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Introduction

The distal radius (wrist) is a common site of osteoporotic
fractures, accounting for 1.7 million annual fractures world-
wide1. The increased incidence of wrist fractures coincides
with a reduction in forearm bone mass and muscle force output
with ageing2-6. However, less is known about the role of fore-
arm muscle size and different muscle contraction types in de-
termining estimated bone strength of the radius in older
individuals.

Due to the considerable strains that hand gripping exerts on
the bones of the forearm, handgrip measures have been used
to assess the muscle-bone relationship at the radius7-11. How-

ever, all previous studies have used hand-held isometric grip-
ping devices for their convenience and portability. These de-
vices are limited to isometric force measures, neglecting both
concentric (muscle shortening) and eccentric (muscle length-
ening) dynamic contractions. Eccentric contractions produce
the greatest muscle tension, which may place enough strain on
the bone tissue to illicit an osteogenic response12-14.

Bone strength variables are highly associated with body size
(e.g. stature) and muscle force measures15. Both men and
women have shown significant relationships for isometric grip
force and polar Strength Strain Index (SSIp) at the radius dia-
physis11, but less is known about the relationship between con-
centric or eccentric grip force and estimated bone strength at
the distal radius16. For convenience, muscle cross sectional
area (MCSA) is commonly used as a surrogate for muscular
force17-19. In the forearm, MRI derived MCSA significantly
(p<0.05) correlated (r=0.41) with variables of radius bone
strength20. In the lower body, MCSA was correlated with iso-
metric17 as well as concentric and eccentric torques18,19, how-
ever the utility of MCSA as a surrogate of these contraction
types in the forearm is unknown. Furthermore, the relationship
between muscle and bone strength does not appear to vary be-
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tween the genders in early to mid adulthood21,22, however less
is known about the influence of gender on this relationship in
the forearm over age 40.

Thus, our primary objective was to investigate the variance
in radial bone strength indices (SSIp and compressive bone
strength index; BSIc) explained by forearm MCSA and isomet-
ric, concentric or eccentric grip torque in men and post-
menopausal women over the age of 50. Our secondary
objective was to assess forearm muscle area as a surrogate for
forearm muscle torque by determining the variance in isomet-
ric, concentric or eccentric grip torque that was explained by
a measure of MCSA in older adults. We hypothesized that each
of the grip torque contraction types and MCSA would similarly
improve the prediction of radius bone strength when gender
and radius length are accounted for. It was further hypothe-
sized that the predictive contribution of gender would be sig-
nificant after including the parameters of either contraction
torque or MCSA.

Methods

Participants 

Participants were recruited from the Saskatoon area via
newspaper advertisements. We included participants who were
50 years of age or older; postmenopausal (defined as an absence
of menstruation for at least 12 months); had forearm bone min-
eral density T-score (as measured by DXA, Hologic Inc.) above
the osteoporotic threshold23; had no previous fragility fractures
or musculoskeletal conditions (i.e. arthritis or carpal tunnel syn-
drome); and were not involved in strength training or racquet
sports. Initially 58 participants were recruited for study. In-
formed consent was obtained from all participants prior to test-
ing and approval was obtained from the University of
Saskatchewan Biomedical Research Ethics Board.

Anthropometric Measures

Subject height was measured by a wall-mounted stadiome-
ter accurate to ± 1 mm and weight (lightly clothed) from a dig-
ital scale accurate to ± 0.05 kg. Forearm length was measured
using an anthropometric tape measure from the lateral border
of the proximal head of the radius to the distal end of the of
the radius styloid process (Stylon)24. All anthropometric land-
marks were palpated, measures were repeated three times, and
the mode or median value was recorded.

Muscle Torque Measures

We measured maximum voluntary contractions of each
hand with isokinetic dynamometry (Humac NORM, CSMi,
Stoughton, MA). Participants were tested in a standing posi-
tion to better resemble a typical hand-held isometric grip force
measure. Participants stood with feet shoulder width apart and
the isokinetic dynamometer positioned with the handle in a
comfortable position alongside the body. The arm and shoulder
joints were in a slightly flexed position and the forearms neu-
tral. No straps were utilized to secure participants, but postural

compensations were monitored and corrected by the techni-
cian. Two measures were taken on separate days to control for
practice effects and calculate precision (CVrms, %) for the pro-
tocol. The isokinetic dynamometry protocol included isometric
(ISO), concentric (CON, 15˚/s, [0.262 rad/s]), and eccentric
(ECC, 15˚/s) handgrip contractions administered in a random-
ized order, with each test trial preceded by a practice contrac-
tion. Three maximum exertions were performed for each
contraction type. Thirty seconds rest was provided after the
practice contraction and thirty-second rest intervals were given
between each recorded repetition. The highest peak torque
(N·m) for each contraction type was used for analysis. Preci-
sion for this protocol was calculated from measures of three
separate exertions within the same 20 participants. The lab pre-
cision (CVrms, %) for isometric, eccentric, and concentric hand-
grip peak torques was 7.3, 6.6, and 8.2%, respectively. 

Bone Measures

Peripheral quantitative computed tomography (pQCT;
Stratec, XCT 2000) was used to measure estimated bone
strength of the non-dominant and dominant radius. All meas-
urements and analyses were performed by one trained opera-
tor. Planar scout views over the joint line were used to place
the reference line at the medial tip of the distal radius endplate.
Distal to the reference line, we scanned a single 2.4 mm thick
tomographic slice at the distal radius (4% of forearm length)
and radius shaft (65% of forearm length). These sites were se-
lected for their clinical relevance and anatomical suitability for
our bone and muscle variables22. 

We analyzed total bone density and area from the 4% site
using Contour mode 1 (including voxels with densities ≥480
mg/cm3). Distal radius bone strength at the 4% site was esti-
mated by calculating bone strength index in compression
(BSIc, mg2/mm4)16. BSIc is a product of squared total bone den-
sity and total area16,25.

Age (yrs) 59.4 ± 7.2

Weight (kg) 76.6 ± 12.8

Height (cm) 166.6 ± 6.9

Rad. Length (mm) 256.9 ± 12.3

ISO (N·m) 60.7 ± 19.3a

CON (N·m) 45.6 ± 15.3a

ECC (N·m) 82.1 ± 24.5a

MCSA (mm2) 3542.4 ± 911.5

BSIC (mg2/mm4) 33.65 ± 17.12

SSIp (mm3) 319.9 ± 91.1
aGrip torques significantly different from one another (p<0.001)

Table 1. Participant Characteristics (Mean ± SD); ISO: isometric
torque, CON: concentric torque, ECC: eccentric torque, MCSA: mus-
cle cross sectional area, BSIC: bone strength index for compression,
SSIp: polar stress strain index.



A.W. Frank et al: Dynamic grip torque & radial bone strength

138

At the 65% shaft, we analyzed cortical bone area with Sep-
aration mode 4 (including voxels with densities ≥480 mg/cm3)
and estimated bone strength with stress strain index in torsion
(SSIp, mm3) calculated from cortical bone area by pQCT soft-
ware (Stratec XCT 6.0)26,27.

We determined MCSA by subtracting both radius and ulna
total areas from the whole limb cross sectional area that was
determined with Contour mode 1 (including voxels ≥40
mg/cm3). We used muscle filter C02 to enhance muscle area
detection. Precision of bone and muscle measures was calcu-
lated from duplicate scans of 49 adults. Repeatability (CVrms,
%) of pQCT derived BSIc, SSIp, and MCSA at the forearm
were approximately 11.7%, 4.3%, and 1.4% respectively.

Statistical Analysis

Statistical analysis was performed using SPSS v.17.0 for
Windows. Measures of the right and left arm were averaged
for each subject and both genders were pooled together. It has
been shown that gender has no effect on the muscle-bone
strength relationship in young adults21,22, however the influ-
ence of gender in older adults is unknown. Therefore a forced
entry multiple regression analysis included both gender and
radius length to account for any variation gender, and body
size28 in these older adults. MCSA, ISO, CON, or ECC peak
grip torques were independently added to the model to explain
variance in the BSIc and SSIp. Similarly, the ability of MCSA

to predict ISO, CON and ECC grip peak torque was assessed
with multiple regression models including both gender and ra-
dius length into the model prior to entering MCSA. Peak
torque values from the three grip contraction types were com-
pared with a repeated measures ANOVA. An alpha level <0.05
was considered significant in all statistical comparisons. 

Results

Of the 58 participants recruited for the study, 12 did not meet
the inclusion criteria. A total of 46 participants completed all
measurements. Regression diagnostics indicated a participant
with a standardized residual for the prediction of SSIp exceeding
±3SD and she was removed from our data. Therefore data from
15 healthy males (mean age 63.9 ± SD 7.5 yrs) and 30 healthy
females (57.2 ± 6.0 yrs) were included in the current cross-sec-
tional comparison. The mean peak torques recorded for ISO,
CON, and ECC contractions were significantly different
(p<0.001) from one another, with ECC>ISO>CON (Table 1). 

BSIc and Handgrip Measures

The three direct measures of handgrip torque (ISO, CON,
& ECC peak torque) were not significant (p<0.05) contributors
to their respective prediction models for BSIc at the radial epi-
physis (Table 2). In these models only gender was a significant
predictor of BSIc. Radius length did not contribute (p>0.05) to
any of the BSIc prediction models. The independent contribu-

BSIC (mg2/mm4) SSIp (mm3)

R2 Adj. ß rpartial R2 Adj. ß rpartial

Model 0.40 0.76
Length 0.10 0.10 0.41a 0.56
Gender -0.59a -0.52 -0.56a -0.67

ISO Model 0.38 0.79
Grip force 0.09 0.07 0.33a 0.40

Length 0.07 0.07 0.32a 0.47
Gender -0.53a -0.39 -0.35a -0.43

CON Model 0.39 0.80
Grip force 0.16 0.12  0.39a 0.45

Length 0.06 0.06 0.32a 0.49
Gender -0.48a -0.35 -0.30a -0.38

ECC Model 0.42 0.79
Grip force 0.29 0.25  0.32a 0.42

Length 0.02 0.02 0.32a 0.48
Gender -0.42a -0.35 -0.38a -0.49

MCSA Model 0.43 0.80
MCSA 0.45 0.28 0.46a 0.45
Length -0.004 -0.004 0.31a 0.47
Gender -0.26 -0.175 -0.23 -0.25

aSignificance (p<0.05) Males =1 Females =2

Table 2. Adjusted coefficients of determination (R2 Adj.), standardized beta values (ß) and partial correlation coefficients (rpartial) for isometric
(ISO), concentric (CON), eccentric (ECC) grip torque, and muscle cross-sectional area (MCSA) prediction models for the dependent variables
bone strength index (BSIC) at the distal radius and strength strain index (SSIp) at the shaft.
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tion of MCSA for predicting variance in BSIc, approached sig-
nificance (p=0.07). However, none of the predictor variables,
including gender (p=0.26) were significant contributors in the
MCSA model. The MCSA and ECC models predicted 43%
and 42% of the variance in distal radius BSIc. The ISO and
CON models both predicted 38% and 39% of the variance in
distal radius BSIc, respectively. 

SSIp and Handgrip Measures

Contrary to the prediction models for BSIc, in the direct
handgrip models, gender, forearm length, ISO, CON, and ECC
significantly (p<0.05) contributed to the prediction of SSIp at
the radius diaphysis (Table 2). This was also true of MCSA and
radius length in the MCSA model, however gender was not a
significant (p<0.05) contributor to the prediction of SSIp. The
CON, ECC, ISO, and MCSA models each predicted 79-80%
of the variance in radius SSIp. 

MCSA and Handgrip Peak Torque

MCSA contributed significantly (p<0.001) to each of the
handgrip contraction types (Table 3). The MCSA, length and
gender model predicted 76% of the variance CON grip peak
torque, as well as 74% and 68% of the variance in ISO and
ECC grip peak torque respectively (Table 3). Neither radius
length nor gender were significant (p>0.05) predictors for the
handgrip peak torques.

Discussion

Our primary objective was to investigate the variance in ra-
dius bone strength indices (SSIp & BSIc) explained by forearm
muscle area and isometric, concentric or eccentric grip torque
in men and postmenopausal women over the age of 50. To the

best of our knowledge, this is the first study to examine the re-
lationships between the three types of handgrip contractions
and the surrogate force measure of MCSA in the forearm. The
additional grip torque measures are of clinical importance be-
cause unlike concentric and isometric torque, the capacity for
eccentric torque is better maintained with advancing age29-32,
making eccentric exercises attractive for potential exercise in-
terventions aiming to prevent bone fragility.

At the distal radius all measures of grip torque and MCSA
were unable to significantly contribute to multiple regression
models that included both gender and radius length as predic-
tion variables. This is particularly interesting because our sam-
ple of men and women demonstrated the expected hierarchy
of contraction forces (ECC>ISO>CON)33. Our results also
demonstrated that while no variable significantly contributed,
the combination of MCSA, length, and gender was capable of
predicting up to 43% of the variance in BSIc at the 4% distal
radius site. 

Boonen et al. demonstrated that isometric grip force was
not an independent predictor of trabecular density34; the pri-
mary component of the BSIc. Our results expand the notion
that ISO, as well as ECC and CON torques and the MCSA
force surrogate are not significant independent contributors to
the prediction of variance in BSIc at the distal radius. 

When predicting BSIc at the distal radius gender appeared to
be more influential than any grip contraction or radius length
(an anthropometric surrogate for body size). Differences in the
structure and density of trabeculae at the distal radius may ex-
plain the influence of gender on BSIc. Khosla et al. utilized
high-resolution pQCT on 602 individuals who were 21-97
years of age and found that men have thicker trabeculae than
women across the adult life span with greater differences fol-
lowing menopause35. 

Our results at the 65% radius diaphysis demonstrated that
MCSA, isokinetic and isometric grip torques similarly pre-
dicted the estimated resistance for torsional forces (SSIp) in
the radial shaft. These findings were in agreement with Kaji
et al. who found significant (p<0.001) correlations (r=0.31 to
0.45) between isometric grip force and radial midshaft SSIp in
men and women11. Specker et al. also demonstrated significant
grip force contributions to variance in female radius SSIp

15.
Furthermore, with the exception of gender in our MCSA
model, both gender and radius length significantly contributed
to the prediction of SSIp. While it was hypothesized that gender
would have significant contributions to both grip torque and
MCSA models, the inability of gender to significantly con-
tribute to the diaphyseal MCSA model was not entirely sur-
prising as both gender and SSIp of the radius midshaft are
highly related to MCSA10. However, our data suggested that
this relationship is not limited to the radial midshaft and SSIp.
The inclusion of MCSA in our prediction models removed
more than half of the base model unique variance accounted
for by gender in both the BSIc (rpartial= -0.52 to -0.175) and SSIp

(rpartial= -0.67 to -0.25). This is in agreement with claims that
bone size (a factor in both BSIc and SSIp) is more dependent
on MCSA and specific muscular tension than gender21,22. 

Dependent R2 Adj. Independent ß rpartial

ISO (N·m) 0.74
MCSA 0.65a 0.53
Length 0.12 0.18
Gender -0.16 -0.16

CON (N·m) 0.76
MCSA 0.68a 0.56
Length 0.07 0.12
Gender -0.17 -0.18

ECC (N·m) 0.68
MCSA 0.72a 0.53
Length 0.12 0.16
Gender -0.04 -0.04

aSignificance (p<0.001) Males =1 Females =2

Table 3. Adjusted coefficients of determination (R2 Adj.), standard-
ized beta values (ß) and partial correlation coefficients ( rpartial) of mus-
cle cross-sectional area (MCSA) prediction models for isometric
(ISO), concentric (CON) and eccentric (ECC) grip force measures.
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Our secondary objective was to assess forearm muscle area
as a surrogate of forearm muscle torque by determining the vari-
ance in isometric, concentric or eccentric grip torques explained
by MCSA in older adults. MCSA predicted 68-76% of the vol-
untary contraction torques, and neither gender nor forearm length
were a significant contributor to the models (Table 3). These find-
ings are in accordance with MCSA-torque relationships demon-
strated in the lower extremity17-19. Furthermore, significant
covariance between MCSA and all of the contraction types sug-
gests a shared genetic action between them36. Based on our re-
sults, there is potential for MCSA to serve as a reliable surrogate
of all three grip torque measures in adults over the age of 50.

It is important to note that cross-sectional design and small
sample size are the main limitations of our study. A study with
a larger sample size would be able to draw stronger conclu-
sions regarding the relevance of MCSA and ISO, CON, and
ECC contraction types in predicting radius bone strength. Ran-
domized, controlled trials with contraction type specific resist-
ance training are needed to assess the influence of muscle
contraction types on pQCT-derived bone strength in the fore-
arms of older adults. 

Our results provide insight on the relationship between dif-
ferent measures of handgrip contraction torque and radius bone
strength. Importantly, our findings demonstrated that MCSA at
the 65% radius is a reliable surrogate of all three measures of
grip torque. This information is useful for researchers and clini-
cians who use tomographic imaging for characterizing and com-
paring bone structure and strength in different aged populations.

Summary

Grip torques do not appear to be significant independent con-
tributors to distal radius bone strength (BSIc) when body size
and gender are accounted for. The ability of forearm MCSA to
significantly contribute to the prediction of variance in distal
radius BSIc requires further investigation. At the radius shaft
MCSA and CON, ISO, ECC grip torques predicted bone
strength (SSIp) similarly. Forearm MCSA also predicted grip
peak torque for all contraction types, and thus, forearm MCSA
is a valid surrogate of peak grip torques in healthy older adults.
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