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Organ Weights in Primates
and Other Mammals

Abstract. In mammals the weight of
the heart, kidney, lungs, and other
organs can be related to total body
weight through power laws (allome-
try). Weights of primate organs are
analyzed by this technique. Allometric
coefficients and size-independent or-
gan-weight or body-form ratios may be
used to compare primates, including
humans, and other mammals.

About 1895-1900 it was observed
that the relative brain size of anthro-
poids wos best assessed by use of pa-
rameters obtained from a log-log plot
of brain weight against body weight.
This analytical technique subsequently
came to be known as “allometry,” and
was much advanced by a book by
Julian Huxley (/). Huxley showed that
the plotting of many gross body mea-
surements against body weight or a
reference body length yields straight
lines on log-log paper. A massive col-
lection of allometric data on organ
weights and body-size parameters was
provided by Brody (2). Subsequently
it was demonstrated (3, 4) that the al-
lometric technique could also be applied
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to body minerals and fluids, many phys-
iological parameters, muscle masses, a
variety of skeletal measurements, and
other parameters.

This report presents allometric data
(Table 1) on the weight of the prin-
cipal organs (heart, lungs, liver, kid-
neys, adrenals, thyroid, pituitary,
spleen, pancreas, and brain) of pri-
mates and “mammals” (which here
designates mammals other than pri-
mates). Statistical analysis reveals that
the allometric prediction equations are
reliable and that the coefficients in
these equations appear to be statisti-
cally indistinguishable for the primate
and mammalian groups, except in the
case of the brain. It is also pointed
out that one may form size-independ-
ent ratios of organ weights which con-
stitute dimensionless organismal “shape
factors.”

The weight data for mammalian or-
gans were obtained from Brody (2,
chap. 17). He includes all necessary
statistical measures except for total
numbers of animals, but these were
large, as is seen from the graphs of his
regression lines. Brody does not give
satisfactory prediction equations for the
pituitary, pancreas, or spleen of mam-
mals. Data on organ weights, from an
extensive collection of such data by
Crile and Quiring (5), were used to
obtain the parameters shown for the
spleen and pituitary in mammals in
Table 1; there are not enough pub-
lished data on the pancreas to enable
allometric coefficients to be obtained for
mammals. The mammalian prediction
equations are known to be valid in
the size range from mice (25 g) to steers
(500 to 1000 kg), and may even ap-
ply to elephants and whales.

Data on weights of primate organs
were obtained from published reports
of Hrdlicka (6), Crile and Quiring
(5), Kennard and Willner (7), and
Herrmann et al. (8). New data col-
lected at the Oregon Regional Primate
Research Center during the last 4 years
[Knezevic (9), Malinow (10)] were
also included. There were 321 data
points found for primate hearts, with
lesser numbers for other organs. As
shown in Figs. 1 and 2, the size range
of primates covered is from tree shrews
(less than 10 g) to humans (70 kg),
with limited data on the gorilla (over
100 kg). The points in Figs. 1 and 2
identify authors of data, not kinds of
animals, and include a considerable
range of body sizes for each kind of
primate named, for example, weights
of 2 to 10 kg for macaque monkeys.

However, most of the primate data
are from animals which are of at
least “young adult” age. The predic-
tion curves are for organ weights in
mature animals of various sizes, and
not for organ size during growth and
development as such. Data on howler
monkeys, collected by Malinow (10)
at this Center, do include some for fair-
ly young animals, but they fit the gen-
eral prediction formulas in a satisfac-
tory manner.

The organ weights were analyzed

against body weight by a regression
analysis, with a SDS-920 computer
(11). Statistical formulas for fitting
the allometric equations y = a xb
are provided by Brody (2, pp. 398-
401 and other pages). In this report,
organ weight (y) is given uniformly
in grams; body weight (x), in kilo-
grams. Allometric parameters were ob-
tained by a least-squares fit after con-
version to log;, values. The a pa-
rameter is the value of the ordinate
at a body weight of 1 kg. In view of
the log-log transformation, the most
useful measure of precision for the a
value is its standard error, given as
a percentage of the mean value. The
parameter S,, is this statistic for a,
and represents the 67-percent con-
fidence limit; 95-percent confidence
limits are given by twice S,,. The
log-log plot slope value is given directly
as b; S8, is the standard error of the
slope in absolute slope units.
- An indication of the validity of the
entire plot is given by the value of
the correlation coefficient r and the
standard deviation of data points from
the prediction line, as indicated by
the standard error of the estimate (S)
in Table 1. For all cases shown in this
table, correlations were significant at
the .01 level of confidence. There has
been considerable discussion of the best
techniques for fitting allometric data
(12), but the cited statistical parameters
appear to be adequate.

Table 1 and Figs. 1 and 2 show
that the mammalian and primate pre-
diction equations are almost identical,
with the major exception of the brain.
In the case of the heart, lungs, kid-
neys, pituitary, and spleen the 1-kg
intercept (a) and slope (b) parameters
lie within one standard error of each
other, while for the liver, adrenals,
and thyroid the a and & values are
at worst within two standard errors of
each other.

This conclusion is confirmed by
Figs. 1 and 2, which compare Brody’s
previously published lines for mam-
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Fig. 1. Heart weights in mammals and primates. The solid line is based on Brody’s

(2) prediction formula for mammals in the mouse to steer-or-larger range. The dashed
line is a statistically fitted plot based on 321 primates ranging in weight from about
10 g to 100 kg. All of the authors cited studied a variety of animals, as shown by
approximate adult weights. The mammalian and primate allometric lines are statistically
indistinguishable in this study. Independently computed lines for growing howler

monkeys (Malinow, 70) are also given.
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Fig. 2. Kidney weights in mammals and primates. The total weight of both kidneys
is shown on the ordinate. The allometric prediction line of Brody (2), shown as a
solid line, is found to be nearly identical with a new line for primates, based on 268
animals. Prediction lines for growing howler monkeys. (Malinow, I0) are found to fit
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the plot for mature animals with unexpected accuracy.
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mals with the newly computed primate
prediction lines. In the case of the
kidney the lines were too close to-
gether to even allow separate plotting,
while for the heart they differ by only
about 13 percent at the comparison
point for 1 kg. Figures 1 and 2 also
include prediction lines for howler
monkeys, recently obtained by Mali-
now (I0) as the result of studies on
316 animals with a weight range of 1
to 10 kg. Malinow’s findings include
fairly young animals, but no infants;
his prediction lines agree with the
formulas for weights of organs of ma-
ture animals.

From Table 1 it is clear that the
standard error is 25 to 90 percent for
most mammalian and primate organs.
This represents a relatively low level
of accuracy for prediction of organ
weights in a particular animal of
known weight, but nevertheless the
linearization of data over more than
four orders of magnitude of body
weight is impressive. The same sort
of general result has been obtained in
almost all published allometric stud-
ies, which are best suited for demon-
strating “size effects” and body form
relationships. More refined prediction
equations, including effects of age, sex,
body fat content, and so forth, must
be used to obtain satisfactory estimates
in, for example, humans suspected of
having organs enlarged or shrunken by
disease. Problems of this nature are
discussed elsewhere (/3) in more de-
tail,

The brain differs from all other or-
gans in Table 1 in that its 1-kg in-
tercept value (a) clearly distinguishes
mammals and primates, and also the
major groups of primates. The slope of
the allometric line is quite constant in
the range of 0.64 to 0.75 for all ma-
ture mammals, including primates; dur-
ing growth and development, plots of
brain weight may give b values of
0.25 to 0.50. Jerison (I4, 15), Stephan
and Andy (/6), Scholl (/2), and oth-
ers have analyzed relative brain size
in primates and shown that a coef-
ficients from allometric plots are use-
ful numerical criteria of “cephaliza-
tion.” Moreover, one may compare de-
velopment of specific parts of the
brain, for example, cortex, olfactory
bulb, midbrain, and so forth, by the
allometric technique, to give more de-
tailed insight into relative enlargement
of the brain during phylogenesis (16).

1t could hardly be expected a priori
that organ weights would be so well
linearized by log-log plots, or that the
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characteristic parameters for mammals
and primates would be identical with-
in presently available statistical limits.
These observations suggest that all
mammals have in common a basic
kind of “physiological design.”

In a series of prior reports (3, 4,
17) T have pointed out that engineer-
ing dimensional analysis and modeling
theory can be used to compare mam-
mals as “physical systems.” Physical
similarity of this type is defined spe-
cifically by invariance of sets of di-
mensionless numbers or “criteria of
similarity.” Genetic, behavioral, bio-
chemical, and other types of func-
tional similarity are not covered by
this definition. Dimensionless similari-
ty criteria may be obtained by form-
ing quotients of power-law prediction
equations, as shown by the following
examples based on the primate data:

heart weight (g)

body weight (g) —

0.98
ﬁ)é()g’%;ﬁ = 0.0052 M0.02
heart weight (g) _
lung weight (g)
10.98
%.‘99‘2 0.46 M—0.01
iver_weight (g) _
kidney weight (g) —
0.87
é%]\% = 4.5 MO0.02

Since any number to the zero power
is equal to unity, the small and statis-
tically insignificant residual mass ex-
ponents (0.02, —0.01, 0.2) indicate
that body weight has little or no ef-
fect, as such, on the indicated dimen-
sionless “body form” ratios.

The same technique can be applied
to allometric equations predicting
physiological functions (I7). From
this, one obtains simple or complex
physiological dimensionless similarity
criteria which define the extent of
“physical similarity” between two
groups of animals that occur in a
range of adult sizes. The invariance of
dimensionless numbers is used to define
“physical models” in the engineering
sense. Artificial organs are found to
be partial physical models of the nat-
ural ones (4, 13) to the extent that
they are governed by the same physi-
cal similarity criteria. However, such
model organs do not allow quantita-
tive prediction about organs in situ
because the latter are also governed
by many dimensionless and dimension-
al constants not represented in the arti-
ficial systems. '
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Table 1. A comparison of organ weights in primates and mammals. Organ weight (grams) —
a M" with body mass M in kilograms; S,,%, standard error of the @ parameter shown as
mean of plus and minus deviations; S,, standard error (absolute value) of the slope param-
eter b; N, number of animals; r, regression coefficient; S, standard error of the estimate.

Organ and animal a S,,% b Ss N r S
Heart

Mammals* 5.8 41% 0.98 0.01 >100 0.99

Primates 5.2 28% 97 .02 321 99 0.11
Lungs

Mammals® 113 50% 0.99 0.01 >100 0.96

Primates 9.7 45% 94 .04 268 95 0.16
Liver

Mammals* 333 36% 0.87 0.01 >100 0.99

Primates 322 28% 93 .02 293 98 0.11
Kidneys

Mammals* 13 38% 0.85 0.01 >100 0.99

Primates 6.3 45% .87 .04 268 95 0.16
Adrenals

Mammals* 0.27 65% 0.80 0.02 >100 0.97

Primates .53 69% .70 05 304 .88 0.23
Thyroid

Mammals* 0.13 75% 0.92 0.02 >100 0.97

Primates 15 14% 1.12 .06 225 94 0.24
Pituitary .

Mammalst 0.03 25% 0.56 0.02 60 0.99 0.10

Primates .03 1% .68 A2 147 g2 23
Spleen

Mammalst 2.5 90% 1.02 0.05 75 0.98 0.28

Primates 1.5 2% 0.85 .10 44 93 23
Pancreas

Primates 2.0 43% 0.91 0.06 201 092 0.16
Brain

Mammals* 10 51% 0.70 0.01 >100 0.97

Mammals} 9.3 >50% 73 108 98

Monkeysi 20to 30 22% .66 50 > 9

Great apesi 30 to 40 25% .66 35 > 9

Humansi 80to0 90 18% .66 50 >

* Mammalian data from Brody (2).
Brody (2) and Quiring and Crile ).
other sources.

Anthropometry is based on dimen-
sionless ratios of body lengths applied
to the comparison of body shape in
related anthropoids. More than 40 spe-
cific form ratios of this type have been
defined by anthropologists with the
goal of comparing primates and hu-
man races.

There is, in general, no well-
defined technique for singling out spe-
cific ratios as being “more fundamen-
tal” than others, except on the basis
of general impressions of experienced
taxonomists. The same is true of the
organ weight and physiological dimen-
sionless ratios. For example, it is
known that heart weights are relatively
greater in greyhounds and race horses,
but a change in this ratio cannot be
said to be taxonomically more or less
important than alterations in skeletal
ratios observed among strains of dogs
or horses. Relative heart weights ap-

pear to provide little insight into
phylogeny.
Size-independent dimensional con-

stants may also be deduced by the al-
lometric cancellation method. For ex-
ample, log-log plotting of blood volume
in mammals (17) vyields the highly
significant prediction formula: Volume

T Newly computed mammalian data, based on values in
i Brain weight coefficients from Jerison (I14) and

of blood (cm3) = 70M10, Dividing
by body weight gives the size-inde-
pendent dimensional constant 70 ml of
blood per kilogram of body weight.
Many other constants of this type are
reported elsewhere (13).

The primates represent an especial-
ly interesting group from the view-
point of physical-similarity analysis.
Studies are under way on a variety
of form measurements and physiologi-
cal parameters in primates and have
already yielded numerical parameters
which are useful for empirical compari-
sons of body form and physiological
performance in primates. It is interest-
ing to discover that engineering model-
ing theory may be applied in a straight-
forward manner for comparisons of
animals from the standpoint of physical
system design and comparative per-
formance. An approach of this type
was clearly anticipated by Thompson
(20), who suggested that some aspects
of biological form should be interpreted
from a purely physical viewpoint.

WALTER R. STAHL
Department of Biomathematics and
Automatic Data Processing, Oregon
Regional Primate Research Center,
Beaverton, Oregon
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Phenylketonuria: Limit in Capacity of Pre-Weanling Rats To
Oxidize B-Phenyllactate and Other «-Hydroxy Acids

Abstract, In comparison with mature animals, pre-weanling rats have markedly
higher and longer lasting serum levels of B-phenyllactate following the intra-
peritoneal injection of a moderate dose. A corresponding age-dependent difference
in the rate of oxidation of B-phenyllactate and other o-hydroxy acids was ob-
served in experiments with homogenates and supernatant fractions of rat kidney.

The possibility that the oxidation of
some  long-chain  q-hydroxy acids
might be significantly limited during
an early postnatal stage was noted in
the course of studies with phenyl-
alanine-loaded rats (7). Pre-weanling
rats receiving high doses of vL-phenyl-
alanine by repeated intraperitoneal in-
jection deaminated the amino acid and
reduced the resulting phenylpyruvate
efficiently, but accumulated consider-
ably more phenyllactate than more ma-

ture animals did under comparable con-
ditions. The findings suggested the de-
velopment or augmentation within a
brief interval of a key system affect-
ing the relative concentrations and,
possibly, the absolute amounts of
phenylpyruvate and phenyllactate in
the body fluids. The large increase in
the ratio of phenylpyruvate to phenyl-
lactate in the urine which occurred
between the 18th and 25th days of
age, with concomitant reduction of

Table 1. Oxidation of higher o-hydroxy acids by kidney extracts prepared from rats of dif-
fering degrees of maturity. Each value represents the activity during 30 minutes of a 30,000g
supernatant fraction equivalent to 0.3 g (fresh weight) of tissue. The incubation mixtures con-
sisted of 0.5 ml of buffered extract and 10 ymole of a DL-o-hydroxy acid or approximately 7.5
wmole of an a-keto acid in a total volume of 1.5 ml. Incubation conditions were the same as
those described in the legend of Fig. 2. o-Keto acid controls were deproteinized at zero time.
The method of Penrose and Quastel (19) was used to determine the concentration of g-keto

acid.
VVVVVV «-Keto acid (umole)
Addition S
26 g* 73 g* 100 g* 270 g*
Increase in o-keto acid
pL-a~-Hydroxyvalerate 0.3 3.8 4.1 5.0
pL-gq-Hydroxycaproate .6 29 3.0 4.6
pL-g-Hydroxycaprylate < 3 2.0 2.1 4.1
pL-g-Phenyllactate < .3 1.3 1.5 29
pr-p-Hydroxy-g-phenyliactate < 3 0.7 1.0 1.7
Decrease in o-keto acid
o-Ketovalerate 0.1 0.2 0.2 0.2
a-Ketocaproate 3 .6 4 4
Phenylpyruvate i 4 3 7
p-Hydroxyphenylpyruvate N .8 g 7

* Average weight of rat.
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phenyllactate concentrations in serum
and brain tissue, suggested an in-
creased capability in conversion of the
hydroxy to the keto form. Since, in
the case of phenyllactate, this oxida-
tive step intervenes between a meta-
bolic dead-end and access to a main
artery of aromatic metabolism (tyro-
sine formation), the activity of the
system would concern phenylalanine
metabolism under certain conditions
and should be rate-limiting in the
metabolism of administered phenyllac-
tate.

Measurements of serum phenyllac-
tate concentrations following intraperi-
toneal administration of a single small
dose (100 mg/kg) of the hydroxy acid
to rats at varying developmental stages
are shown in Fig. 1. These results
clearly demonstrate the comparative
inability of the infant rats to deal ef-
fectively with injected phenyllactate.
For periods of more than 3 hours,
relatively high concentrations of the
hydroxy acid persisted in the blood of
animals less than 18 days of age (30
g with this colony), whereas much
lower and rapidly declining levels were
observed with older animals treated
similarly.

Kidney has been the tissue of choice
for studies on the oxidation of a-hy-
droxy acids. The relative rates of L-
phenyllactate oxidation by homog-
enates and 30,000g supernatant frac-
tions of the kidneys from rats of dif-
ferent ages are shown in Fig. 2. At
least a ninefold increase was appar-
ent in a comparison of the activities
of equivalent fresh weights of tissue
from rats progressing from infancy to
an adult stage (200 g). Based on the
yield of phenylpyruvate per gram of
tissue during the 30-minute incubation
period, activity increased at an appar-
ently linear rate from an observed low
value of 1 ymole in the case of 2- to 3-
day-old rats to nearly 10 pmole with
fully matured animals. Kidney weight
also increased linearly during the same
period, but less than a twofold in-
crease in Dp-amino acid oxidase ac-
tivity was noted in a similar assay
system with bD-phenylalanine as sub-
strate.

With the qo-hydroxy derivatives of
valeric, caproic, and caprylic acids
and with p-hydroxyphenyllactate, how-
ever, age-dependent increases similar
in magnitude to that encountered with
phenyllactate were indicated (Table
1). A number of aliphatic o-hydroxy
acids, indole lactate, indole glycollate,
and q-phenyllactate inhibited the con-
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