , are effective i f  kept in 
the proper posi tions . Because of the frequency of inj uries related 
to improper positioning , s tudy of design to maintain proper position 
is indicated . 
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{8) The present football shoe has been implicated in the incidence of 
knee injuries . Several s tudies are tm.derway of the relationship between 
shoe cleats and knee inj uries , of various types of cleats , and of the 
relationship between various types of cleats and inj uries on various 
types of playing surface . 'llle findings of these s tudies should be 
widely disseminated and s tudied for further possible actions . 

(9) A study should be made of the relationship between ankle inj uries 
and high- vs . low-cut shoes . Little information is now available on 
this problem . Ankle wrapping and taping , applied properly , have shown 
some effectiveness in reducing ankle inj uries . Further study is indi
cated . 

( 10) Protection of the hand and forearm is adequate . 

( 11) The cervical roll is used as an additional safeguard for a player 
who has recovered from a neck injury . Further research is needed to 
determine how effective it is . 

No one is naive enough to believe that resolving the problems of pro
tective equipment in football is going to eliminate serious inj uries 
from the game entirely . 'lllis is an area where we can make considerable 
progress ; but to do so , we must be willing to invest much more t ime and 
money than have been put in so far . The reason that accident prevention 
is so difficult , as the National Safety Council has shown us ,  is that 
there are approximately 300 unsafe acts for each one that actually causes 
an accidental inj ury ; there are 29 nondisabling inj uries for each dis
abling one ; and there are 100 disabling inj uries for each accidental 
death . 'lllus , to prevent an accidental death , one must prevent about 
900 ,000 unsafe acts . In football , we are dealing with what one might 
call "planned accidents , "  and our endeavor is to make these accidents 
happen in such a way that they do not produce disabling inj uries or 
deaths .  In addition to finding the equipment that will help us do this 
job , we must direct our attention even more seriously to safer ways of 
performing the basically unsafe acts of football . 

That brings me back to the football games that are played essentially 
without protective equipment--Rugby , Gaelic football , and Australian 
rules football . Do these games not have inj uries ? Of course they do . 
Are the inj uries more serious than those sustained in American football? 
On the whole , no , although many are similar . Do they have fatalities ? 
Yes , but proportionally fewer . Outside of American football ' s static 
scrimmage line ( as opposed to the constantly moving attack and defense ) 
and allowing of interference in front of the ball-carrier ,  why should 
players in other football games not suffer more serious inj uries in 
rugged contact sports , inasmuch as they do not wear protective equip
ment? 

I would like to sugges t one important difference : the spirit in which 
the games are played . 'llle rules of American football fill several 
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hundred pages (including interpretations) in the most recent ve rs :Lon . 
The rules of the other football games are contained in a very few p age s  
each . The interpretation of how the other games shall be played :Ls a 
responsibility mainly of the players , rather than the officials , ti.Th o 
are present to assist the players , rather than regulate them . Tac t i. cs 
that are dangerous , unfair (although legal) , and illegal are not re 
sorted to deliberately by the players , because "it just isn ' t  Rugby , " 
for instance . If we could see a development of this attitude toward 
American football on the part of players and coaches , we might go a 
long way toward reducing our inj ury toll . 
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JACK ROCKWELL 

PLAYING CONDITIONS 

THE RE LATIONSH I P  OF TURF , P LAY I NG CON D I T IONS , 
AN D  EQU I Pt'ENT TO I NJURIES 

With regard to their relationship to inj ury , we must look at playing 
conditions from several different approaches . 

Various playing conditions are brought about by temperature and climatic 
changes . Playing on a wet ,  soggy , s lippery field is certainly going to 
contribute to injury . That is equally true of a field that is cement
hard , when a game is played under a hot sun with very high or very low 
humidity . But , unless we play all our games indoors , there is not a 
great deal that we can do about the weather . 

One thing that particularly disturbs us is playing in extreme cold . 
How the Dallas and Green Bay players came through their game of 
December 1967 without suffering serious inj ury , I will never \Dlder
stand . Not only the players , but everyone else involved--coaches ,  
commentators , spectators , and especially officials--suffered tremendous 
discomfort during that game . It would seem that some standard should 
be established whereby , if stated temperature , humidity , and wind 
factors were prevalent , a game would be rescheduled . 

Other field co_.9ditions that we can and should control include \Dleven , 
badly prepared fields ; skin infields ; poor lighting ;  the placement of 
benches , chairs , and other obstructions too close to the field ; im
properly padded goalposts ;  poorly trained linesmen ; and , last but far 
from least , the television and newspaper cameramen who all too often 
get into such pos it ions that they can cause serious inj ury to the 
players , as well as themselves . It  seems inconceivable that we should 
still be placing added risks of injury on our players by allowing such 
condit ions . It  must become a matter of individual team policy to cor
rect them . 
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EQUIPMENT 

It is difficult to differentiate between equipment-related inj uries and 
those unrelated to equipment . The most common injury has to do with 
cleated shoes and ankle and knee inj uries .  With the evidence available 
at present , it seems that the wearing of short broad-tip cleats with 
disk or corrugated heels has helped appreciably in decreasing ankle and 
knee injuries . More research must be done in this area . 

The NCAA recently adopted a rule that makes the wearing of any cleat 
longer than 3/4 in . illegal . In 1970 , the steel-tipped cleat will 
also be banned . This is an excellent rule , because the ''burred" steel
tipped cleat can be an extremely dangerous piece of equipment . 

A general equipment problem is the improper wearing or fitting or the 
complete lack of some equipment . It seems out of character for today ' s  
professional football player not to wear equipment properly , and even 
stranger for him not to wear some pieces at all . Players who spend 
months condit ioning themselves to peak physical shape , who watch the ir 
diets ,  and who spend hours making sure that helmets , shoes , and uni
forms fit properly will then refuse to wear mouthpieces and attempt to 
get on the field without wearing thigh guards or knee pads . Even im
properly s ized or fitted thigh guards or knee pads can cause serious 
injury , as the Cardinals found out this year . By allowing a 2-in . 
opening on the anterior thigh between the top of the knee pad and the 
bottom of the thigh guard , one of the players incurred a deep contu
sion , the result of a kick , which forced him out of action for 11 of 
the 14 league games . 

It is essential for the safety of  the players that they be provided 
with the best equipment available ,  that it fit properly , and that 
they wear it . 

TURF 

I mentioned earlier the climate conditions over which we had little 
control and field conditions over which we had at least some control . 
Now , with artificial turfs , we can overcome some of  the factors that 
have before been uncontrollable . 

Artificial turf is not a panacea , as both the major manufacturers might 
have us think . Some of the claims made for (and against ) the turf are 
not only ridiculous--they are downright absurd ! I have gathered 
stat istics over a 2�-year period , but they are so inconclusive that 
I will not present them here . There is no doubt but that artificial 
turf will help to reduce the incidence of many of the inj uries that 
we have been plagued with in the past . Of equal importance is the 
fact that it will provide a consistent surface , day in and day out , 
for practice , as well as for games in any type of climate . 
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Probably the most pressing problems facing the manufacturers of art i
ficial tur f  at present are the development of an all-purpose shoe ,  the 
development of an underpadding of  consistent resiliency for all sports , 
and the development of a surface acceptable to both baseball and foot
ball . All these problems are being worked on and will almost certainly 
be s olved soon . With the nationwide acceptance of these products--at 
present , over 100 s chools and teams have indicated enough interest to 
invite bids--it will be a matter of  only a few years until we are all 
playing on art ificial turf . 
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JAMES A .  NICHOLAS 

THE RELAT I ON SH I P  OF FOOTBALL I NJ UR I E S  TO P LAY I NG 
POS I T I ONS : STAT I ST I CAL REV IEW OF INJURI E S  OVE R 
9 YEARS 

This report is based on a continuing analysis of inj uries to a profes
sional AFL football team in 1960- 1968 .  Obviously , inj uries have many 
causes . It is not my intention here to explore causes , but rather to 
obtain statistical data in an e ffort to determine whether there is a 
relationship between position played and the incidence and severity o f 
injuries . 

The team used was the AFL New York franchise , the Titans from 1 960 
through 1962 , and the Jets since then . The Titans team was made up 
o f  a great many rejects and free agents ,  and was put together rather 
hastily in 1960 . By 1 96 3 ,  the franchise had been turned over to an 
efficient organization and had become known as the Jets ; it culminated 
a 6-year building program by winning the Super Bowl on 12 January 1969 . 

Table 1 presents the statistics of the player pool s tudied . The total 
season roster over 9 years consisted o f  4 35 or 445* playing positions , 
using 146 men . An average of 26 men returned from the previous season , 
and there were an average of 23  new faces per year , consisting of 1 1 
men from taxi squads and 12 men picked up over the season by other 
means . 

OCCURRENCE OF VARIOUS KINDS OF INJURIES 

Table 2 analyzes the significant inj uries in 1960-1 968 .  These are de
fined as inj uries because of which a player missed two consecutive 
games in a season . This fi gure has declined from 49% o f  the squad in 
1960- 1962 to 39% in 1 96 3-1 965 and to 25% in 1966-1 96 8 .  In this series 
of 435 or 4 45* positions , covered by 246 players , 96 players were on 
offense , 9 7  were on defense , and 5 3  were on special teams . Sixty-eight 
percent of the personnel had inj uries at one time or another that kept 
them out of two consecutive games . Of 246 different players , 166 were 
hurt significantly--70 of 96 ( 7 3%) offensive , 5 3  of 9 7  (55%) defensive , 
and 43 of 53  ( 8 1% )  special-team. Table 3 shows that the preseason in
j ury rate was 29% . 

* See footnote b ,  Table 1 .  
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TABLE l 
Player-pool statistics , 1960-1968'l 

Year 1960 1961 1 962 1 963  1964 1965 � 196 7 1968 Tot alb 

1960 36/ 12 48 
1961  25 1 1/ 10 46 
1962 10 5 1 2/8  45 

1 39 
196 3 18 3 2 15/ 1 3  5 1  
196 4  6 l 2 12 13/ 10 44 or 49 
1965 5 1 1 6 10 1 5 / 15 33 

148 or 153 

1966 4 1 0 5 10 8 10/8 46 or 51  
196 7 3 1 0 5 8 5 7 1 1 / 1 3  5 3  
196 8  3 1 0 4 8 5 5 7 8/ 8 49 

148 or 15 3 
4 35 or 445 

Total season roster 435 or 445b 
Actual individual players 246 
Average per year : 49 

Returnees : 26 
New faces : 2 3  

Free agents : 1 1  
Trades : 1 2  

a 1960- 196 2 ,  Titans ; 196 3-1 96 8 ,  Jets . 
b Because of  rule change ,  five players , other than taxi squad ,  in 1964  

and 1966 were transferred to special reserve pool ,  to be activated only 
after minimal number of emergencies . 

Table 4 illustrates the locations of the injuries (in both regular and 
exhibition seasons) . By far the largest number of the total of 377 in
j uries were to the knee , 122 occurring , requiring 85 operations . The 
thigh ,  leg, ankle , and foot , labeled under one classification , consti
tuted the second most common group , with 100 injuries . Inj uries to the 
rest o f  the body accounted for about 40% of the total . One hundred 
seventeen operations were performed for the 37 7 inj uries . 

Tables 5 ,  6 ,  and 7 illustrate the frequency of  football inj uries by 
regions and diagnosis . The most common locations in the upper extremity 
were the hands and fingers , including fractures and tendon ruptures . 
Acromioclavicular separation , rotator cuff tear , direct shoulder con
tusion , and recurrent dislocation of  the shoulder were also common. Rib 
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fractures and tears of rib cartilages were much more comm:>n than were 
other inj uries to the thorax or upper extremities , with concussion and 
low back inj uries running a close second . '!he mos t  common disabling 
inj uries to the lower extremities , excluding the knee , were first- and 
second-degree ankle sprains , "pull" and contusions of  the thigh , and 
fractures and sprains of  the foot . 

TABLE 2 
Significant inj uries in regular season , 1960-1968 

Year No . 2laiersa 

1960 48 
196 1 46 
1962 45 

1 39 

1963 5 1  
1964 44 or 49 
1965 5 3  

m or 15 3 
1966 46 or 51 
196 7  5 3  
1968 49 

148 or 15 3 

All positions : 435 or 445 

Different players : 246 

No .  2laiers 
Total 

22 
20 
26 

68 (49%) 
21 
28 
10 
59 ( 39%) 

14 
16 
9 

39 (25%) 
166 

hurt 
By 
0 

15 
1 3  
12 
40 

10 
8 
3 

21 
3 
5 
1 

9 
70 

37% of positions , 

2osition 
D ST 

7 0 
5 2 
9 5 

2f 7 
7 4 
8 12 
4 3 

T9 T9 
6 5 
4 7 
3 5 

TI IT 
5 3  43 

but 6 8% o f  personnel 

Conclusion : during the regular season , 37% of total squad inj ured 
sufficiently to lose two consecutive games ; est imated preseason inj ury 
rate , 28% ; but 70 of 96 players hurt on of fense ( 7 3%) , 5 3  of 97 players 
hurt on defense (55% ) , and 43 of 5 3  players hurt on special teams (81%) . 

a See footnote b , Table 1 .  

As seen in Table 7 , there were 49 maj or ligamentous ruptures , which 
were classified as second- or third-degree tears , and 27 players had 
effusions associated with minor sprains . 'lhus , there were a total of 
76 ligament inj uries to the knee , of which 38 were operated on and in 
which cruciate and /or collateral ligament rup ture was found ; 1 1  others 
with such inj uries were t reated conservatively . Meniscus inj ury was 
the second most common finding ,  with 19 cases operated on . A miscel
laneous group of inj uries included loose bodies and degenerative 
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lesions , and 19 players with these inj urie s were operated on . A total of 
76 knees were operated on ; 38 of the ligament ruptures were repaire d  with
in 48 hr after inj ury . Nine players had subsequent late reconstructions . 

TABLE 3 
Inj uries in exhibition season , 1 960- 1968 

Year No . 21a:Iers No . 2la:Iers hurt 

1 960 69 1 8 
196 1 7 3  26 
1962 79 21 

22 1 65 

196 3  103 22 
1964 104 28 
1965 78 18 

285 6 8  
1 966 76 28 
1967 74 24 
1968 72 26 

222 78 

Totals 728 2 11 (29%) 

Two-game loss rate : 75 /729 ( 10%) 

TABLE 4 
Location of inj uries , 1960-1 96 8  

I .  Head-neck-abdomen-spine-pelvis 59 
Mos t frequent s ite - rib cage 14 

operations 3 
II . Shoulder girdle to humerus 46 

Most frequent site - glenohumeral 22 
operations 6 

III . Elbow to hand 50 
Most frequent site - fingers 16 

operations 7 
IV . lbigh-leg-ankle-foot 100 

Most frequent site - thigh 35 
operations 16 

V .  Knee 122 
Most frequent site - ligaments 76 

operations 85 
Tot al inj uries : 37 7 

Resulting in surgery : 1 17 
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TABLE 5 
Injuries to upper body and upper extremities , 1960-1968 

1960-1962 

Head , Neck , abdomen 
spine , pelvis 

Concussion, j aw  Fx (2) 
Neck sprain , Fx , Disl , nerve 
Rib Fx , tear o f  cartilage 
Low back inj ury ( contusion) 

Disk 
Congenital 
Other 

Abdominal-pelvic contusion 

Shoulder girdle-humerus 

Brachia! plexus "pinch " 
Contus ion - shoulder 
Rotator cuf f tear 
AC separation , i0 , 2° , 

30 
Shoulder dislocation 

recurrent 
Miscellaneous 

Upper extremities - below elbows 
Dis location - e lbow 

Fx-Dis locations -hand-digits  
Fracture - forearm 
Tendon rup ture fingers 
Other 

4 
3 
2 
5 
2 
2 
1 
3 

22 

2 
4 
1 
2 
1 
4 
1 
3 

I8 

1 

4 
0 
3 
4 

12  

237 

196 3-1965 

2 
2 
4 
2 
1 
1 
2 
3 

T7 

1 
2 
3 
4 
1 
2 
1 
3 

T7 

1 

5 
1 
2 
2 

Il 

1966- 196 8  Total 

3 
2 
8 
2 
1 
1 
2 
1 

20 

1 
2 
3 
2 
1 
1 
0 
1 

11 

1 

7 
2 
6 
2 

IS 

59 

9 
7 

14 
9 
4 
4 
5 
7 

46 

4 
8 
7 
8 
3 
7 
2 
7 

4 1  
3 

1 6  
3 

1 1  
8 
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TABLE 6 
Inj uries to the lower extremities , excluding the knee , 1960- 1968 

Thigh 
Contusion (charley horse) 

or fracc,ture 
1° and 2 s train (pull) 
3° strain (major tear) 

Leg 
Fracture 
Calf muscle tear ( 1°-2°) 
Achilles tendon rupture 

all operative 

Ankle 
Loose bodies , chondral 

fracture 
Talotibial-interosseus 

impingement 
Instability 

operated on 

Foot 
Metatarsal joint sprains 
Fractures 
Other 

Totals 

1960-1962 

4 
6 
3 

I3 

1 
3 
2 

6 

3 

1 
5 
1 

9 

2 
2 
4 

8 
36 

1963-1965 

5 
6 
2 

I3 

2 
2 
1 

5 

2 

1 
2 
1 
5 

4 
3 
4 

rr 
34 

1966-1968 

5 
3 
1 

9 

0 
2 
0 

2 

2 

4 
5 
1 

Tl 

1 
5 
2 

8 
30 

RELATIONSHIP OF POSITION , AGE, AND EXPERIENCE TO INJURY 

Total 

14 
15 
6 

35 

3 
7 
3 

13 

7 

6 
12 

Ts 

7 
10 
10 
27 

100 

Maj or injuries were defined as those which resulted in operations and/or 
in a loss of at least  eight consecutive games during a season . In 1960-

1968 ,  as illus trated by Table 8 ,  22 players sustained such injuries on 
offense , 22 on defense , and 17 on the special teams . Ten of the 17 
special-team inj uries occurred on the kickoff or plmting team , seven on 
the punt-return team, and none on the field-goal or extra-point team. 
One-third of the special- team inj uries occurred in the 1964 season,  
and five offensive injuries occurred in 196 7 . 

When one relates the posi tion played to the age and experience of the 
player ,  it is evident that the yolmger players are more frequently 
inj ured and operated on (Table 9 ) . Once the player has 2 years of 
experience , the operation rate drops , although the to tal-inj ury rate 
may continue . Of course , this may be due to many factors and should 
not be rigidly interpreted . (S trangely , only 20% of the inj uries oc
curred on the home field . )  
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Table 9 illus trates that on the offensive team 15 of the 22 hurt were 
backs . Twelve of the 22 occurred during their firs t 2 years . Of the 
22 defensive inj uries , six were in backs and 16 in linemen ; 17 of these 
22 occurred during their firs t 2 years . On special teams , 14 of the 
17 injuries occurred during their firs t 2 years . ntus , 43 of the 61  
major inj uries occurred in players with less than 2 full years of ex
perience and 54 of 61 in players with less than 3 years of experience . 

TABLE 7 
Inj uries to the knee , 1960-196 8 

Sprains 1960- 1962 1963-1965 1966- 1968 Total 

Minor sprains 
Major ligament tears 

not operated on 

Total ligament inj urie s 
operated on 

Cartilage 

Menis cus tears 
(isolated) 

Medial 
Lateral 
Both 

Injuries to Extensor Apparatus 

(Includes dislocations , 
fractures ) 

Degenerative lesions 
(operated ) 

12 
12 
4 

24 
8 

4 

3 
1 
0 

2 

9 

10 
19 
5 

29 
14 

8 

3 
2 
3 

4 

5 

Total knees operated on : 38 + 19 + 19 = 76 
Plus 9 late reconstructions of ligaments 

2 39 

5 
1 8  
2 

23  
16 

7 

5 
2 
0 

2 

5 

27 
49 
1 1  

76 
38 

19 

1 1  
5 
3 

8 

19 
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I f  one correlates the relationship of inj ury to the number of contacts 
per position , the figures are revealing .  The total number of running 
plays in the 9 years of this team ' s  exis tence was 3794 ; that nuni>er of 
times , 11 men on the offense moved with the snap . There were 4116 pass
ing plays , making a total of 79 10 offensive plays . Of the 70 offensive 
players who suffered significant inj uries , 22 suffered maj or inj uries . 
It was calculated (Table 10 ) that every 360 offensive plays produced a 
major inj ury , and every 113 plays , a significant inj ury . One major 
inj ury of an offensive player occurred in every five games , and a 
significant inj ury in every one and a half games . 

The defensive figures were close . Some 4120 running p lays and 3980 
passing plays were de fended against , for a total of 8100 . Of  the 53 
defensive players who suffered significant inj uries , 22 suffered maj or 
inj uries . Every 368 defensive plays produced a major inj ury , and every 
153 plays , a significant inj ury . One maj or inj ury of a defensive player 
occurred in every five games , and a significant inj ury in every two 
games . 

Players on the special teams had a much higher morbidity rate per con
tact . They were involved in 1759 plays . Of  the 43 special-team players 
who suffered significant inj uries ,  17 suffered maj or inj uries . Every 
103 special-team plays produced a major inj ury , and every 4 1  plays , a 
significant inj ury . One major inj ury of a special-team player occurred  
in every seven games , and a significant inj ury in every two games . The 
differences may be explained by the occurrence of fewer contacts in a 
game , but much higher inj ury rates . The chance of major inj ury on 
special teams , according to this s tudy , was three times greater than 
on either offense or de fense . 

DISCUSSION 

Exhibition statistics were kept separately and are difficult to analyze 
because of the tremendous turnover in personnel . In this series , there 
was no higher rate of significant inj uries than in the general season 
rate , coming to some 29% in only five preseason games per year . It 
should be recognized that many men came to camp with inj ury problems 
that were compounded , and these figures require a great deal more 
analysis , because they are not yet valid for interpretation (nor do 
they properly come within the scope of this paper) . 

In evaluating inj uries , many factors come into play : field conditions , 
equipment , player activities , types of contact , and temperature and 
humidity ( their exact nature requires further elucidation , which is 
now in progress with computers ) . It should be emphasized that , to 
obtain adequate data in such studies , inj ury reports must be standard
ized . When different teams report inj ury , there is an inherent error ; 
this is where the great problem lies , unless nomenclature , the charac
teristics of the observer ,  and techniques of reporting are standardized , 
as in this paper .  Careful notes are necessary as to whether an inj ury 
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is early or late , or compounded on previous inj uries . There must be a 
good description of  combinations of inj uries and their severity . One 
must decide whether a particular inj ury was new , a reinj ury , or a cumu-
la ti ve inj ury • Even p layers themselves have difficulty recognizing and 
des cribing how they got hurt . 

TABLE 8 
Major football inj uries by position , 1960-1968 

Kickoff 
return Field goal 

Special Kickoff/ and and 
Year Total Offense Defense teams pun.ting pmt return extra point 

1960 3 1 2 0 0/0 0 0 
196 1 5 3 1 1 0/0 1 0 
1962 5 3 2 0 0/0 0 0 

13 7 5 1 0 1 0 

1963 7 1 4 2 0 / 1  1 0 
1964 9 4 5 2/0 3 0 
1965 9 3 4 2 1 /0 1 0 

25 8 8 9 4 5 0 

1966 8 2 4 2 0 / 1  1 0 
196 7  10 5 3 2 2/0 0 0 
1968 5 0 2 3 1/2 0 0 

23 7 9 7 6 1 0 

Totals 6 1  22 22 1 7  10 7 0 

The player himself is one of the mos t important factors in inj ury . For 
example , on the current New York Jets team are 12 (of 40 ) men who have 
never been operated on and 28 men who have had a total of 36 operations . 
What makes these 12 men inj ury-free is an important subject for in
vestigation ; there seems to be a relationship between loose-j ointedness 
and ligamentous inj uries , and between tight s tructures and muscle pulls , 
backache , and tendon rupture . 'Dle position of the player ,  his famili
arity and experience , his size , and his past history (including previous 
inj uries ) are important , as are contacts , asymmetric s trength of ex
tremities , coordination , balance , speed , and ability to roll , which all 
figure in the prevention of inj ury . The problem o f  protection in a 
given play--for example , whether a quarterback is exposed to pocket 
breakdown--is important in the problem o f  inj ury and requires further 
study . The offseason condition of the player ,  the use of drugs , and 
functional aspects are difficult to evaluate but may certainly play a 
role in proneness to injury . 
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TABLE 9 
Relationship of pos ition , age , and experience to  inj ury , 1960-1968 

Offense De fense Specialty 
Back Line Total Back Linea Total teams Total 

1st year 7 1 8 4 10 1 4 10 32 
2nd year 2 2 4 1 2 3 4 1 1  
3rd year 3 2 5 1 3 4 2 1 1  
4th year 2 0 2 0 0 0 0 2 
over 4 years 1 2 3 0 1 1 1 5 

IS -7- 6 16 61 
Totals 22  22 17 

a Including lineb ackers . 

Speci fic positions : 

QB 5 DE 6 
HB 7 DT 5 
FB 2 OLB 3 
FL 1 MLB 2 
SE 1 QB 3 
OT 1 s 3 
OG 3 
c 2 

22 22 

From this s tudy , it is obvious that knee inj ury is the m:>st serious 
p rob lem in terms of career-ending potential and that the younger the 
player ,  the m:>re likely he is to be hurt . That may be because he is 
more frequently placed on special teams and be cause he is less experi
ence d .  Moreover , it is evident that some positions have a greater pre
dilection to  some kinds of inj ury ,  with a high morbidity that requires 
further analysis . Perhaps even coaching me thods and the use o f  person
nel play roles in inj uries . 

A s tatis tical analysis of football teams over a sufficient period would 
be use ful in revealing the true relationship of inj ury to position . 
Once a relationship is established , a di fferent appro ach in pro tective 
technique and equipment might help to eliminate the risk of inj ury . 
However , it is unwise to make dogmatic statements or predi ct ions , 
because the data at hand are inadequate . 'lllis is the firs t statis tical 
survey of  a team' s inj uries covering 9 years and us ing s tandard tech
niques of  nomenclature , examination , and reporting by the same phys ician 
to reduce bias . It  is suggested that , in any comp uterized study of many 
teams , nomenclature and the techniques of  his tory-taking and examination 
be unifo rm to avoid any possibility of erro r .  
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TABLE 10 
BalatiODllhip of injury to poaitiou 

Total Total Total 
Total ruanins puains Total runa Total Extra Field 

Major injuries iBJuriea elaI• el•I• l!.!.!I!. kickoff rt11back eoint .E!.L � 
Offenae 22 70 3794 4 1 16 7910 

Ratio 1 : 360 1 : 1 13 

Defense 22 5 3  4120 39 80 8100 

Ratio 1 : 36 8  1 : 15 3  

Specialty 
te811111 1 7  43 569 606 333 251 1 759 

Ratio 1 : 10 3 1 : 4 1  
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THE RELAT I ONSH I P  OF GAJ.£ RULES TO INJURI ES 

MARK DUNCAN 

What is the purpose of rules in football ? They are intended to prevent 
one team from taking advantage of another through physical acts or 
through producing involuntary reactions with tmsportsmanlike conduct . 
We know what the physical acts are--clipping , holding , etc . But they 
are not the acts that cause our main prob lems . It is the tmsportsman
like conduct that causes involtmtary reactions on the part o f  an 
offensive team that really create havoc . 

Football coaches have their players finely trained and well drilled on 
starting cotmts . An offensive player on the line o f  scrimmage is con
centrating on the quarterback , lis tening to his terms . Suddenly , a 
defensive player on the line of s crimmage shouts "Go . " I f  I do that 
in a room, heads in the audience will j erk . When it happens on a foot
ball field , there is chaos ; they are not supposed to go . It does not 
have to be "go . " It can be almost anything , and these people explode .  

Another kind o f  situation that has caused rule changes , such as about 
3 years ago , involves the little safety man s tanding back and sticking 
up his hands to signal for a fair catch .  The man covering the kick ,  
when he sees that , knows that the man i s  protected ; he cannot hit him . 
But now the little safety man has a free shot at a man to keep him from 
downing the ball before it goes over the end line . Here a rule was 
changed to prevent inj ury , of which we had several before we got the 
rule changed. 

We are very proud of our rules in pro fessional football . They are 
probab ly superior to any other code o f  rules . Some things in p ro
fessional football make it different from college football . Take the 
case of the personal foul .  In college foo tball , a personal foul is 
often not penalized . In profess ional football , every personal foul is 
penalized . I f a college quarterback throws a touchdown pass but is 
roughed on the play , he must re fuse the touchdown if  he wants to accept 
the penalty for roughing . That is ridiculous , because he never wants 
to refuse a touchdown , and the de fense therefore has a free shot at 
the passer .  In professional football , every personal foul is penalized ; 
in the case mentioned , i t  would be penalized on the next kick . We have 
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no rules that I can think of that allow one player to take advantage of 
another , through any act . Each player is protected against the other . 

Silly as it might seem at times , players are becoming more and more 
conscious of rough play on the field .  Fewer players are now taking 
free shots . In professional football , we have relatively little spear
ing, as college football has . 

I would like to sketch some of the history of rules changes in football . 
From 1895 until about 1917 , there was very little change in football . 
In 1917 , the federal government said that something had to be done 
about football from the standpoint of rules or it would abolish the 
game . At about that time , the NCAA rules committee was established , 
and the first real code of football was instituted . 

It was not until 1942 that headgear was made mandatory in professional 
football . At the same time , hose was made mandatory , to prevent in
j uries , cuts , infections from cuts , etc .  Even if professional football 
players did not have to wear hose , I think they would , because it is a 
good holder for their shin guards , and most professional football 
players wear shin guards . 

It was not until about 194 7 that plastic headgear was approved . 
ball was very slow in adopting plastic headgear and , after that , 
to develop a foam-rubber casing that would go over the top of the 
helmet , to protect the opponent . 

In 1949 , professional football banned the aluminum cleat . 

Foot
t ried 

In 1955 , the rule change was made that probably helped professional 
football more than any other one factor , from the standpoint of inj ury . 
The ball carrier ,  once on the ground , was prevented from getting up 
and advancing .  Before then , a man could be tackled o r  knocked down , 
and could then crawl , get up , and run ;  i f  he tried to get up and run ,  
many people were jumping all over him. The rule now is that , if any 
part of the ball carrier ' s  body , other than his hands and feet , touches 
the ground , if he has been contacted by an opponent , the ball is dead . 

In 1956, grabbing the facemask of any player except the ball carrier 
was outlawed and given a 15-yard penalty . In 1957 , the ball carrier 
was included . At each year ' s professional-football rules meetings , 
someone recommends that we drop the penalty of 15 yards for grabbing 
the facemask . Such recommendations have so far always been defeated . 

In 1965 , we added a' s ixth official . Surprisingly , there was a decline 
in penalties in the first year with six officials . We feel that this 
was another means of preventing injury .  

Also in 1965 , professional football established the single-s tandard 
goalpost . 'nlis helped us by 50% ; at least there was a smaller chance 
that someone would run into a goalpost .  
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We think free substitution also prevents inj ury , because it helps to 
prevent fatigue . One rule involved in free substitution in professional 
football is that a player must cross the sideline on the side of the 
field on which his team is seated . Once , when Baltimore was playing 
Chicago in Chicago , a Baltimore player went off the field on the Chicago 
side and ran into trouble . lhe rule now is that a player has to cross 
the s ideline on the same side as that on which his team is seated . 

We are greatly concerned about the handling of inj ured players , from 
the standpoint of doctors and trainers coming onto the field . In 
several situation� we have received a great deal of criticism involving 
the treatment of inj ured players on the field as it affects playing 
time--timeouts , etc . We must come up with some kind of fair rule for 
this sort of thing , and I am sure that we will . 

We in professional football are very fortunate in that , as opposed to 
colleges and high schools , we have a preseason , during which we can 
experiment on many different phases of our game . It gives us a good 
opportunity to experiment with rule changes and other aspects of foot
ball . And the primary goal of such experimentation is to keep the 
players from being injured . 
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B I OftECHAN I CAL ANALYS I S  O F  FOOTBALL I N JURI ES 

VICTOR H .  FRANKEL 

There are three bas ic areas of biomechanics as applied to the musculo
skeletal system: physical b iology concerns the determination of 
the physical properties of biologic tissues , substructures , and func
tional llllits necessary to an understanding of the musculoskeletal 
sys tem; human engineering deals with the man-environment interface , 
including preventive engineering with regard to sports inj ury ; and 
engineering research and development have as their output such tangible 
products as pros thetics , orthotics , and implants . On the basis of the 
methodology derived from this organizational concept of b iomechanics , 
an outline for the biomechanical analysis of football inj uries has been 
developed .  Information in three areas--inj ury occurrence , kinematics , 
and functional loading--is necessary . 

INJURY OCCURRENCE 

A careful statis tical analysis is necessary to es tablish the frequencies 
and anatomic sites of inj uries . 'llle determination of exact anatomic 
sites may prove difficult , owing to the similarity of symptoms arising 
from different structures . Obviously , the analysis can be no better 
than the input data , which must be prepared in a simple , easily scored 
form. Once a pat tern of injuries has been established , re finement of 
anatomic diagnosis and coding may take place , before the development 
of a prospective study . I f the examiner does not have a thorough 
knowledge of what to look for ,  subtle inj uries to the musculoskeletal 
sys tem may be overlooked . 

It may be poss ible to develop tes ts of human characteris tics that de
pend on a functional analysis of the musculoskeletal system. Such 
characteris tics as reflex time , agility , force-velocity relationships 
for muscle , and proprioception need to be considered . Easily applied 
tes ts must be developed to demonstrate changes in these important 
characteristics that may be related to age or deconditioning . Perhaps 
an inj ury-prone player could be identified through a battery of such 
tes ts . A change in a player ' s  capabilities might be identified . I t  
is certainly of interest to  identify what "goes " when the legs go ! 
Tes ts of this nature are under development at the Biomechanics Labora
tory of Case Wes tern Reserve University for the study of elderly pa
tients with fractures of  the neck of the femur . 
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The physical conditions under which the game is played certainly p1ay a 
large role in inj ury production . The physical condi tions are determ:lned 
by the playing field and the equipment . The playing field is studied 
through the s cience · of soil mechanics . The time-dependent viscoelast:ic 
properties of the turf and soil are important , as are the energy
absorbing characteristics . Wetness and temperature may change the 1oad
deformation curve and energy-absorbing characteris tics of  the field . 
I t  would seem important to develop a turf that has a large energy
absorbing capacity but that permits energy absorp tion without the de
velopment of high frictional forces . At the same time , the turf mus t 
have dimensional stability in the horizontal plane to prevent ground 
reaction in running and turning . 

Equipment is designed to absorb the energy of contact blows and to 
distribute it in a manner that will prevent damage to the body .  The 
efficiency o f  the equipment in doing that is s tudied by noting its 
elastic properties , energy-absorbing capabilities , and functional 
behavior . The elastic properties of the material and structure are 
determined through loading tests and measurement of de formations . The 
data may be reported as a s tress-strain curve or as a load-deflection 
curve . A stress-strain curve is useful , in that the modulus of elasti.ci.ty 
(an indicator of s tiffness) may be read from it . The energy put into the 
system during the load test for any given load or stress may be found by 
integrating the area under the load-de flection curve . This allows the 
designer to pick the appropriate material from which to form the item 
of equipment . Such a substance as foam rubber will absorb energy by 
undergoing coq>ression but will develop a low resis tance in the process . 
Metal , when absorbing energy , will deform very little but will develop 
a high resistance . A compromise between deflection and force must be 
made , and the material picked must meet the requirements imposed by 
the coq>romise .  

The functional behavior of equipment needs careful assessment . A 
helmet may protect a player ' s  head but allow his neck to hyperextend .  
An ankle support may protect his tibiotalar j oint but restrict the 
motion necessary for proprioception . 

KINEMATICS OF INJURY 

Kinematics , the science of motion , allows one to characterize motion 
scientifically and mathematically . The basic data that must be used 
are displacements and time . Lineai: and angular displacements are found 
by a number of techniques . Perhaps the oldest is the use of multiply 
triggered cameras , which led to the development of the motion-picture 
camera . Game films can be studied , not only from the standpoint of 
the play but from the standpoint of  inj ury production. Stroboscopic 
photographs are a refinement of the motion-picture technique . Points 
or lines drawn on a figure may be identified in strobos copic pictures . 
Linear and angular displacements of the lines are noted . I f  a time 
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scale is provided , via either the film speed or the s trobe light fre
quency , the time between individual displacements may be measured . 
Velocity , the change in posit ion (displacement ) divided by time , may 
be determined from the photographic data . 

Velocity increase (acceleration) and decrease (deceleration) may be 
similarly identified . Linear and angular accelerations of the body 
and its extremities may be found , and decelerations produced during 
contact may be calculated . Another derivative of displacement is the 
jerk , the t ime rate of change of acceleration . This needs to be studied 
in relation to the inj ury problem , inasmuch as large accelerations and 
decelerations may be tolerated by the body if  they are spread over long 
periods . An understanding of this phenomenon can be gained by catching 
a hard ball in bare hands ; after the first few tries , the hands are 
pulled in the direction of the ball as it is caught , thus spreading 
out the time during which the ball is decelerated . The accelerations 
may be determined directly through the use o f  accelerometers , as has 
been done for helmets . However , it is difficult to mount accelero
meters on the litd:>s , because the skin and soft parts move so much . 

Because it is necessary to have an unders tanding o f  the bodies , 
velocities , and accelerations in three planes , we are currently 
developing a television scanning system that uses two cameras at 
right angles to each other . Data are automatically processed to 
indicate velocities and accelerations . 

'Dle configuration of a body at the time of inj ury and the areas ex
posed to contact may be determined through photo-optical techniques . 
Simultaneous viewing of the play from sideline and endzone cameras 
would yield useful data . 

FUNCTIONAL LOADING 

Internal and external forces act on the body during a traumatic inci
dent . The internal forces result from muscle action , joint reaction , 
and s tretching of ligaments and capsules during function . For such an 
activity as punting , the quadriceps must produce a force three times 
body weight to produce the required acceleration at the knee . 'llle 
joint reaction will be nearly equal in magnitude to this force and 
opposite in direction . These equal and opposite forces are necessary 
for the p roduction of a couple that causes the knee to accelerate for
ward . Large forces may develop similarly , owing to stretching of liga
ments . When a player bends forward , the posterior longitudinal liga
ment and other pos terior ligaments are s tretched and produce a load on 
the intervertebral disks . 

The internal forces are determined from the acceleration data obtained 
from kinematic studies and the body dimensions and other characteristics . 
Because force is equal to the product of mass and acceleration , i f  the 
mass and acceleration are known , the force can be found . Similarly , 
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torque is equal to the product o f  the p olar moment of inertia an d  
acceleration . Both the mass and the polar moment of iner tia o f  the 
limbs and trunks are easily found . From a knowledge of the forces 
and torques based on free-body analysis , the j oint reactions may be 
found . 

External forces may be produced by body contact , gravitational accele
rations , and the ground reaction . These forces may be st udied w:l th 
the aid of a force plate , which measures the forces and moments o f  the 
ground reaction . A fo rce plate could be cons t ructed tha t  would be an 
integral p art of the field ,  and the ground reaction associated w:lth 
running , cut ting , and b locking maneuvers found . 

All these factors lead to an unders tanding of the traumatic loading o f  
the inj ury s ite . 'I.his knowledge is necess ary if inj uries are to be 
prevented .  I t  is often possible for a keen observe r to develop an 
unders tanding of inj ury mechani cs  by experience . He is in the same 
position as the physician who s tudies a liq> and attrib utes i t  co r
rectly to a paralysis of the tibialis anterior .  When he p repares a 
brace pres cription , he again uses his j udgment as to how s trong t o  
make the dors iflexion spring . It  is possib le , however ,  with the b i o
mechanical techniques brie fly des cribed here , to  arrive at an exact 
knowledge of the accelerations and decelerations of the ankle p ro duced 
by the muscle and to replace this function exactly . S o , too , s hould 
it be poss ible to analyze the player , the equipment , and the field 
and to determine s cient ifically the factors leading to and preventing 
inj uries . 
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COMP UTE R I ZAT I ON OF I NJ U RY DATA 

VERGIL N .  SLEE 

Dr . Ryan has recommended the development of a registry of sports-inj ury 
data , and Dr . Kraus discussed the importance of the epidemiologic method 
in s tudying events and getting clues for further s tudies . I would like 
to discuss some aspects of the establishment of a computer system for 
handling large nuni>ers of reports about football inj uries--that is , 
setting up the inj ury regis try that Dr .  Ryan envisioned and laying the 
groundwork for much of the epidemiologic research considered by Dr . 
Kraus . 

It is entirely feasible to develop a large-scale comprehensive inj ury
reporting sys tem . I speak,  not from experience in handling inj ury data ,  
but from experience in handling large amo\Dlts of data from hospitals . 
Our organization operates a system ( the Professional Activity Study) 
that receives approximately 10 ,000 ,000 medical-record summaries each 
year from over 1200 hospitals scattered across the continent in the 
United States and Canada (and some foreign countries ) .  Operating this 
system has taught us some things that would be important if one were 
trying to set up an ongoing ,  continuous system for collecting sports
injury data . 

There are two ways to get data . One is to make a special study--to go 
out and pick up data and then come home and study them . 'lllat is not 
what we are talking about . We are talking about a system in which 
injury data are accumulated constantly at a central point , deposited , 
and kept ready for rapid retrieval and analysis by computer . 

It seems to me that such a development could have three general uses . 
The firs t  would be a registry . One could search for individual cases 
with specific requirements that someone is interested in . Any factor 
that is recorded in the system could be used for indexing . One would 
not put all the details available on a given episode into the central 
computer system ; it would sink under its own weight . Rather ,  one would 
put in selected data about the event ,  and the indexing would permit 
backtracking to the home team for the detailed records of individual 
cases . One could then search for details (which, it is hoped , would 
have been recorded) when necessary for special studies . To illustrate 
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this registry function , 4 or 5 years ago , we had an experience in mobi
lizing a search through hospital records for specific patients who 
might have been inj ured by a particular drug . With an elapsed time of 
48 hr , we had figured out what to look for and searched 3 , 500 ,000 
records by computer .  We located approximately 300 pos sible cases that 
fit the criteria . That was a registry function . Most registry func
tions , incidentally , would not have to involve coq>uter runs , because 
one regularly prints out lists of cases in various arrangements , and 
many registry searches are done by eyeball . There is no more point to 
sending a man on a boy ' s  errand than to sending a boy on a man' s errand . 
One of the problems we are having today is that people think that com
puters always do their j obs by being called into play when the crisis 
occurs . That is the hard way to do it . You can usually anticipate 
the types of things you are going to want and the types of searches ; 
then it is a lot cheaper and simpler to get ready in advance . I t  is 
easier , for instance , to pull a dictionary off the shelf and find the 
meaning of a word than to use a computer for that type of problem. 

A second use for a coq>uter system would be to produce descriptive 
statistics on a routine basis . I would visualize an essential part 
of a computer inj ury-data sys tem as feeding back to the contributing 
teams a periodic , regular flow of information--statistics on kinds of 
injuries , age distributions , and the circumstances under which inj uries 
occurred . Of course , i f  one fed back data only on the individual team, 
the system would not be nearly as useful as it could be . It could be 
enormously improved by feeding back coq>arisons , so that a team could 
see how it stood in comparison with others . This could be done confi
dentially ; there are techniques that could be used if the teams wanted 
to keep secrets from one another , and comparisons would still add a 
great element of interest and value . 

A third major use for such a system would be to carry out nonroutine 
studies , doing epidemiology of the sort that has been mentioned through
out this workshop . No one would be able to predict all the tables that 
should be produced or the correlations that should be examined in any 
set of data . The way to get around that is to devise the sys tem so 
that such studies can be done on demand . I f  one wanted , for example , 
a more detailed age breakdown of the players than is in the routine 
tabulations , it would be simple to go back to the data and produce it . 

The system that I would des ign would have a central file of information, 
whose content would be reports of inj uries . These would not be in 
great detail . Some reasonable degree of detail could be achieved to 
balance the wishes of  the researchers agains t the various problems of 
getting forms filled out and the cost of handling information . One 
must get enough so that it is worth while , but not ask for so much 
that no one will collect it . 'llle information would come from the many 
contributing teams in such a s tandardized form that comparisons would 
be valid . It would be retained by electronic memory devices , and the 
computer would be the retrieval mechanism. 
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there is one critical assumption behind the proposal of such a sys tem : 
that the teams contributing data have or would create good routine 
basic record systems . There would always be a need to be able to go 
back to the teams and get greater detail on specific cases for more 
exhaus tive studies . Each team must have a system to make this possible . 
Furthermore , each team must have a system for keeping baseline data . 
It should be possible to find out how many players on a given team 
wore low and how many high shoes and when , how many players actually 
wore protective gear , when new devices were introduced , etc . Those 
items are typical of the baseline data that must be available if one 
is going to be able to interpret the statis tics and carry out epidemio
logic studies . Careful thought must be given to the data that each 
team should maintain routinely , both on inj uries and on activities-
data that would be available on demand as necessary for studies . 

Some of the things that must be considered in designing a co�uter 
sys tem are described briefly in the following paragraphs . 

Output 

I have already mentioned three kinds of output : the regis try , routine 
statistical descrip tions , and epidemiologic studies . 

Input 

I have alluded to input . The input must be reasonable--it must be in 
a form that people are willing to contribute and that is not too time
consuming .  It must not call for too many decisions on  the part o f  the 
person filling out the form . (Of course , I see information coming 
into the sys tem by having a form filled out . )  

The design of the input piece of paper is very tricky and deserves a 
lot of work . The form has to be kept simple if  it is going to be 
success ful , and its questions must have as little ambiguity as possible . 
Furthermore , there should be only one kind of form .  A system that 
calls for different forms for head injury and for knee inj ury would 
make things so complicated that it could not be easily managed . 

I t  would have to be decided which cases were to get into the sys tem 
There are various definitions of a reportable inj ury ,  based on 
number of days off , number of days not suited , etc . I think it would 
be better in the long run if all cases went in , rather than selected 
ones , although many would be minor inj uries . I do not think we know 
whether serious injuries are worse copies of minor injuries or an 
entirely different breed . We might learn a good deal i f  we had data 
about the so-called minor inj uries . There may be different families 
of accidents that could be detected that way .  
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I have argued for a simple document carrying a skeleton of information , 
and I would hold to that argument . But it would be essential that the 
form have room for additional data at the discretion of the team or 
some inves tigator who wants to turn on selected questions for limited 
periods . Hitchhiking extra data on a basic system is by far the 
easies t  way to get it . 

Coding has to be used for recording data . We do not have the money or 
technology yet to handle material in English narrative . A s tandard inj ury 
nomenclature has already been developed , and certainly much of the 
work toward coding is already done . 

To get an inj ury data bank going would require the effort of a design 
team made up of a wide array of specialists : in sports medicine (both 
physicians and trainers ) , coaching , playing, systems analysis , data 
processing , terminology , and statistics . 

Contro l 

Once the system is running , there are critical "little" things that 
have to be planned for . One is keeping track of the system itself--
the papers coming in and other details . It is easy to think that you 
are going to send a supply of forms out to teams and have them come 
back in ; but you will find quickly that ins truction manuals will have 
to be written . There will have to be someone at the receiving end to 
look at the forms and see that they are filled out legib ly and cor
rectly . Someone has to get on the telephone and ask what the originator 
meant . Some forms will have to be sent back because they contain only 
blank spaces . I f  Hoboken said that they sent in 200 forms , you have 
to be sure that you got 200 . All these elements in data processing 
we call "control . " 

Liaison 

Control is closely related to "liaison . "  You have to be ready when 
someone contributing data says : "I sent some wrong information ; here 
is a correction . I hope it is in time to change the record . " Liaison 
between the data center and the contributing units is not a technical 
concern ,  it is not a computer problem , and it is not concerned with 
wires . It is people talking to people , going out and ins tructing them , 
educating them, and keeping them happy and functioning ,  so that the 
system runs . I do not see any goals in the inj ury data-bank idea or 
needs that would justify a sys tem involving high-speed electronic trans
mission of data . The U .  S .  mail would be perfectly adequate . I t  is 
a dependable transmission system of satisfactory speed . 
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LegaZ Prob Zems 

Legal problems would have to be worked out . Contractual arrangements 
between the data center and the participating teams would be needed . 
Contracts would concern such subjects as cost , what the teams send in , 
what they get out , and how confidential it must be kept . 

Aoaess 

Research poli cies would have to be developed as to who could get at the 
data b ank and how . This data b ank would have more info rmation in it 
than the teams could ever find time to use or think of ques tions for . 
It  should be available to  those who want to do research , and research 
policies would then be essent ial . Can noncontributo rs ge t at i t  or 
does one have to be a member of one of the particip at ing teams ? How 
do you finance service for researche rs ? How do you keep identi t ies 
confidential? What polici es govern pub li cat ion? There will also be 
t he problems of  linking between the researcher and the dat a bank ,  
negotiating cos ts o f  retrieval with him,  te lling him how the sys tem 
is set up and what its limi t ations are , and so on . 

Edu.cation of Users 

A sys tem like th is creates another set  o f  problems , whi ch are not 
usually anticipated . Someone is soon going to s ay :  ''You are sending 
me a s t agge rin g am:>unt of paper with numbers on it ; how do I use it? " 
One may as well face at the s t art the necessity fo r educating the con
trib ut ors and o ther users as to what these nuni>ers mean and what con
clusions can be drawn from them . 

One thing that some times s tops peop le from get ting into  a game like 
this is the wisecrack about compute rs : "Gi ro "-- ' '"garb age in , garbage 
out . "  That is often used to mean : "Let ' s  not do anythin g ,  because 
we do not have good information to  work with . "  Th at is not the way 
to go at i t . Will iam Kincaid , Associate Director of our organization ,  
says that the mo tto should not be  GI GO but " GIFO "-- "garb age in , 
fertilizer out . " That emphas i zes the key to making s ome thin g  like 
this go . You mus t take advantage of the fact that the data are not 
as good as the cont rib utors would like . Be sure they find out th at , 
i f  they had kept good re cords , i f  they had fi lled out the fo rms 
accurately , if  they h ad used p roper nomenclature , they could have the 
answer that they wanted . S tart with the data the way they are and 
use the GIFO princip le , and the data will be bet ter each t ime around . 
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UsalYi Uty 

Now for two final points that are keys to making an information sys tem 
like this work . First , remember that the most  important person :ln the 
whole system is the contributor of the data--not the computer spe c :l al
ists or the statisticians . I f you want to have good data ,  the sys tem 
has to be doing something useful for him ,  s omething that he want s  t o  
have done . I do not see much future for any data system that is a 
one-way flow o f  information into Washington or Houston or wherever , j us t 
to satis fy someone in an ivory tower who wants to make statis tics . Eve n 
if the most important long-range goal is research on football inj ur:le s , 
the system will fail unless primary concern is given to the cont r:lb utors -
trainers , owners , coaches ,  physicians , and players--so that they ge t  
regular and useful feedback of  their own data from the sys tem . F o r  bes t  
results , this must be  supplemented by comparisons to s timulate and 
challenge the data contributors . Second , in its input , an in format ion 
system presents bas ically a clerical task . It is not a doctor ' s  j ob ,  
a trainer ' s  j ob , or a coach ' s  j ob to fill out reporting forms . I t  is 
a clerical job . One should plan the task that way and give it t o  
clerical personnel ;  then the system will run . 

Conc'Lusion 

Establishing a computerized data bank is not an insurmountable t ask .  
I t  could be designed and operated within a reasonable budget .  And 
great benefits should accrue .  
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A STAT I ST I CAL APP ROACH TO THE P REDI CT I � OF 
KNEE INJU RIES I N  COLLEGE FOOTBALL P LAYE RS 

EWEN M. CLARK, GEORGE O .  THOMASSON , and EARL BLEKKING 

'Dle purpose of this study is to inquire into the possibility of identi
fying football players with increased suscep tibility to knee inj ury . 
A well-known coach of a professional team said that one of the things 
he liked most about a particular one of his players was that he did 
not ge t injured . Is there , in fact , a type of player who does not get 
inj ured? Can he be recognized? And , if so , can a probability scale 
be constructed to indicate the types of inj ury to which he is suscepti
ble? With the aid of the computer and advanced statis tical methods , 
many unexpected relationships have been found ; for example , there is 
a close relationship between blood uric acid level and the desire to 
succeed in the academic field . 5 I t  seems not unreasonable to hypothe
size that it would be possible to recognize the "noninj ury" trait in 
athletes by physiologic and biochemical characteristics . 

If the status of a player ' s  knee were viewed as moving along a time 
continuum, constantly being subjected to and affected by the stresses , 
strains , and trauma of the game and practice situation , and if it were 
possible to recognize the factors responsible for the knee s tatus at 
a particular point on the continuum and evaluate that status accurately , 
then , by proj ection , future changes in the knee status could be pre
dicted . If in such an analysis one person ' s knee development differs 
widely from that of his peers , this surely must be accounted for by 
some dramatic change , probably an inj ury .  

Consider this in another way . Assume that the variables--such as body 
configuration , position played , exposure to or frequency of playing , 
and physiologic and biochemical profiles--have been responsible for 
arriving at a current and unstab le knee s tatus , and that another 
person , with di fferent values for the same variables , has a s table 
knee ; then it is poss ib le to classify all players using this set of 
variables into a degree of risk , and so be able to project a scale of 
probabi lity of future inj ury to the knee . 

Traditionally , the knee status is evaluated by examining its stability , 
as indicated by the integrity of the medial , lateral , and cruciate 
ligaments . I f  these ligaments are so weak as to render the j oint 
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uns table ,  then it is correctly assumed that the person has an increase d  
risk o f  inj ury . 'lbere are , however , many people for whom i t  is im
possible to reach a firm conclusion on this basis , in that , although 
they are not entirely normal in this respect , neither are they classi
fiable as having an unstable j oint . 

The University of  Florida Student Health Service performs a speci fic 
service for the Athletic Department in giving the athletes preseason 
physi cal examinations . 2 Data are collected in five broad classifi ca
tions : ( 1) anthropometric , (2 )  phys ical , ( 3) biochemical , (4 ) exposure , 
and (5 )  medical . In each of these five main groups , we have a wide 
selection of variab les that are measured . The anthropometric charac
teristics include height ; weight ; length o f  arm and thigh ; circ\lllference 
of arm, biceps , wris t ,  ches t ,  waist , calf , ankle , and gluteus maximus ; 
bicromial diameter ; anterior/posterior diameter (bicromial) ; xiphoid 
diameter ;  umbilical diameter ; thigh diameter ; width of  chest and iliac 
cres t ;  and arm, s capular , chest , thorax , and abdomen skinfolds . '!be 
physical , or physiologic ,  variables are based on the electrocardiogram 
(P-R , QRS , and Q-T intervals) ,  the spirometer (vital capaci ty , forced 
expiratory volume , and maximal breathing capacity) , and hemoglobin 
measurement . '!be biochemical characteristics used include blood 
cholesterol , uric acid , sugar , and urea; spo t tes t o f  b lood for mono
nucleosis ; urine sugar , albumin , and cells ; and urine culture . '!be 
data collected from this examination were subjected to s tatis tical 
investigation to see whether it were poss ible to differentiate between 
those with weak knees and those with normal knees , using measurements 
other than the knee examination itself . 

As part o f  the preseason physical , we include an evaluation o f  the 
knee and classify each player into one of four groups ,  as follows : 

No1'/rll : On relaxation of the quadriceps and hamstring muscle groups , 
no movement is detectable within the joint capsule . 

Questionable : On relaxation , sligh t  D¥>vement is detected within the 
joint capsule , due to weakness of one or all of the medial , lateral , 
and cruciate ligaments . 

Weak :  On relaxation , suf ficient D¥>vement is possible within the j oint 
capsule that , on return to the normal position , the opposing bone 
surfaces could be detected knocking together . 

Unstab le : With both quadriceps and hamstring muscles in contraction , 
there is movement within the j oint capsule . 

'Ibis may seem a rather unsophis ticated classifi cation . However , 
previous experience in examining large nlDllbers of high-school and 
university athletes has indicated that it affords a reasonable and 
desirable method of recording the res ults of the examination . O f 
the 87 athletes examined by these clinical cri teria , 40 had normal 
knees , 16 had weak knees , and 31 had questionab le knees .  
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We used s tatistical methods to determine which variab les had the 
greatest discriminatory ability between players with clinically weak 
knees and players with clinically normal knees . 'llle main s tatis tical 
analysis in this program consis ts of multivariate dis criminant-function 
analysis . This technique examines the variables that act as dis crimi
nators between two a priori groups . Basically , it calculates the F 
value at each s tage in the program for each variable and then uses only 
those which are s tatistically significant . 

I f  we take !. measurements ,  x 1 , x2 , • • •  , x 1 , on two samples of  size 
N 1 and N2 and the inves tigator seeks to determine whether the two 
samples are dif ferent on the basis of t measurements , one approach 
might be to consider each of the measured variates separately and to 
perform t ordinary t tests between the samples . This approach may be 
criticized as lacking efficiency in two respects : (1) it ignores the 
interrelationships among variab les , and (2 ) it does not allow for an 
assessment of the relative power of  each o f  the !. variates in deter
mining sample differences . The !eneral prob lem as a dis criminant 
function was develo�ed by Fisher and� in terms of a generalized 
distance function D , by Mahalanobis . 

We will assume that we have !. measurements on two groups of individuals , 
of  sample sizes N 1 and N2 • We seek some linear coui>ination of the 
variables that wIIl ma:ximize the ''between"-group difference relative 
to the "within"-group differences . The multivariate samples will then 
be reduced to the univariate case , and maximal dis tinction between the 
two groups will be afforded as their scale values are computed on the 
single-dis criminant variate . I t  is conventional to tes t the significance 
of the difference between the two groups , which we can do by using the n2 
statistic to calculate the conventional F ratio with !. and (N 1 -N2-t-l) 
degrees of freedom. I f  the F test is significant at a sui table level , 
i t is reasonable to use prediction equations that will allow for the 
optimal assignment of sampling observations to group 1 or group 2 .  We 
use the discriminant weigh ts for this purpose and develop a dis criminant 
equation for group 1 and a second equation for group 2 .  In future ob
servations with scores on the t variates , we would calculate the dis
criminant value using the discriminant weights applied to the observa
tional values , and then assign the individual observation to group 1 
or to group 2 ,  depending on whether the calculated dis criminant value 
is closer to the score for group 1 or group 2 .  

The dis crimination afforded by that procedure is maximal with the 
variables in the immediate problem . The deletion or addition of any 
variable from the analysis would reduce or increase , respectively , the 
distance function and the consequent efficiency of the prediction equa
tions . Various tests for the signifi cant e ffects of deleting or adding 
variables in the analysis are given by Rao . a  The calculated U s tatistic 
is used to calculate a corresponding F value , to test again the signifi
cance of the difference between the two groups . 
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lbe more general form of the dis criminant problem arises when we have 
several ( g) groups of individuals , events ,  things , etc . , and we seek 
a determination of the differences among the groups on the basis o f  
!.. measurements . *  

Our results can be illus trated best by going through the various steps 
of the program, looking at the p value at each s tep . I f  we chart on a 
graph (Fig .  1 ) , the p value against step number , we find a parabolic 
curve . It can be seen that the p value becomes highly significant at 
about step 10 and then loses its significance again at about step 24 . 
Its maximal significance , when it has a value of less than 0 . 001 , 
occurs somewhere between steps 14 and 20 . It is at this point in the 
program that maximal separation between the two clinical groups will 
occur . 

* Various discriminant progra1111 are available for the performance of 
these calculations . 3 A discriminant-analysis program is available 
as part of the IBM 360 scientific subroutine package , presented in 
programer ' s  manual H20-0205-2 , and as part of the BMD Library (Bio
medical Computer ProgrS1111 ) developed by the Health Sciences Computing 
Facility , Department of Preventive Medicine and Public Health , School 
of Medicine , University of  California , Los An�les . 'Ole techniques 
used in this are discussed fully by Anderson . Included in this 
library are progra1111 BMIX>4M, Discriminant Analysis for Several Groups ; 
BMDOSM, Discriminant Analysis for Several Groups ; and BMD07M, Step
wise Discriminant Analysis . Program BMIX>7M was used in the computa
tions of the present study . In this program, in general , variables 
not yet entered into the discriminant equation are considered at 
each step or stage and the one with the largest F value is entered . 
lbe consequent calculations are based on the use of the variables 
found in each stage by this selection procedure . As the program 
passes through the s tepwise discriminant stages , a moving picture 
of the action , influence , and interaction o f  each variable with 
respect to the dis crimination function can be obtained . I f  the 
levels of  significance obtained from the F values at each stage 
are graphed ,  we can obtain some evaluation of the optimal number 
of variables to consider in a discriminant analysis as applied to 
the specific problem. A chart of the ranking of variables at each 
stage , according to F value , is also useful for analysis . A -posterion 
probabilities for each individual observation can also be calculated , 
aiding in the analysis . Program BMD07M also permits the option of 
classifying additional observations into the most closely related 
group . 'Ole s tatistical relationships found should be viewed as being 
statistical , but can perhaps indicate areas for investigation to de
termine whether causal relationships may possibly exist . 
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FI GURE 1 
Significance (p value) of discrimination at each program s tep . 
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We should now look at the variables that are operating in this series 
of steps and categorize them in their order of F value as discriminators . 

Figure 2 shows that variable 31 has a fairly high F value , and during 
the s teps o f  greatest significance it reaches the number 1 position . 
Variables 49 , 12 , 55 , 33 ,  and 6 behave in the manner indicated on the 
graph . These variables are , respectively , abdominal skinfold , blood 
urea nitrogen , wris t circumference , ECG P-R interval , vital capacity , 
and age . 

Table 1 shows that the direction of scalar movement o f  these variables 
will dis criminate between normal and weak knees . 'nlus , a thin abdominal 
skinfold will predict a smaller probability o f  knee inj ury . According 
to the table , if you play football at the University of Florida , it is 
better to be thin , have low blood urea nitrogen , have a small wrist , 
have a long ECG P-R interval , have a low vital capacity , and be a fresh
man. A colleague has remarked :  ''Who 's  going to use such a small , 
undernourished player as that , anyway? " But it is necessary to bear 
in mind that these measurements are proportional to football players , 
and not to the general population . Also , the difference within each 
variable is small in itself . It  is these factors in combination , not 
the individual measurements , that are important . 

TABLE 1 
Variables that optimize separation of group with weak knees from group 
with normal knees 

Variable Normal Weak 

31 Abdominal skin fold Thin Thick 
49 Blood urea nitrogen Low High 
12 Wrist circumference Small Large 
55 ECG P-R interval Long Short 
33 Vital capaci ty Low High 
6 Age Low High 

I t  would be appropriate to speculate on why these particular variables 
are apparently such good dis criminators . 

Age :  

Age is the least difficult to explain . In this context , age is a 
measure o f  exposure to risk . Players who were 1 8  years old had les s  
trouble than 19-year-olds . Most freshman football players are 1 8 .  
Perhaps when they try for the varsity team a t  the age of 19 , this is 
the breaking point , both literally and metaphorically , for the knee 
ligaments . 
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Wrist Circumference : 

At firs t , wrist circumference seems a paradoxic finding ,  but on closer 
inspection perhaps it is not .  Two factors must be considered . Wrist 
circumference is the only measurement taken that re flects only bone 
structure , indicating that thinner-boned players are safer . We could 
find no reference in the literature to any work that indicates that 
larger-boned people have a proportional increase in ligamentous tissue ; 
so they might have less support of this kind than they require . Another 
consideration is that a large j oint surface rotating around the instant 
center would increase the leverage exerted at the circumference of the 
rotation , and so allow ligaments to be torn more easily . It has also 
been suggested by an anatomist* that , with a smaller weightbearing area , 
there will be a much increased load per unit area during weightbearing , 
which might contribute substantially to the instability of  the j oint . 

Abdomi na l- Skinfo Zd: 

At the University of  Florida , skinfold measurements are used in associa
tion with the Pondera! Index as an index of athletes ' conditioning status . 
Contrary to other workers , we have found that the abdominal skinfold site 
correlates 6 very closely with the percentage of lean body mass--much 
better than any other site , including the currently acceptable triceps 
area . It seems generally agreed that a well-conditioned and fit athlete 
is less sus ceptib le to inj ury than others . 

BZood Urea Nitrogen : 

There is evidence that heat stroke is accompanied by a rise in the blood 
urea nitrogen level . 9 For this to reach pathologic  levels , severe heat 
stroke has to be present , but minor variation may occur in those who are 
poorly acclimatized to heat . 'nlis can be a major problem in Florida , 
where the football season start s with temperatures in the upper 90 ' s . 
We have shown that there is an increased incidence o f  inj ury in poorly 
heat-acclimatized athletes . 

Vi tat Capacity :  

I t  is di fficult t o  hypothesize why vital capacity should b e  o f  im
portance , but there is evidence that pulmonary function is a very 
powerful dis criminant in the characteristics o f  players o f  different 
positions . In a parallel study in which we were able to have the 
computer classi fy ,  with remarkable accuracy , the playing position o f  
players , three o f  1 5  o f  the variables were related to pulmonary func
tion . One may pos tulate that this is a re flection o f  the undesira
bility of  a player ' s  being used in a particular position , i . e . , one 
for which he is physiologically unsuitable and there fore at greater 
risk of inj ury . 

* J .  J .  Bernstein . 
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ECG P-R Interva t :  

The P-R interval is normally fotmd to be higher in healthy subjects . I t  
is also increased in those who are heavy and older and in those with 
lower heart rates . Bradycardia is a characteris tic finding in well
conditioned athletes . 

The difference in inj ury rates in those groups indicated that our tech
nique can be used to supplement clinical knee evaluations . 

Figure 3 summarizes the inj ury rates in both the clinical and computer
classified groups . The inj ury rate in the clinically normal knees was 
15% , and in the clinically weak knees , 50% . Of players of the clinically 
questionable group classified by the computer as normal , 2 1% were in
jured , and of those clas sified by the computer as weak , 42% were inj ure d .  
The chi square tes t applied t o  these groups gives a p value o f  less 
than 0 . 03 . Although this is not a perfe ct result , it does indicate 
that the computer can separate the clinically questionable group into 
high- and low-risk groups with some accuracy . lhis indicates that the 
technique is of considerable value as a discriminator in this context , 
but that further refinement could increase the accuracy . 

Original Class ification 
OD 

Clinical Basie 

NORMAL 

QUESTIONABLE 

FIGURE 3 

15% 

50% 

Fi rs t  Coq>uter 
Class i fi cation 

Final Coq>uter 
Clas sifi cation 

17% 

47% 

Summary of computer program classification . In blocks , numbers in each 
group ; percentages are of knee inj uries in each group . 

lhere is need for further s tudy in this field , with the inclusion of 
other variables , and for a larger study of this technique with a wider 
age group , from the high-school to the professional level . As a greater 
volume of information becomes available , a more accurate system can be 
designed ,  which will be of value to coaches , trainers , and the players 
them:iel ves . 
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In summary ,  it is possible to improve our prediction o f  which people are 
at considerably higher risk of knee inj ury . 'lbe results o f  this program 
can be of practical value if they lead to the institution o f  speci fic 
conditioning programs for s trengthening the muscles and ligaments that 
support the knee , general fitness conditioning , and greater attention 
to heat acclimatization . 'lbe team physician treating the relatively 
minor knee injury of a player known to be at high risk could protect 
him from playing for those extra 2 or 3 days , which may indeed be criti
cal to his future . 

This study can serve as a pilot study . In future studies , the following 
are indicated : 

(1) larger samples , 

(2 ) diversity of sample sources , 

(3 ) refined measurements to approach better or more distributions , 

(4) comparison over long periods or long-term follow-up studies , and 

(5) the inclusion of variables in other psychologic and physiologic 
areas . 

Applications of factor analysis to determine the areas o f  greatest 
influence and to assist in the refinement of test instruments are also 
indicated . I t  is hoped that this would result in the eventual optimiza
tion of  a test instrument with the characteristics of brevity , economy , 
simplicity ,  and accuracy . 
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CON CLUDI N G  REMARKS 

FRED C .  REYNOLDS 

I am not going to try to summarize everything in the meeting .  But I do 
want to say that , in planning this pro gram , we tried to bring together 
knowledgeab 1e people in the field and have them discuss some of the problems re.Lated t o  athletic endeavor ,  in the hope of establishing a 

baseline of known facts and indications , learning where the de ficit 
in knowledge is , and stimulating continued research in an effort to 
avoid athletic inj uries . I believe that this workshop has satis fied our object!. ves .  

But if we stop here , we really will not have accoq>lished the larger 
task . This workshop should be the opening . I would hope that pro
fessional football would be willing to make another grant--perhaps 
even a year-1.y grant--to allow meetings like this to be held in the 
future . Perhaps in future meetings , it would be well t o  limit dis
cuss ion to -particular fields .  I f  there is sufficient interest in 
continuing this type of program ,  and if the football people feel that 
they are no t in a pos ition to make continued grants for conferences , 
perhaps we night interest some other group . 
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