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0 EPEVVNTIKO £py0 TOU TIHWHEVOL KaBnyntn eival

T mAoVo10 Kot ToAvoxLSEG. ‘Exel Stepevvnoel OAeg oxedov

TIS BLOAOYIKEG TIPOCAPHOYES (AVATIVEVOTIKEG, KapSLayyeL-

AKEG VEUPOUVIKEG, HETABOALKES, BLOXNULKEG) KATA TN KUK TTpooTabela, 1600 o€

aBANTEG 600 KL 0€ AVACKNTA ATOUA OAWV TWV NAKLWV. AKOpQ, EXEL SLEPEVVIOEL

KLVNOLOAOYIKEG VOUOTEAELEG TIOL pLUBWILOVVY 1} EMNPEGIOVY TN CWUATIKN aTTOS00T,

EVW AOXOANONKE KL LE TNV ETILVONON EPYOUETPLIKWV SOKLUATLWOV Kol LEBOSwV Yl
™ HETPNON Kat a§loAdynomn Tov avlpwTivou BloAoylkol SuvapkKo.

OLépeuveg aUTEG £xouV TTpaypaToTom0el Kupiwg ota I6pYHATA T OTIol0 O TA-
Stodpounoe (Mavemotuio Springfield, Mavemiotipo McGill. Epyopetpukd Kévtpo
ABAnTikwv Epevvoy, kat EBviko & Kamodiotplako [Mavemiotipo ABnvwv), oto
TAX(OL0 PETATITUXLAK®V KAl SIEAKTOPIK®WV Satplfwv Kabws Kal EpEVVNTIKWY
TPOYPAUUATWV. Exouv 8€ SnUOCLEVTEL O€ EYKPLTA EMOTNUOVIKA TIEPLOSIKA KAl Y-
VETOL CUXVT] AVOPOPE 0" AUTEG ATTO AAAOVG EPEVVITEG O'TT) SteBvn eTLoTNHOVIKT PL-
BAoypagia.

O €pevveég Tou OUWG ToL Eexwpilovy Kat amoteAovV 8aitepn cLUPBOAY 6TV
TP6080 NG EMOTNUNG iVl AUTEG TToL eoTidlovtat ot ['evetikn. H 8& apyikn tov
epyaocia pe titAo “Heritability of Adaptive Variation” mov dnpooctevtnke 101971
oto Journal of Applied Physiology, avayvwpiletal wg tpwtomoplakn kat Oewpeital
opoonuo oto medio auTa.

To¥To 0EIAETAL GTO YEYOVOGS OTL ELCT)YAYE YIA TIPWTT POPA TO LOVTEAD TWV SL-
SUpwV o Stepevvnon evog BepeAlwdoug TPOBAUATOS, TNG OXETIKNG LoYXVOG TOU
YOVATUTIOU Kal TOU TEPLBAAAOVTOG O€ PALVOTUTIOUG TIOV TipoadLopilouv T cwia-
TIKN amodoon.

0 Kabnynm¢ Rudolf Kovar tov I[Mavemiotnuiov ¢ [Ipdyag mov ot épguveg Tou
€0TIAOVTAL OTT) YEVETLKN TWV OTIOP YPAPEL OYXETIKA:

".. 2& QuT0 TO YWpO, N TLo TOAUTIUN ovuBoAn eival avaupifoda to épyo Tov
EpyopuatoAdyov Kabnynth KAstoovpa. Apetnpia amotéleoe ) Epevvd Tov TOU
dnuooievtnke o 1971 oTNV omola TPAYUATEVETAL TN YEVETIKY pUOULON TNG



AELTOVPYIKT G tKAVOTNTAS TOV opyaviauov. Epgvva aptia wg mpog ) ueodo-
Aoyla, yeyovdg mov o€ pueyado fabuod ovvéBade otnv mavouolotunn emeéepya-
ola Twv SeSoUévwy amo aAAoUG EpEVVNTES, SIVOVTAC ETOL TOAVTIUX EVPNUATA
Kat eMMAE0V VEa epeBiouata yla TV mapamépa SLEpEVVNON».

H epeuvntikn 6 aut) mpooéyylon €yve TPASpopog Kol SPoUoSEiXTNG LETAYEVE-
OTEPWYV EPEVVWV TAVUTOTIOMONG YOVIS{WV, HETA TN XAPTOYPAPN 0T TOU avOpwTivou
YOVISIOUATOG. AKOWQ, EYLVE YOVIIOTIOLOG TTOAAWY EPYNCLWV HEXPL KL onpepa. Ep-
yaoieg Tov vAomomOnkayv eite ota epyactpla Epyo@uolodoyiag Tou TIHwHEVOL
KaONyn, €lte 0€ oLVEPYUOIA [E EEELSIKEVIEVA EPYATTIPLA SLAKEKPLUEVWV EPEV-
vntwv [avemompiov AAAwv xwpwv 60mws Pidavdia, BéAylo, EABetia, latwvia,
[taAia, leppavia.

ZINV evOTNTA VT YIVETAL ETMAEKTIKN TTAPAOEDT) EPEVVNTIKWVY EPYATLWOV TOU
TILWHIEVOV IOV BewpoVVTAL OTL GLVLIOTOVV L8Laitept cuBoAr otnv ABANTIKN ETUi-
OTNUN YEVIKA Kol otV Epyo@ucotodoyia eldikdtepa. Zto Bacikd Tov cUyypapupa
«Epyo@uolodoyio» kavel pvela mwg apyxloe TIg €pevves oto medio autod. [paget:

«0tav mtpwtodidaéa Epyopuatiodoyia oto lavemiotiuto McGill tov Kavada pe
gvvola ¢ TUXNG elxya poitnth éva Sidvuo tov Peter Bender, mov pov édwoe
TO EVAUOUA VA SLEPEVVIIOW OUOTNUATIKA TN YEVETIKY Bdon Twv BLodoytkwv
AELTOVPYLWV, TPOCAPUOY WV KAl IKAVOTHTWV. Mall §& ue Tov uovol{uywtiko
abdedpo tov Richard amotédeoav 1oTtopikd, To mpwto {evydpt SLI6VUWVY GTO
omolo uetpnOnke n V02 max kat oL GUVIOTWOES TOU GUOTHUATOS UETAPOPES
Kat katavarwong oévyovouv. EKToTe, T0 OcueAtwddes avto mpofAnua tne oye-
TIKNG LoXU0G TOU YOVOTUTIOU KAl TOV TEPLBAAAOVTOC 0T Slaudppwaon Tov Sio-
Aoytkov Suvauikot kat Ths aBANTIKIG amod00N¢ AMOTEAETE AVTIKELUEVO TTOA-
AV EPEVVV...»

‘Epevveg Tov vAomomOnKay gite amd AAAOUG pEVVNTES elTE Ao TOV (810 OTA €p-
yaomipla Epyopuaoiodoyiag mov o iStog dnuovpynoe, apxika oto IavemiotpLo
McGill kat apydtepa oto oto [lavemiotTpio ABNVwv. AKOUA, EPEVVES EyLVAV PE YO-
VILEG CUVEPYAOIEG TTOV AVATITUXONKAV HETAED TWV EPYATTNPIiWV TOU TIHWUEVOL
Kal eEELSIKEVUEVWV EPYATTNPLWV SLAKEKPLUEVWVY EpELVNTWYV O€ [TavemoTH L GA-
AWV xwpwv o0Ttws Pdavdia, Bédylo, EABetia, lanmwvia, Itadia, leppavia.

A&ilel va onuelwBel OTL ) EPEVVNTIKI TIPOCEYYLOT KE T XP1)OT) TOU LOVTEAOL
TV SIBVPWV €YLVE TTPOSPOUOG KAl SPOUOSEIXTNG LETAYEVEGTEPWV EPEVVV TAV-
TOTOMONG YOVIS{wV, LETA TN XAPTOYPAPTOT) TOU avOpWTIVOU YOVISIOUATOG,.

ItV evotnTa auTy YiveTal EMAEKTIKT TIAPOVGLAGT) EPEVVITIKOV EPYACLHDV
IOV ETKEVTPWVOVTAL KUPlwG otn ['eveTikn kat kat' eméktaon oy Emiyevetikn
Kal Oewpovvtal 6TL suvieToVV WELaitepn cLUBoAT otV ABANTIKN EMlotiun yevika
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kat otnv Epyouoiodoyla eldikdtepa. [lapovoialovtal §& 0TS TAPAKATW TPELG
UTIOEVOTNTEG:

lFevetikég 'Epevveg oto Mavemotyuio McGill
ATtapxn EPEVVNTIKWV EPYACLOV IOV TTPWTOELCYAYAV TO HOVTEAD TV SISUHWYV
KL TNV €VVoLd TNG KANPOVOUNOLUOTNTAS 0To Ttedio g ABAnTIKN G Emotiung.

lFevetikég 'Epevveg oto Ilavemotyuio AGnvwv
Me adlamtwto evllapépov ovveyiletal va Stepevvatal To OepeAlwdes TpoOLANUA
™¢ kAnpovounowdtntas oto Epyactiplo Epyoguciodoyiag.

Ltpo@n) og Emyevetikeg 'Epguveg
H gpeuvn Tk SpactnpldTTa TOL TILOUEVOU KABNYNTH OTPEPETAL 6TO avaduo-
HEVO Kol TTOAAG vTtooxopevo tedio g Emyevetikng.

Me Vv ETILYeVETIKT] KAEIVEL 0 KUKAOG TWV EPEVVNTIKWY TOV avalNTHOEWV 0TO AUKO-
PWS THS aKadnuaikng Tov mopelag, mov apytoav ue Ty [EVETIKY 0T0 AUKQUYES TG.
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o .11 Tevetwkéc 'Epevveg
o/ MoGill oto [lavemiotuio McGill

OLapxIKEG EPEVVNTIKEG EPYAOLES IOV SLeENyONoav e TO HOVTELD TV SLI8VUWYV Ka-
T& TV kabnyeoia Tov TipwUeVoL oto [avemiotyuio McGill, Snuooiedtkav o€ €y-

KpLTa TIEPLOSIKA KAt TeEpAapfavovtal o' Eva CUAAEKTIKO TOUO 234 oeAlSwV UE TiT-
Ao "Genetic Basis of Ergophysiological variation”,

ESw mapatiBevtal eVvEEIKTIKA HOVO PEPIKEG ATIO AVTEG KL ELCAYOVTAL ' Eva

Editorial oto Research McGill tng emoxn¢ ekeivng:

e EDITORIAL

o HERITABILITY OF ADAPTIVE VARIATION (1971)

« GENETIC LIMIT OF FUNCTIONAL ADAPTABILITY
(1972)

« ADAPTATION TO MAXIMAL EFFORT: GENETICS AND
AGE (1973)

« GENETIC VARIATION IN NEUROMUSCULAR PER-
FORMANCE (1973)

« GROWTH & TRAINING WITH REFERENCE TO HERE-
DITY (1976)

Axoua, a&ilel va onpelwdel 6TL ot XpoOvIX TG Kabn-
yeoiag Tov oto McGill, mpaypatomoinoe pa epevvn-
TIKN amooToAn ot (oUykAa tng MaAaiolag, 6mov
akoOpa EMPBLOVEL pla TIpwTOYOoVN pUAN Orang Asli (o
TPWTOG AVOPWTOG), Yl va SLEPEVVIIOEL TNV OVTOAOYL-
K1 emidpaon yovotumov kat modus vivendi otn Aet-
TOUPYLKI TIPOCAPUOCTIKOTNTA TOV avOp®TIoL.

IV elKOva aploTeEPA 0 KabBnynTiG HETPAEL TNV
kapdlakn ovxvotnta otovg Orang Asli mpwv Eekvn-
00UV YLO KUVIYL LLE TA (PUOOVTOVPEKA TOVG.
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Editorial
Research McGill, 39:1-3, 1976

Being Born with the Right Genes
Cecily Lawson-Smith

ABSTRACT: A McGill University professor has carried out studies on approximately
200 sets of twins in order to determine the relative importance of heredity versus en-
vironment in the functional capacity of man. His results demonstrate that heredity
is by far the over-riding factor. Physical training can increase Individual functional
capacity but only within the limits dictated by the genetic make-up.

The athletes who took part in the Olympic Games were in peak physical condition.
To attain this, they had undergone months and in some cases years of physical trai-
ning. And many of us not-quite-so-peak-form spectators would like to think that,
if we had had the same advantages of youth and training, we could have been out
there showing them how to really shave seconds off the records! Could we? s trai-
ning really the big variable or is an athlete actually born, not made?

Dr. Vassilis Klissouras, a McGill physiology and education professor, will tell you
that the question can't be answered with a clear-cut yes or no, but that studies he
has performed in a number of countries over the past eight years indicate the tre-
mendous importance of being born with the right genes.

In 1968, Dr. Klissouras decided that a study of twins was the best way to examine
the relative importance of heredity versus environment in the functional capacity
of man (which to a large extent dictates athletic ability). Identical twins have the
same genetic make-up; therefore, any differences between the two individuals can
be ascribed to events which are not hereditary. Fraternal twins, on the other hand,
have different genotypes and can be viewed as siblings of the same age.

Since 1968, Dr. Klissouras has carried out studies with approximately 200 sets
of twins of all ages. About half were identical, the others non-identical. In order to
gauge the functional capacities of the participants, he measured their maximal oxy-
gen uptake after they had exercised to exhaustion. This means that a subject exer-
cises on a stationary bicycle or a treadmill. Air containing a measured amount of
oxygen is fed to him to breathe through one apparatus and his exhaled air contai-
ning oxygen and carbon dioxide is collected in another apparatus. Computations
can thus be made of the amount of oxygen being picked up from his bloodstream
by his body tissues. This oxygen uptake reaches its maximum when the subject is
close to exhaustion since his tissues then crave oxygen. The test is based on the
principle that the higher a person's maximal oxygen uptake per kilogram body wei-
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ght, the better his functional capacity and thus athletic ability. In fact maximal oxy-
gen uptake reflects changes in the capacity of the lungs, of the heart, of the oxygen
transport system and of the muscle cells. It is the best single indicator of the func-
tional capacity of the organism. The maximal oxygen uptake of an average indivi-
dual is about 40 millilitre5 per kilogram body weight. Fifty millilitres indicate an
above-average individual and most top athletes have maximal uptakes of over 70
and 80 millilitres of oxygen.

Dr. Klissouras has undertaken a number of different types of experiments. In an
early study, for example, he worked with 25 pairs of twins, 15 of whom were iden-
tical and 10 pairs non-identical. The subjects, who ranged in age from 7 to 13 years,
were each asked to perform a series of runs on a treadmill. Measurements were
made of maximal oxygen uptake and of maximal blood lactate concentration, which
is an indication of anaerobic (non-oxygen) functional capacity. The results showed
a much greater difference between the uptake values for non-identical twins than
for identical twins. In fact the differences between individual identical twins were
so minimal that the researchers concluded that heredity accounts almost entirely
for differences in functional capacity.

Because the subjects in this experiment were young, it could be argued that en-
viron-mental influences, which might be more alike for identical than for non-iden-
tical twins, had some influence on maximal oxygen up-take. Dr. Klissouras therefore
decided to do a follow-up study to determine whether the small differences bet-
ween identical twins and the marked differences between non-identical twins per-
sist throughout life. Thirty-nine pairs of twins (23 identical and 16 non-identical)
of both sexes ranging in age from 9 to 52 years were used as subjects. The results
of this study confirmed the conclusion that heredity was the overriding factor.

These two studies illustrate the importance of heredity rather than environment
in functional capacity. However, they do not take into account the potential effects
of training on athletic ability. To obtain some insight into this question, Dr. Klisso-
uras tested a pair of identical twins over a period of one and a half years. One of
them trained as an athlete while the other did not. The untrained twin had a ma-
ximal oxygen uptake of 35.9 millilitres per kilogram body weight, whereas his trai-
ned brother managed to attain a value of 49.2 millilitres. While this demonstrates
the potential effects of training in increasing oxygen uptake, it also points out the
limitations which are imposed by heredity. In spite of rigorous training, the trained
twin was not able to exceed an uptake of 50 millilitres per kilogram body weight
which was the average value for untrained men of his age. This suggests that rigo-
rous athletic training cannot contribute to functional development beyond a limit
set by the genetic make-up of the individual. Thus the question "Is an-athlete born
or made?" should be rephrased to read "Does everybody have the genetic material
which appropriate training can tune to produce a superior athlete?" And the an-



EpeuvntikKn Apdon: evetikéc épeuve¢ oto lNavemotnuio McGill

swer is "No". This is not to say that training has no purpose but rather that, even
with training, each of us has a ceiling of performance dictated by our genes beyond
which we will not pass.

The relative importance of training was the subject of another of Dr. Klissouras'
experiments. The participants in this study were all identical twins and the purpose
was to determine the effects of physical training at different ages. Twelve sets of
twins were studied, four aged 10 years old, four were 13 years old and four were
16 years old. In each case, the twins were split so that one twin went through rigo-
rous athletic training for 10 weeks while his brother did not train. At the end of the
training period, the two were compared on a number of variables. As would be ex-
pected, the trained 10-year-olds and 16-year-olds increased their functional capa-
cities more than did their untrained brothers. In contrast to this, however, the 13-
year-olds' functional capacity changed at the same rate regardless of whether or
not they trained. The researchers hypothesized that this was due to the adolescent
growth spurt which occurs at this age. It is possible that hormonal activity is opti-
mum at this age and any additional input such as training cannot override its in-
fluence. This negates an old hypothesis which held that more might be gained by
introducing extra exercise at a time when the rate of growth is greatest.

Another question which Dr. Klissouras has examined in his work is the interac-
tion between genetic material and training. In other words, if two people with dif-
ferent genotypes undergo the same training program, will one increase his func-
tional capacity at a faster rate than the other because he has a stronger genetic ma-
ke-up? Using data gathered in twin studies, he found that the answer was no. Dif-
ferent genotypes respond to a given training program with a change of the same
magnitude.

In this connection, it should be pointed out that not only will two different indi-
viduals increase their functional capacities at the same rate, but they will also reach
their ceilings of performance at the same time. Each of us can only increase our
maximal oxygen uptake by a certain amount; that amount is the same for all of us.
The important factor is one's starting level and that is genetically determined.

Although maximal oxygen uptake has been Dr. Klissouras' main tool in studying
the question of genetics and athletic ability, he has also worked with other methods.
One study which was undertaken in collaboration with Swiss colleagues, involved
taking muscle biopsies from 16 pairs of twins, 10 of whom were identical while 6
were non-identical. Muscle cells of each individual were analyzed in order to study
a number of structural components and to examine the activities of some energy-
transforming enzymes. Comparison of their observations showed that there were
no significant differences between either identical or non-identical twins. This led
the researchers to conclude that variability in muscle cell structure and activity is
conditioned primarily by non-genetic influences. All of the subjects in this experi-
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ment were also tested for maximal oxygen uptake and it was noted that differences
between individuals on this measure could not be explained by differences in their
muscle cells.

The various kinds of studies outlined above do more than add to the body of th-
eoretical knowledge on heredity versus environment. They have an obvious prac-
tical application in the selection and training of athletes for different sports. But
perhaps more important is their potential use in the pedagogical field where such
knowledge will enable educators to place their objectives in perspective and to re-
alize the limits of what they can achieve through exercise and practice.

Meanwhile there's still a little solace for the armchair gold medalists among us.
Another of Dr. Klissouras's studies demonstrated that the members of a primitive
tribe in Malaysia, who are as yet unsullied by industrialization and urbanization,
have the same average functional capacity as we do. Their level of physical fitness
is also dictated by their genes.
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Journal of Applied Physiology 31:338, 1971

Heritability of Adaptive Variation

Vassilis Klissouras

Ergophysiology Laboratory, Department of Physiology and Physical Education,
McGill University, Montreal, Canada

The proportional contribution of heredity (Hest) to the interindividual variance of
functional adaptability was estimated from an additive model of heredity and en-
vironment, based on intrapair differences in maximal aerobic power observed in
monozygous (MZ) and dizygous (DZ) twins:

2 2 2 2
(obz—0om) — (OMZ — 0Om) y
2 2
(opz—om)

100

The application of the above equation to data obtained from 25 pairs of male twins
(15 MZ and 10 DZ), whose ages ranged from 7 to 13 years and who ran on a tread-
mill to exhaustion, disclosed that the variability in maximal aerobic power is 93.4%
genetically determined. On this evidence it was concluded that the variation ob-
served in functional adaptability is almost entirely due to the variety of genotypes
which exist in the individuals. Further, the application of the same heritability index
to the twins' maximal anaerobic capacity and maximal heart rate disclosed that
the interindividual variation observed in these parameters is genetically conditio-
ned to the extent of 81.4% and 85.9%, respectively. The model used assumes that
environmental influences between MZ and DZ twins are comparable and that no
genotype-environment interaction exists. The tenability of these assumptions is
discussed.

genetic variability; genetic endowment; heritability; functional adaptability; ma-
ximal aerobic power; maximal anaerobic capacity

MAXIMAL AEROBIC POWER (MAP) represents the upper limit of adaptational re-
sponse of the organism to physical exertion; and its magnitude has been used as a
performance criterion of an individual's functional adaptability (2, 4, 5, 13, 16, 17,
21, 30). There is ample evidence to suggest that MAP is affected on the one hand
by extrinsic factors such as altitude, training, and prolonged periods of complete
in-activity (10, 12, 21-24), and on the other hand by intrinsic factors, such as sex
and age (1-3, 9, 21). However, one is puzzled by the wide interindividual variability
of MAP in a homogenous population (2, 12, 21), and wonders to what extent gene-
tic differences may account for existing individual differences.

271



Evotnta 4: Epyoypaia

272

The genetic contribution to the variance of MAP can be estimated from a simple
additive model of heredity plus environment. This model makes use of monozygous
(MZ) twins, who presumably have identical heredity, and dizygous (DZ) twins, who
do not differ from ordinary siblings. Further, it is based on the assumptions that
environmental influences are comparable for MZ and DZ twins and that no genic-
environmental interaction is present. Thus, in DZ twins the variance of the diffe-
rences in MAP between partners is partly dependent on genetic variability, partly
due to environmental effects and partly affected by the error of measurement:

2 2 2 2 (1)
ODZ = 0DZg * ODZe * ODZm
For MZ twins there is no genetic variability and the intrapair difference is attributed
solely to nongenetic influences, namely environment and error of measurement;
2 2 2
OMZ = OMZe + OMZm (2)

Equations 1 and 2 can be combined and by eliminating the environmental effect,
which is assumed to be equal for MZ and DZ twins, we derive the following equa-
tion, which denotes the variance in dizygous twins due to genetic difference:

2 2 2 2 2
obzg = (0Dz — 0Dzm) — (0MZ — OMZm) (3)
Further, if we arrange the above equation in a ratio form, and refer to the term as
heritability estimate Hest (14, 31) we have:

2 2 2 2
(0Dz —0DZm) — (OMZ — 0MZm) y

Hest = 100 (4)

2 2
(oDz — 0DzZm)

This heritability index signifies the proportion of the total variance attributable to
genetic variability and will be used in the present study to discover to what extent
genetic predisposition accounts for the interindividual variation in maximal aero-
bic power. It will be further applied to the variation observed in maximal anaerobic
capacity and maximal heart rate, in order to elucidate the heritability of these pa-
rameters as well.

It is to be emphasized that at no time in the present study were we concerned
with the relative worth of physical training, nor were we concerned with the rela-
tive potency of heredity and environment in determining functional adaptability.
In this latter respect, heredity and environment are presumably inextricably in-
tertwined and their relative potency should be considered axiomatic in the deve-
lopment of functional adaptability, since it is inconceivable for a given organic at-
tribute to develop without a hereditary basis and without an appropriate environ-
ment.



METHODS

Twins. Twenty-five pairs of male twins (15 MZ and 10 DZ) raised in the ecological
setting of the same large metropolis participated in this study. Their zygosity, an-
thropometric data, and age distribution are given in Tables 1, 2, and 3, respectively.
[t will be noted that they ranged in age from 7 to 13 years. The lower age limit was
set because younger children were unable to exert themselves maximally and sa-
tisfy the criteria set for attainment of maximal oxygen uptake. For this reason data
obtained from a pair of 6-year-old MZ twins are not included in this report. The
upper limit was set, for as children grow older, the assumption we have made of a
shared environment becomes less certain.

Twins were classified as MZ or DZ on the basis of morphological traits and a se-
rological examination. The similarity in physical appearance was used only as a
first approximation of genetic identity or nonidentity. An observer can make a ro-
ugh diagnosis of zygosity from physical

similarities and differences, since identi-
TABLE 1. Anthropometric data of monozygous twins

cal twins have similar hair color, texture

and curliness, similar ear lobes, and simi- bl

Code Age. Body pacitylL,
lar eye color and iris pattern. Mistaken |[No.  Twin yr Ht,cm Wt kg Wt kg BTPS (VC)
identity by parents and dermatoglyphic |50 DL 13 152 46.0 385 2.95

1vsi hich i 1 identificati f 51 D1L 13 152 39.2 34.0 0
analysis, which involves identification o 58 BG 8 138 28.9 254 213
digital patterns and palmar configura- |59 B1G 8 136 28.5 25.0 2.18

. d dditi 1 subi . . 72 MI 12 151 45.0 38.5 3.34
tion, served as additional subjective cri- | -3 S 12 150 42.6 36.8 3.05
teria of monozygosity (6’18’26) 74 DM 11 136 33.1 28.6 2.33
. 75 RM 11 139 35.3 30.1 2.63

However, blood and serum examina- |-g BW 7 119 19.9 17.7 181

tion renders greater precision in zygosity |79 bw 7 119 19.9 17.7 144

o o0 84 KS 10 132 23.4 20.9 1.79
determination than the above criteria. |g5 MS 10 134 26.5 23.4 1.82
Blood samples were taken from the fin- |88 DL 1z g 35.7 S 2.55

_ 89 RA 12 144 334 28.8 2.62

gertip to be tested for blood groups ABO, |92 GB 9 128 27.8 24.5 1.94
; 93 JB 9 130 29.1 25.6 1.92

MN, CDE, P, Kell, and Duffy. The antisera o o h = e - s
employed in the blood typing were anti- |95 J] 8 127 27.1 23.8 1.71
. R 11 D) 7 119 213 189 143

A, absorbed anti-A, anti-B; anti-AB; anti 103 R] 5 121 214 190 133
M, anti-N; anti-C, anti-D, anti-E, anti-e, an- 108 CB 10 129 26.8 23.5 2.13
. . . . 109 KB 10 130 28.1 24.3 2.09
ti-K; anti-Fya, and anti-P. Discordance for 110 DC 13 161 461 395 305
a single antisera was regarded as suffi- |111 SG 13 161 48.1 41.0 3.29
. id £ di . 112 PD 13 156 41.8 36.7 3.11
cient evidence of dizygosity (29). Howe- |43 LD 13 156 418 36.2 3.24
ver, in concordant sets the median proba- | 128 PA 9 134 28.3 24.8 2.11
. L o 129 P1A 9 134 28.8 25.2 2.13
bility of monozygosity is more than 95% | 139 FB 11 144 32.0 28.5 2.76
(8,15, 19). Thus, the concordance obser- | 131 RB 11 142 29.6 26.5 2.50

] _ _ _ Mean 102 138.1 32.1 27.9 2.31
ved in the 15 pairs of twins was conside- | +g 421 +12.7 +8.3 +6.9 +0.58

red as compatible with monozygosity. Range 7-13  119-161 19.9-48.1 17.7-41.0 1.33-3.34




TABLE 2. Anthropometric data of dizygous twins

Lean Vital Ca-

Code Age. Body pacitylL,
No. Twin yr Ht, cm Wt, kg Wt , kg BTPS (VC)
54 RG 10 139 26.2 23.4 1.94
55 PG 10 137 30.7 26.9 1.81
60 SC 10 139 33.1 27.9 2.13
61 BC 10 134 28.1 24.7 1.42
64 BD 12 158 41.6 36.4 2.85
65 GD 12 153 39.4 34.6 2.63
66 HR 13 148 39.1 33.9 2.63
67 KR 13 140 32.7 28.3 2.49
68 TO 11 132 34.4 29.9 2.76
69 MO 11 141 39.8 35.0 2.72
76 MG 7 120 21.9 19.5 1.38
77 BG 7 114 18.7 16.6 1.57
90 EB 7 121 24.1 21.3 1.49
91 ]B 7 123 25.1 21.7 1.59
104 BaR 13 158 419 36.9 3.00
105 BR 13 181 60.9 53.6 4.20
116 TS 9 128 23.8 21.1 2.08
117 DS 9 128 23.6 21.0 2.25
136 KW 10 132 25.1 22.5 2.00
137 TW 10 134 28.3 25.1 2.10
Mean 10.2 138.0 31.9 28.2 2.25
+0 +2.1 +15.7 +9.8 +8.6 +0.68
Range 7-13 114-181 18.7-60.916.6-53.6 1.38-4.20

Experimental plan. There were two te-
sting sessions. The first session was held to
a) give the twins a medical examination in-
cluding a resting ECG, b) diagnose their zy-
gosity, c) assess the type and the amount of
physical activity in which they had been
participating, d) familiarize them with the
experimental procedures and make them
used to running on the treadmill, and e) ma-
ke measurements of their pulmonary func-
tion, maximal muscular strength and anth-
ropometric dimensions. In six pairs of twins
the cardiologic evidence was not complete-
ly normal and they were excluded from fur-
ther testing.

During the second session the twins per-
formed a series of runs of progressively in-
creasing intensity on a motor-driven tread-
mill. They all started running on a horizon-
tal level at a speed of 5 mph and proceeded

to 6, 7, and 8 mph; thereafter the speed was

kept constant at 7 mph while the slope was elevated in increments of 2.5% before

each run. Each run lasted 5 min and 15 s (except for the last supramaximal one
which was usually of shorter duration), and was followed by a 10-min rest pause.

Twin brothers ran alternately; this created a competitive atmosphere which mo-

tivated them to exert themselves to exhaustion at the supramaximal efforts.
Measurements. This report deals primarily with maximal aerobic power and

secondarily with maximal anaerobic capacity and maximal heart rate. However, it

should be noted that additional measurements were obtained on morphological

traits, maximal cardiac output, and cardiorespiratory response to submaximal exer-

cise; findings related to these parameters will be reported elsewhere.

The open-circuit method was used to determine the rate of oxygen consumption

TABLE 3. Twin pairs distributed according to age and zygosi-
ty

Age, yr Total
Zygosity 7 8 9 10 11 12 13 Pairs
MZ 2 2 2 2 2 2 B 15
DZ 2 1 3 1 1 2 10
Total pairs 4 2 3 5 3 3 5 25

during the last minute of exercise (this was
from the 4th to 5th min, except for the supra-
maximal efforts which was of shorter duration;
the remaining 15 s of exercise was the time for
cardiac output measurements). An asymptote
of oxygen consumption was used as the prima-
ry criterion of maximal oxygen uptake. Oxygen
uptake was calculated by a computerized pro-



gram on the basis of the volume of the inspired air and fractional concentration of
oxygen and carbon dioxide in the expired air. The paramagnetic Beckman EO; and
the infrared Godart Capnograph analyzers, calibrated with known gas concentra-
tions which were determined by the Scholandcr analyzer, were used for gas analy-
sis. A specially designed mixing chamber was used for sampling expired air. The
inspired air was measured by a dry gas meter connected in parallel to bellows and
continuously recorded on a Visicorder oscillograph. Breathing frequency and tidal
volume were also determined from the same spirogram. The resistance of the re-
spiratory circuit was less than 1 cm H0 at maximal airflows.

A body density equation derived from a population of voting boys (19) was used
to estimate the lean body weight (LBW), which was employed as a biomctric unit.
The skinfold thickness of two sites (midway between the acromion and the olecra-
non and at the inferior angle of the scapula) was taken for this purpose by the Lan-
ge constant-pressure caliper (10 g per mm?).

Blood lactate concentration was determined from an arterialized blood sample,
taken from a prewarmed finger tip at the 5th min of each recovery period, and ana-
lyzed according to the Barker-Summerson method as modified by Strom (28). The
maximal blood lactate value was used as an index of the individual's maximal ana-
erobic capacity.

Cardiac frequency was determined from the subject's electrocardiograph which
was recorded from a Sanborn monitor (model 780-7).

The experimental error of the methods was estimated from the variation of the
differences observed between duplicate determinations, made on seven subjects.
Some of these subjects did not participate in the study, but were well accustomed
to the experimental procedure. The values so obtained (Table 4) were used for the
derivation of heritability estimates.

Statistical analysis. The single-factor analysis of variance was used to test the
significance of the differen-

ces, between the mean mo- TABLE 4. Experimental error estimated from variation of differences observed bet-
nozygotic intrapair variance ween duplicate determinations made on seven subjects
and the mean dizygotic in- Oxygen
: . Oxygen Uptake Res Heart Blood

trapair variance. The. one- e ptaxe, P

) p ] i Uptake, ml/Min Ventil, Rate, Rates, Lactate,
sided instead of the two-si- L/min,  perkgBW, L/min, cycles/ beats mg/100
ded test of Anovar was se- STPD STPD  STPD  min  min ml
lected on the grounds, that No. of duplicate 14 14 14 14 14 14

. . . determinations

the mean intrapair variance | ean value 2.26 4479  63.24 433 1842  77.6
in DZ twins will always ex- Error 0.04 1.25 1.30 1.8 1.7 3.4
ceed that in MZ twins, since L
the variability in the former Error in percent of 1.9 2.7 2.1 43 0.9 4.4
. 1
is the result of two compo- fean vatue




nents: environmental variability plus genetic variability (the intrapair genetic co-
efficient of correlation between DZ twins is 0.5, that is on the average they differ
in 50% of their genes).

The variance ratio (F) derived from the single-factor Anovar, determined whe-
ther or nor further analysis was necessary, if F was not significant at 5% level of
confidence, there was no reason for further testing, as any inference thus drawn
would have little meaning. But if F was significant at 5% level, we proceeded with
the derivation of the heritability quotient, by introducing to equation four, the va-
riance obtained for MZ twins, DZ twins, and error of measurement,

TABLE 5. Metabolic, respiratory and cardiovascular responses of monozygous twins to maximal work

Oxygen Oxygen Oxygen Ventil Resp Tidal Resp. Heart Blood
Code Uptake, Uptake, Uptake, L/min Rate, Vol, Exch Rate, Lactate,
No. L/min  ml/min perkg ml/minper kg STPD cycles/ Lit/ Ratio beats/ mg

STPD' BW, STPD LBW, STPD (Vr) Vr/VC min cycle (R) min mg/100 ml
50 2.65 57.57 68.75 72.53 24.62 60 1.2 1.01 204 75.1
51 2.31 58.82 67.75 60.10 26.23 57 1.1 0.98 204 59.3
58 1.50 51.93 59.08 51.27 24.07 63 0.8 1.05 204 35.0
59 1.46 51.23 58.31 42.29 19.38 52 0.8 1.01 203 295
72 2.14 47.46 55.54 67.00 20.04 62 1.1 1.06 194 36.3
73 2.09 49.08 56.77 63.28 20.77 53 1.2 1.08 193 36.6
74 1.58 47.67 55.24 45.30 19.41 48 0.9 1.05 198 44.6
75 1.71 48.48 56.82 50.90 19.35 57 0.9 1.07 197 49.0
78 1.11 55815 62.89 43.11 23.80 72 0.6 1.09 190 52.8
79 1.08 54.46 61.20 34.10 23.66 64 0.5 0.94 193 40.0
84 1.28 54.77 61.22 51.19 28.08 54 0.7 1.10 197 45.0
85 1.45 54.75 62.02 41.77 22.98 54 0.8 1.00 198 38.9
88 2.03 56.84 66.12 57.28 22.50 60 1.0 1.05 209 79.0
89 1.83 54.66 63.46 49.02 18.69 62 0.8 1.04 201 82.8
92 1.38 49.79 56.47 40.79 21.03 77 0.5 0.96 184 22.1
93 1.48 50.89 57.95 40.39 21.00 58 0.7 0.97 188 21.6
94 1.35 51.05 57.55 37.54 21.23 56 0.7 1.02 210 29.3
95 1.43 52.66 59.97 49.38 28.84 79 0.6 1.04 215 35.4
102 1.04 48.93 55.17 23.81 16.66 75 0.3 0.86 211
103 1.04 48.56 54.75 22.21 16.70 07 0.3 0.85 208
108 1.3 50.34 57.53 46.55 21.85 69 0.7 1.05 196 59.6
109 1.32 46.84 54.15 44.37 21.23 64 0.7 1.00 196 50.8
110 1.07 42.78 49.89 58.09 19.07 46 1.3 1.11 192 53.5
111 2.12 44.10 51.72 58.15 17.67 41 1.4 1.07 190 55.5
112 2.05 48.94 56.48 52.70 16.96 60 0.9 0.95 193 54.5
113 2.12 50.69 57.70 58.38 18.01 56 1.0 0.96 193 59.3
128 1.56 55.06 62.95 47.59 22.61 59 0.8 1.04 201 73.2
129 1.53 53.26 60.77 47.42 22.29 53 0.9 1.14 203 74.7
1:S0 1.73 54.01 60.55 45.70 16.55 49 0.9 0.93 198
131 1.54 52.05 58.12 51.36 20.51 63 0.8 0.96 202
Mean  1.64 51.45 58.89 48.43 21.22 59,7 0.83 1.02 199.03  50.09
*0 +0.41 +3.84 +4.34 +£11.12 EJ 2 8.9 £0.26  x0.07 +7.2 +17.49
Range 1.04-2.65 42.78-58.82 49.89-68.7522.21-72.5316.55-28.8441-79  0.3-1.4 0.85-1.14 184-215 21.6-82.8




TABLE 6. Metabolic, respiratory and cardiovascular responses of dizygous twins to maximal work
Oxygen Oxygen Oxygen Ventil Resp Tidal Resp. Heart Blood
Code Uptake, Uptake, Uptake, L/min Rate, Vol, Exch Rate, Lactate,
No. L/min ml/min perkg ml/min per kg STPD cycles/ Lit/ Ratio beats/ mg
STPD' BW, STPD LBW, STPD (Vr) Vr/VC min cycle (R) min mg/100 ml
54 1.38 52.67 58.95 39.05 20.13 50 0.8 1.00 181
55 1.35 43.83 50.04 39.50 21.85 59 0.7 1.03 196
60 1.60 48.27 57.34 51.61 24.26 62 0.8 0.96 206 33.0
61 1.53 54.53 62.04 56.72 40.00 79 0.7 1.10 204 39.2
64 2.33 55.96 63.95 74.35 26.09 67 1.1 1.00 204 65.4
65 2.07 52.51 59.87 52.91 20.12 50 1.1 1.01 198 52.0
66 2.21 56.61 65.23 71.52 27.19 67 1.1 1.17 197 93.8
67 2.04 62.33 72.11 59.47 23.90 65 0.9 1.00 202 75.5
68 1.77 51.43 59.26 56.91 20.66 79 0.7 1.05 209 52.8
69 1.74 43.81 49.89 52.91 19.44 66 0.8 1.07 198 33.9
76 1.21 55.09 61.94 34.85 25.24 66 0.5 0.97 189 30.1
77 0.96 51.18 57.63 27.88 17.79 71 0.4 0.98 188 35.3
90 0.97 40.28 45.60 26.32 17.66 68 0.4 1.02 189 22.7
91 1.24 49.57 57.32 30.20 19.01 69 0.4 0.99 196 42.1
104 2.13 50.78 57.69 55.38 18.48 58 1.0 0.96 213 34.3
105 2.58 42.34 48.68 84.38 20.10 62 1.4 1.04 202 53.8
116 1.38 58.01 65.50 4717 22.71 81 0.6 0.98 192 27.5
117 1.51 63.81 71.86 35.05 15.56 60 0.6 0.91 202 18.3
136 1.51 60.21 67.25 32.12 21.11 64 0.7 0.94 198 38.1
137 1.53 54.05 60.95 46.00 22.38 71 0.6 0.95 192 35.8
Mean 1.65 52.37 59.63 49.22 22.18 65.7 0.77 1.01 197.8 43.53
+0o +0.44 +6.45 +7.24 +15.67 +5.16 +8.3 +0.27 +0.06 +7.8 +19.19
Range 0.96-2.58 40.28-63.81 45.60- 26.32- 15.56- 50.0- 0.4-1.4 0.91- 181- 18.3-
72.11 84.38 40.00 81.0 1.17 213 93.8
RESULTS

Data obtained are given in Tables 5 and 6 for MZ and DZ twins, respectively. The
mean values and their standard deviations for maximal
oxygen uptake and maximal blood lactate concentra-

< 65
tion clearly show the comparability of the two groups. E MZ N-30- @r=091

A close examination of the individual values discloses T80 oz N=20-0r=044 a
that the intrapair difference tends to be greater between 5. ss) 0 0% ® o
DZ twins than between MZ twins. Such a difference be- ;é_%% 2 : p
comes more apparent if the pair values are plotted EE‘ S0 o =
against each other in a system of Y-X coordinates, as was E:é‘ sl
done in Figs. 1, 2, and 3 for maximal oxygen uptake, ma- g ] o
ximal blood lactate concentration, and maximal heart ra- é 40 o
te, respectively. It may be seen that the scores of the mo- 2 4 Miney e .
nozygous twins tend to cluster around the line of identity MAX :f AL oxd:j; EN uifr AKE > GT[;‘:V IN 365

and fall within the shaded area which represents the ma-

FIG. 1. Intrapair values of maximal oxygen uptake
for MZ MZ and DZ twins. Shaded area represents ma-
of the dizygous twins arc widely scattered. gnitude of the error of measurement.

gnitude of the error of measurement, whereas the scores
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TWIN A

MAXIMAL BLOOD LACTATE

FIG. 2. Intrapair values of maximal blood lactate con-
centration for MZ and DZ twins. Shaded area repre-
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sents magnitude of the error of measurement.

TWIN A

MAXIMAL HEART RATE

FIG. 3. Intrapair values of maximal heart rate for MZ
and DZ twins. Shaded area represents magnitude of
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the error of measurement.

It was found that the difference of the intrapair va-
riance between MZ and DZ twins was significant well
beyond the 1% probability level for maximal oxygen
uptake (expressed either in kg BW or kg LBW) and ma-
ximal heart rate, and beyond the 5% level of confidence
for maximal blond lactate concentration. Thus, we pro-
ceeded with the computation of the more elaborate he-
ritability estimates for these variables by applying
equation four, and the results so obtained are presen-
ted in Table 7. It appears that the variability of maximal
oxygen uptake, maximal blood lactate concentration,
and maximal heart rate is genetically determined by
93.4%, 81.4%, and 85.9%, respectively.

The intrapair variation of MZ twins was not, howe-
ver, significantly different from that of DZ twins with
regards to respiratory frequency (F = 0.19), tidal volu-
me (F = 0.40), respiratory exchange ratio (F = 0.57),
oxygen pulse (F = 4.09), minute ventilation (F = 2.53),
and ventilation vital capacity ratio (F = 3.29). Since an
F ratio of 4.28 was needed for significant difference at
5 % level (N =231 = 1), further analysis of these para-
meters had no meaning and it was, thus, abandoned.

DISCUSSION

The validity of the heritability estimate of any organic at-
tribute depends on the acceptability of the underlying as-
sumptions. Two basic assumptions were made in the de-
rivation of the present heritability estimates. It was as-
sumed, on the one hand, that environmental influences
were comparable for MZ and DZ twins, and, on the other,
that no genic-environmental interaction was present.

In regard to the tenability of the first assumption, one has to consider both the
prenatal and postnatal environment. It has been argued that differences in intrau-

terine position and blood supply to the embryo, and accidental differences in the

make-up of the cytoplasms may result in structural and biochemical differences
between monozygous twins (20, 27). Albeit such differences in the prenatal envi-

ronment may exist, no phenotypical differences that could be ascribed to their ef-

fect were observed in the identical twins of the present study. The mean intrapair
difference for maximal aerobic power and maximal anaerobic capacity in MZ twins

was well below any significant level (F ratio of 1.04 and 0.50, respectively). This
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strongly suggests either the equa-
lity of prenatal environment or th-
at existing prenatal differences
are not enduring, but are progres-
sively equalized under the in-
fluence of a genetic maturational
pacemaker (25). This, of course,
would only apply to prenatal dif-
ferences which do notresultin in-
jury of a vital organ that in turn
may cause some developmental
anomaly, or malformations. In any

TABLE 7. Estimates of variance within male dizygous twins (0?pz), variance
within monozygous male twins (o%vz), variance of error of measurement
(0m), F ratios, and herritability of variation (Hest) of selected parameters.

F=02DZ

Attribute o’m o*MZ 0’DZ /0*MZ H est %

Max oxygen uptake, 1.30 15.37 214.05 13.9* 93.4
ml/min per kg BW

Max blood lactate, 31.70 156.57 701.88 4.9 81.4
mg/100 ml

Max heart rate, 2.63 40.75 273.81 6.8* 85.9
beats/min

*Significant well beyond the 1% probability level
#Significant at 5% probability level.

event, prenatal inequalities would only lead to an underestimation of the share of

heredity in the discordance of nonidentical twins.

As far as the postnatal environment is concerned it is believed that no differen-

tiating influences were operant, on the following grounds. First, both MZ and DZ

twins were reared in the same city and came from families of the same socioeco-
nomic status. This makes it likely that life styles were similar, including upbringing,

living standards, and leisure-time activity. Second, comparatively young children

(7-13 years) were studied, for as children grow older the assumption of a shared
environment becomes less certain. Due to this selection, the twins were to a great

extent similar with respect to their participation in physical activity (Fig. 4), pre-

sumably the extragenetic agent capable of most strongly affecting functional ada-
ptability. In spite of this, it is conceivable that the intensity of exercise might not

have been the same for both identical and fraternal twins. However, there is some

evidence to suggest that additional exercise during the prepuberty period does not
substantially alter maximal aerobic power (7, 11). These observations speak stron-

gly in favor of the comparability of environ-mental influences.

In regard to the second assumption, it cannot be ascertained from the available
data, whether the interaction between heredity and environment is a source of in-

trapair variation in functional adaptability (FA). It is quite probable that the present

simple model of heredity plus environment may not be adequate to explain the ob-
served within pair variance of the dizygous twins, and that it should be modified

to include an additional term, signifying the mutual interaction between heredity

and environment, notably:

2 2 2 2 2 5
O-FA:O'g+O'e+O-ge+O'm ( )

However, the inclusion of this multiplicative component requires experimental con-

firmation. "Split-twin" experiments, in which one twin trains and his genotypically

identical partner acts as a control, are currently being conducted in this laboratory.

279
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With data obtained in this manner it will be possible to di-

MZN=30 . OZ,N=20 .

stinguish three sources of variation: intrapair variation

zg 10 (training effect), interpair variation (genetic disposition),

E% . and interaction between the two. In individuals of a vast ge-

E% netic variability who are subject to a maximal training sti-

§§ . mulus, it is plausible that the modus operandi of heredity

22 A BCDEFGHILJ] KLM and environment is that of interaction. In other words, the
VoL b socom LHOCKEY increment in FA produced by an increment in training may
B.BASKETBALL  ESWIMMING . SKATING be greater for individuals with a higher FA than for those
(L BASEBALL (. BICYCLING K. TENNIS Wlth a lower Ol’le, or mutatls mutandls.

1L FOOTBALL 1. RUNNIN(G 1. SKIING L. . . .
In any event, it is unlikely that such interaction took place

to any marked degree in the present subjects. The twins we-

M. GYMNASTICS

FIG. 4. Histogram showing percentage of twins
(MZ and DZ) participating in indicated physical . . )
activity. influences are not as pronounced at this period as they are

at later developmental stages. In fact, no twin had partici-

re at an early stage of development and the environmental

pated in organized competitive sports and the training sti-
mulus was certainly far from maximal. Further, MZ and DZ twins had equivalent
means and between pair variance on FA (Tables 5 and 6), meaning that even if there
were a genotype-environment interaction, it would have been of about the same
magnitude for both MZ and DZ twins. Furthermore, DZ twins had a comparable in-
trapair variability at different levels of functional adaptability (Table 6). Though
the assumption that genotype-environment interaction does not exist is not pre-
sently susceptible to rigorous proof, it seems justifiable to omit this component
from the computations of heritability estimates without risk of serious error.

In conclusion, on the grounds of the evidence obtained it would seem that he-
redity alone accounts almost entirely lor existing differences in functional adapta-
bility, as measured by maximal aerobic power, in a fairly homogeneous group of
individuals. My deep appreciation is extended to the twins and their parents for
their enthusiastic cooperation. [ am indebted to Messrs. Steven Iscoe, Peter Vaktor,
and George Dimakis for their devoted efforts in the collection and computation of
data. I am also grateful to Dr. Brian Lowery for the medical examination of the twins
and to Dr. Julius Metrakos for his advice in the zygosity determination.
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Genetic Limit of Functional Adaptability
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Summary. A pair of monozygous twins, a trained athlete and his identical untrai-
ned counterpart, were tested over a period of 1 % years. Monozygosity was esta-
blished on the basis of morphological traits and serological criteria. Repeated me-
asurements obtained during basal conditions, submaximal and maximal exercise
on a cycle ergometer disclosed that: a) the basal heart rate, respiratory rate, minute
ventilation, vital capacity and forced expiratory volume were insensitive to trai-
ning; b) cardiorespiratory displacement during submaximal work was smaller in
the trained than in the untrained twin; and e) the maximum muscular force, me-
chanical power output, aerobic power and anaerobic capacity were about 10, 50,
37 and 60%), respectively, higher in the trained than in the untrained twin. The in-
crease of the maximal aerobic power was attributed equally to an enhancement of
the 02 transport and 02 utilization systems. It was concluded that although exo-
genous factors are important, a strong hereditary component sets a limit to func-
tional adaptability.

Key words: Genetic Endowment — Monozygous Twins — Functional Adaptability
— Training.

Functional adaptability (FA) is an expression of the upper limit of adaptational re-
sponse of the organism to a biological demand and it is most commonly measured
in man by a test of maximal oxygen uptake. In this sense FA is a continuum, and
the placement of an individual on this continuum will be dependent upon both ge-
netic and nongenetic influences. If there is no diversity in the amount of environ-
mental influences exerted on a homogeneous population, the genetic factor is the
exclusive determinant of individual differences in FA (Klissouras, 1971). However,
if the amount of environmental influences is varied by an external agency such as
physical training, then any interindividual variation observed in FA should be at-
tributed partly to nongenetic factors; since physical framing is known to affect ma-
ximal oxygen uptake strongly (e.g. Robinson et al., 1941; Rowell, 1962; Saltin et at,,
1968; Ekblom, 1969 a). The question then arises as to whether an individual's locus
on the continuum of FA is primarily conditioned by training or set by the genoty-

pe.
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The use of cross-sectional and longitudinal studies in envisaging this hypothesis
has the obvious limitation that the genetic factor is operant to an unknown degree
in different individuals. Using monozygotic twins as subjects, however, obviates
this problem since each subject is accompanied by a genotypieally identical control.
[t was reasoned in. selecting the co-twin analysis that if athletic training, confined
to one twin and extended over a period of years, failed to raise his functional ada-
ptability from a low to a superior level, then the upper limit of FA might be assumed
to be set by the genotype.

METHODS

Subjects. Measurements were obtained from a set of monozygotic twins, mono-
zygosity being established on the basis of morphological traits, blood factors, serum
proteins, concordance of antisera (Dencker et at., 1961; Nickols et al., 1966), and
similarity of physical appearance (Table 1).

The twins were 21 years of age at the onset of the study and they were tested
periodically over a 17-month period. Both twins had had a very active childhood
and from the ages of 8 to 15 years had engaged in athletic training. Thereafter, their
lifestyles changed. One twin (RB) became interested in cars and participated only
occasionally in the summer in unorganized sports such as swimming and golfing.
He became a salesman, driving about 1000 miles a week and generally leading ra-
ther a sedentary life. Conversely, his brother (PB) underwent strenuous athletic
training for competitive sports at senior high school and at the university where
he was a physical education student (and a member of the football and ice hockey
teams). His training was year-round and was designed to develop both maximal
aerobic and anaerobic power.

In view of these kinetic profiles, the one twin (RB) was designated as untrained
(U) and his identical counterpart (PB) as trained (T).

Measurements. Observations on oxygen consumption, oxygen debt, lactate pro-
duction, cardiac output and heart rate were made during submaximal and maximal
work on an Elema-Scholander cycle ergometer.

Oxygen consumption during work was measured by the open circuit method in
amanner previously described (Klissouras, 1971). An asymptote of oxygen uptake
was used as the primary criterion of the subject's maximal aerobic power.

Both the maximal respiratory oxygen debt and the maximal blood lactate con-
centration were used as indices of the individual's maximal anaerobic capacity. The
post-recovery oxygen level, after maximal exhausting exercise, was taken as a ba-
seline for the calculation of maximal oxygen debt. The recovery period was exten-
ded for about 1 hr and it was terminated when minute ventilation became essen-
tially constant. Minute ventilation was monitored by an electronic counter for this
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purpose. Blood lactate concentration was determined from an arterialized blood
sample taken from a pre-warmed finger tip at the 5th min of recovery and analyzed
according to the Barker-Summerson method as modified by Strom (1949).

The cardiac output was estimated by the carbon dioxide rebreathing method
(Defares, 1958) using a continuous sampling (Jernerus et al., 1963) and a graphical
analysis (Klassen, 1965) as described by Perguson et al. (1968).

Cardiac frequency was determined from the subject's electro-cardiograph, wh-
ich was recorded from a Sanborn patient monitor (model 780—7).

The isometric force produced by the maximal contraction of the anterior femoral
muscles of the dominant leg was measured by means of a specially developed de-
vice previously described (Kuroda et at, 1970). The vital capacity was assessed by
a Collins 9-1 respirometer.

The fat percentage was predicted from skinfolds taken by the Lange constant
pressure caliper (10 g/mm2) and introduced into the equation (Wilmore et al.,
1969):

Percent fat = 5.783 + 0.153 (triceps skinfold + scapula skinfold + abdominal
skinfold + suprailiac skinfold).

RESULTS

Table 2 and Fig. 1 present measurements taken under basal conditions and the dif-
ferences observed in these measurements between the trained and the untrained
twin. The basal heart rate, respiratory rate and minute ventilation were not affected
by training. The basal oxygen consumption of the trained twin was substantially
higher than in the untrained one, but the difference between them disappears when
the values are expressed per unit of lean body weight. No differences were obser-
ved either in vital capacity or in forced expiratory volume. Protoplasmic tissue was
greater in the trained twin (Table 2) which may account for his greater muscular
force and the apparent elevation in basal oxygen consumption.

TABLE 1. Diagnosis fo zygosity

A. Morphology

Hair Hair Eye Eye iris Digital Finger prtin

Twin color texture Hair curliness color pattern Ear lobe ridges patterns PTC*
Untrained Blond Soft  Same direction Blue Same Attached 162 Same Yes
Trained Blond Soft  Same direction Blue Same Attached 170 Same Yes
B. Serology

A B AL AB H N C d B c e CW  Fy? K k P S
Untrained + — + + — + + — — + + — — — + + +
Trained + — + + — + + — — + + — — — + + +

*Ability to taste phenylthiocarbamide.
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The trained twin exhibited a significantly smaller displacement of cardiorespi-
ratory parameters during submaxirnal work, as shown in Table 3 and Fig. 2. This
phenomenon is commonly observed in trained subjects and apparently is not due
to inherited static dimensions or superior regulatory capacity. Further, the oxygen
uptake and the mechanical efficiency during submaximal work were about the sa-
me for both twins. The untrained twin utilized anaerobic energy sources to a gre-
ater extent than his brother and hence his work efficiency may have been overe-
stimated, since only the steady state oxygen uptake was considered for its estima-
tion.

A work load which could be sustained and exhaust the subject within 5 min
was considered as maximal. The trained twin produced a maximal work output
which was 50% higher than that of his untrained counter-part, enhancing his ae-
robic and anaerobic metabolism by about 40 and 60%, respectively (Table 4 and
Fig. 3). [t appeared that the higher maximal aerobic power was attained by an equal
enhancement of cardiac output and oxygen extraction by the tissues. The greater
maximal cardiac output was accomplished by a rise in the stroke volume, since the
maximal heart rate was the same for both twins.

FIG. 1. Deviations
in resting para-
meters of the trai-
ned from the un-
trained twin.
Symbols are ex-
plained in Table 2

TABLE 2. Basal and anthropometric data

Lean Max. Vital Oxygen Heart

Body Body body Body isom. cap. Forced Oxygen uptake rate Ventil.
height weight weigth fat force, BTPS, esp. uptake ml/min beats/ BTPS

Respir. Tidal
rate volume
cycles/ lit./

cm kg kg, % kg lit. Vol%  lit./ kg LBW  min lit./min  min min
Twin (BM) (BW) (LBW) (BF) (MVC) (VC) (FEVi) min (VO2) (HR) (VE/E) 03] (V1)
Untrained 1778 66.0 543 17.5 50.53 5.13 87 0,240 4.43 54 8,45 15 66
Trained 177.7 716 604 155 5643 5.23 87 0,270 4.45 64 8,50 15 56
Percent
Diff. +0.1 +84 +112 --114 +11.6 +1.8 0,0 +12,5 +0,7 0.0 +0.6 0.0 0,0
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FIG. 2. Deviations
in submaximal re-
sponses of the

trained from the DISCUSSION

untrained twin.

Symbols are ex- The basal heart rate data support the contention that the bradycardia observed in

plainedinTable 3 endurance athletes may not be a result of training, but a genetically determined
biological constant. This is further supported by the fact that bradycardia is often
observed in non-athletes (Dill et al., 1966). The identicalness of the twins' maximal
heart rate may also be indicative of a genetic preponderance.

The kinetics of adaptation and de-adaptation to maximal work as assessed by
oxygen uptake and lactate removal showed a similar trend for both twins, when
they were expressed in percent of individual maximum values. This strongly sug-
gests, on the one hand, that the time course of the relative displacement of a phy-

siological property might have a genetic basis, and on the other,; that the magnitude
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TABLE 3. Adaptational response to submaximal work (600 kpm/min)

Heart Ventila- Respir. Respir.  Oxygen
Oxygen  Blood Cardiac rate  Stroke (A-V)O2 tion, rate  Tidal Equiv.0; pulse Work
uptake lactate output beats/ volume diff. BTPs cycle/ volume ml/lit. ml/beat effic,
lit,/min  mg% lit/min min ml/beat ml/lit. lit./min min lit./cycle (VO2)/ (VO2)/ %

Twin (VO2) (LA) Q) (HR) sv) (AVD) (VE) (F) (VT) (VE) (HR) (E)
Untrained 1.25 17,7 11.2 115 97.0 9.68 4540 26 1.1 33.1 10.0 22.5
Trained 1.22 13.7 9.5 97 98.4 10.72 40.10 23 1.3 36.2 11.3 229
Percent

Diff. —2.4 -22.6 —15.2 —15.7 +14 +10.8 - -11.7 —11.5 +18.2 +9.4 +13.0 +1.8

of displacement constitutes, perhaps, the sole characteristic of adaptation to trai-
ning. More complete data are needed to illuminate this hypothesis further.

The trained twin's 40% improvement in maximal aerobic power is about twice
the expected mean improvement resulting from training. This difference is explai-
nable, since the inter-individual response to training veries greatly (Dill et al., 1966;
Saltin et al.,, 1968) and depends on such factors as intensity, duration and initial le-
vel of FA (Saltin et al., 1969).

The most important finding, however, is not the percentage improvement in
MAP but the absolute values. The untrained twin had a MAP of 35 ml/min/kg BW,
whereas the trained twin had a peak value of only 49 ml/min/kg BW. This latter
value is comparable to an average maximum value of about 50 ml/min/kg BW for
untrained college men of the same age, well below values reported for top athletes
(Saltin et al., 1967). So despite hard and prolonged training, the trained twin was
unable to surpass an average level of FA. The reason for this seems to hinge on his
low pretraining functional adaptability, as judged from that of his identical coun-
terpart. This observation strongly suggests that rigorous athletic training cannot
contribute to functional development beyond a limit set by the genotype.

Several workers have inferred that training can produce results only within the

TABLE 4. Adaptational response to maximal work (Un -1200 kpm/min, Tr =1800 kpm/min)

Oxygen Cardiac Heart Stroke (A-V)02 Ventil. Respir.  Tidal Oxygen
Oxygen uptake Oxygen Blood output rate volume diff. BTPS rate volume pulse
uptake ml/min/ debt lactate lit.,/ beats/ ml/ ml/ lit. cycle/ lit./ ml/beat
lit./ kg BW lit. mg% min min beat lit. min min cycle (V02)/
Twin min (VOz) (02debt) (LA) Q) (HR) sV) (AVD] (VE) (F) (Vr)  (HR)
Untrained  2.37 35.9 4.13 73.4 20.3 184 110 11.8  126.20 60 2.10 129
Trained 3.49 49.2 6.65 122.8 247 182 134 148 163.10 60 272 19.2

Percent
Diff. +47.3 +37.0 +61.0 +67.3 +21.7 -1.1 +21.8 +25.4 +29.2 0.0 +29.5 +48.1




TABLE 5. Maximal oxygen uptake in the twins overa 17-

variability allowed by the genotype (Gedda, 1960;

month period (values are in millilitre 0,/min/kg B W) Astrand, 1967; Robinson, 1968). Astrand in parti-
Date of test Trained Untrained cular, pointed out that the standard deviation of
December 1968 49.19 35.97 maximum oxygen uptake in a large homogeneous
el LB e seses population with a similar degree of training is
December 1969 49.66 = .

April 1970 48.95 34.39 13%. Suppose then that the mean value of maxi-

mum oxygen uptake in a given population is 40
ml/min/kg BW; individual values for 95% of the
population (2 SD) will range anywhere between 29.6 and 50.4 ml/min/kg BW. With
rigorous training the individual with a maximal value of 29.6 will be able to reach
a level of about 40 ml/min/kg BW. Such an individual can never expect to achieve
any distinction in athletic performance which is dependent upon the maximal ae-
robic power.

One may wonder, however, whether the training stimulus in the pre-adolescent
and/or post-adolescent period was sufficient to elicit the maximum possible ada-
ptation in the trained twin.

We are largely ignorant regarding the question of whether training at an earlier
stage of maturation would have produced a higher functional adaptability. Howe-
ver, there is some evidence that training during the pre-puberty period does not
substantially alter functional adaptability (Ekblom, 1969 b; Daniels et al., 1970).
Values of maximal oxygen uptake, exceeding 65 ml/min/kg BW have been observed
in children as young as 8 years of age (Daniels et al., 1970; Skinner et al., 1970;
Klissouras, 1971). These values are equivalent to those of high-calibre athletes and
are indicative of a strong hereditary component. In this connection it is of interest
to note the maximal aerobic power of 70 ml/min/kg BW observed in a pair of iden-
tical twin skiers at the age of 25, neither of whom had taken part in organized ath-
letics until age 18 (Douglas, 1967).

The superior development observed in those adolescents who engage in com-
petitive sports (Astrand et al., 1963) is not in doubt. However, the relative contri-
bution of training to their superior development cannot be clearly separated from
that of the genotype. In order to elucidate the relative effect of physical training,
on functional adaptability, at different developmental ages, a longitudinal study is
currently being conducted in this laboratory using monozygotic twins to hold con-
stant the hereditary factor.

With regard to the training stimulus during the post-adolescent period, there is
good reason to believe that it was maximal. Training was carried out to the tole-
rance limits of the twin and his maximal aerobic power did not change over a 17-
month period (Table 5). Indeed, several workers have failed to observe any increase
in maximal aerobic power in athletes who have reached their full growth (Grande
et al., 1965; Saltin et al.,, 1967; Ekblom, 1969a).
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In conclusion, an individual's functional adaptability, as measured by maximal
aerobic power, can be improved substantially by training, but its ceiling is set by
the genotype.
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SUMMARY. Thirty-nine pairs of twins (23 MZ and 16 DZ) of both sexes, ranging in
age from 9 to 52 years, were tested for maximal oxygen uptake, maximal work ven-
tilation, and heart volume. The mean intrapair difference between twin pairs in
maximal oxygen uptake was significant for dizygous (DZ) twins, but not for mono-
zygous (MZ). On the basis of this evidence it was concluded that regardless of age,
existing individual differences in functional adaptability of man can be attributed
to heredity. Further, it was noted that MZ twins demonstrated as much intrapair
variability as DZ twins in the other two attributes studied. From this it was con-
cluded that the pulmonary ventilation and the heart volume are nondecisive in the
production of intrapair differences in maximal oxygen uptake. The relative impor-
tance of environmental forces in modifying the magnitude of intrapair differences
is discussed.

twins; age and environmental influences; maximal oxygen uptake; maximal work
ventilation; heart volume; vital capacity

AN INDIVIDUAL'S FUNCTIONAL adaptability is the result of the interaction betwe-
en heredity and environment. However, wide interindividual variability exists in
adaptive responses and one wonders to what extent individual differences are at-
tributable to genetic variation and to what extent to environmental conditions.
From comparison of intrapair differences between identical and nonidentical
twins, it is possible to answer this question since, in effect, phenotypic variability
in identical twins is due solely to environmental agents, whereas that in noniden-
tical twins is due to both genetic fluctuations and extragenetic influences. In a re-
cent study based on the variance of such intrapair twin differences, we found that
the contribution of heredity to the interindividual differences in maximal oxygen
uptake, was relatively high (4). The latter is used as a performance criterion of the
individual adaptability to exercise. Young twins were used as subjects in this study
to strengthen the assumption of environmental comparability. However, it can be
argued that dizygous pairs would be under more diverse environmental influences
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TABLE 1. Twin pairs distributed according to zygosity, sex, and age

than monozygous pairs during the deve-

lopmental period. Thus, the present study
was conducted to determine whether the

e Total

Zygosity Sex 9-13 14-20 21-30 31-40 41-52 pairs
MZ Male 3 1 4 3 13
Female 2 2 1 3 10
DZ Male 1 3 3 2 9
Female 1 2 2 1 7
Total pairs 7 8 10 9 39

small intrapair differences observed bet-
ween identical twins and the marked dif-
ferences between nonidentical twins per-
sist throughout life. In twins exposed to si-

milar environments at different stages in
their lives any demonstrable differences
between dizygotes as compared with monozygotes must be an expression of the
relative strength of the genotype. In those exposed to contrasting environments
the resulting differences may provide a measure of this responsiveness to environ-
mental forces.

METHODS
Twins. Thirty-nine pairs of Belgian twins (23 MZ and 16 DZ) of both sexes, ranging
in age from 9 to 52 years, were used as subjects. The distribution of the pairs ac-
cording to age, sex, and zygosity are presented in Table 1. The respective morpho-
logical characteristics for males and females are given in Tables 2 and 3.

The value of this study depends to a large extent upon the accurate determina-
tion of zygosity and upon a reliable assessment of the relative exposure of the twins
to environ mental conditions. Twins were classified either as monozy gous or di-

TABLE 2. Morphological characteristics of monozygous (MZ) and dizygous (DZ) male twins.
ZYGOSITY TWINS AGE yrs WEIGHT HEIGHT VITAL CAPACITY HEART VOLUME HEART
Kg cm L, BTPS ml VOLUME ml/kg
A B A A B A A B A A B A A B A

103/203 22 68 68 0 169 171 2 4.05 4.40 0.35 688 620 68 10.2 9.1 1.1
106/206 49 64 64 0 164 164 0 2.95 3.23 0.28 640 589 51 10.0 9.3 07
107/207 28 74 85 11 179 181 2 4.88 4.65 0.23 818 961 143 1.1 113 02

Mz 108/208 42 71 80 9 178 179 1 4.33 4.08 0.25 606 1,024 418 8.5 128 43
109/209 37 63 64 1 175 178 g 4.45 4.86 0.41 973 974 1 15.4 152 02
110/210 40 87 77 10 182 182 0 5.16 5.25 0.09 939 970 31 10.8 126 18
111/211 28 70 69 1 182 179 g 4.98 5.08 0.10 645 835 190 9.2 121 29
112/212 52 85 76 9 172 172 0 4.25 4.20 0.05 1,092 861 231 12.8 1.3 15
121/221 23 63 55 8 170 167 g 4.30 414 0.16 575 739 164 9.2 134 42
124/224 1 47 46 1 158 156 2 3.05 2.85 0. 20 463 403 60 9.9 8.8 11
127/227 20 79 84 5 180 182 2 6.22 6.70 0.48 903 904 1 1.5 108 07
128/228 9 24 24 0 126 125 1 1.78 1.45 0.33 242 236 6 10.3 100 03
135/235 10 27 27 0 136 134 2 1.85 1.84 0.01 284 290 6 10.6 108 0.2

IXIESADN fi 63 63 4 167 167 2 4.02 4.06 0.23 682 724 105 10.7 11.3 15

+ 20 20 4 18 18 1 1.29 1.43 0.14 259 273 122 1.8 1.9 1.5
101/201 21 74 57 17 175 168 7 5.45 4.03 1.42 616 675

DZ 102/202 22 71 62 9 178 179 1 495 488 007 574 766 e o I
114/214 26 85 90 5 176 173 3 455 518 063 795 884 90 9.4 99 05
116/216 16 66 50 16 170 162 8 3.45 3.70 0.25 633 530 103 9.7 106 09
120/220 14 56 1.6 10 164 159 5 3.85 3.26 0.59 604 677 73 10.8 14.9 41
122/222 42 72 59 13 161 163 2 3.60 3.10 0.50 966 668 298 13.4 114 20
131/231 13 47 54 7 158 166 8 2.98 3.23 0.25 470 552 82 10.0 102 02
134/234 15 73 67 6 175 175 0 4.10 3.94 0.16 769 619 150 10.5 92 13
139/239 49 57 72 15 156 164 8 2.50 3.68 1.18 849 593 256 11.9 104 15

MEAN 24 67 62 11 168 168 5 3.94 3.89 0.56 697 663 145 10.2 11.2

+ SD 13 12 13 5 8 7 3 0.94 0.72 0.46 157 110 86 1.7 1.7 ?:g




TABLE 3. Morphological characteristics of monozygous (MZ) and dizygous (DZ) female twins
Weight Height Vital capacity Heart volume Heart volume

Age kg cm L. BTPS ml ml/kg BW
Zygosity Twins yrs A B A A B A A B A A B A A B A
305/405 44 61 62 1 169 161 8 3.62 3.10 0.52 540 525 15 89 85 04
306/406 25 53 55 2 164 167 3 296 336 0.39 503510 7 95 93 0.2
309/403 41 78 68 10 177 175 2 4.08 3.54 054 931595 346 119 8.8 2.1
311/411 16 53 51 2 166 167 1 333 320 0.13 431 442 11 82 88 0.6
317/417 39 53 55 2 158 158 0 345 340 0.05 647 616 31 12.1 11.2 0.9
MZ 321/421 10 28 27 1 134 135 1 1.80 1.70 0.10 317288 29 11.5 10.6 0.9
323/423 11 31 28 3 139 135 4 210 185 0.25 343337 6 11.1 123 1.2
324/424 11 42 32 10 150 147 3 1.70 1.75 0.05 462 446 16 11.1 141 3.0
327/427 45 63 61 2 162 162 0 3.28 3,55 0.27 611673 62 98 111 1.3
332/432 35 57 52 5 161 161 0 295 290 0.05 593445 148 104 86 1.8
MEAN 28 52 49 4 158 157 2 293 284 0.24 538488 67 10.5 103 12
+SD 15 15 15 3 13 14 2 0.80 0.76 0.19 176121 107 13 19 0.9
301/401 19 64 62 2 163 168 5 3.05 345 040 553549 4 86 89 0.3
303/403 26 48 43 5 160 155 5 4.00 3.33 0.67 647 715 68 15.6 16.5 0.9
304/404 32 72 55 17 160 156 4 3.05 3.10 0.05 850 713 137 11.7 129 1.2
DZ 308/408 1.6 71 53 18 166 163 3 3.60 3.03 0.57 686685 1 9.7 13.0 3.3
314/414 17 45 45 0 154 153 1 295 255 040 669 696 27 149 155 0.6
320/420 25 52 51 1 165 163 2 2.83 3.00 0.17 596547 49 10.1 10.7 0.6
322/422 12 37 34 3 145 142 3 235 2.00 0.35 401373 28 10.8 11.0 0.2
MEAN 25 56 49 7 159 157 3 3.12 292 037 629611 45 11.6 126 1.0
+50 11 14 9 8 7 9 1 0.54 050 0.21 137128 47 26 2.7 1.1

zygous on the basis of a polysymptomatic com parison of morphological similarity
and serological criteria. Discordance in physical characteristics, such as color of
the eyes and iris pattern, color texture and distribution of the hair, as well as shape
of facial features, were used as a first approximation of dizygosity. However, some
dizygous twins are as much alike as monozygous twins and to increase the certain-
ty of the genetic identity or nonidentity of the pairs a number of serological analy-
ses were performed. A venous sample of 10 ml of blood was collected from each,
twin and was analyzed for the plasma protein systems: haptoglobin (Hp), group
specific substance (Gc), and B-lipoprotein (Agx); for the enzyme systems: acid ph-
osphatase (APh), phosphoglucomutase-locus 1 (PGM1), and adenylate kinase (AK);
and for the red cell antigens: A, A2, BO MNSS, Rh (GCwDEce), P1, Lua, Kk, and Fya.
In some cases the systems HL-A and adenosine of aminase were also determined
(e.g., ref 3). Discordance in a single blood group was taken as proof of dizygosity
(13). The probability of misclassifying a twin pair when using morphology and se-
rology as diagnostic criteria is about 5 % (1).

Case histories revealed that none of the twins had been subjected to any extreme
environmental deprivation. With the exception of the children and some young
adults (see later) who engaged in competitive sports for several years, the popula-



tion under study was largely comprised of rather sedentary individuals. Their con-
sumption of alcohol and tobacco was either modest or nil.

Measurements. Twins were always tested in pairs. First, a medical examination
was given and then an interview from which the individual's way of life was asses-
sed. Measurements were made of the anthropometric dimensions, resting electro-
cardiogram, heart volume, pulmonary function, nerve conduction velocity, maximal
muscular force, maximal heart rate, and maximal oxygen uptake. This report deals
primarily with responses to maximal effort and secondarily with heart volume me-
asurements.

The open-circuit spirometry was used to determine the maximal oxygen uptake.
Atmospheric air was inspired from a Tissot spirometer and the volume displace-
ment was recorded on a kymograph. Two such spirometers were employed alter-
nately at 1-min intervals, so that when the one was in use the other was being filled
with air. The change was made automatically by means of a timer and magnetic
valves. The expired air was sampled from a mixing chamber into small meteorolo-
gical balloons and analyzed for oxygen and carbon dioxide concentrations. The pa-
ramagnetic Servomex and the infrared Goddart capno-graph analyzers, calibrated
with known gas concentrations, were used for gas analysis. The signals from these
analyzers were amplified and recorded on a Honeywell recorder (electronic 194),

TABLE 4. Metabolic, respiratory, and cardiovascular responses of monozygous (MZ) and dizygous (DZ) male twins to maxi-
mal effort
ZYGOSITY OXYGEN UPTAKE OXYGEN UPTAKE | RESPIRATORY HEART RATE | VENTILATION,L/in
TWINS L/min STPD ml/min/kg BW STPD | EXCHANGE RATIO (R) Beats/min OXYGEN UPTAKE L/min
A B A A B A A B A A B A |a B A
103/203 | 2.84 268 0.16 421 394 27 196 193 3
106/206 | 2.00 202  0.02 313 310 Q7 111 114 017 180 176 4
107/207 | 410 436 026 558 512 46 1.04 1.08 0.0k 199 195 & 3832 3218 %.54'0
1087208 | 1.84 236 052 259 295 36 093 108 015 142 147 2 219 335 116
1097209 | 2.60 279 019 413 436 23 113 1.02 011 180 174 § 318 256 62
1107210 | 329 321 0,08 378 417 39 116 114 002 160 152 9, | 336 306 30
M 1117211 | 393 366 027 561 531 3 111 1.01  0.10 194 182 & 319 252 67
1127212 | 283 260 023 332 342 710 099 096 003 165 170 11 | 304 253 41
1217221 | 348 300 048 557 546 1) 115 1.18 0.03 211 200 11 | 285 328 43
124/224 | 198 203 0.05 424 444 5 1.20 132 012 194 205 g 371 417 46
1277227 | 347 370 023 440 442 (3 114 114 0.0 201 192 1 320 292 28
1287228 | 094 094 0,00 401 400 7 096 093 003 189 190 1o | 443 361 &2
135/235 | 127 118  0.09 473 441 33 098 098 0.0 202 192 430 253 23
KEAN 266  2.66  0.20 425 425 23 1.09 1.08 0.06 186
+- SD 1.00 098 0.16 95 77 14 011 005 05 20 %5 4 391.'3 362_'53 g.o
101/201 391 319 072 52.8 56.0 3.2 14
102/202 | 315 325 0.10 443 524 81 82 192 10
1147214 | 261 536 0.75 542 599 57 | 1.06 097 0.09 198 215 17 | 290 229 6.1
116/216 | 257 283 026 392 565 173 | 093 093 0.00 194 178 14 | 257 262 05
DZ 1207220 | 238 275 0.37 425 603 178 | 1.05 098 0,07 182 182 0 322 312 10
122/222 | 244 233 011 339 397 58 | 1.28 122 006 162 168 6 394 318 7.6
131/231 | 267 244 017 482 451 31 119 126 0.07 199 192 7 374 332 42
1347234 | 327 376 049 445 562 117 | 1.04 1.05 001 196 204 g 253 276 23
139/233 182 323 141 319 450 131 | 1.08 099 0.09 173 190 17 36.5 28.8 7.7
MEAN 294 324 049 435 523 95 1.09 1.06 0.06 188 190 1 322 288 42
- 0.89 091 042 7.7 74 5.7 011 013 0.04 14 14 0 57 36 3.0




TABLE 5. Metabolic, respiratory, and cardiovascular responses of monozygous {MZ) and dizygous (DZ) female twins to ma-
ximal effort
zygosity TWINS oxygen uptake OXYGEN UPTAKE RESPIRATOTY HEARTRATE VENTILATION, 1/min
L/min STPD ml/min/kg3W STPD EXCHANGE RATIO (R) Beats/min OXYGEN UPTAKE L/min
A P B A A B A A _B___ _A A B A A B A
305/405 1.93 1.78 0.15 11.9 290 2.9 1.06 095 0.11 179 174 5 334 350 1.6
306/406 1.87 1.50 0.37 316 273 43 1.12 1.09 0.03 180 198 18 36.2 33.0 B2
309/409 2.06 1.89 0.17 26.4 27.8 14 096  1.09 0.13 165 187 22 284 375 9.1
MZ 111/411 1.86 1.88 0.02 355 36.9 14 096 092 0.04 199 198 12 314 162 48
317/417 1.77 1.76 0.01 332 319 13 133 134 0.01 181 179 25 370 348 22
321/421 0.92 1.01 0.09 334 37.2 38 110 099 0.11 198 200 3 467 403 6.4
323/423 1.20 1.04 0.16 387 37.7 1.0 1.03 1.07 0.04 184 179 17 449 467 18
324/424 1.46 1.23 0.23 346 389 43 130 1.10 0.20 208 205 12 426 398 2.8
327/427 1.37 1.48 0.11 21.9 24.5 26 098 091 0.07 164 147 300 281 19
196 1.57 0.39 34.4 303 4.1 0.90 1.01 0.11 190 178 o
MEAN + 1.64 1.51 0.17 322 322 2.7 1.07 1.05 0.09 185 185 9 36.1 362 57
SD 0.38 0.33 0.13 4.8 5.2 1.4 0.14 0.13 0.06 1 17 8 6.6 5.3
301/401 1.60 231 0.71 25.0 372 122 118 127 090 205 195 10 44.6 39.9 4.7
303/403 133 2.11 0.78 27.9 489 210 0.98 1.06  0.08 177 195 18 40.7 342 6.5
304/404 1.90 2.23 0.33 26.3 404 139 121 0.97 0.24 190 180 10 35.6 29.6 6.0
Dz 308/408 244 137 1.07 344 260 84 111 0.97 0.14 172 156 16 339 317 22
314/414 1.67 191 0.24 37.1 425 54 0.97 1.07 0.10 188 196 8 334 33.1 03
320/420 2.06 2.09 0.03 34.9 410 61 1.07 1.09 0.02 177 175 2 283 34.1 5.8
322/422 1.66 130 0.36 44.7 383 64 1.16 125 0.09 190 196 6 37.9 38.0 0.1
MEAN + 1.81 1.90 0.50 32,9 391 105 1.09 1.09 0.22 186 185 10 36.3 34.4
SD 0.36 0.41 0.36 7.0 6.9 56 0.09 0.12 0.31 11 15 5 5.3 35

in order to increase the accuracy of reading. The testing procedure used in this stu-
dy has been previously described (8).

Briefly, it involves continuous performance on a treadmill at progressively in-
creasing intensities. The treadmill was set at an inclination of 10%. The subject
starts by walking at 4 km/hr for 4 min and thereafter the speed is increased every

2 min by an increment

of 2 km/hr, until the subject is unable to continue. Measu-

rements are taken at the last minute of each work load. An asymptote of oxygen

intake or, when this
was not observed, the
respiratory exchange
ratio and the heart ra-
te were used as objec-
tive criteria of maxi-
mal oxygen intake.
Heart rate was deter-
mined from a thoracic
lead of the electrocar-
diogram, recorded on
a Mingograf 34 (Ele-
ma-Schonander).
Heart volume was
estimated roentgeno-
graphically with the

TABLE 6. Analysis of differences between twin pairs (o+p ) for selected parameters
Intraclass Mean Intrapair
Correlation Intrapair Variance,
. Coefficient  Differences = o2 F Ratio,
Max oxygen intake, 0.95 036 254 10.06 387 63.66 16.45
ml/min per kg BW P<0.001
Max heart rate, 0.84 0.62 7.77  10.16 4496 65.72 1.46
beats/min
Max oxygen pulse, 0.97 0.81 1.07 2.12 090 3.69 4.00
ml/beat
Max work vent, 1/ 0.60 0.16 11.26 16.12 12.81 11.70 091
min/vital cap, 1/min
Max resp equivalent, 0.60 0.61 4.7 3.9 17.71 11.33 0.64
1/ml
Heart vol, ml/kg BW  0.45 0.56 1.37 1.59 1.64 221 1.34
Vital capacity, 1 0.98 0.72 0.23 0.56 3.87 18.15 4.70
(BTPS)/min P<0.05
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subject in the standing position (6). Lateral and posterior-anterior projection were
used successively, and values were introduced to the equation derived by Reindell
and others (9). Although heart volume may decrease as a result of orthostatic ch-
anges (7), in this study we were concerned mainly with intrapair differences and
the standing position of testing that we employed does not affect the results. Fur-
ther, to reduce the variability of measurements due to systolic variations in heart
volume, the trigger was activated by the QRS signal. Test-retest of this procedure
gave an average error of less than 4 %.

RESULTS

Descriptive statistics for metabolic, respiratory, and cardiovascular responses
to maximal effort are presented in Tables 4 and 5 for male and female twins, re-
spectively; corresponding morphological data are shown in Tables 2 and 3. In the
same tables, in addition to absolute values, the means and their standard deviations
for intrapair differences are presented. These statistics give an approximate mea-
sure of the comparability of the groups and of their intrapair variability, with re-
spect to the variables measured.

A statistical comparison of the intrapair differences for selected parameters is
summarized in Table 6. The significance of the intrapair differences between MZ
and DZ twins was computed by using the F ratio, F = 62DZ/02MZ, which is based
on the intrapair variances. The intraclass correlation was also derived from the to-
tal and the intrapair variances.

The data obtained from both sexes were grouped and scrutinized for zygosity
only since an examination of the mean intrapair differences of male and female
twins did not indicate any sex influence to be operant for the parameters studied.

Itis apparent from Table 6 that dizygous twins demonstrated as much diversity
as the monozygous twins for all the variables, except for the maximal oxygen upta-
ke. The intrapair variance between MZ and DZ twins being significant well beyond
the 1 % level of confidence. The intrapair differences in maximal oxygen uptake
for MZ and DZ twins is plotted as a function of age in Fig. 1. No trend altering the
magnitude of these differences with age can be detected.

In Fig. 2, the intrapair differences in maximal oxygen uptake are plotted
against intrapair differences observed in heart volume for the same twin pairs.
It will be noted that the values are markedly scattered and there is no suggestion
of dependability of intrapair differences observed in maximal oxygen intake on
heart volume differences.

The relation between the intrapair differences in maximal oxygen uptake and
the corresponding intrapair differences in vital capacity is shown in Fig. 3. The ab-
sence of interdependence between the two variables is also evident. Similar trends
were observed when the intrapair differences in maxima] oxygen uptake were re-
lated to the maximal work ventilation.
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FIG. 1. Intrapair differences in maximal
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DISCUSSION

There appears to be a significant resemblance in functional adaptability as mea-
sured by maximal oxygen intake between identical twins, whereas there is a diver-
gence between nonidentical twins., who have not been affected by extreme envi-
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ronmental forces. This observation is in agreement with previously published fin-
dings on preadolescent twins (4). Thus, in view of the age range of the twins used
in the present study, our earlier conclusion that heredity alone accounts almost
entirely for existing differences in functional adaptability seems to be valid for man
regardless of his age. It will be also recalled that fraternal twins are genotypically
the same in 50% of their genes, and therefore one would expect divergences in
adaptability among unrelated persons to be even more pronounced.

One may wonder, however, whether intrapair differences could possibly be re-
lated to differences in mode of life. In this connection, reference may be made to
some case studies from our files. In one case (code 101/201) of non-identical twins,
aged 21 years, who lived apart since 16, one twin had trained strenuously for com-
petitive middle-distance running, whereas his brother had never participated in
sports of any kind. It was therefore surprising to find that the untrained twin had
a maximal oxygen uptake of 56.0 ml/min per kg BW as compared with a value of
52.8 for his trained counterpart. One cannot escape the inference that if it were
not for the physical training the intrapair difference between this twin pair would
have been greater. The increase in maximal oxygen uptake as a result of training is
well documented (e.g., 2, 10, 11) and thus there is little doubt that intensive envi-
ronmental stimulation elicits proportionate changes. However, the magnitude of
change must remain within the individual limits of genetic potentialities (5).

Further, the implicit postulate oi this observation is that some individuals with
a weak genotype have to use a greater amount of physical activity to attain an ave-
rage adaptive value, whereas those within a native endowment may not need more
than a threshold exposure to maintain their already high adaptive value. The ada-
ptive value of an individual is decreased with hypokinesis (12) suggesting, that col-
laboration of environmental factors with the genes is essential for the genotype to
reach its full expression.

Another two cases are also intriguing. Identical twins (code 110/210), 40 years
of age, had been separated at age 12 and had had different lifestyles. More impor-
tant, one twin had engaged in vigorous training for competitive basketball (12-30
years, 18-30 on the national level), whereas his brother was only moderately active
during the same period. For the last 10 years neither of them had been involved in
regular physical exertion. When tested, their maximal oxygen uptake was closely
similar—the absolute values being 37.8 and 41.7 ml/min per kg BW for the trained
and untrained twin, respectively.

In another case, nonidentical twins (code 139/239) had a maximal oxygen upta-
ke of 31.9 and 45.0 ml/min per kg BW at age 49. They had lived together all their
lives, had the same profession, and both played competitive soccer from early ch-
ildhood until they were 22 years of age. These observations support the notion of
reversibility of function, that is to say, environmental stimulation of the developing
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organism may not have lasting effects. It seems that if there is not a continuous sti-
mulation of sufficient magnitude, the adaptive value of an individual will be set by
his genotype. As Galton put it "the one element that varies in different individuals,
but is constant in each of them, is the natural tendency which inevitably asserts
itself.”

Finally, an important question remains unanswered. How is the intrapair varia-
bility to be explained? What are those biological attributes which are responsible
for the production of the large differences between DZ twins and small differences
between MZ twins, with respect to maxima] oxygen intake? We need to obtain ex-
perimental evidence in MZ and DZ twins in the partitioning of transport and oxygen
utilization systems to factor out variables that play a determining role in setting
the degree of intrapair differences. In view of the evidence obtained in the present
study we can exclude pulmonary ventilation and the heart volume as being non-
decisive factors.

This study was supported in part by the Commission Administrative du Patri-
moine de I'Universite de Liege and the Medical Research Council of Canada (Grant
MA-3905).

Received for publication 7 December 1972.
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Genetic Variation in Neuromuscular Performance

Paavo V. Komi, Vassilis Klissouras, and Esko Karvinen

Kinesiology Laboratory, Department of Biology of Physical Activity, University of
Jyvaskyla, Jyvasyla, Finland, and Ergophysiology Laboratory, Department of Physiology
& Physical Education, McGill University, Montreal, Canada

ABSTRACT. Using a simple cumulative model of heredity plus environment, based
on intrapair differences observed in monozygous (MZ) and dizygous (DZ) twins,
the relative contribution of heredity to the interindividual variance in several ne-
uromuscular parameters was determined with 16 pairs of male (8 MZ and 7 DZ)
and 14 pairs of female (7 MZ and 7 DZ) twins ranging in age from 10 to 14 years.
The data disclosed that in boys the variabilty in maximal muscular power was
99.2% genetically determined under the environmental conditions of the study.
The corresponding heritability estimate values for the patellar reflex time and re-
action time were 97.5% and 85.7%, respectively. In girls the heritability estimates
could not be computed, because the MZ twins seemed to show almost as much di-
versity as the DZ twins in all of the variables studied. On the basis of the obtained
data it is suggested that the variation observed in maximal mechanical power, pa-
tellar reflex time' and reaction time may be more susceptible to environmental mo-
difications in girls than in boys.

Key words: Genetic Variability — Neuromuscular Function — Mechanical Power
— Reflex Time — Reaction Time.

In evolutionary terms, the adaptive value of an individual can be characterized pri-
marily by-the speed, magnitude and duration of biological responses with which
he confronts an adaptive task. However, the individual effectiveness varies mar-
kedly in this respect and the question then arises as to what extent genetio diffe-
rences account for this variability in biological response patterns.

Using a simple cumulative model of heredity plus environment, based on intra-
pair differences observed in identical and non-identical twins, we have recently
been able to ascertain the relative contribution of heredity to the inter-individual

*This study was supported by research grants from the Ministry of Education of Finland (8551/79/70)
and the Medical Research Council of Canada (MA-3905).
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variance in maximal oxygen uptake, which is used as the performance criterion of
an individual's adaptive value (Klissouras, 1971). To obtain further insight into the
nature of the process of adaptation, we need to know the relative importance of
the genetic predisposition to the functional variation of the neuromuscular appa-
ratus, which is the mediator and executor of the adaptive responses. It cannot be
overemphasized that the degree, to which we can influence the expression of the
genotype, depends to a considerable extent upon our knowledge of the relative
strength of the genotype. Thus, the present study was undertaken to determine
first, the heritability of the maximal mechanical (anaerobic) power, force output,
reflex and reaction time, and nerve conduction velocity and secondly the influence
of sex upon their variability.

METHODOLOGY
The relative contribution of the hereditary component to the variation observed
in the parameters under study, was defined by determination of the degree to wh-
ich monozygous (MZ) and dizygous (DZ) twins resemble each other in these para-
meters. Since the phenotype variability in MZ twins is due solely to environmental
agents, whereas that in DZ twins is due to both genetic fluctuations and extra-ge-
netic influences, the heritability of a given parameter will be derived by the equa-
tion (Holzinger, 1929; Partanen et al., 1966; Klissouras, 1971):
s2DZ — s2MZ

Hest =~ bz —sze W
where s2DZ and «SMZ denote intrapair variability of an attribute in MZ and DZ
twins, respectively, and 8*e signifies the variance due to experimental error. It sh-
ould be emphasized that the variability quotient obtained in this manner does not
mean that the genetio factor has an etiologic role in the observed variability, but
the quotient is of some intrinsic value for it provides an insight into relative streng-
th of the genotype.

TWINS

The population Register of Finland provided us with the names and addresses of
those families that had had two or more children born on the same day in the oity
or the surrounding communities of Jyvaskyla between the years of 1950 and 1960.
Through this we were able to locate the twin pairs ranging in age from 10 to 20
years. To obtain a homogenous age distribution the final sample was limited to th-
ose aged from 10 to 14, and it was composed of 15 male (8 MZ and 7 DZ) and 14
female (7 MZ and 7 DZ) twin pairs. Care was taken to ensure that environmental
influences for the MZ and DZ pairs were comparable. The distribution of the pairs
according to age, sex and zygosity is given in Table 1. Tables 2 and 3 show the ph-
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TABLE 1. Twin pairs distributed according to age and zygosity

ysical and performance cha-

racteristics of the entire

Zygosity Boys Gils sample. Initially, the twins
Age (years) Total ~ Age (years) Total were classified as MZ and DZ

0112 13 14 pairs 10 11 1213 14 pairs pairs on the basis of simila-

rities in physical appearan-

1\];[; ; ; i i 12 87 11 43 11 ) 17 ! , ce. To increase the certainty

Total pairs 3 3 4

of the genetio identity or
non-identity of the twin

pairs a number of serologi-
cal analyses were perfor-
med. For these analysis venous samples of 7 to 8 ml of clotted blood were collected
from each subject at the local Red Cross Blood Transfusion Service and sent for
examination to the Central Laboratory of the same organization. Antisera for the
determination of the following red cell antigens were used: A1A2BO, MNSs, Rh(CO-
DEce), P1 Lub Kt, Fyb and Fyb, and Jkb. The serum was separated and frozen for
later investigation. The following proteins and enzymes were determined: Hapto-
globin (Hp), Group specific substance (Gc), Acid phosphatase (APh), Adenylate ki-
nase (AK) and Phosphogluco-mutase (PGM). For references see Race and Sanger
(1969) and Giblett (1970).

In the 14 cases of observed dizygosity discordance was observed in average of
more than five antigens or serum proteins. In none of the pairs dizygosity was ba-
sed on less than three discordant markers.

MEASUREMENTS

Several parameters were selected to represent the functional and performance ch-
aracteristics of the neuromuscular system. These included neuromuscular (anae-
robic) power, muscle forces (concentric, eccentric and isometric), patellar reflex
time, ulnar nerve conduction velocity, visual reaction time and the integrated elec-
tromyographic activity (IEMG) of the forearm flexors. In addition, an estimation of
the physical working capacity was obtained to characterize the sample popula-
tions.

Maximal Muscular Power. The maximal muscular power was measured by a me-
thod which is essentially the same as that introduced by Margaria et al. (1966). It
is based on the observation that energy liberation from oxidative phosphorylation
and lactic acid production via anaerobic glycolysis is a delayed process and that
the energy required for a maximal effort of a few seconds duration is derived from
the splitting of high energy phosphate compounds. The measurement of the maxi-
mal running velocity on a staircase meets this criterion. Instead of an electronic
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clock, as employed by Margaria et al. (1966), a tachogenerator was used to record
this Telocity. One end of a thread was wound around the rotating wheel of the ta-
chogenerator and the other end was attached to the back of the subject's belt. When
the subject started to run pulling the thread, the tachogenerator developed a vol-
tage proportional to the rotating velocity of the wheel. Thus, the faster the subject
ran the greater was the voltage output of the tachogenerator. The running velocity
was calculated from the following formula:

(m/sec)=cxV,

where V - voltage generated by the tachogenerator (obtained from the graph re-
corder)
c - constant = 0.5 m/vs.
The ejected length of the thread during one revolution was 210 c¢m, thus

—10-3
o= 210—10 :O,Si
0,41 vs VS

The velocity value was then converted to the vertical component of the rumning
velocity {Vv) and mechanical power (kpm/sec) was computed on the basis of the
subject's Vv and his body weight. The error of this method was less than 2%.

TABLE 2. Physical and performance characteristics of the male monozygous (MZ) ond dizygous (DZ) twins

Twins Age Height, cm Weight, kg PWC205 (kpmy/min)
years

A B A B A A B A A B A

MZ 100/101 13 151.3 150.0 13 40.1 38.0 21
104/105 12 143.0 142.0 1.0 315 319 0.4 830 845 16
108/109 13 167.2 168.0 0.8 48.0 482 0.2 690 605 15
110111 12 159.8 1575 2.3 46.9 46.1 0.8 420 480 60
112/113 14 153.5 157.0 3.5 43.0 45.8 2.8 912 944 32
114/115 10 151.3 149.3 2.0 37.8 36.4 14 530 630 100
116/117 12 151.8 154.0 22 36.7 38.0 1.3 790 815 25
118119 11 132.2 133.5 13 26.6 274 0.8 1320 1080 240
Mean 12.1 151.3 151.4 1.8 38.8 39.0 12 770.3 7713 69.6
+S.D. 12 10.4 10.5 0.9 7.3 7.3 0.9 299.8 210.1 81.1

DZ 200201 14 1775 171.5 6.0 76.2 56.4 19.8 1430 900 530
202/203 11 136.8 134.0 2.6 35.8 30.2 5.6 495 340 155
208/209 14 149.2 159.6 10.3 36.2 45.8 9.6 1005 765 250
210/211 10 154.5 148.2 6.3 51.4 37.6 13.8 730 680 50
212/213 10 135.5 129.8 5.7 34.6 284 6.2 735 585 150
214/215 12 150.2 142.5 7.7 34.0 29.0 5.0 735 655 80
218/219 11 162.2 153.8 84 54.0 42.5 11.5 935 560 375
Moan 11.7 152.3 1485 6.7 46.0 38.6 10.2 866.4 639.3 227.1
+S. D. 17 14.6 14.6 24 15.7 10.4 5.3 297.9 174.2 172.4
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TABLE 3. Physical and performance characteristics of the female monozygous (MZ) and dizygous (DZ) twins

Twins Age  Height.cm Weight kg PWC205,
years
AB A B A A B A A B A
MZ 264/265 10 147.2 146.5 0.7 33.4 37.1 3.7 785 720 65
150/151 11 139.0 139.5 0.5 28.5 29.2 0.7 460 580 120
154/155 12 142.0 144.0 2.0 30.0 32.6 2.6 520 560 40
156/157 14 155.5 154.0 1.5 44.6 43.6 1.0 1005 1000 5
158/159 11 147.8 146.5 1.3 37.6 39.2 1.6 440 465 25
160/161 11 144.0 148.0 4.0 33.3 35.4 2.1 415 365 60
260/261 11 142.2 139.2 3.0 36.4 37.2 0.8 615 690 75
Mean 11.4 145.4 145.4 1.9 34.8 36.3 1.8 605.7 625.7 54.3
+S.D. 1.3 5.4 5.1 1.3 54 4.6 1.1 217.6 205.5 374
DZ 250251 13 161.5 150.8 10.7 41.8 43.0 1.2 980 910 70
252/253 13 158.0 146.8 11.2 41.0 33.8 8.2 505 705 200
256/257 11 155.0 157.5 2.5 494 47.8 1.6 810 965 155
258/259 11 139.0 139.2 0.2 28.8 28.8 0.0 755 740 15
262/263 12 159.2 158.0 1.2 50.6 43.6 7.0 615 690 75
264/265 10 147.0 148.8 1.8 45.2 36.8 8.4 875 580 295
266/267 11 154.0 144.0 10.0 344 30.6 3.8 520 590 70
Mean 11.6 1534 149.3 5.4 41.7 37.8 4.3 722.9 740.0 125.7
+S.D. 1.1 7.9 6.9 5.0 7.9 7.2 3.6 181.7 148.0 96.7

Leg Force, The maximum voluntary isometric contraction of the quadriceps muscle
group of the right leg was recorded with a strain gauge system installed on a steel
wire connected to a cuff fastened around the subject's ankle. The subject sat on the
edge of the table with his knee at an angle of 160 degrees and the back support at
a 60 degree angle with the horizontal. The steel wire was positioned so that the
pull of the cuff was always at a right angle to the line joining the ankle and knee
joints. To ensure that each subject assumed the same position for each trial a belt
was fastened around the subject's waist during the effort.

Forearm Flexor Forces. A special electrical dynamometer was used to record the
isotonic (concentric and eccentric) and isometric forces of the forearm flexors. The
dynamometer and its performance characteristics have been reported elsewhere
(Komi, 1971). Briefly, it was an electro-mechanical system that allowed rapid se-
lection of the direction, and velocity of movement. The geometry of the dynamo-
meter lever arm system was so arranged that the rate of contraction of the muscle
(e.g. m. Biceps Brachii) could be kept constant over the movement range of 120
degrees. This corresponds to a 7 cm change in the length of the biceps muscle of
an adult man. The velocity selected for the isotonic (eccentric and concentric) con-
traction was 2.4 cm/sec [refers to the measurements taken for the adult man of an
average size (Komi, 1971)]. In isometric contraction the dynamometer lever arm
was positioned so that the elbow angle was at 100 degrees. The dynamometer also
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had a special wrist cuff that allowed accurate fixation of the wrist at any point bet-
ween full supination and full pronation. The supinated position was selected for
all types of contraction.

Integrated Electromyographic Activity (IEMG). The maximal isometric EMG ac-
tivity was picked up with a pair of surface electrodes (E & M Intruments Co.) placed
on the Biceps Brachii muscle according to the method described elsewhere (Komi
and Buskirk, 1970). Because the subjects studied had relatively small biceps mu-
scles, the inter-electrode distance was reduced to 3.5 cm. The EMG signal was am-
plified with a Tektronix RM122 amplifier with a gain of 1000 and then fed into an
electronic integrator. Both the recorded EMG and its integral were displayed on a
Honeywell 1206 visicorder.

Patellar Reflex Time. The quadriceps reflex time was recorded with an instrument
which was similar in principle to the one described by Tipton arid Karpovich,
(1966). The unconscious response to the stimulus of a hammer strike to the patel-
lar tendon was, however, measured directly from the rectus femoris muscle with a
pair of surface electrodes placed for each subject at the same position and distance
relative to the line joining the patella and tubercle of the crest. Consequently the
reflex time values were substantially lower than those reported in the literature
(Kroll, 1968; Tipton and Karpovich, 1966). In our opinion, the use of an electro-
myographic method gives a "truer"” value for the reflex time. The reflex time was
then measured from the screen of a storage oscilloscope on which both the stimu-
lus and the EMG signal were displayed.

Reaction Time. Visual reaction time was recorded with a standard reaction timer.
The subject responded to a green light stimulus by pressing the tapper with the
forefinger.

Ulnar Nerve Conduction Velocity. A method similar to Hodes el al. (1948) was
used to measure the conduction velocity along the ulnar nerve. The principle of
this technique involved the stimulation of the ulnar nerve successively at two mar-
ked points along its length: proximal to the elbow and at the wrist. The time delay
in the response of the hypothenar muscles was determined by measuring both the
moment of stimulation and the moment of the action potential from the oscillo-
scope screen. Since we knew the time delay difference for the action potential and
the distance between the stimulus points, the velocity of conduction could be com-
puted. A Disa ministim type 14 E 01 was used for stimulation with a square-wave
pulse of 0.1 msec duration and with, a strength of 10 to 15 volts.
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Working Capacity. To obtain an estimate of the subject's physical working capacity
(EWC205) a 12 min bicycle Ergometer test comprised of four three-minute wor-
kloads (150, 350 and 600 kpm/min) was used (Rusko and Karvinen, 1971). Thro-
ugh the standard extrapolation method the work capacity value (kpm/min) was
read to correspond to the heart rate of 205, which was taken as an average maximal
heart rate for the age group of the twin population.

EXPERIMENTAL PROCEDURE

The twins were first contacted so that a diagnosis could be made of their zygosity
on the basis of physical similarities, and so that information could be obtained as
to the extent of their physical activities. Three separate laboratory testing sessions
were arranged at weekly intervals 1. to give a medical examination, take anthro-
pometric measurements, draw blood samples for a more accurate zygosity deter-
mination and to familiarize the subjects with all testing procedures; 2. to measure
and record the muscular forces, IEMG and muscular power; 3. to assess the reaction
time, patellar reflex time and the nerve conduction velocity. Accuracy of measure-
ment is of utmost importance because the magnitude of the intrapair difference is
small. Both members of each twin pair were measured at the same time to elimi-
nate diurnal variation. The experimental error of the measurements was obtained
from duplicate determinations, made on all attributes.

Statistical analysis. The heritability quotient was derived from the Eq. (1). The
Wilcoxon matched-pairs signed ranks test (e.g. Siegel, 1956) was used to ensure
that there were no statistically significant intrapair differences in the MZ twin pair
groups. The intercorrelations were computed between each measured variable to
factor out variables that could be considered for derivation of heritability estima-
tion. Then intrapair differences between MZ and DZ twins were computed by using
both the Mason-Whitney U test (Siegel, 1956) and the F ratio,

_ s2DZ
s2MZ

The Sat was calculated only if both of these tests showed a significant intrapair va-
riance difference at a level of P < 0.05.

RESULTS

Descriptive statistics for neuromuscular data obtained from male MZ and DZ twins
are shown in Tables 4, 5 and 6; data obtained from the female MZ and DZ twins are
summarized in Table 7. It is apparent from these tables that the monozygous twins
constituted comparable groups with regard to their neuromuscular performance.
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TABLE 4. Muscle force of monozygous (MZ) and dizygous (DZ) male twins

Zygosity Twins Quadriceps Isometric Forearm flexor force
force (kg) Isometric Eccentric Concentric
AB A B A A B A A B A A B A
MZ 100101 305 30.8 71 1.2 112 00 142 138 04 9.2 103 11
104/105 285 294 0.9 8.6 92 06 121 127 06 6.2 5.9 0.3
108109 517 462 55 224 200 24 221 231 10 106 193 87
110111 385 432 4.7 9.1 90 01 114 148 34 9.4 123 29
112113 11.0 74 36 9.1 83 08 8.3 72 11
114116  20.7 233 2.6 108 108 00 9.1 98 0.7 8.0 7.1 0.9
116117 279 309 3.0 7.3 78 05 5.8 89 31 48 6.3 0.6
118119 176 225 5.0 85 81 04 8.4 74 10 7.1 5.8 13
Mean 319 323 42 1.1 104 10 115 124 14 8.0 92 21
SD. 11.8 9.1 2.2 48 41 13 5.0 51 12 1.9 48 28
DZ 2001201 412 539 127 6.8 45 23 121 103 18 14.8 88 60
202/203 342 319 2.3 114 109 05 112 131 19 89 86 0.3
208209 309 333 2.4 162 238 16 204 239 35 160 214 64
210211 259 302 43 130 102 28 105 141 36 75 125 50
212213 240 212 2.8
214/215 27.0 19.5 7.5 10.0 85 15 124 6 2.5 7.2 6.9 0.3
218219 394 372 2.2 86 103 18 124 99 25 76 71 04
Mean 318 325 49 1.0 114 28 132 135 26 102 109 31
S.D. - 11.4 3.9 3.3 65 25 36 54 08 3.7 55 30
Average intrapair differences for male and female MZ and DZ twins are presen-
ted schematically in Fig. 1. A statistical comparison of the intrapair variance reve-
aled that the female dizygous twins demonstrated as much diversity as the mono-
TABLE 5. Neural data of monozygous (MZ) and dizygous (DZ) male twins
Zyeosity Twins  Patellar reflex Reaction time Ulnar nerve Maximal isometric
(m/sec) (msec) conduction velocity IEMG
(m/sec) forearm flexors
A B A A A A
MZ 100/101 17.3 17.3 0.0 200 193 7 54.3 55.8 1.5 622 581 41
104/105 15.8 16.7 0.9 215 225 10 43.7 44.2 0.5 286 366 70
108/109 18.5 19.5 1.0 190 195 5 52.5 53.7 1.2 566 816 250
110/111 19.0 17.5 1.5 203 168 35 51.2 54.6 3.4 342 444 103
112/1138 17.3 17.7 0.4 225 255 30 56.7 53.9 2.8 557 297 260
114/115 18.7 18.3 0.4 255 265 10 42.9 35.5 7.4 418 327 91
116/117 16.8 16.6 0.2 210 225 15 56.8 59.4 2.6 503 719 216
118/119 14.8 15.2 0.4 245 230 15 39.5 41.4 1.9 1028 575 453
Mean 17.3 17.4 0.6 217.9 219.5 15.9 49.7 49.8 2.7 540.3 514.4 185.4
S.D. 1.5 1.3 0.5 22.5 32.6 10.9 6.7 8.4 2.1 228.6 190.2 127.5
Dz 200/201 23.5 20.1 3.2 205 160 45 58.6 53.1 5.5 550 608 58
202/203 14.7 15.2 0.5 208 200 8 57.5 58.8 1.3 290 697 407
208/209 16.5 18.8 2.3 190 230 40 49.5 49.4 0.1 472 561 89
210/211 16.3 19.0 2.7 250 328 78 55.1 54.0 1.1 271 612 341
212/213 16.8 14.0 1.8 223 203 20 35.4 49.0 13.6 407 442 35
214/215 17.7 13.0 4.7 200 178 23 52.8 51.9 0.9 882 689 193
218/219 _ _ _ 205 238 33 46.0 35.6 10.4 604 730 127
Mean 174 16.7 2.5 211.6 219.6 35.3 50.7 50.3 4.7 496.4 619.9 178.6
S.D. 3.1 3.0 1.4 19.6 55.0 22.6 8.1 7.2 6.4 210.1 98.5 144.1
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TABLE 6. Maximal mechanical power output and running velocity for monozygous (MZ) and Zygous twins in all of
dizygous (DZ) male twins. the variables studied:
Zygosity  Twin Maximal muscular power output,  Maximal uphill running whenever there was
N kpm/sec velocity, m/sec a difference it was
A B & LI A not statistically signi-
MZ 100101 58 415 23 19 109 000 ficant at the required
104/105 386 406 20 122 127 005 confidence level of P
110/111 50.2 484 1.8 1.07 1.05 0.02 .
112113 485 460 25 LI3 107 006 son further analysis
114/115 383 37.8 0.5 1.01 1.04 0.03 of the measurements
116/117 40.1 40.7 0.6 1.09 1.07 0.02 btained f he f
118/119 %6 298 12 108 109 001 obtained from the fe-
Mean 454 o 16 116 L1l 0,03 male twins was aban-
S.D. 93 8.1 0.8 0.08 008 002 doned and these me-
asurements  were
DZ 200/201 884 72.6 15.8 1.16 1.29 0.13
202203 406 358 48 113 119 006 | usedonlytotestthe
208/209 409 515 10.6 1.13 1.12 0.01 hypothesis of the sex
210211 46.3 414 49 0.90 1.10 0.20 ; _
2120213 315 257 58 091 091 000 influence on the ge
2142215 342 303 39 101 104 003 netic and nongenetic
218219 630 477 153 LI7 112 005 variability,
Mean S. 493 43.6 8.7 1.06 1.11 0.07 For the male twins
S.D. 20.1 15.7 5.1 0.12 0.12 0.07 the mean and the

standard deviations
of the difference distribution in muscle forces were greater within the DZ twins th-
an between MZ pairs (Table 4), but the statistical test applied did not differentiate
the intrapair variance at the required significance level. The intrapair variances
between DZ and MZ male twins were significantly different for patellar reflex time
(P<0.01) and reaction time (P< 0.05), as shown in Table 5. In view of these signi-
ficant differences we proceeded with the calculation of heritability estimates for
these variables. The respective Hest Values for the reflex and reaction time were
97.5% and 85.7% as shown in Table 8. The close correspondence of MZ twins in
reflex time is presented also graphically in Kg. 2. With regard to maximal muscular
power, a clear intrapair difference (P < 0.01) was observed between the MZ and
DZ twins for boys (Table 6). Kg. 3 clarifies this intrapair difference in MZ and DZ
twins showing that in the X-Y coordinate system almost all the points for the MZ
pairs are within the shaded area, which represents the experimental error, while
the DZ pair values are markedly scattered around the line of identitity. The com-
puted Hest as can seen in Table 8, was close to unity (99.2%).

DISCUSSION
Interpretation of twin data requires that both the validity and the true meaning of



the heritability esti-
mate (Hest) be consi-
dered. The Hest is ba-
sed on the thesis of
comparability of envi-
ronmental influences.
This premise is open
to serious question
when psychological
traits are the subject
of investigation, as
has been pointed out
by many workers, but
when somatic corre-
lates are measured, as
in the present study,
then its acceptability
can be substantiated
(Klissouras, 1971). To
strengthen this pre-
supposition further
caution was observed
in obtaining compa-
rable MZ and DZ gro-
ups with regard to th-
eir  socioeconomic
and health status, age
and physical charac-
teristics. With regard
to the true value of
the Hest one has to
avoid making broad
generalizations and

TABLE 7. Mean (M) and standard deviation (SD) values of selected variables for monozygous
and dizygous female twein pairs (A, B) and their difference distribution (A)

Attribute Monozygous (8 pairs) A Dizygous (7 pairs)
A B A A B A

Maximal muscular power M 313 392 23 41.9 391 32
(kpm/sec) SD 6.0 3.9 2.0 8.8 8.0 2.7
Vertical component of M 1.07 108 0.03 1.01 1.03  0.05
maximal velocity (m/sec) SD 0.04 0.06 0.03 0.09 0.06 0.02
Patellar reflex time M 165 169 0.8 17.6 187 1.7
(msec) SD 4.3 4.2 1.0 2.1 B 2.2
Reaction time (msec) M 2270 239.7 37.6 242.3 2565.3  35.0

SD 478 347 210 195 38.8 239
Nerve conduction velocity M 524 558 3.9 51.9 51.1 3.1
(m/sec) SD 5.6 3.1 3.8 4.3 5.1 2.2
Maximal isometric M 422.1  594.7 2171 421.3 542.4 192.9
IEMG pv ¥ sec/sec) SD 1231 2414 1994  104.3 2175 125.6
Maximal quadriceps M 219 278 23 32.6 316 3.9
1sometric force (kg) SD 5.3 Y5 2.1 6.3 6.0 1.9
Maximal forearm flexor M 108 108 1.3 9.2 8.2 1.0
isometric force (kg) SD 1.6 1.9 1.2 1.8 2.0 0.7
Maximal forearm flexor M 12.1 12.7 3.0 8.7 8.5 1.7
eccentric force (kg) SD 3.4 2.9 7.1 7.6 3.3 1.3
Maximal forearm flexor M 8.5 88 12 6.5 5.5 1.1
concentric force (kg) SD 2.0 1.6 0.8 1.6 1.4 0.9

TABLE 8. Estimates of variance within dizygous twins (s?DZ) variance within monozygous

twins (s*MZ), variance of error of measurement (s?), and heritability of variation (Hest) of se-

lected physiological variables for male twins.

Attribute s2MZ D7, Hey

Patellar reflex time (msec) ~ 0.20 0.29 4.03 97.6
Reaction time (msec) 43.80 178.06 842.21 85.7
Muscular power (kpm/sec)  1.20 1.68 49.43 99.2

inference about the relative powers of nature and nurture. The Hest is only an esti-

mate of the extent to which heredity affects the variation of a given organic attri-

bute, in a given population exposed to common environmental influences at a given

time.

Knowledge acquired from Hest should be complemented with information ob-

tained from co-twin analysis on the potency of various modes of conditioning at

different developmental ages and only then can the nature-nurture problem be
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ned for the maximal
muscular power in the
male twins indicates that constitutional factors predominate in the production of
energy through the anaerobic process. However, a statistically significant genetic
variation was not observed either in mechanical power output expressed in
kpm/kgBW/sec or in maximal running velocity. This implies that the variance in
maximal muscular power may not be due to an individual difference in the splitting
rate of high energy phosphate compounds, but to quantum, that is, to a greater
amount of adenosinetriphosphate and phosphocreatine which are made available
as a result of a greater mass of protoplasmic tissue. The data in Kg. 4 gives further
support to the notion that maximal power output is dependent upon the total amo-
unt of energy drawn from anaerobic alactic sources.

The high heritability values for reflex and reaction time and the wide intrapair
variability in nerve conduction velocity for both MZ and DZ twins point to the pre-
ponderance of the synaptic transmission rate of neural impulses in determining
the speed with which a motor movement is executed. It is possible that dimensional
factors such as height have a causal effect on the reflex time values obtained, as
suggested by the fairly high correlation coefficients shown in Table 9, but the close
relationship between two variables should not necessarily be interpreted to mean
interdependence. Whether training can modify these variables cannot be ascertai-
ned from the present data. It is plausible however that the faster reaction and reflex
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PATELLAR REFLEX TIME (m. sec)
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time observed in athletes may be largely genetically determined. Further, we have
some evidence on the relative effect of environmental forces on neural function.
For example, we do know that semistarvation and vitamin deficiency have a pro-
found effect on intellective tests, such as space perception and perceptual speed
and psychomotor tasks such as manual speed and tapping rate (Simonson, 1971).
In this connection it is important to mention that we have excluded measurements
from a pair of MZ female twins aged 14 from our data presentation. One twin had
been on a strict diet to reduce body weight and hence the assumption of a common
environment, on which the heritability model is based, could not be sustained. We
observed in a comparison of these twins that a 20% reduction in body weight was

MAXIMAL MUSCULAR POWER (kpm/sec)
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FIG. 2. Intrapair
values of patellar
reflex time for MZ
and DZ twins in
boys (left) and
girls (right). The
shaded area rep-
resents magni-
tude of the error
of measurement.

FIG. 3. Intrapair
values of maximal
muscular power
for MZ and DZ
twins in boys
(left) and girls
(right). The shad-
ed area represents
magnitude of the
error of measure-
ment.
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FIG. 4. The relationship between maximal alactio O, debt and maximal
muscular power. The alactic O, debt is a net O measured during the
first 2 min of recovery from an all-out effort on a staircase (unpublish-
ed data from the Ergophysiology Laboratory, McGill University, obtai-
ned in collaboration with A. E. Wall)

accompanied by a 10% decrease in reflex and reaction ti-
me and a 20% decrease in nerve conduction velocity.

On the basis of the obtained heritability estimates, it
would appear that maximal muscular power and reflex
and reaction time are more susceptible to environmental
modification in females than in males. No satisfactory ex-
planation can be given for the basis of the mechanism in
which these differences between sexes may originate. We
do know however, that hormones are responsible for dif-
ferences in morphological, functional and tissue compo-

sition, and the observed variability may be attributable to the sex-differential hor-

mone secretions. The sex influence upon the variability of the various measure-

ments may be appraised by separate comparison of the mean variance of the MZ
male and female twins and of the DZ male and female twins. The former compari-

son will yield some information regarding the sex influence upon extragenetic ef-

fects, while the latter will give some idea of the effect of sex upon genetic differen-

ces. The variance in maximal muscular power between male and female monozy-

gous twins was not significant, while that in dizygous twins was significant beyond

the 0.05 level of confidence, suggesting a sex effect upon the genetic differences in

TABLE 9. Correlation matrix of selected variables for the twins (male - left; female - right)

Wt. Ht. Muscular Reflex Wt Ht. Muscular Reflex
power time power time
Height 0.90 0.81
Muscular power 0.96 0.90 0.93 0.75
Reflex time 0.82 0.83 0.83 -0.00 0.06 -0.08
Quadriceps force 0.69 0.77 0.80 0.61 090 0.74 0.84 -.06
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maximal muscular power. This observation is puzzling and calls for further expe-
rimentation.
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Growth and Training with reference to Heredity
George Weber, Wahono Kartodihardjo and Vassilis Klissouras
Ergophysiology Laboratory, Department of Physiology & Physical Education,
McGill University, Montreal, Canada

Identical male twins (four sets aged 10 yr, four sets aged 13 yr, and four sets aged
16 yr) were divided so that one twin underwent strenuous endurance training for
10 wk, while his brother served as a control without training. Intrapair compari-
sons of the training-period changes in aerobic, anaerobic, and cardiorespiratory
responses to maximum work on a bicycle ergometer disclosed that 1) 10-yr-old
trained twins improved more than untrained twins did in VO2 max, 2) 16-yr-old
trained twins increased their V02 max, O, pulse, blood lactate, ventilation, and re-
spiratory rate and decreased their maximal heart rates more than their untrained
counterparts did, and 3) the trained and the untrained 13-yr-old twins changed
commensurately. Further, interage comparisons of the intrapair differences showed
that both the 10- and 16-yr olds improved their V02 max more than did the 13-yr
olds. In view of this evidence, the old hypothesis that more may be gained by in-
troducing extra exercise at the time when the rate of growth is greatest is not te-
nable.

Adolescent twins; genotype-training interaction; maximal aerobic power; maximal
aerobic capacity; cardiorespiratory responses

ALTHOUGH WE KNOW THAT PHYSIOLOGICAL responses to training vary with age
and that older men cannot improve their adaptive capacity as much as younger
men can (16), we are still largely ignorant of whether increased physical exertion
is more effective in altering functional adaptability at an earlier stage of maturation
than at a later one. Possibly hormonal activity during some stage of the growing
period overcomes any significant effect of additional stimuli on functional adapta-
bility during this period. There is evidence that growth hormone in normal animals
causes proportionately similar increases in skeletal muscles undergoing work-in-
duced hypertrophy and in their controls. This is not to deny the pronounced deve-
lopment observed in adolescents who engage in competitive sports (1,2) but sim-
ply to point out that we have not been able, up to the present, to separate distinctly
the relative importance of genetic disposition, growth, and amount of training at
different developmental ages.



The use of cross-sectional and longitudinal studies in elucidating this problem
has the obvious limitation that the degree to which the genetic factor is operant in
different individuals is not known. The split-twin method obviates this problem,
because each trained twin is accompanied by a genotypically identical control (12).
Thus we used identical twins of three developmental ages (10, 13, and 16 yr) to
study the effects of physical training on variables related to the oxygen transport
system.

METHODS

Twins. Twelve pairs of identical twin boys (four sets aged 10 yr, four sets aged 13
yr, and four sets aged 16 yr) were used as subjects. Their zygosity was determined
on the basis of morphological traits and a serological examination, as previously
described (11). The physical characteristics of the three age groups are given in

Table 1.

TABLE 1. Group means of physical characteristics before and after training, and mean values of individual %

changes.
Body Wt.kg Standing Ht, cm Lean Body Vital Capacity,
Wt, kg liters BTPS

10-Yr-old twins
Trained

Before 28.6+ 4.7 134.8 £12.3 25.1 £4.00 2.2+0.4
After 29.7+5.3 137.0 £12.7 26.0+4.5 23+0.4

% Diff 3.8+1.8 1.7+0.7 3.4+23 10.8+7.6
Untrained

Before 28.6 £4.2 134.8 +11.7 25.1+3.6 2204
After 30.1+£4.9 136.8 £11.7 264 +4.2 2.3+0.4
%, Diff 5.0+2.1 1.5+£0.1 4.6 2.7 7.5+43
13-Yr-old twins

Trained

Before 499 +5.69 159.3 £ 6.1 39.03 £3.50 3.34+£0.36
After 51.20 £5.49 162.3+5.9 40.4 + 4.35 3.43 £0.42
% Diff 2.73+ 2.47 1.90 £ 0.54 3.50 £3.8 2.8+2.10
Untrained

Before 48.90 +3.78 160.0 £5.9 38.53 £2.03 3.33+£0.20
After % 51.25 +4.58 163.0 £ 6.1 40.33 £3.42 3.45 £0.20
Diff 4.78 £3.3 1.88 + 0.49 4.65 + 6.55 3.7+3.8
16-Yr-old twins

Trained

Before 61.35 +3.19 171.8 £ 0.96 54.10 £ 3.26 457 +0.45
After 62.98 £5.21 172.8 £ 0.96 53.28 £+4.31 4.66 +0.36
% Diff 2.58 £ 2.66 0.60 £ 0.49 -1.63+1.97 2.4 £ 6.57
Untrained

Before 61.03 £ 4.57 171.5+£1.7 53.83 £5.25 4.77 +0.35
After 61.63 +£5.44 1733 +£1.7 51.18 £4.43 4.73+0.43
% Diff 0.90 +£1.61 1.05 £ 0.30 -4.85 £1.96 -0.93 £ 3.82




Training plan. The twins were split so that one trained while his identical brother
acted as a control. The twin brothers decided between themselves as to who would
train. The 10-wk training was of the endurance type, designed primarily to improve
maximal aerobic power. Essentially, it involved 1) three times a week, running 1
mile each time, to maximal effort; 2) three times a week, continuous step work la-
sting for an average of 8.5 min and eliciting an average heart rate of 162 beats/min;
3) once weekly cycling intermittently on a Monark bicycle ergometer at a pedaling
frequency of 60 rpm. The exercise lasted for 3 min and elicited maximal heart rates;
during recovery, the subject continued performing at a reduced work rate until his
heart rate, continuously recorded, dropped to about 150 beats/min; this work/re-
covery pattern was carried on until exhaustion. In addition, the subjects trained
on the average once weekly for competitive hockey or rugby. No effort was made
to keep the control twin from his usual kinetic repertoire, but it was limited to nor-
mal daily routine and participation in regularly scheduled physical education clas-
ses.

Measurements. Twins performed a series of work loads at progressively increasing
intensity on an Elema Schonander bicycle ergometer before and after training. Each
work rate lasted 5 min and 15 s (except for the last supramaximal one, which was
usually of shorter duration) and was followed by a 10-min rest pause. Twin broth-
ers exercised alternately; this created a competitive atmosphere which motivated
them to exert themselves to exhaustion during the supramaximal efforts.

Measurements of oxygen uptake, blood lactate, heart rate, and cardiac output
were obtained for each work load.

Oxygen uptake was determined by the open circuit method during the last mi-
nute of exercise (this was from the 4th to the 5th min, except for the supramaximal
efforts, which were of shorter duration). The Beckman paramagnetic and infrared
gas analyzers, calibrated with known gas concentrations which were determined
by the Scholander analyzer, were used for O; and CO, determinations of the expired
air. A specially designed mixing chamber was used for sampling expired air, which
was collected into small rubber bags and directed at a later time to the 02 and CO;
analyzers through a system of solenoid valves, which made it possible to avoid con-
tamination errors. The inspired air was measured by a calibrated dry-gas meter
connected in parallel with a set of bellows, in order to provide a reserve and incre-
ase the accuracy of the ventilatory measurements during maximal flows. In addi-
tion, a flow-sensitive potentiometer was connected at the mouth of the bellows in
order to monitor breathing frequency. Readings of the gas analyzers, gas meter,
and potentiometer were displayed on digital meters to facilitate recording. Finally,
an electric clock was coupled in the assembly to take the precise time of measure-
ments.



Blood lactate concentration was determined from an arterialized sample taken
from a prewarmed fingertip at the 5th min of each recovery period and analyzed
according to the Barker-Summerson method as modified by Strom (19). Cardiac
frequency was determined from the subject's electrocardiogram, which was recor-
ded with a Sanborn patient monitor. Cardiac output was estimated by the CO; re-
breathing method using a continuous sampling and a graphical analysis, as descri-
bed by Ferguson et al. (7). Rebreathing was done during the last 15 s of each work
rate immediately following the measurement of oxygen uptake. Vital capacity was
assessed by a Collins 9-liter respirometer. Lean body weight was predicted from
skinfolds taken by the Lange constant-pressure caliper (10 g/mm?) and introduced
into the equation developed in children by Parizkova (14).

RESULTS

The metabolic and respiratory responses of the twins to maximal work and their
cardiac responses to near maximal work, before and after training, are presented
in Tables 2 and 3. A comparison of the percentage changes during the 10-wk period

TABLE 2. Group means of metabolic and respiratory responses to maximal work before and after training and mean values

of individual % changes

Oxygen Uptake, HeartRate, Respiratory  Blood Lactate, mg Ventilation, liters/min Respiratory Rate/
00 mL BTPS min

liters/min beats/min Quotient 1
10-Yr-old twins
Trained
Before 1.59 £ 0.23 189.8 + 2.5 1.13£0.11 58.6 £ 26.1 68.35 £ 7.75
After 1.96 £ 0.28 188.3 £+ 8.0 1.03 £ 0.03 65.9 + 28.4 78.84 £ 8.20
% Diff 23.48 + 6.12 -0.82+£3.08 7.96+7.10 21.6 £ 56.2 16.44 +17.91
Untrained
Before 1.58 +0.13 189.8 + 6.4 1.10 + 0.08 55.0 £ 27.5 63.84 + 4.68
After 1.77 £0.18 189.3+3.3 1.10 + 0.08 54.2 +18.2 72.58 + 8.58
% Diff 11.82 +4.99 -0.22+1.82 0.78 +4.38 9.4 +48.5 14.08 + 15.53

13-Yr-old twins

Trained

Before 2.19 £ 0.20 195.5+4.4 1.17 £ 0.08 75.4+7.11 89.05 + 11.29
After 249 +0.17 194.5+4.2 1.06 + 0.04 79.5 + 14.45 95.61+ 6.07

% Diff 14.17 +7.28 -0.5+0.6 -9.05 + 3.7 6.5+5.1 8.05 + 6.09
Untrained

Before 2.18 +0.23 1955+4.4 1.12+0.08 79.1+6.5 85.62+13.92
After 2.51+0.10 194.8 +4.6 1.05 £ 0.08 73.5 + 7.8* 92.74 + 6.85
% Diff 15.95 + 8.95 -0.38 £ 0.5 -5.9+9.3 -7.0 £ 0.0 9.7+12.2
16-Yr-old twins

Trained

Before 2.95 +0.25 1835+24 11320.05 67.8 £ 18.6 119.07 £ 7.06
Aftet 3.55+0.30 189'8 o 3'8 1.09 + 0.04 85.3+18.8 146.01 + 21.7
% Diff 20.53 £ 0.56 3 3é +0 él -2.7+£6.8 27.3+26.8 223 +12.7
Untrained o

Before 2.95 + 0.40 190.0 + 5.6 1.24 £ 0.05 77.6+ 21.0 133.28 + 25.94
After 3.03+0.22 187.3 o 8'1 1.09 £ 0.03 71.7+18.2 122.40 +12.28
% Diff 3.20+4.71 _1_6'8 ;4.;}1 -12.6 £1.9 -7.5+49 -7.0+8.2

65.0 £13.5
63.5+9.6
0.55+25.1

56.5% 6.6
65.6+4.4
16.71 £ 11.0

50.0£6.3
528 % 5.5
6.7 £12.2

49.3 £ 8.5
51.0+5.8
4.4+72

56.5+7.7
65.0+7.8
154 +7.8

62.4+14.7
52.0+10.6
-16.2+5.9

* For technical reasons, this value is for two twing.onl




TABLE 3. Group means of cardiac responses to near maximal work and mean values of indi- of observation indi-
vidual % changes cated a trend toward
Cardiac Output, Heart Rate, (a-v)0?, a Change of practlcal-
liters/min beats min Diff, vol% ly all the variables for
10-Yr-old twins both trained and un-
Trained . . .
Before 10.30 + 1.48 181.8+ 9.6 12.72 £ 2.40 trained twins. To find
fgfter_ 11.33 +1.88 186.5 + 10.7 15.12 + 2.28 out whether or not
% Diff 12.06 + 28.81 4.43+5.46 21.50 + 25.72 , o
Untrained the intraindividual
Before 10.83 +2.18 181.8+13.8 11.79 + 1.28 : L
After 10.43 + 1.08 1785 + 14.1 12.99 +1.14 and the intrapair dif-
% Diff -2.43 £ 8.46 -1.76 + 3.22 11.79 £ 21.36 ferences produced as
%3-¥r-<c>lld twins 12.15+1.76 181.5+17.23 16.18 £ 0.76 a result of the trai-
raine 13.98 + 3.59 178.5 +19.21 16.54 + 1.61 - - )
Before 142+ 17.84 -1.75 + 2.06 2.5+12.08 ning period were sta
ter tistically significant,
% Diff 12.88 + 1.75 183.0 + 11.49 15.36 + 1.03 ] Yy 518
élr}tralr;\fff;i 14.05 + 3.51 174.0 + 14.7 1611+1.9 the Wilcoxon match-
erore er _ . .
A 7.95 +12.51 5.0 +6.73 5.43 +16.35 ed-pairs signed ranks
o i test was used (17).
TBrafined 16.1+0.63 168.0 £ 12.0 16.0 £ 1.49 No significant dif-
efore 17.95 +5.01 169.5 + 14.18 16.45 +1.72
After 10.93 + 2843 0.75 + 2.87 3.43 £14.22 ference was found
gilf{ra_ne : between trained and
1
Jefore 16.15 + 2.67 169.5 + 21.56 14.98 + 1.55 untrained 13-yr olds
er 16.35 + 3.73 165.0 + 12.49 15.88+1.19 for anv of the varia-
% Diff 0.53+7.91 -2.0£9.56 6.75+13.14 or any of the varia
bles measured. The

same holds true for

the 10-yr olds with the exception of their maximal oxygen uptake, which improved
more in the trained than in the untrained twins at a significant level of P < 0.02.
The 16-yr-old trained twins increased significantly their maximal oxygen uptake
(P <0.01), maximal oxygen pulse (P < 0.01), maximal blood lactate concentration
(P <0.05), maximal work ventilation (P < 0.02), maximal respiratory frequency (P
< 0.01), and maximal work ventilation to vital capacity ratio (P < 0.05), while in
the remaining parameters there was no difference. The mean differences before
and after training for all the variables under study are summarized in Table 4.
The difference of differences between age groups was tested for significance wi-
th the Mason-Whitney U test (17). No significant differences were observed for any
of the measurements between 10- and 16-yr olds. There was a difference between
10- and 13-yr olds only in maximal oxygen uptake, at a level of significance of P <
0.05. This interage difference appears because the intrapair difference was not ch-
anged in the 13-yr olds, but it was altered significantly in the 10-yr olds, as noted
in the preceding paragraph and shown in Fig. 1. A statistical comparison of the dif-
ference of differences between 13- and 16-yr olds revealed that in the latter, trai-
ning had produced greater changes in maximal oxygen uptake (P < 0.02), maximal
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TABLE 4. Mean differences before and after period of observation, difference of differences between age groups, and their
significances for selected parameters.
. ) Probability of Significant
) 10-Yr-Old Twins 13-Yr-Old Twins 16-Yr-Old Twins Difference of Differences
Variable Between Age Groups
T U TU TU 10-13yr 13-16yr
Body weight, kg 1.03 1.48 1.30 235 1.63 0.60 >0.05 >0.05
Standing height, cm 2.25 2.00 3.00 3.00 1.00 1.75 >0.05 >0.05
Lean body weight, kg 0.95 1.33 138 1.80 -0.83  -2.65 >0.05 >0.05
Maximal oxygen uptake, ml . kglmin! 10.61* 4.04 416 4.67 8.56* 0.73 <0.05 <0.02
Maximal oxygen pulse, ml/beat 2.09 0.66 1.86 2.13 2.84*  0.67 >0.05 <0.02
Maximal heart rate, beats/min -1.50 -0.50 -1.00  -0.75 6.25 -2.75 >0.05 <0.05
Maximal blood lactate, mg/100 ml 7.25 -0.85 413 -14.63  15.00* -5.95 >0.05 >0.05
Maximal ventilation, liters/min 10.49 8.74 6.56  7.12 26.94* -10.86 >0.05 <0.05
Maximal respiratory rate/min -10.50 1.00 2.75 1.75 8.50* -10.50 >0.05 <0.02
Maximal tidal volume, ml 0.18 -0.01 -1.00 0.08 0.15 0.20 >0.05 >0.05
Maximal V,;/VC 2.21 1.68 1.26  1.20 5.06* -1.84  >0.05 <0.05
Maximal cardiac output, liters/min 1.03 -0.40 1.83 1.18 1.85 0.20 >0.05 >0.05
Maximal stroke volume, ml 3.90 -0.83 9.18 10.58 8.65 4.05 >0.05 >0.05
Maximal (a-v)0, difference, vol% 240 1.19 036  0.75 0.45 0.90 >0.05 >0.05
Maximal cardiac index, 1.min. n1 0.79 -0.62 094 0.45 0.92 -0.01 >0.05 >0.05
* Confidence level of 0.05 or more.

oxygen pulse (P < 0.02), maximal heart rate (P < 0.05), maximal work ventilation

(P <0.05), maximal respiratory frequency (P < 0.02), and maximal work ventilation

to vital capacity ratio (P < 0.05). All intra-age and interage differences are given in

Table 4. The intraindividual and intrapair differences observed in maximal oxygen

uptake before and after training are presented in Fig. 1.

DISCUSSION

The commensurate increase in VO, max in trained and untrained 13-yr-old twins

10 YEARS

13 YEARS

16 YEARS

70 L2
60

50 [~

40

Before

40 50 60

70

60

50

40

FIG. 1. Intraindividual values of
maximal oxygen uptake (ml x
kg 'x min!) before and after
period of observation training
for all age groups. Partly filled
and unfilled circles denote
trained and untrained twins, re-
spectively. Each set of letters
represents a twin pair.
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is striking. The most likely explanation hinges on the adolescent growth spurt, wh-
ich occurs at this age as evidenced by the increase in height (20). The annual in-
crease in body height of the 13-yr olds was 8 cm (Fig. 2). A rate of growth of such
magnitude is expected to occur only during the adolescent spurt. Whether or not
this growth spurt is directly related to growth hormone or to other hormonal fac-
tors is still speculative. It is possible that hormonal activity is maximal during this
age and any additional stimuli such as training cannot override its influence. In this
connection one thinks of the anabolic activity of the growth hormone, which sti-
mulates the transport of amino acids across cell membranes and the synthesis of
protein. However, some other factors must play an essential role, because the blood
growth hormone levels in children and adolescents are not different from those
observed in adults during rest (9, 10) and in response to muscular work (6).

From studies in rats, it has been reported that injections of growth hormones
have caused elevation of plasma alkaline phosphatase levels (13), and such eleva-
ted levels have also been observed in boys of 13 yr. Some findings from animal stu-
dies confirm the hypothesis advanced here that during the growing period, hor-
mones probably play a more dominant role in the development of functional ada-
ptability than does physical activity. Indeed, Goldberg and Goodman (8) found that
when rat muscle (soleus and plantaris) is injected with growth hormone, the mu-
scle appears to increase in size by the same numeric factor whether there is atro-
phy from denervation or hypertrophy from increased work. These authors suggest
that the hormone determines the absolute changes in muscle size, which result
from changes in muscular work.

Several workers have observed no improvement in

e T € | VO;maxin boys who trained during the pubertal gro-
: ' : wth period. Sprynarova (18) noted no differences over
a period of 3 yr in two active and one inactive group of

:44 Maximal Oxygen : 114 11-yr-old boys who had participated in sporting
Uptake, mlykgy min' activities of various intensities. Parizkova and Spryna-

:40 : rova (14) observed a significant difference at age 13
between their most and least active groups, but when

170 | vO,maxwas expressed in biometric units of body wei-
| e | ght, the difference disappeared. This was confirmed by
Ekblom (4) and by Daniels and Oldridge (3). Ekblom fo-

L 1o & Standing Height, cm | und an absolute increase of 55% for 5 11-yr-old boys
who had trained for 32 mo as compared to 37% for the

! I = v reference group, but the relative increase was the same

FIG. 2. Data_ob_tained from 3 sets of13-yg-c_)ld (7%) in the two groups. Daniels and Oldridge also ob-
t‘r/j;::_ig;?:?n?:r?a?:(iluzn;rall/nzedmsi‘I)[tltezdglﬁ?an d served in a study of 14 boys aged 11-15 yr, who trained
IV = 12 mo. for 22 mo, that the increase in VO; max was not at a gre-
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ater rate than that at which weight increased. At variance with these findings is the
recent report by Eriksson (5), who noted 16% increase to 48.5 mlekg'emin of bo-
dy weight in 12 boys (11-13 yr) who trained for 4 mo.

It may be argued that our 10-wk observation period was too short to relate to the
growth spurt the changes noted in the 13-yr olds. For this reason, the testing of three
pairs of the 13-yr-old twins was extended over 1 yr. It was found that both trained
and untrained twins continued to improve their VO, max at the same rate until the
third testing period (Fig. 2). Nevertheless, the improvement over this observation
period was about 22%, which is substantially more than the improvements noted in
the training studies on adolescent boys that have already been cited.

[t cannot be decided from the studies mentioned so far whether or not training
at prepubescent age can have a greater influence on VO, max than that at a later
age. Most probably the ontological time factor is decisive in the development of
functionally important structures. However, it remains uncertain to which deve-
lopmental period the growth-promoting stimuli that act upon the tissues should
be applied. The old hypothesis that more might be gained by introducing extra
exercise at the time when the growth impulse is the strongest is no longer tenable
in view of the evidence obtained in the present study.

A question of considerable theoretical and practical importance is whether dif-
ferent genotypes respond to a given training stimulus with changes of different
magnitude. Our split-twin experiments make it possible to separate the observed
intrapair variance into its three components: that due to heredity, that due to trai-
ning, and that due to the interaction between heredity and training. To avoid the
growth spurt effect, only data obtained from the 10- and 16-yr-olds were used. Me-
an VO2 max for all experimental and control twins was 51.9 mlekglemin?, with
nonsignificant intrapair differences. Interpair variability ranged from 41.1 to 58.6
mlekglemin?, so that the interaction hypothesis could be tested. Mean VO, max
after training was 59.4 mlekg!emin!, with adjustments for changes observed in
the nontrained twins, and the range was 45.2 to 69.3 mlekglemin’. Treatment of
the results with analysis of variance revealed that the interaction between geno-
type and training does not contribute significantly to the total variance (Table 5).

These findings do not support the notion that the magnitude of improvement in
VO, max depends on the relative strength of the genotype. Thus, the inverse rela-
tionship occasionally observed between initial level of VO, max and relative impro-
vement (16) should be attributed to the amount and intensity of physical activity,
which presumably modifies the initial level of VO, max. Further, it is surprising to
find that in spite of strenuous training, the main cause of the total variance in VO
max is still the genetic predisposition. In this context, it should be pointed out that
the partitioning of VO, max does not refer to individual values but to the variation in
a population. In view of the available evidence, it seems that variability in VO, max
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TABLE 5. Analysis of variance in VOzn in 8 twin pairs.

Vo, max in 8 twin pairs

Sources of Variation Mean Squares Variance in Percent of

Total Variance
Training 221.72 42
Heredity 69.04 51
Interaction 4.39 7

Estimates of variances, in actual figures, are computed in the following

way (n = number of twin pairs): heredity = mean sq. heredity - mean sq.

interaction/2;training = mean sq. training -mean sq. interaction/n.
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