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ABSTRACT The present study examined the morpho-
metric properties of the forelimb, including the inertial
properties of the body segments and the morphometric
parameters of 21 muscles spanning the shoulder and/or
elbow joints of six Macaca mulatta and three M. fascicu-
laris. Five muscle parameters are presented: optimal fas-
cicle length (L,™), tendon slack length (Lg™), physiological
cross-sectional area (PCSA), pennation angle (o), and
muscle mass (m). Linear regressions indicate that muscle
mass, and to a lesser extent PCSA, correlated with total
body weight. Segment mass, center-of-mass, and the mo-

Reaching movements by nonhuman primates
(Macaca mulatta) have become a popular paradigm
in which to study the involvement of different neural
regions in motor planning and control (reviewed by
Georgopoulos, 1995). Due to the complexities of
these multijoint movements, neural discharge in
various cortical and subcortical regions has usually
been correlated to variables related to the hand,
such as the direction of movement. While this ap-
proach minimizes the technical problem of quanti-
fying the mechanics of multijoint motion, several
studies have demonstrated that neural activity is
not related simply to the hand, but also reflects
features of movement related to the motor periphery
(Fromm, 1983; Caminiti et al., 1990; Scott and
Kalaska, 1997; Scott, 1997). Further progress on
understanding cortical control of movement requires
a better understanding of the physical properties of
the monkey forelimb and how its muscles generate
movement.

The laws of Newtonian motion dictate that mus-
cular torque at a joint may cause motion at many
joints in a multisegmented limb. To understand the
relationship between muscle force and limb motion,
biomechanical models have been used to study a
variety of motor tasks in humans (e.g., Pierrynowski
and Morrison, 1985; Zajac and Gordon, 1989; Seif-
Naraghi and Winters, 1990; Kuo and Zajac, 1993)
and in animals (e.g., Hoy and Zernicke, 1986;
Dornay et al., 1993). These models are valuable not
only for quantifying the mechanics of limb motion,
but also for examining how the physical properties
of the limb constrain control strategies used by the
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ment of inertia of the upper arm, forearm, and hand are
also presented. Our data indicate that for some segments,
radius of gyration (p) predicts segment moment of inertia
better than linear regressions based on total body weight.
Key differences between the monkey and human forelimb
are highlighted. J. Morphol. 245:206-224, 2000.
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central nervous system to plan and execute move-
ment.

Our long-term goal is to develop a musculoskeletal
model of the monkey forelimb. Central to this project
is the need for quantitative descriptions of the iner-
tial properties of the limb segments, as well as the
morphometric properties of muscles spanning the
elbow and shoulder joints. The latter data are re-
quired by mathematical models of the force-
generating capabilities of musculotendon systems,
such as the commonly employed Hill-type model
(Hill, 1938). Zajac (1989) described an implementa-
tion of this model using a “dimensionless” system of
equations, where a generic musculotendon actuator
could be scaled by five different muscle-specific pa-
rameters to estimate force production. The contrac-
tile element of the actuator requires four terms: L,™
(optimal fascicle length, the length at which the
muscle produces maximal tetanic isometric force),
F,M (maximal tetanic isometric force), o, (pennation
angle of the muscle fibers at L,™), and 7o (time-
scaling parameter for maximal muscle shortening
velocity). The fifth term in the general muscle model
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TABLE 1. Macaca mulatta; general specimen morphometric data

Animal M3 M5 Mé6 M7 M9 M10 Mean

Sex M M M F M M

Weight (kg) 4.6 6 9.8 4.4 10 12.4 7.9+ 3.3

Shoulder to 4.7 5.5 6.5 5.2 6.5 6.7 5.9 + 0.8
midline (cm)

Upper arm 13.5 14.5 16 11.6 15 15.7 144 + 1.6
length (cm)

Forearm length 15 17 17.5 12.4 14 16.4 154 + 2.0
(cm)

Hand length 9.7 10.4 10.8 8.6 10 12.2 10.3 + 1.2
(cm)

Total arm length 38.2 41.9 44.3 32.6 39 44.3 40.1 = 4.5
(cm)

Mean values are + standard error.

is the length of the series elastic element, Lg" (ten-
don slack length).

Unfortunately, such data in monkeys are largely
unavailable in the literature. Data on muscle
masses for a number of proximal arm muscles have
been recorded in two studies, but they only exam-
ined desiccated muscle mass (Dhall and Singh,
1977; Doyle et al., 1980). Dornay et al. (1993) iden-
tified parameters for many forelimb muscles, but
only examined a single monkey, and did not provide
the total body weight of the specimen. Roy et al.
(1984) reported morphometric parameters from a
larger sample of Macaca fascicularis, but only ex-
amined seven elbow muscles.

Inertial parameters of the limb segments are also
required for developing musculoskeletal models.
Vilensky (1978) provides measurements and linear
regressions against total body weight that permit
scaling of moments-of-inertia and segment masses
in Macaca mulatta. The data of Vilensky are quite
extensive, but his choice of total body weight as the
independent regression variable differs from many
existing procedures, which also account for segment
length in their regressions (e.g., Forwood et al.,
1985; Schneider and Zernicke, 1992). Another
method for scaling moment-of-inertia is the use of
segment radius of gyration (p); when scaled as a
percentage of segment length (e.g., Jensen, 1986),
this provides a dimensionless measure of moment of
inertia. This value is determined such that an object
with equal mass that is distributed as a point one
radius of gyration away from the center of rotation
would have the same rotational inertia.

This study provides a set of morphometric data for
the muscles and skeletal segments of the Macaca
mulatta arm and identifies correlations that can be
used to scale these parameters to a given animal. A
complete biomechanical model of the primate limb
also requires measurements on the mechanical ad-
vantage of muscles about each joint and will be
presented in a future study.

MATERIALS AND METHODS
General Specimen Information

Measurements of 21 muscles spanning the shoul-
der and elbow joints were made in five late juvenile
and early adult male rhesus monkeys (Macaca mu-
latta) weighing 4.6-12.4 kg, and in one adult female
monkey weighing 4.4 kg (Table 1). Although the
focus of this study is to provide data for modeling the
M. mulatta forelimb, similar data were also collected
from three M. fascicularis. General specimen mor-
phometric data for this species are presented in Ta-
ble 2. The monkeys were cared for in accordance
with Canadian Council on Animal Care Guidelines.

No monkeys were euthanized specifically for this
study. In all cases, the monkeys were involved in
neurophysiological studies and were euthanized for
necessary histological analyses in those studies.
While MR images have been used to identify mor-
phometric properties of muscles in humans (i.e.,
Scott et al., 1993), these techniques cannot easily
identify the anatomical organization of all muscles
within a limb. Given the small size of monkeys, the
need for a complete database and the availability of

TABLE 2. Macaca fascicularis; general specimen
morphometric data

Animal F1 F2 F4 Mean

Sex M F M

Weight (kg) 5.1 5.1 6.9 5.7+ 1.0

Shoulder to 6 5.2 8 6.4+14
midline (cm)

Upper arm 10.5 10.5 11 10.7 £ 0.3
length (cm)

Forearm length 13 13.2 13 129 = 0.4
(cm)

Hand length 8.3 7.6 9 8.3 = 0.7
(cm)

Total arm length 31.8 31.3 33 31.9 £ 0.6
(cm)

Mean values are + standard error.
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Fig. 1. Brachial index (%)
versus body weight (kg) for

cadaveric specimens, we decided to measure the
muscle properties directly.

To obtain the necessary muscle and segment mea-
surements, the animals were initially sedated with
ketamine. The femoral artery was catheterized and
the animals were anesthetized with sodium pento-
barbital. The axis of rotation for each joint was de-
termined by flexing and extending each segment
and finding the point that remained motionless on
rotation (Scott and Winter, 1991b). Shoulder to mid-
line distance was measured as the distance from the
center of rotation between the humerus and glenoid
cavity of the scapula to the body midline (center of
the manubrium). Upper arm length was measured
from the center of rotation in the flexion—extension
axis of the shoulder to the center of rotation of the
elbow. Forearm length was measured as the dis-
tance from the center of rotation of the elbow to the
center of rotation of the wrist. Hand length was
measured along the face of the palm, from the wrist
to the tip of the index finger.

Brachial index was calculated using the measure-
ments for upper arm and forearm length to repre-
sent humerus and radial length, respectively.
Napier (1967) defines Brachial index as follows:

Radius length * 100
Humerus length

Brachial Index = (D

Total body weight (kg)

Macaca fascicularis (O) (n =
3) and M. mulatta (@) (n = 6).
Mean values are plotted as
dotted lines.

13

Our measures differ slightly because we measured
segments from joint center to joint center, while
Napier measured bone lengths.

After measuring segment lengths, the animals
were perfused intracardially with phosphate-
buffered saline followed by a 10% formalin solution
(Kalaska et al., 1989). During the perfusion, both
arms were abducted approximately 90° from the
anatomical position and held until fixation was com-
pleted. Muscle morphometry was measured from the
right arm and segment inertial parameters were
quantified from the left arm.

Muscle Morphometry

Zajac (1989) identified five muscle-specific terms
required to predict force produced by a musculoten-
don element. Four of the five terms are examined in
this study: optimal fascicle length (L,“), maximal
tetanic isometric force (F,™), pennation angle (o),
and tendon length (Lg"). The velocity-related pa-
rameter 7; is dependent on muscle histochemical
fiber type and will be examined in a related article.

To determine a value for L,™, fascicle length of
each muscle was measured by averaging lengths
from three to five fascicles dissected in varying loca-
tions in the muscle. Superficial fascicles were gen-
erally avoided since they tend to be slightly longer
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Fig. 2. Macaca mulatta. Medial view
of left upper arm in a fully abducted
posture. Dorsoepitrochlearis (De) is
shown, attached to latissimus dorsi
(LD) by a tendinous inscription.

than fascicles within the muscle belly (Kamibayashi
and Richmond, 1998). Length shrinkage of muscle
while being fixed in situ has been shown to be neg-
ligible (Cutts, 1988).

It was necessary to normalize the measurements
to optimal fascicle length by examining the sarco-
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Inscription

mere lengths within each specific fixed muscle (Gor-
don et al., 1966; Scott et al., 1996). Excised fiber
bundles from each measured fascicle were mounted
on glass slides and cover-slipped with glycerol. Sar-
comere lengths were measured typically from three
to six random locations in each bundle and averaged

TABLE 3. Macaca mulatta; shoulder and elbow muscle morphometry data (n = 6)

PCSA

Muscle Abbreviation LY (ecm) Mass (g) (ecm?) L$ (ecm) a(®)
Biceps long BL 54+ 0.6 27.1 = 11.7 4.6 + 1.7 8.8+ 1.7 72
Biceps short BS 6.6 + 1.1 175 = 7.2 2.6 +1.2 5.7+ 2.8 —
Brachialis B 4.3 +0.8 16.75 = 6.7 3.7+x1.2 2.9+ 1.3 —
Brachioradialis Br 11.1+15 21.3 = 10.0 1.7 = 0.7 3.6 =18 —
Coracobrachialis Cb 1.8 0.7 25+0.9 14 +0.2 5.1*+0.9 13 £ 12
Deltoid anterior DA 52 +1.1 111+ 44 19+05 0.3 0.5 —
Deltoid middle DM 2.7+ 0.4 14.7 = 6.2 52+ 21 1.9*0.6 20 =9
Deltoid posterior DP 4.7+ 0.6 10.2 £ 5.1 2.0+ 0.8 15 +0.8
Dorsoepitrochlearis De 5.8 £ 1.0 9.1x45 1.4 +0.6 44 +1.2 —
Extensor carpi radialis ECRB 3.1+0.9 8.6 = 3.7 28 +1.3 10.1 = 1.6 —

brevis
Extensor carpi radialis ECRL 5.7*+1.0 95*+59 15+1.1 10.0 = 1.9 —

longus
Infraspinatus Is 25 *0.5 22.0 =+ 11.1 8.6 £4.5 40=x13 15+8
Latissimus dorsi LD 115 = 2.2 57.1 = 24.8 4.7+ 2.0 113+ 2.1 —
Pectoralis major PM 79+15 65.4 = 29.0 7620 0.7 0.5 —
Subscapularis Shb 1.9+0.3 32.0 = 14.0 158 £ 5.6 41+1.4 22 £ 3
Supraspinatus Sp 2.6+ 04 18.5 = 5.3 6.9 = 2.2 24 +1.2 155
Teres major TMa 5.7+ 0.6 22.2 + 85 3.7+x1.2 2.7 0.7 14 = 12
Teres minor TMi 1.8+04 2.9+ 1.3 1.5+05 14+10 12+ 7
Triceps lateral TLa 43 *0.6 36.7 = 15.9 7724 9312 21 £ 2
Triceps long TLo 3.8+ 0.5 41.9 = 18.3 104 = 4.8 9.5+ 1.3 318
Triceps medial TMe 42+04 20.0 £59 44 +1.2 32+1.9 18 £ 7

Mean values are + standard errors.
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for each fascicle. Each fascicle length for the muscle
was then corrected to match the optimal Macaca
mulatta sarcomere length of 2.41 pm (Walker and
Schrodt, 1974). This is the minimum sarcomere
length at which isometric tetanic force becomes
maximal, as thin and thick filament overlap is max-
imized (Gordon et al., 1966). The individual fascicle
lengths were averaged together within each muscle
to obtain a mean L ™.

The maximal isometric force for a given muscle,
F,M, is proportional to its physiological cross-
sectional area (PCSA). F,M is calculated by multi-
plying PCSA for any muscle by peak stress, which
appears to be constant for many mammalian muscle
fiber types (Spector et al., 1980; Lucas et al., 1987).
Alexander and Vernon’s (1975) calculation for PCSA
was used:

PCSA = (2)

p X Ly

where m = muscle mass (g), p = muscle density, 1.06
(g/cm®) (Mendez and Keys, 1960), and L, = optimal
fascicle length (cm). While it is common to include
the cosine of the pennation angle in the numerator
for this term (e.g., Bodine et al., 1982), this term is
treated separately in the model described by Zajac.

E.J. CHENG AND S.H. SCOTT

Fig. 3. Macaca mulatta. Medial view of right
forearm at 90° flexion, depicting brachioradialis
(Br), extensor carpi radialis longus (ECRL) and
-brevis (ECRB). These muscles have been retracted
to expose their aponeuroses. The aponeuroses of
ECRL and ECRB normally face each other. Note
that despite similar whole muscle path lengths,
ECRL and ECRB have longer aponeuroses and
shorter fascicles than Br.

The cosine term acts to capture only the component
of the force acting in the direction of the principle
line of action for the muscle. By including this term
in the PCSA, the pennation angle is treated as fixed
for the entire range of muscle movement, an inaccu-
rate assumption; pennation angle typically in-
creases as a muscle contracts and shortens (Gans
and Bock, 1965). A more accurate method would be
to use a dynamic pennation angle, or even to neglect
it altogether (Scott and Winter, 1991a).

Muscle mass was measured after excising any
tendon and excess fat and fascia. Because muscles
tend to dehydrate after dissection, mass was mea-
sured as soon as possible after each muscle was
excised. As mentioned above, this mass is required
for calculating PCSA, and thus F,™. Mass was ad-
justed to compensate for the 7% decrease in weight
after fixation in formaldehyde (Schremmer, 1967).

Slack length of the connective tissue element, Lg”,
is also required for Zajac’s musculotendon model.
Length of tendons and aponeuroses at both origin
and insertion were measured in each muscle. It is
important to include all of the connective tissue be-
tween the contractile elements (the fascicles) and
their targets (the bony origin and insertion). Accord-
ingly, care was taken to dissect and measure the full
length of the internal tendons within the muscle
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Fig. 4. Macaca mulatta. a,b: Views of superficial aspect of triceps long head (TLo) on left and subscapularis (Sb) on right. TLo
consists of three differently shaped portions, while subscapularisis has numerous compartments joined by a complex network of
aponeuroses. ¢: Cross-sections reveal that fascicle lengths (indicated by dotted lines) remain consistent despite complex muscle
architecture. d: Plot of fascicle lengths (cm) in different regions from six animals. Note that fascicle lengths do not show any systematic
variation based on their location in the muscle.
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Fascicles sampled
from superior region

Fascicles sampled
from inferior region
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Fig. 5. Macaca mulatta. a: Views of posterior deltoid (DP) from the right forelimb and latissimus dorsi (LD), depicting two regions
where fascicle lengths were sampled (indicated by dotted lines). b: Fascicle lengths (cm) in different regions of both muscles are plotted.
Note the longer fascicles at the inferior parts of the muscle, which are farther from the axis of rotation of the shoulder joint.

belly. It has been shown that tendon and aponeuro-
sis in cat soleus have similar mechanical properties
(Scott and Loeb, 1995). It was assumed that each
“average” fascicle was in series with the entire
length of tendon, and half of the aponeurosis and
internal tendon length, as given below:

(3)

Ins Ins

L§ = 5 (L8, + L) + (LS, + LT,

where LOrgA and L;,» represent the aponeurosis
and internal tendon lengths and Lg,, and Lp,."

the external tendon lengths at the origin and
insertion, respectively. In some muscles, a portion
of the fascicles insert or originate on a tendon or
aponeurosis, while the remaining fascicles in-
sert or originate directly from bone. In these
cases, an estimate of the percentage of fascicles
actually inserting onto tendon or aponeurosis was
used to scale the relevant term in Eq. 3. For ex-
ample, if only 50% of a given muscle originated
from a 4 cm tendon, then LOTgT would be calcu-
lated as 2 cm.
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Fig. 6. Macaca mulatta. a: Views of the superficial aspect of anterior (DA), middle (DM), and
posterior deltoid (DP). Note the large aponeurosis (Apon) present in DM only. b: Cross-sections
reveal that because of the aponeurosis, fascicles (indicated by dotted lines) do not run the entire

muscle belly length in DM, unlike DA and DP.

Pennation angle («,), defined as the angle be-
tween the direction of the muscle fibers and the
principal line of action for that muscle (Gans and
Bock, 1965), was measured using a protractor. In
pennate muscle, it was averaged from three to six
sites within the muscle. Investigators (e.g., Zajac,
1989; Scott and Winter, 1991a; Veeger et al., 1997)
have suggested that pennation angle could be ne-
glected for muscles that were not highly pennate. In
this study, all angles below 5° were considered neg-
ligible, and thus ignored.

To determine whether the morphometric param-
eters (LyM, muscle mass, PCSA, LgT and «) could
be extrapolated to animals of different sizes, lin-
ear regressions with both slope and Y-intercept
terms were used. As independent variables, total
body weight and each of the segment length mea-
sures were used. In the case of PCSA, which is
expressed in units of length squared, total body
weight?® was used as an independent variable,
and for L,™ and LgT, total body weight® was
used.
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TABLE 4. Macaca mulatta; linear regressions for muscle mass (g) and PCSA (cm?) against total body weight (kg)
Muscle mass (g) PCSA (cm?)
m b m b

Muscle (slope) (Y-intercept) P (slope) (Y-intercept) P
Biceps long 3.32 0.85 * 0.44 1.14 *
Biceps short 1.89 2.55 * 0.17 1.14
Brachialis 1.99 1.00 #* 0.29 1.34 *
Brachioradialis 2.94 —2.02 * 0.17 0.30 *
Coracobrachialis 0.18 1.09 0.00 141
Deltoid anterior 1.30 0.86 * 0.12 0.99
Deltoid middle 1.83 0.32 * 0.54 0.83 *
Deltoid posterior 1.44 -1.11 * 0.23 0.15 *
Dorsoepitrochlearis 1.17 -0.14 * 0.16 0.17 *
ECRB 0.77 2.41 0.23 -0.27
ECRL 1.53 —2.67 * 0.09 2.05
Infraspinatus 2.92 -0.96 * 1.02 0.54
Latissimus dorsi 7.10 1.15 * 0.49 0.72 *
Pectoralis major 8.51 —-1.49 * 0.61 2.73 *
Subscapularis 4.16 -0.78 * 1.58 3.31 *
Supraspinatus 1.40 7.48 * 0.35 4.06
Teres major 2.18 4.89 * 0.33 1.00 *
Teres minor 0.37 -0.03 * 0.15 0.28 *
Triceps lateral 4.72 -0.57 * 0.68 2.34 *
Triceps long 5.26 0.55 * 1.10 1.73
Triceps medial 1.57 7.65 * 0.25 2.51

Values for m (slope) and b (Y-intercept) are given. Significance (P < 0.05) is indicated by an asterisk (¥) in the P column.

Limb Segment Inertial Properties

The inertial properties of the arm, including
length, mass, location of center of mass, and mo-
ment of inertia, are needed to calculate joint ki-
netics using inverse dynamic models (e.g., Holler-
bach and Flash, 1982; Hoy et al., 1990; Karst and
Hasan, 1991; Scott, 1999). To obtain these mea-
surements, the perfused left limb was disarticu-
lated at the shoulder joint and frozen at -4°C.
Weight of the limb changed by less than 1% on
average after being frozen. The limb was cut at the
elbow and wrist to produce upper arm, forearm,
and hand segments whose weights were mea-
sured. The arm had been frozen in a straightened
position to facilitate making cuts orthogonal to the
long axis of the segment, with each section cut 1
cm thick. The thickness of each section was mea-
sured after cutting, corrected for blade thickness,
and weighed.

Distance of the center of mass for each segment
from the proximal joint center was determined us-
ing:

m;X; + myX, + ...
X:

+ m_x,

(4)

m, +my+ ... +m,

where x = distance of center of mass from proximal
joint center (cm), m; = mass of i*? section (g), and
x; = distance from proximal center of rotation of i*"
section (cm) (Winter, 1979). The location of the cen-
ter of mass was expressed as a percentage of that

segment’s length from the proximal joint center
(e.g., Vilensky, 1978).

The moment of inertia of the segment about both
the center of mass (I.,) and the center of rotation of
the proximal joint (I,,,,) were determined by sum-
ming the inertia of each slice about the axis of rota-
tion, as described by Winter (1979):

n
+m,x2=> mx? (5)
i=1

I=mx?+myxi+ ...

where I = moment of inertia about a given center of
rotation (g - cm?), m; = mass of the ith section (g),
x; = distance from axis of rotation of i*® section (cm).

The radius of gyration of the segment was calcu-
lated and normalized to segment length (e.g.,
Jensen, 1986). This term is defined as the distance
at which a point mass equal to the original body
would have to be placed to have the same moment of
inertia, and can be calculated using the following
equation (Winter, 1979):

I, = mp? (6)

where p = radius of gyration in cm.

Linear regression of segment mass against total
body weight and I, against total body weight were
also performed. Regression techniques were identi-
cal to those described for the muscle morphometry.

To determine the best method of summarizing
moment of inertia for each segment across different
individuals, the use of a single radius of gyration
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Fig. 7. Regressions of muscle mass (g) vs. total body weight (kg) for forelimb muscles in six
Macaca mulatta. Measured data are indicated by filled circles, while linear fit regressions are

indicated by straight lines.

value was compared to a linear regression of I,
against total body weight. In the former case, I, was
predicted for each specimen using the mean p of all
specimens and parameters that could be measured
in an intact monkey:

2
Paverage
Icg predicted — mpredicted X ( 100 X lmeasured) (7)

where m , cqictea = S€gment mass predicted using the
linear regression against the animal’s total body
weight, p,yerage = the mean radius of gyration from
our data as a percentage of segment length, and
L measurea = Segment length measured from the spec-

men.

RESULTS

While heavier animals tended to have longer seg-
ment lengths, the variation of the length measures
was much less than that of total body weight. For

Macaca mulatta, standard deviations for segment
length measures were only 12% of mean values,
while the corresponding coefficient of variation for
total body weight was 42%. For M. fascicularis, co-
efficient of variation was 8% for length measures
and 17% for total body weight.

In general, Macaca fascicularis specimens were
lighter, had much shorter upper arms, but had
broader shoulders. The proportional difference in
segment lengths is reflected in the brachial index
(Fig. 1), with a mean of 108 for M. mulatta and 121
for M. fascicularis (P < 0.05, Student’s ¢-test). Bra-
chial index did not show a significant variation with
total body weight for either species, which suggests
that size differences alone do not account for the
variation in brachial indices.

Muscle Morphometry

Based on observation of origins and insertions
during dissection, actions of most monkey forelimb
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TABLE 5. Macaca fascicularis; shoulder and elbow muscle morphometry data (n = 1-3)
PCSA
Muscle n LY (cm) Mass (g) (cm?) LY (em) a ()
Biceps long 3 4.6 +0.6 20.3 = 4.8 43+1.6 7.9+05 11+5
Biceps short 3 6.5 = 1.7 7.6 34 1.3+1.0 53*+14 —
Brachialis 2 44+ 1.6 9.1 3.0 22+ 14 2.1+0.1 —
Brachioradialis 2 8.5 *+3.2 144 +6.2 18+14 2.8+ 0.5 —
Coracobrachialis 3 1.1 +0.2 1.8 £0.2 1.6 0.1 3.6 +2.1 13 £ 12
Deltoid, anterior 3 51+04 76 +21 1.5*+05 0.1 +0.2 —
Deltoid, middle 3 2.6 £0.1 10.3 = 2.0 3.8+0.9 19 +0.1 22 + 3
Deltoid, posterior 3 44+ 0.7 51=*1.8 1.1+04 1.3+0.3 —
Dorsoepitrochlearis 2 5.5 *+0.7 7.3 *25 1.3+0.5 3.0+0.1 —
Extensor carpi radialis 1 2.7 5.4 2.4 10.0 12
brevis
Extensor carpi radialis 1 4.7 18.3 4.1 7.9 —
longus
Infraspinatus 2 24+ 0.3 15.0 = 34 6.1+ 2.0 46*+14 8+ 11
Latissimus dorsi 2 10.6 = 1.6 48.1 = 22,5 42+ 1.4 7.8 +0.6 —
Pectoralis major 3 6.8+ 1.6 372+ 13 53x15 0.8 £0.4 —
Subscapularis 2 1.8 0.3 24.1 = 10.5 128 = 7.3 29 +0.9 24 + 11
Supraspinatus 3 29 *£0.2 11.3 £ 3.0 3.7 0.7 3.6 £0.5 8§17
Teres major 2 4.5+ 0.2 14.7 =51 3.1+1.0 33=*+15 16 = 6
Teres minor 1 1.3 2.5 1.8 14 10
Triceps lateral 2 3.6 0.9 25.5 + 3.8 71 +27 7.0 1.7 27+ 8
Triceps long 2 39=*04 33.2 +10.0 8.1*+1.6 6.6 = 0.4 29 =
Triceps medial 2 39*+16 12.4 = 0.2 3.3+14 2.9 +1.0 26 = 2

Mean values are *+ standard errors.

muscles parallel that of their counterparts in hu-
mans. The most notable difference between the two
species is the dorsoepitrochlearis muscle, which does
not exist in most humans but is present in all mon-
keys (Howell and Straus, 1961). This muscle origi-
nates directly from a tendinous inscription into the
muscle belly of latissimus dorsi in the axillary re-
gion and inserts partly into the superficial olecranon
fascia of the ulna and partly to the medial epicon-
dyle of the humerus (Fig. 2). Functionally, it acts to
extend the elbow and adduct the upper arm. Dorso-
epictrochlearis has been described as an extension of
the triceps complex (Howell and Straus, 1961), and
has been labeled as a “climbing muscle” (Sonntag,
1922).

The optimal fascicle length (L,™), mass, PCSA,
connective tissue length (Lg") and pennation angle
(ag) for the 21 Macaca mulatta muscles measured in
this study are listed in Table 3. The sole female M.
mulatta in the study was also the smallest. Aside
from its size, inspection of the regression data for
muscle mass and PCSA did not reveal any striking
disparity with the other male monkeys.

Optimal fascicle length data is given in the first
column of the table. Standard deviations of this term
between monkeys were the lowest out of the listed
terms, on average 17% of mean length. Latissimus
dorsi had the longest fascicles and also the greatest
length of tendon. Second in fascicle length at 11.1 cm
was brachioradialis, which originates from the dis-
tal end of the humerus and runs along the forearm,
inserting at the distal end of the radius. Interest-
ingly, the two muscles immediately deep to brachi-

oradialis are extensor carpi radialis longus (ECRL)
and brevis (ECRB), which have similar total path
lengths to brachioradialis, but have fascicle lengths
which are much shorter: 5.7 and 3.1 cm, respectively
(Fig. 3). These latter two muscles also had, aside
from latissimus dorsi, the greatest tendon slack
length at approximately 10 cm. Examination of
these three muscles in situ reveals that the ECRL
and ECRB both have much longer aponeuroses than
brachioradialis, which accounts for these muscle
morphometry differences.

The muscle with the greatest angle of pennation
was the triceps long head. This muscle consists of
several irregularly shaped portions; a thick proxi-
mal medial portion, a long and flat distal portion,
and a medium-sized lateral portion (Fig. 4). All fas-
cicles insert on a broad sheet of aponeurosis. Despite
the complex architecture, fascicles in different parts
of the muscle remained similar in length. Similarly
complex in architecture is the subscapularis muscle,
which originates from the medial surface of the
scapula and inserts on the lesser tuberosity of the
humerus (Howell and Straus, 1961). Subscapularis
has a network of internal tendons that provide ori-
gin and insertion points for a large number of rela-
tively short fascicles. The muscle has the appear-
ance of being composed of numerous, separate
compartments, each originating from or inserting on
a different plane of aponeurosis. Again, despite the
complex organization of the muscle, fascicle length
is conserved throughout the different compartments
of the muscle (Fig. 4).
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On the other hand, some muscles had no penna-
tion angle and seemingly simple architectures,
which disguise a sophisticated organization of vary-
ing fascicle lengths. For example, the posterior del-
toid (Fig. 5a) consists of fibers that originate from an
aponeurosis at the crest of the scapula and insert
into the deltoid crest of the humerus. However, fas-
cicle lengths varied systematically, with shorter fas-
cicles near the superior region of the muscle, in-
creasing in length as we move towards the inferior
region of the muscle (Fig. 5b). Functionally, the ef-
fect is that the shorter fascicles near the axis of
rotation have a reduced absolute change in length
with any change in joint angle, compared to the
more inferior part of the muscle. Thus, fascicles both
proximal and distal to the axis of rotation have a
similar proportional length change. This orderly ar-
rangement of varying fascicle lengths was also ob-
served in the latissimus dorsi. Latissimus dorsi is a
triangular, flat sheet of muscle which had shorter
fascicles at its superior region, closer to the axis of
rotation for the shoulder (Fig. 5).

Musculotendon path lengths and muscle belly
lengths were not good indications of fascicle length.
For example, the three parts of the deltoid lie adja-
cent to one another and have similar total path
lengths, as depicted in Macaca mulatta in Figure 6.
However, a sheet of aponeurosis at the origin of the
middle deltoid provides a greater surface area for
fascicles to originate from, allowing a greater cross-
sectional area. The fascicles have a significant angle
of pennation, while the neighboring anterior and
posterior deltoid have no angle of pennation. Conse-
quently, the middle deltoid sacrifices fascicle length
for an enhanced cross-sectional area. This architec-
ture differs from that in humans, where the middle
deltoid lacks an aponeurosis at the origin.

As compared to other muscle variables, muscle
mass varied the most. Standard deviations were on
average 43% of the mean values. Described previ-
ously, the greater variation of mass values can be
explained allometrically; mass is proportional to vol-
ume, which varies with the cube of linear measures.
Units of PCSA vary with the square of length mea-
sures, and units of L™ and L," are directly propor-
tional to length. These differences in the variation of
the muscle measures parallels the differences in
variation of the overall monkey morphometry mea-
sures, since total body weight varied much more
than segment lengths. The muscle with the largest
PCSA and consequently capable of producing the
most force is subscapularis, with a PCSA of 15.8
cm?. This cross-sectional area is more than double
that observed for the much heavier pectoralis major
muscle. Subscapularis’ large PCSA is a consequence
of its very short mean fascicle length of 1.9 cm and a
moderate mass. The network of internal tendons,
described previously, facilitates the short fascicle
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lengths. The three muscles with the greatest PCSA
all had pennation angles over 15°.

Significant regressions were found for a majority
of Macaca mulatta forelimb muscles for muscle
mass against total body weight, and PCSA against
total body weight?2, listed in Table 4. Figure 7 illus-
trates data for regressions of muscle mass against
total body weight, excluding coracobrachialis, which
did not show a significant correlation. The regres-
sion of PCSA against total body weight*3 produced
similar significance levels to regression against total
body weight; total body weight?® was chosen be-
cause it generally Myielded a lower y-intercept term.
Regressions of Ly™, oy, and LgT did not prove to be
significant against total body weight, total body
weight'/3, or any of the segment length measures for
a majority of muscles. On average, less than 3 out of

E.J. CHENG AND S.H. SCOTT

21 muscles showed significance for any given regres-
sion.

Muscle morphometry characteristics for elbow
and shoulder muscles for Macaca fascicularis are
listed in Table 5. As for M. mulatta, Ly,™, mass,
PCSA, Lg", and «, values with standard deviations
are given. To compare M. fascicularis muscle mea-
sures to M. mulatta, mean values for muscle mass,
PCSA, and fascicle lengths were scaled by total body
weight, total body weight*?, and total body
weight®, respectively, and plotted in Figure 8. As
most muscles fell on or near the unity line, the
larger mean values of muscle parameters between in
M. mulatta seemed to be related to the larger aver-
age mass of the M. mulatta specimens.

While muscle parameters scaled well between the
two species of monkeys, scaled parameters were con-
sistently lower for humans as compared to Macaca
mulatta. Wood et al. (1989) measured human mus-
cle mass and PCSA in human arm muscles. Figure 9
illustrates that scaled human muscles measures
were less than scaled M. mulatta measures. The one
exception to this trend is that middle deltoid is pro-
portionally heavier in humans, although its PCSA is
still proportionally lower than might be expected
based solely on specimen sizes.

Limb Segment Morphometry

Segment mass and inertial properties for Macaca
mulatta and M. fascicularis are displayed in Tables
6 and 7, respectively. Center of mass distances and
p-values are given as a percentage of segment
length. Moments of inertia are given both as mean
values from each specimen, and also calculated us-
ing the mean value for p applied to a hypothetical M.
mulatta based on average inertial properties re-
corded in this study. Values for p had low standard
deviations across different specimens, on average
less than 5% of the measured value. p also remained
fairly constant across different segments, with aver-
ages ranging from 24.6% to 26%. The use of p to
generate mean I, and I, values appeared to
match measured data quite well, differing on aver-
age by under 5%.

Macaca mulatta segment masses and 1., show a
relationship with total body weight, as indicated by
positive slopes for all segments (Fig. 10a,b). The
former shows a significant correlation for upper
arm, forearm, and forearm/hand, while the latter
shows a significant correlation in upper arm and
forearm, as presented in Table 8. Values for these
regressions are presented in this table. The term p,
on the other hand, shows no correlation to total body
weight (Fig. 10c).

We have two methods for estimating a segment’s
moment of inertia. First, we can apply the linear
regression for I, against total body weight in Table
8 to the total body weight of the animal. Second, we
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TABLE 6. Macaca mulatta; mean segment morphometry data (n = 6)

Upper arm Forearm Hand
Segment mass (g) 294 + 119 194 = 78 57 =11
Segment mass (% of 3.8 0.7 2.5 *0.4 0.8 +0.3
total body weight)
Segment center of mass 50 =3 44 + 2 39 =2
(% of segment length)
Radius of gyration p (% 247+ 1.6 26.0 = 0.8 24.8 0.9
of segment length)
Torox mean value 1.63E + 04 + 5.64E + 03 1.07E + 04 + 6.36E + 03 1.35E + 03 += 5.31E + 02
(g - cm?)
L,.x calculated from p 1.66E + 04 1.01E + 04 1.32E + 03
(g - cm?)

3.24E + 03 *= 1.20E + 03
3.27E + 03

I, mean value (g - cm?)
I, calculated from p
(g em?)

2.71E + 03 = 1.46E + 03
2.61E + 03

3.93E + 02 = 1.73E + 02
3.81E + 02

Radius of gyration (p) and distance of center of gravity from proximal joint center are percentages of segment length. Moments of
inertia are presented (g - cm?) about proximal joint center (I,0x) and about center of gravity (I.,). Inertia data are presented as
calculated for each monkey individually and averaged (mean value) and also calculated from the average p using average segment

lengths and masses (calculated from p).

can use the mean radius of gyration, which is scaled
by segment length (see Eq. 7). This requires the
segment mass linear regression in Table 8. Figure
11 compares the actual I, for the six monkeys in
this study to the predicted values using these tech-
niques. The linear regression model provided a bet-
ter estimate of the moment of inertia of the upper
arm, as indicated by the smaller root-mean-square
error in Figure 10a. However, for other segments p
provided a more accurate estimate of moment of
inertia.

DISCUSSION

The purpose of this study was to quantify the
morphometry of the forelimb of the rhesus monkey,
including muscle specific parameters and segment
inertial properties. Several additional points were

also illustrated. First, while Macaca mulatta and M.
fascicularis appear to have similar muscle parame-
ters when scaled appropriately, human arm muscles
were relatively lighter and had reduced cross-
sectional areas. Second, while muscle mass and
PCSA regressions against total body weight proved
significant, other measures did not scale as well.
Third, radius of gyration tended to be more accurate
for scaling inertial properties of segments as com-
pared to simple regression against body weight.

Accuracy of Rhesus Monkey Model

The extensive use of monkeys such as Macaca
mulatta and M. fascicularis in reaching tasks for
motor control research is predicated on the assump-
tion that a monkey forelimb is a good correlate of the
human arm. While the present data lacks measures

TABLE 7. Macaca fascicularis; mean segment morphometry data (n = 6)

Upper arm Forearm Hand
Segment mass (g) 168 + 39 124 + 29 40 = 18
Segment mass (% of 2.9 +0.1 2.2 +0.2 0.7 0.2
total body weight)
Segment center of mass 51 +4 43+ 3 38+ 2
(% of segment length)
Radius of gyration p (% 24.5 + 0.6 25.7 0.6 25.0 = 0.6

of segment length)
I,0x mean value
(g - cm?)
I,vox calculated from p
(g - em?)
I, mean value (g - cm?)
I, calculated from p
(g - em?)

7.00E + 03 = 2.34E + 03
7.82E + 03

1.44E + 03 = 3.70E + 02
1.44E + 03

4.75E + 03 = 7.27E + 02 5.58E + 02 = 2.37E + 02

4.32E + 03 8.30E + 02

1.86E + 02 = 1.11E + 02
4.15E + 02

1.10 + E03 = 5.65E + 01
1.13E + 03

Radius of gyration (p) and distance of center of gravity from proximal joint center are percentages of segment length. Moments of

inertia are presented (g - cm?) about proximal joint center (Tprox

) and about center of gravity (I.,). Inertia data are presented as

calculated for each monkey individually and averaged (mean value) and also calculated from the average p using average segment

lengths and masses (calculated from p).
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of moment arm necessary for predicting joint torque,
there are several observations on the differences and
similarities of limb morphometry that are worth
noting.

E.J. CHENG AND S.H. SCOTT

While muscle properties of Macaca mulatta and
M. fascicularis were quite similar, human muscles
were significantly lighter and weaker than would be
expected based solely on body mass (Fig. 9). The
cumulative PCSA for muscles spanning shoulder
and elbow joints in humans was found to lie between
50 and 97 cm? on average (Lehmkuhl and Smith,
1983; Wood et al., 1989). Our own data indicates a
cumulative PCSA of 57 cm? in M. fascicularis and 73
cm? in M. mulatta. At first glance, the human arm
seems similar in force producing capability to both
species of monkey, but human subject masses were
between 10 and 15 times that of monkey. When data
are scaled by total body weight®2, PCSA is almost
eight times greater in monkeys than in humans.
This trend parallels that observed in comparing
neck muscles between M. mulatta and humans
(Richmond et al., 1998). The proportionally greater
strength of both monkey species compared to hu-
mans may be important when determining equiva-
lent experimental loads and perturbations.

While cross-sectional areas differ between mon-
keys and humans, the distribution of muscle PCSA
between extensors and flexors is more concordant.
As a descriptor of limb function, it is expected that
muscles that are continually active in a weight-
bearing role would have greater cross-sectional ar-
eas (i.e., leg muscles in humans, Wickiewicz et al.,
1983). Roy et al. (1984) found a ratio of 0.62 using
four flexor muscles compared to three extensors in
Macaca fascicularis. We observed similar values for
the same muscles when the cosine of the pennation
angle was included. The mean extensor/flexor ratios
we observed of 0.58 in M. fascicularis and 0.60 in M.
mulatta correspond closely to the value cited for
humans (0.63, Roy et al., 1984). The agreement be-
tween monkey and human data are surprising when
considering that both species of Macaca use their
forelimbs for quadrupedal locomotion for a signifi-
cant amount of time (Napier, 1967). Possibly, fore-
limb flexors are equivalently hypertrophied by their
use during brachiation.

Despite similarities between Macaca mulatta and
M. fascicularis, their forelimb segment proportions
differ. M. fascicularis had a significantly higher bra-
chial index (forearm length divided by upper arm
length as a percentage) compared to M. mulatta,
with an index of 121%, compared to 108% in M.
mulatta (P < 0.05). In humans, this value is even
lower, at 78% (Veeger et al., 1997). Thus, M. mulatta
may be better suited in these cases as a human arm
model. Functionally, it has been suggested that ac-
tive arboreal quadrupeds have a greater brachial
index than do slow-climbing quadrupeds (Walker,
1974). Our measures would suggest that M. fascicu-
laris are more like the former category, compared to
M. mulatta. This hypothesis is supported by the fact
that M. fascicularis are generally lighter and have
much longer, semi-prehensile tails (Hill, 1954); both
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TABLE 8. Macaca mulatta; linear regression from M. mulatta data for segment mass (g), I, (g - cm?), and p (% of segment length)
against total body weight (kg)

Upper arm Forearm Hand Forearm + Hand

Segment mass m (g/kg) 34.4 22.4 2.77 25.2

b (2) 23.0 17.5 354 53.0

P * 3k ES
I m (g - cm?kg) 356.6 378.1 11.6 861.6

b (g - cm?) 432 —264 301 2381

P £ *
p m (% 0.156 —0.0469 —0.0042 -0.181

segment/kg)

b (% 23.5 26.3 24.8 26.1

segment)

P

Values for m (slope) and b (Y-intercept) are given. Significance is indicated by an asterisk (*) in the P column.

are important factors in facilitating a greater degree
of arborealism.

Scaling of Data by Regression

Biomechanical models for a given subject are best
constructed using morphometric data measured di-
rectly from that subject, but this is not always prac-
tical. Rather, EMG, kinematic, and other behavioral
and neural data from awake, behaving subjects are
typically combined with parameters for musculo-
skeletal features taken from existing literature. In
the case of non-human primates, morphometric data
could be collected from each individual specimen
after the behavioral data have been collected. How-
ever, collection of such data can take a considerable
amount of time on each specimen and may not even
be feasible. Behavioral and neural data recorded in
these juvenile and early adult monkeys occur over
many months or years; the mass and overall size of
these monkeys may double during the course of the
experiment. How, then, should the morphometric
parameters of the body be estimated for each animal
or human subject?

One general method is to measure the desired
parameters from a cadaver with a height and weight
similar to that of the subject to be examined, and
assume that muscle and segment measures will be
similar (e.g., Alexander and Vernon, 1975). In the
case of Macaca mulatta, this method is not possible
because so little published data is available. Even if
such values are available, the cadavers may be older
than the target subject group or have experienced
pathologies that can lead to different body propor-
tions even when matched for total body weight (Ma-
lina, 1969). Further, in the absence of any pathology
weight increases with age are not distributed evenly
among the various body compartments of skin, mus-
cle, and bone (Grand, 1977). Alternately, a method
of estimating parameters based on other measures
easily obtained in the subject being studied is useful,
and regressions are one such method.

For Macaca mulatta, muscle mass scaled well
with total body weight, while PCSA did to a lesser
extent. This is useful for biomechanical models, as
the force-producing capability of a muscle can be
predicted from total body weight, using the regres-
sion for PCSA. On the other hand, we were sur-
prised that regressions for L,™, LT, and for the sum
of these two measures were not significant with any
of the length or total body weight measures, when
other studies have had success in scaling musculo-
tendon path lengths between different sized subjects
(Hogfors et al., 1987; White et al., 1989). These stud-
ies scaled musculotendon path lengths by length,
width, and depth measurements for the bones at the
origins and insertions of each muscle. This tech-
nique was not used in our study, as our dataset was
too small to allow regressions using so many inde-
pendent variables; further, musculotendon path
lengths do not correspond with actual fascicle
lengths. There have been no previous attempts to
scale Ly and Lg" values in primates to account for
size effects. However, coefficients of variation for
these two measures are low, at 17% and 27%, re-
spectively. This suggests that using mean values for
these data appears to be adequate.

Segment Moment of Inertia

One method for estimating a segment’s moment of
inertia is using a linear regression model based on
total body weight (e.g., Vilensky, 1978). For the
present data, regressions based on body weight were
able to predict the moment of inertia for the upper
arm and the forearm, but were less effective in pre-
dicting this variable for the hand and the combined
properties of forearm and hand (Table 7, Fig. 11).
The hand does not scale with total body weight,
unlike the upper arm and forearm masses (Table 7).
Thus, it follows that for such segments a scaling
method accounting only for total body weight may
not be effective (e.g., Vilensky, 1978).
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As an alternative, we chose to use radius of gyra-
tion (p) normalized by segment length to scale mo-
ment of inertia (e.g., Jensen, 1986). The mean radius
of gyration is multiplied by segment length mea-
sured from the subject, and then squared and mul-
tiplied by segment mass to provide I.. Segment
mass can be determined by the regressions given in
Table 7. This provided a segment-specific term for
the regression that could be obtained noninvasively.
We found that p values had low standard deviation
and removed any correlation with size (Table 7, Fig.
11c), which suggested the effectiveness of p in scal-
ing data from different sized animals (Albrecht et
al., 1993).

Muscle Morphometry and Function

It is important to obtain accurate measures of
fascicle length, since mathematical models of muscle
contraction are dependent on them. Shortening ve-
locity of a muscle is proportional to the number of
sarcomeres in series, i.e., fascicle length (Zajac,
1989), while physiological cross-sectional area is
most accurately obtained by dividing muscle volume
by fascicle length (Gans and Bock, 1965). Using
whole muscle length alone, such as in Dornay et al.
(1993), is insufficient, as this measure may not cor-
respond with fascicle length, as exemplified by the
middle deltoid and the brachialis muscles. Due to
the predominant preference for measuring musculo-
tendon path lengths, it is difficult to find fascicle
length measures in otherwise extensive morphome-
try research data (e.g., Wood et al., 1989; Veeger et
al., 1997). Even the nomenclature appears to reflect
an emphasis on the total musculotendon path
length, rather than fascicle length. For example,
fascicle length measurements in the present study
in monkeys and existing studies in humans (Wood et
al., 1989; Veeger et al., 1997) reveal that biceps
short head had on average longer fascicles than long
head, while triceps lateral head and medial head
specimens had longer fascicle lengths than triceps
long head.

The intuitive assumption that heavier muscles
are able to produce greater force proved false for
many monkey forelimb muscles, since PCSA dic-
tates maximal force production, and PCSA is depen-
dent not only on mass but also on fascicle length.
Most strikingly, the subscapularis utilizes a complex
network of internal tendons to increase its cross-

Fig. 11. Comparison of predicted I, vs. actual measured I, in
various segments for Macaca mulatta. 1., was predicted in two
ways: by applying the mean radius of gyration (p) to segment for
each monkey (@), or by applying linear regression against total
body weight (O). Segments examined were (a) the upper arm, (b)
forearm, (¢) hand, and (d) the combined forearm and hand. Inset:
root-mean-square error for both prediction methods.
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sectional area such that it is the strongest proximal
arm muscle, even compared with much heavier mus-
cles such as pectoralis major and latissimus dorsi.
These important muscle parameters cannot be dis-
cerned without thorough anatomical study.
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