
SUMMARY

1. To evaluate interventions aiming to increase muscle
strength in older men, it is necessary to use an objective and
reproducible method to measure strength. The most reliable
method to evaluate muscle strength is isokinetic peak torque
(PT) measured by a dynamometer; however, raw PT varies with
differences in body size and an optimal scaling for body
physique to control confounding effects of body size is neces-
sary to make the most valid comparisons.

2. The present study was designed to estimate the effects of
age (part A) and androgen administration (part B) on muscle
strength and to estimate reproducibility and evaluate various
scaling methods in order to optimize comparisons of isokinetic
PT measurements.

3. A single isokinetic exercise protocol was used to compare
the muscle strength of 31 healthy men of two age groups (< 40
and > 60 years; part A) and change in strength due to adminis-
tration of dihydrotestosterone (DHT; 70 mg/day) or placebo gel
for 3 months in 35 healthy older (≥ 60 years) men (part B).

4. Muscle strength was assessed by a total of 16 PT
measurements using a Cybex NORM dynamometer (Cybex,
Ronkonkoma, NY, USA). Age-related differences in muscle
strength were estimated by using PT evaluated as raw data or
scaled by normalizing methods, including simple ratio
(PT/weight), allometric PT (PT/weight0.67) and adjustment of PT
by weight, height, body mass index and body surface area (BSA).
The goodness-of-fit for various scaling methods was compared
using the Akaike Information Criterion (AIC) as an objective
measure of model-based entropy reduction.

5. The effects of DHT administration according to different
scaling methods were estimated by eta-squared measure of effect
size in treatment models. In part A, older men were weaker than
younger men in five knee PT, consistently by all eight analysis
models but not in shoulder PT. In part B, DHT treatment
resulted in an increase one knee PT (dominant knee flexion at
120°/s) with the difference consistent in all seven models.

6. The scaling model using BSA proved superior to other
comparison models throughout both parts of the present study

according to entropy minimization criteria (AIC) for goodness-
of-fit of the model or eta-squares for treatment effect size.

7. We conclude that differences in muscle strength due to age
or androgen administration in older men are restricted to a
minority of lower limb contractions and that use of BSA scaling
for PT values is considered the best scaling method for muscle
strength comparisons in either cross-sectional or longitudinal
studies.

Key words: age, dihydrotestosterone androgen, isokinetic
dynamometry, muscle strength.

INTRODUCTION

Age is associated with a marked reduction in muscle mass and
strength for which therapeutic strategies to enhance quality of life
in older men have been proposed to reduce frailty, falls and frac-
tures.1 In order to evaluate androgen effects on muscle strength, it
is essential to have sensitive, specific and reproducible measures to
distinguish drug effects reliably from background ‘noise’. Muscle
strength is a complex measure influenced by factors such as gender,
age, motivation, muscular training and body size, which contribute
to normal variability and make it difficult to quantify reproducibly
and objectively.2,3 Objective, standardized measurement of muscle
strength has most effectively been based on isokinetic
dynamometry.4–6

An isokinetic dynamometer estimates peak torque (PT) during
maximal strength exertion measured at a fixed angular speed with
the limb and adjacent joints in a fixed configuration. The precision
of a dynamometer in providing reproducible PT estimates depends
on the application of resistive forces by the dynamometer while the
subject generates force rotating the lever arm to maintain the preset
constant angular velocity. Torque is recorded throughout the range
of motion, with gravity correction being performed by the accom-
panying software. Reliability of isokinetic PT measurements has
been reported, but the measurements are difficult to compare due
to the limited range of test conditions.7 Most dynamometric inves-
tigations have studied knee movements, with very few studying
contractions of major upper limb joints. This is problematic because
it is anticipated that androgen effects on muscles may be greater on
the upper, rather than the lower, limb girdle.8 Therefore, in order to
quantify most sensitively the effects of androgen supplementation
on muscular strength in older men in a prospective therapeutic study,
it was necessary to refine methods of muscle strength and data
analysis in a cross-sectional study.
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When making comparisons of PT, an analysis restricted to 
raw data may not account fully for differences in body size and
musculature; for example, differences in limb length may 
influence torque through physical effects on the limb acting as a
fulcrum. Such intermediary variables may be taken into account by
scaling methods for subject differences in body size.2,3 Such scaling
methods help refine analyses to partition out confounding effects 
of body size and allow more powerful tests of hypotheses being
evaluated.

Potential scaling methods for PT include direct ratio, power func-
tion ratio and various linear adjustments. In the direct ratio method,
the physiological variable of interest is expressed relatively to body
mass (e.g. PT/weight). This makes the simplistic assumption that
PT and weight vary in a constant linear proportion.9 Other authors
have proposed a curvilinear exponential function.10,11 According to
the method of allometry, the dependent variable should be expressed
as a ratio of some power function of weight, such as PT/weightb,
with b being a variable scaling exponent. The most frequently pro-
posed value for the scaling exponent has been 0.67,12,13 which has
been supported by empirical studies,10,14,15 although 0.75 was also
suggested.16 A disadvantage of such scaling methods is that they
ignore height. Height is relevant to muscular strength because the
longer a limb, the greater the force moment a fixed muscular force
can generate.17,18 The present study extends the evaluation of scaling
models by introducing linear regression models to incorporate height
into analysis by using body mass index (BMI), a weight-for-height
measure usually used to reflect adiposity or non-lean mass, and body
surface area (BSA), a weight � height measure often used to indicate
overall body size, as well as covariates to enhance the sensitivity
of analyses of muscular strength. Empirical findings from both a
cross-sectional study of age effects and a longitudinal study of
androgen effects in a randomized double-blind, placebo-controlled
clinical trial are used to demonstrate the usefulness of these scaling
methods.

METHODS

Designs

The present study was conducted in two parts. Part A was a cross-sectional
cohort study comparing the muscular strength of men in two different age
groups (young, 20–40 years; older, > 60 years). Part B was a prospective
double-blind clinical trial with men > 60 years randomized to daily treat-
ment for 3 months with transdermal dihydrotestosterone (DHT) or placebo
gel. None of the men participated in both studies. All participants were
requested not to vary their diet and patterns of physical activities during the
study. All were given an information sheet and provided a signed consent
form prior to entry into the study. The studies were approved by the Central
Sydney Area Health Service Ethics Committee (Royal Prince Alfred
Hospital – RPAH zone) within the guidelines of the National Health and
Medical Research Council of Australia (NH&MRC) for human
experimentation.

Subjects

Recruitment of healthy, ambulant men with no history of neurological or
joint pathology and unrestricted knee and shoulder movement was under-
taken by advertisement. None had prior experience with isokinetic exercise.
For part A (cross-sectional study), men were assigned to form two age groups
with young subjects being aged 20–40 years and the older subjects being
> 60 years of age. For part B (longitudinal study), men > 60 years of age
were eligible if they had plasma testosterone levels ≤ 15 nmol/L on two 
separate occasions but were excluded if they had health conditions that

interfered with safe participation, muscle testing, topical drug delivery 
or used inappropriate medication. The therapeutic intervention in the
longitudinal study was a 3 month treatment of 70 mg hydroalcoholic 
dermal gel containing DHT (Andractim; Laboratoires Besins-Iscovesco,
Paris, France) or placebo applied on the skin of their chest daily after a
morning shower.

Procedures

In part A, men underwent isokinetic dynamometry on two visits 1 day apart.
In part B, men underwent isokinetic dynamometry and body composition
measurements before and after 3 months of treatment. Height was measured
to the nearest 0.5 cm using a standard stadiometer and weight was measured
to the nearest 0.1 kg with subjects lightly dressed.

Body composition

Lean mass was estimated from bio-impedance readings according to
Lukaski’s formula for men.19 Using bioelectrical impedance analysis (BIA)
readings (all in �) for resistance (R), reactance (Xc) and impedance (Z), with
height (H; cm) and weight (W; kg) and S � 1 for male gender:20

Fat-free mass (FFM) � 0.734(H2/R) � 0.116(W) � 0.096 Xc �

0.878(S) – 4.03

Bioelectrical impedance was measured with a SEAC Model BIM 3.0 
Bio-Impedance meter (Inderlec Australia, Baulkham Hills, NSW, Australia).
Lean mass was also calculated from bodyweight by subtraction of fat mass
that was estimated from Siri’s equations21 using body density22 and the sum
of four skinfold thickness (SUM � biceps � triceps � subscapular �

suprailiac skinfold thickness) according to the formulas:

Body density � 1.1715 – 0.0779 � log SUM
% Body fat � (4.95/body density – 4.50) � 100

Skinfold thicknesses were assessed at biceps, triceps, subscapular and
suprailiac positions at standard sites on the right side of the body23 with a
Harpenden Skinfold Caliper (British Indicators, Bedfordshire, UK).

Muscle testing

The maximal muscle strength during a contraction was measured as PT
using a Cybex® NORM™ dynamometer (Cybex, Division of Lumex,
Ronkonkoma, NY, USA) interfaced with an IBM-compatible computer for
data reduction and analysis. The dynamometer measures torque as the product
of the force (monitored on a transducer orientated perpendicularly to the limb
segment) and the distance between the cuff attachment on the limb (in case
of knee movements) or the hand-held handle (shoulder movements) and the
joint centre. Measurements were made during an isokinetic contraction at a
constant preset angular velocity throughout the full range of motion. The
PT was defined as the highest isokinetic torque produced during five repe-
titions of the contraction. There were altogether 16 contractions assessed,
specified by limb (knee and shoulder), side of the limb (dominant and non-
dominant), movement (extension and flexion) and angular speed (90 and
120°/s). These angular speeds were selected based on our observation that
a lower speed (e.g. 60°/s) was too labourious for older men to perform and
speeds higher than 120°/s were more effort dependent and had lower repro-
ducibility.24 The dynamometer was weight and speed calibrated using its
internal system before each test session and a position calibration was
performed before the testing of each subject. Before each test, men were
positioned as required with individual adjustment for maximal comfort while
ensuring alignment of the dynamometer axis to the rotation axis of the tested
joint. The setup data were recorded and reproduced in following sessions
by built-in software of the dynamometer.

Knee
Subjects were seated with their back against the chair at a reclining angle
of 85°. The body was stabilized by a shoulder belt, by both hands grasping
the handlebars at the sides of the chair firmly and the contralateral limb by
a stabilizer. The limb of the knee being tested was strapped at the proximal
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thigh, approximately 2 cm proximal to malleolus so that full ankle
dorsiflexion was still possible. The position set-up was completed with the
alignment of the axes of rotation of the knee (by a line passing through the
femoral epicondyles) and of the dynamometer.

Shoulder
The chair was set on a horizontal position. The body was stabilized by a belt
around the torso, the feet were kept in a non-weight-bearing position by being
placed in a footrest and the hand of the non-testing shoulder firmly held the
handle bar. The hand of the testing shoulder held the handgrip of the shoulder
lever arm. During testing, the elbow was kept straight and the subject was
reminded not to move his shoulder upwards.

It was explained to particpants that the purposes of the set-up were to
position the alignment of the axes of the testing joint and the dynamometer
and to maintain the alignment during tests, so as to provide conditions for
the most reliable performance of muscle strength testing.

Standard test protocol

The dominant sides were defined by which limbs were used to throw or kick
a ball. All details of the set-up for each individual, including range of motion,
dynamometer and chair, were recorded on the interfaced computer and repro-
duced for that person on further tests. All joints tested were evaluated for
their isokinetic strength through their full range of motion. Gravity correc-
tion was calculated by the Cybex internal computer for the effect of limb
weight on torque production after details were obtained during the set-up.
No overshoot was observed in graphics of any tests.

Familiarization

A familiarization exercise was required before the isokinetic test on the first
visit. This aimed to demonstrate the nature of the isokinetic test to ensure
the subject could perform the exercise comfortably. A set of five repetitions,
continuous concentric–concentric extension–flexion cycles, at 90°/s was
used. Test subjects were encouraged to push the limb as fast and as hard as
they could until the limb reached the end of its range of motion, then to pull
it back in the same manner to the other end. Throughout the exercise, the
tester provided regular verbal encouragement, aiming to obtain maximal
effort by the subject. The familiarization was considered complete when sub-
jects felt confident in performing maximal isokinetic contractions and this
was confirmed by graphs of consistent performance on the computer screen.

Tests

A brief description of an isokinetic exercise assessment is provided in the
Table 1.

Joint order was obtained in the first visit by: (i) random selection of 
joint (knee or shoulder), then of side (dominant or non-dominant); and 
(ii) fixed order of velocities: 90 then 120°/s. Dynamometry was conducted
at the same time of day in subsequent visits. Subjects were encouraged 
to perform the exercise with maximum force before commencing a test 
session and the verbal feedback to perform at maximal level during the 
test was kept at the same level for all subjects. A single operator (LPL)
conducted all the isokinetic tests. The practice repetitions, five repetitions
at each speed and increasing order of speeds, were designed to ensure high
reliability.6,25

Data analysis

Data
In part A, comparison of muscle strength of the two age groups was analysed
as mean raw PT for each of the 16 contractions performed on the first days.
In part B, changes in PT (� after – before treatment) were used as the
response variable due to the DHT or placebo treatment.

Scaling
Data were analysed in raw values or after scaling. Scaling methods were
simple ratio (� PT/weight), allometry (� PT/weight2/3) and adjustment by
body size indices (part A) or change in body composition (part B).

Statistical tests
Tests used for part A were: (i) t-test for raw, simple ratio, allometric PT; and
(ii) ANCOVA for raw PT adjusted by BSA, BMI, weight, height and weight
and height (eight models). To estimate the changes in muscle strength due
to treatment, t-tests were used for changes in raw and allometric PT and
ANCOVA for changes in raw PT adjusted by changes in BSA, in directly meas-
ured lean mass, in FFM estimated from skinfold, in BMI and in weight (seven
models).

Relevant formulae are:

Relative PT (Nm/kg) � PT/W, with weight, W, in kg
Allometric scaled PT (Nm/kg0.67) � raw PT/W0.67

ln BSA (m2) � –3.751 � 0.422 lnH � 0.515 lnW,26 with height, H, in cm
and weight, W, in kg

BMI � W/H2, with height, H, in m and weight, W, in kg

Selection of the best fit model (part A)
Estimators for PT were compared between the various models according to
the quality of model fit adjusted for differing numbers of variables accord-
ing to the Akaike Information Criterion (AIC).27 The AIC is a general meas-
ure of entropy reduction due to the model that allows comparisons between
models using different numbers of variables. The AIC is calculated as:

AIC � �2 – 2d.f.

where �2 and d.f. were calculated from ANCOVA or cross-tabulation depend-
ing on the tests. The AIC values closer to zero indicate better fit and greater
parsimony (i.e. more efficient reduction in entropy).

Evaluation of muscle strength effect size (part B)
The proportion of the variance in the response variable that can be attributed
to the independent variable was expressed using the eta-squared test as an
unbiased estimator of effect size in order to compare various models.25,28 In
this study, eta-squares estimate the association between the effects of DHT
on PT and the two experimental groups.

Reproducibility of measurements
Inter-day reliability of PT was estimated by calculation of intraclass
correlation coefficients (ICC) and reproducibility by coefficients of 
variation (CV; expressed as a percentage) for each contraction. The ICC 
were computed by the ANOVA method in accordance with methods 
described by Shrout and Fleiss.29 The ICC(2,1) used in the present 
study estimates the inter-rater reliability in measuring results of two 
sets of tests in which raters are assumed to be randomly sampled; hence, 

Table 1 Protocol of isokinetic tests

Joint test Peak torques collected

Warm-up Five repetitions of extension–flexion (three sub-maximum and two maximum), then rest 60 s 0
Test at 90°/s Five repetitions of extension–flexion, then rest 30 s One extension � one flexion
Test at 120 °/s Five repetitions of extension–flexion One extension � one flexion
Total 4

Four joints were tested, and the joint order decided on day 1 was followed afterwards. An average of 12 min was required to set up the dynamometer for
the next joint test; there was another 5 min warm-up before the dynamometry test not included in this table.



42 LP Ly and DJ Handelsman

for the present study, this ICC should be interpreted as a measure of 
reliability, which can be generalized for similar raters. Values of the ICC
test statistic range between 0 and 1 and values closer to 1 indicate greater
variability.

The related formula was:

ICC(2,1) � (BMS – EMS)/(BMS � (k – 1)EMS � k(JMS – EMS)/n)

where BMS is the mean squares for subjects, EMS is the subject by day
error mean squares, JMS is the between-days mean squares, k is the number
of occasions (k � 2) and n is the number of subjects (n � 16 young and n � 15
older men).

The CV is defined as:

CV (%) � 100 � SD/mean

where SD (standard deviation) is the square root of the EMS above and the
mean was the grand mean in the two-way ANOVA for computing ICC.

A significant difference was defined if � � 0.05. Data are expressed as
the mean�SEM.

RESULTS

Subjects

In part A, older men were similar to their young counterparts in terms
of height, weight and BSA, but had higher BMI (Table 2). In part
B, both groups of older men were similar, except for weight and
BMI, despite the randomization. The older men of both studies
(Table 2) were comparable on all characteristics.

Comparison of PT

Baseline muscle strength (raw PT) for both studies is given in
Table 3.

In part A, among 16 PT of knee and shoulder, strength about the
knee joint was significantly less for older men compared with young
men for all four extension and one flexion (non-dominant; 90°/s)

Table 2 Subject characteristics 

Part A Part B
Characteristics DHT (n � 17) Young (n � 16) Older (n � 15) All (n � 35) Placebo (n � 18)

Age (years) 28.5 � 1.6 69.9 � 1.6 69.3 � 1.1 68.0 � 1.5 70.6 � 1.5
Height (cm) 175.2 � 1.5 173.6 � 1.6 172.7 � 1.0 172.2 � 1.5 173.1 � 1.5
Weight (kg) 71.6 � 3.1 80.4 � 3.2 82.1 � 2.0 85.8 � 2.9 78.3 � 3.0*
BSA (m2) 1.87 � 0.04 1.98 � 0.05 1.99 � 0.03 2.04 � 0.04 1.95 � 0.04
BMI (kg/m2) 23.2 � 0.8 26.6 � 0.8 27.5 � 0.6 28.9 � 0.8 26.0 � 0.8*
Limb dominance

Right hand 16 13 32 17 15
Right leg 16 14 33 18 15

Data expressed as the mean � SEM. P < 0.05 for comparison between young and older men in part A; *P < 0.05 for comparison between treatment groups
dihydrotestosterone (DHT) and placebo in part B. There was no difference in limb dominance among the groups by Chi-squared tests (� � 0.05).

BSA, body surface area; BMI, body mass index.

Table 3 Baselines of peak torques (in N·m) and changes in peak torques due to dihydrotestosterone treatment

Part A Part B
Difference from baseline at 

Young men Older men the end of 3 month treatment
Isokinetic peak torque (n � 16) (n � 15) Baseline (n � 35) DHT (n � 17) Placebo (n � 18)

Knee extension
Dominant, 90°/s 141.6 � 5.9 113.2 � 6.1† 109.0 � 4.0 0.1 � 2.8 0.8 � 2.9
Dominant, 120°/s 127.2 � 5.1 96.0 � 5.2† 93.8 � 3.4 3.6 � 2.5 1.2 � 2.6
Non-dominant, 90°/s 141.8 � 6.8 113.3 � 7.0† 106.9 � 4.6 2.4 � 2.8 3.1 � 1.8
Non-dominant, 120°/s 127.9 � 6.0 97.5 � 6.2† 91.9 � 4.1 4.3 � 1.7 1.6 � 2.7

Knee flexion
Dominant, 90°/s 92.0 � 4.3 82.5 � 4.6 82.4 � 2.9 6.7 � 2.6 3.5 � 1.7
Dominant, 120°/s 79.6 � 4.1 74.9 � 4.2 74.3 � 2.8 6.0 � 2.2§ 0.2 � 1.5
Non-dominant, 90°/s 90.2 � 4.0 73.5 � 4.2† 81.6 � 2.7 4.3 � 2.2 5.1 � 1.6
Non-dominant, 120°/s 78.3 � 4.0 68.9 � 4.1 73.8 � 2.7 2.7 � 1.8 1.2 � 1.7

Shoulder extension
Dominant, 90°/s 65.1 � 3.5 69.1 � 3.6 78.2 � 2.4* 1.3 � 1.5 –0.2 � 1.5
Dominant, 120°/s 59.6 � 3.4 62.7 � 3.5 69.3 � 2.3 0.1 � 2.1 –1.9 � 1.8
Non-dominant, 90°/s 64.7 � 3.8 68.5 � 3.9 74.8 � 2.6 4.7 � 2.2 2.3 � 1.7
Non-dominant, 120°/s 57.1 � 3.8 61.1 � 3.9 65.5 � 2.6 2.1 � 2.4 0.9 � 1.1

Shoulder flexion
Dominant, 90°/s 41.0 � 2.7 39.3 � 2.8 40.0 � 1.8 1.8 � 1.6 2.3 � 1.3
Dominant, 120°/s 36.9 � 2.8 33.9 � 2.9 34.5 � 1.9 1.2 � 1.7 0.7 � 2.0
Non-dominant, 90°/s 40.1 � 2.4 37.3 � 2.5 39.2 � 1.7 2.5 � 1.5 1.4 � 1.8
Non-dominant, 120°/s 34.4 � 2.4 32.7 � 2.5 33.3 � 1.6 0.1 � 1.5 1.1 � 1.7

Data are expressed as the mean � SEM. Baseline data from part B have been grouped together. †P < 0.05 for comparisons between young and older men
in part A; *P < 0.05 for comparisons between 15 older men of part A and 35 men of part B (*); §P < 0.05 for comparisons between treatment groups in 
part B.

DHT, dihydrotestosterone.
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PT; for the remainder, there were no significant differences
according to age.

In part B, for 15 of 16 PT, changes in raw PT were not different
between the two groups of ageing men due to 3 month DHT treat-
ment. An increase in muscle strength was found only in the PT of
the isokinetic contraction of dominant knee flexion at 120°/s.

The results and patterns of statistical significance using raw PT
and seven other PT-based estimators of muscle strength for knee
flexion and extension using the data from the two age groups in part
A are depicted in Fig. 1. Due to differences in scale, neither direct
ratio nor allometric scaled data could be depicted on the upper part
of the figure, although their statistical pattern of significance is
included.

Selection of the best-fitted model

For all eight PT estimators, goodness-of-fit (as measured by AIC)
and effect size (percentage difference) for the comparison between

age groups in the cross-sectional study are given in Table 4 using
the five PT that demonstrated significant between-group differences.
All five PT show that BSA-associated PT provided the best model
for the data. These findings were corroborated by an ANCOVA regres-
sion model in which the highest adjusted R2 and lowest residual mean
square were found for BSA as a covariate compared with models
using BMI, weight, height as well as weight and height together as
covariates (data not shown).

Reproducibility coefficients of PT

Older men had higher reproducibility than did younger men
according to consistently higher intraclass correlation coefficients
and lower CV (Table 5). Using the criterion of ICC ≥ 0.90 and CV
< 8.0% as indicating high reliability and low variability, respectively,
the older men had 10 and 11 contractions demonstrating high
reproducibility compared with three and six for their young
counterparts.

Fig. 1 Comparison of raw peak torque (PT) and seven other PT-based estimators of strength of knee movements. The upper part of the figure shows plots
of raw or adjusted PT values (y axis) of the young (filled symbols) and the older (open symbols) over eight knee movements (x axis). (�), raw PT, young;
(�), raw PT, older; (�),body surface area (BSA)-adjusted PT, young; (�), BSA-adjusted PT, older; (�), body mass index (BMI)-adjusted, young; (�),
BMI-adjusted PT, older; (�), weight-adjusted PT, young; (	), weight-adjusted PT, older; (
), height-adjusted PT, young; (�), height-adjusted PT, older;
( ), weight- and height-adjusted PT, young; ( ), weight- and height-adjusted PT, older. The lower part of the figure shows the outline of the knee PT in
which older men are weaker: The five PT that have four plus (�) symbols in the column are consistently different between age groups through all eight
models. Older men have most knee PT weaker than the young men. Note that: (i) the plus symbol (�) in the lower part of the figure indicates that the dif-
ference in PT of a particular isokinetic contraction (specified by test conditions in the bottom lines) between older and young men is significant (P < 0.05)
in the analysis of a particular model (on the right side of the figure); and (ii) figures for shoulder movements are not displayed because of no group difference.
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Using the reproducibility parameters, power and sample size
estimates for raw and BSA-adjusted PT (angular speed 90°/s) could
be established (Table 6) to detect changes of 10, 20, 30 and 40% in

PT (� � 0.05 and 	 � 0.20) for eight extensions and flexions of the
knee and shoulder of either sides at a speed of 90°/s. Sample sizes
are calculated for fixed type I and II errors and the smallest number
of subjects required for knee flexor PT is predicted in Table 6. This
prediction is vindicated in the longitudinal study (part B).

Evaluation of scaling methods for PT estimators of
drug effects in part B

Seven PT estimators of treatment effects (differences between 
3 months of DHT or placebo treatment) were compared. In the inter-
vention therapy part, among the 16 contractions, DHT treatment

Table 4 Measures of goodness-of-fit by Akaike Information Criterion and per cent difference between young and older men in eight peak torque-based
estimators of the five consistently different peak torques (part A)

Simple BSA BMI Weight Height Weight and 
Peak torques with Raw ratio Allometric adjusted adjusted adjusted adjusted height 
consistent difference (Nm) (Nm/kg) (Nm/kg0.67) (Nm) (Nm) (Nm) (Nm) adjusted (Nm)

AIC values
Knee extension

Dominant, 90°/s –27.01 –29 –29 –10.41 –18.18 –11.84 –21.53 –20.42
Dominant, 120°/s –23.00 –27 –29 –12.34 –21.43 –13.98 –18.84 –24.78
Non-dominant, 90°/s –29.01 –29 –29 –9.05 –17.51 –10.10 –19.94 –22.62
Non-dominant, 120°/s –20.01 –29 –29 –8.23 –16.35 –9.04 –21.35 –21.50

Knee flexion
Non-dominant, 90°/s –21.67 –29 –29 –20.65 –22.16 –20.72 –26.00 –26.26

Per cent difference
Knee extension

Dominant, 90°/s 25 42 36 35 40 37 22 40
Dominant, 120°/s 32 50 44 43 47 45 28 42
Non-dominant, 90°/s 25 43 36 38 42 39 21 39
Non-dominant, 120°/s 31 49 42 45 52 46 27 48

Knee flexion
Non-dominant, 90°/s 23 40 34 30 35 31 20 32

This table is based on the peak torques (PT) of five isokinetic contractions that consistently differ between groups through eight models.
An Akaike Information Criterion (AIC) value closer to zero indicates a better goodness-of-fit of the model.
The per cent difference � (older PT – young PT)/older PT.

Table 5 Intraclass correlation coefficients and coefficients of variation for
1 day inter-trial reproducibility of Cybex dynamometer (part A)

ICC(2,1) CV%
Isokinetic peak torque Young Older Young Older

Knee extension
Dominant, 90°/s 0.83 0.95 9.63 3.86
Dominant, 120°/s 0.90 0.88 6.82 7.65
Non-dominant, 90°/s 0.89 0.94 7.58 5.29
Non-dominant, 120°/s 0.87 0.92 9.05 7.20

Knee flexion
Dominant, 90°/s 0.64 0.82 12.99 8.61
Dominant, 120°/s 0.79 0.91 9.82 7.03
Non-dominant, 90°/s 0.87 0.84 6.27 8.19
Non-dominant, 120°/s 0.78 0.91 11.03 6.57

Shoulder extension
Dominant, 90°/s 0.93 0.91 5.91 6.11
Dominant, 120°/s 0.90 0.87 7.88 8.56
Non-dominant, 90°/s 0.80 0.93 10.72 6.45
Non-dominant, 120°/s 0.81 0.93 11.93 6.40

Shoulder flexion
Dominant, 90°/s 0.80 0.83 7.79 11.12
Dominant, 120°/s 0.77 0.83 11.36 14.28
Non-dominant, 90°/s 0.62 0.92 12.40 6.60
Non-dominant, 120°/s 0.84 0.95 9.76 6.85

Descriptive statistics
Mean 0.82 0.90 9.43 7.55
SD 0.09 0.05 2.22 2.40
SEM 0.02 0.01 0.60 0.55
Minimum 0.62 0.82 5.91 3.86
Maximum 0.93 0.95 12.99 14.28

Reproducibility is higher if the intraclass correlation coefficient (ICC) is
closer to 1 or the coefficient of variation (CV%) is closer to 0.

Table 6 Sample size to detect a change in strength (part B)

Peak torque at 90°/s
(used value � Sample size for an increase in value (two–tailed 
BSA-adjusted � � 0.05 and power � 0.80)
PT of aged group) 10% 20% 30% 40%

Knee extension
Dominant 82 21 10 6
Non-dominant 130 33 15 9

Knee flexion
Dominant 63 16 7 4
Non-dominant 64 16 8 4

Shoulder extension
Dominant 70 18 8 5
Non-dominant 106 27 12 7

Shoulder flexion
Dominant 120 30 14 8
Non-dominant 91 23 11 6

The numbers in the table indicate the sample size necessary to detect a
change in body surface area (BSA)-adjusted peak torque (PT) of 10, 20 or
30% with � � 0.05 and 	 � 0.20.

Note that knee flexion appears the best variable for longitudinal studies
of muscle strength due to its minimal requirement for sample size to detect
changes.
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produced differences only in strength of dominant knee flexion at
120°/s (Table 7). The ANCOVA model using BSA as a covariate
provided highest treatment effect size, as indicated by eta-
squared, closely followed by the PT adjusted for BMI or weight as
covariates.

DISCUSSION

The present study evaluated a wide range of contractions, their repro-
ducibility and optimal PT-based estimators to obtain a comprehen-
sive view of the most sensitive measure of muscular strength by
isokinetic dynamometry in older men suitable for therapeutic inter-
vention studies. Previous studies have examined fewer (less than
six) contractions.4,5,9,24,30–33 Among the 16 joint contractions studied,
knee flexion proved the most sensitive to both age and androgen
effects, whereas BSA-adjusted PT proved the most consistent
PT-based estimator to model the experimental data for both age- and
treatment-related changes. Our observations that knee flexion
strength was the most consistently sensitive to the effects of age and
of androgen effects indicates that it is the most useful variable to
detect therapeutic interventional effects in future studies of muscular
strength if any less comprehensive set of joint contractions is to be
used.

The generally high reproducibility of isokinetic dynamometry,
particularly among older men, supports the validity of this testing
regimen for therapeutic studies of the effects of drugs and/or exer-
cise in older men. Whether the superior reproducibility among older
men is due to more consistent motivation remains unclear, but it is
advantageous for muscle strength studies in this age group. Using
the demanding criteria of an ICC ≥ 0.90 or a CV ≤ 8.0% for high
reproducibility for a biological measurement,34 the Cybex NORM
dynamometer provides reliable measurement of muscle strength. The
day-to-day, within-subject reproducibility estimates we have meas-
ured allow development of power and sample size estimates for
future studies. These shed light on previous studies in explaining
why ones with small sample size fail to show beneficial effects when
they may have been missed,35 as well as estimating the effect size
when larger studies are negative.36

The present study finds that healthy ambulant older men have
reduced strength in knee contraction, notably in flexion, but that
shoulder strength is little affected by age or androgen treatment. Our

findings of 25–32% decreases with age in knee strength are con-
sistent with previous studies reporting 22–32% reductions in older
compared with younger men.37–39 Variations in knee strength with
age and androgen therapy may reflect changes in muscle bulk with
age32,40 or androgens,36,41,42 with or without additional changes in
intrinsic muscular function. The reduced muscular strength in older
men may be due to age-related changes in factors either intrinsic to
neuromuscular units, such as changes in muscle structure and inner-
vation, and/or extrinsic factors, such as motivation, habitual physical
activity and circulating hormones, including androgens. Age-related
changes in neuromuscular structure include reduced muscle protein
synthesis43 and muscle mass,40,44 as well as changes in muscle fibre
composition38,45 and denervation.39,44,46

Among extrinsic factors that influence muscle structure and
function, the age-associated decline in circulating hormones, 
notably testosterone concentration, may be important, as suggested
by correlations in observational studies.40,47 Previous studies of
androgen administration to older men are limited and provide
conflicting results with regard to improvement in muscle strength.
The long controversy over whether androgen administration
improves muscular strength in eugonadal men48 has been resolved
by a definitive study showing that supraphysiological testosterone
doses increase muscle mass and strength in healthy, eugonadal 
young men.49 Notably, in that study, muscle strength increased in
squat lifting but not bench-press lifting,49 consistent with our 
findings of greater improvement in muscles of lower compared 
with upper limb strength; similar findings have been reported
following sublingual testosterone administration in hypogonadal
men.50 In older men, controlled studies of androgen administration
studies have shown consistent increases in lean (i.e. muscle)
mass,36,51,52 whereas muscle strength is reported as unchanged36,52

or increased.51 Two of these three studies have used isokinetic
dynamometry.36,51 The limited increase in muscle strength due 
to DHT treatment in the longitudinal part of the present study 
(part B) may be due to the fact that the participants were relatively
healthy, rather than debilitated, elderly men with little scope 
for improvement or increase in their routine daily activities 
during treatment. The minimal improvement in muscle strength
despite increased muscle mass suggests that changes in muscle
function and efficiency with age and androgens need to be further
evaluated.

Table 7 Effect of sizes of groups in seven models of comparison of the consistently different dominant knee flexor at 120°/s (part B)

Group difference
Response variable Mean (�SEM)
(test) Covariate difference value F ratio (P)† Eta-squared*

Raw PT, Nm, (t-test) 5.8 � 2.7 4.78 (.04) 0.13
Allometric PT, Nm/kg2/3, (t-test) 0.34 � 0.14 6.20 (.02) 0.16
Raw PT, Nm, (ANCOVA) Changes in BSA 8.3 � 3.0 4.00 (.05) 0.20
Raw PT, Nm, (ANCOVA) Changes in lean mass (BIA) 5.9 � 2.7 5.79 (.02) 0.13
Raw PT, Nm, (ANCOVA) Changes in FFM (Siri) 3.2 � 2.8 7.50 (.01) 0.04
Raw PT, Nm, (ANCOVA) Changes in BMI 7.4 � 2.6 7.18 (.01) 0.19
Raw PT, Nm, (ANCOVA) Changes in weight 7.4 � 2.6 7.00 (.01) 0.18

Response variable: difference in group changes due to treatment (changes in dihydrotestosterone group – changes in placebo group) calculated from the
peak torque (PT) of dominant knee flexion at 120°/s.

*A higher eta-square indicates a better effect size due to groups (i.e. a stronger relationship between groups and response variable).
†F ratio � Between-groups mean square/within-groups mean square.
P < 0.05 indicates that the difference is significant.
BSA, body surface area; BIA, bioelectrical impedance analysis; FFM, fat-free mass; BMI, body mass index.
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The present study is the first systematic study of shoulder strength
changes with age and androgens. Our finding of no difference
between age groups or androgen treatment suggests that shoulder
strength, as measured by isokinetic dynamometry, is not a sensitive
measure of age or androgen effects on muscle. It is possible that
this reflects the long-term changes in elective exercise load for a
non-weight-bearing limb compared with the little-varying habitual
weight-bearing load on lower limbs in ambulant men. This inability
to find changes in shoulder strength may indicate that such changes
are too small (or absent) to be detected in studies of this size. If so,
any such changes are likely to have minimal clinical or therapeutic
significance. Whether there are age-related changes in muscle com-
position, such as fibre proportions or functions in shoulder girdle
muscles, is unclear. Alternatively, older men may compensate for
reductions in muscle power by complex changes in muscle activation
patterns. Gross changes are unlikely due to the extensive standardiz-
ation of limb position and movement in the dynamometry testing;
however, more subtle changes in sequential activation would need
to be evaluated by electromyography.

Important caveats for studies of muscular strength include the
methodological issues of fatigue and effort dependence of strength
measures. There was no report or observation of fatigue or soreness
for any participant in the present studies. This is consistent with the
modest physical demands of the testing, which involved less than
45 min, during which time 12 short (< 15 s) exercise sets were separ-
ated by rest periods (30–60 s between speeds, 10 min between joints).
To overcome the effort dependence, participants were regularly
encouraged and appeared to provide a maximal effort during
exercise. The standardized patterns of testing were also designed to
minimize systematic bias according to scheduling. Nevertheless,
isokinetic dynamometry is an effort-dependent test and variations
in motivation and effort may introduce variability, so that larger
sample size is necessary to overcome methodological variance and
evaluate therapeutic effects.

Scaling of physiological measurement for individuals of different
body size has mostly applied to studies of maximal oxygen
uptakes,10,11,14,15,53,54 which reflect muscular aerobic function,
whereas only a few have been applied to muscle strength measure-
ments.3,30 The study of Davies et al.30 examined three methods of
scaling (ratio standard, allometry and ANCOVA) for knee contraction
in older men and women and found differences between whole body
mass and lean mass adjustments. To reconcile these observations,
it has been suggested that scaling according to body mass for weight-
bearing and lean mass for non-weight-bearing exercise10,30 is desir-
able, whereas for variables that vary with body size, allometric
scaling is preferable.10 The present study contributes the suggestion
that BSA adjustment of raw PT be used as an estimator of muscle
strength, which is consistent with a previous finding of maximal
oxygen consumption during treadmill testing.54 This seems rational
because body height has an important influence on raw muscular
strength, including its influence on long bone length.17,18 We found
BSA-adjusted PT to be the most consistent estimator of muscle
strength for age and androgen effects.

In conclusion, the present study demonstrates the reproducibility
of isokinetic dynamometry for testing muscle strength in older men
and its suitability for evaluating therapeutic effects. The most
satisfactory estimator of muscle strength was BSA-adjusted PT,
which provided the best detection of age and androgen effects in
older men. These approaches provide the basis for further analyses

of age-related changes in muscle function, as well as evaluation of
therapeutic studies to enhance muscle strength in ageing men.
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