This is the Pre-Published Version.
1

This is a post-peer-review, pre-copyedit version of an article published in Osteoporosis International. The final authenticated version is
available online at: https://doi.org/10.1007/s00198-014-2864-5

Title: Influence of chronic stroke impairments on bone strength index of the tibial distal epiphysis and diaphysis

Authors: Feigo Z.H. Yang (MPhil)*?, Marco Y.C. Pang (PhD)?

Affiliations:
!Department of Physical Therapy, Guangdong Provincial Work Injury Rehabilitation Hospital, Guangzhou, China.

2Department of Rehabilitation Sciences, Hong Kong Polytechnic University, Hong Kong.

Corresponding author:

Marco Y. C. Pang, Department of Rehabilitation Sciences, Hong Kong Polytechnic University, Hung Hom, Hong
Kong

Email: Marco.Pang@polyu.edu.hk,

Telephone: 852-2766-7156,

Fax: 852-2330-8656.

Keywords:

Stroke; cerebrovascular accident; bone; muscle; cardiovascular; peripheral quantitative computed tomography

Conflict of Interest:

Marco Y. C. Pang and Feigo Z. H. Yang declare that they have no conflict of interest.



ABSTRACT:

Purpose: This study examined the bone structural properties of the tibial distal epiphysis and diaphysis after chronic
stroke, and identified the clinical correlates of the bone strength index measured at these sites.

Methods: The tibial distal epiphysis (4% site) and diaphysis (66% site) were scanned on both sides in 66 chronic
stroke patients and 23 control participants using peripheral quantitative computed tomography. Dynamic knee
muscle strength, balance function, spasticity, arterial compliance, and endurance were also measured in the stroke
group.

Results: At the 4% site, multivariate analysis showed a significant sidexgroup interaction effect (Wilk’s
Lambda=3.977, p<0.001), with significant side-to-side differences in total volumetric bone mineral density (vBMD),
trabecular vBMD and bone strength index in the stroke group, but not in the control group. A significant sidexgroup
interaction was also found at the 66% site (Wilk’s Lambda=4.464, p<0.001), with significant side-to-side
differences in cortical vBMD, cortical area, cortical thickness, and bone strength index in the stroke group only.
Balance and endurance were independently associated with bone strength index at both tibial sites in the paretic leg
(p<0.05) after adjusting for relevant factors in multivariate regression analysis. Small artery compliance and muscle
strength were significantly associated with the bone strength index at the 4% site and 66% site, respectively.
Conclusions: The influence of various stroke impairments on bone was region-specific. While muscle function was
more strongly associated with the bone strength index in the diaphyseal region, the effect of vascular health was

more apparent in the tibial epiphysis in the paretic leg.
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MINI-ABSTRACT

The influence of various stroke impairments on bone health is poorly understood. This study showed that muscle
function and small artery compliance was more strongly associated with the bone strength index at the tibial
diaphyseal and epiphyseal regions, respectively. These impairments should be targeted in promoting bone health

post-stroke.



INTRODUCTION

Stroke is one of the most prevalent disabling conditions worldwide [1]. Fragility fractures are a common
complication in stroke patients [2]. Approximately 4%-6% of stroke patients will sustain a fracture within 2 years
after the onset of stroke, and the proportion will increase to about 11% by 10 years post-stroke [2,3]. Indeed, the risk
of fractures after hospitalization for stroke can be more than 7 times the rate of fracture in the general population [4].
The most common site where most post-stroke fractures occur is the hip region [2,4]. The exaggerated fracture rate
in this patient population can be partially attributable to accelerated bone loss following a stroke [5].

Earlier studies have used dual-energy X-ray absorptiometry to investigate the changes in hip bone mineral
density post-stroke and found that the paretic side sustained a more severe loss than the non-paretic side [6]. More
recent research, however, has used peripheral quantitative computed tomography (pQCT) to study the distal tibia as
a surrogate [7-11], because the tibia in theory should be subject to similar loading patterns as the femur [7]. Studying
the distal tibia/ankle remains clinically relevant, for several reasons. First, fractures in the distal tibia are not
uncommon in people after stroke. In a cohort of 2696 stroke patients, Dennis et al. [2] showed that out of 13 skeletal
sites, the distal tibia/ankle region is the fourth most common site where fractures occur, accounting for 6.8% of all
fractures, only behind the hip (29.5%), wrist (23.8%), and ribs (8.0%). Another study by Ramnemark et al.[12]
found an even higher incidence of ankle fractures, accounting for 9% of all fractures after stroke. Second, although
the relationship between hip fracture risk and tibial bone strength index among stroke patients is uncertain, good
correlations have been identified between hip bone mineral density derived from DXA and bone strength index of
the tibia generated by pQCT in both the paretic and non-paretic legs (r=0.6-0.8)[13]. Using pQCT to study tibial
bone sites would also allow us to gain insight into how stroke influences bone geometry, which is also an important
determinant of bone strength [14].

Previous pQCT studies have consistently found that tibial bone strength index in the paretic leg is
substantially lower than that in the non-paretic leg, regardless of the measurement site [7-11]. Researchers have also
endeavored to identify the clinical correlates of bone status in stroke patients. Identifying the modifiable stroke
impairments that may have important effects on the integrity of bone tissue is essential for guiding the design of
effective strategies that promote bone health in these patients. Only two pQCT studies have examined the clinical
correlates of bone strength index measured at lower extremity long bone sites in individuals with stroke [7,8]. At the

tibial diaphysis, muscle mass and peak oxygen consumption rate (a measure of cardiorespiratory fitness) were



identified as the major determinants of bone strength index in a sample of 55 patients with chronic stroke [7]. These
same factors, in addition to mobility and spasticity, were shown to be associated with the compressive bone strength
index measured at the distal tibia epiphysis in a cohort of 45 chronic stroke survivors [8] However, other important
factors may have been overlooked in these studies. In particular, vascular health, which has been shown to be
intimately associated with bone health in other populations, was not specifically evaluated [15-17]. It is also possible
that the effects of the same stroke impairments on the same bone may be region-specific (e.g., epiphysis vs.
diaphysis). For example, muscle strength may be more strongly associated with integrity of bone tissue at the
diaphysis due to its proximity to insertions of major muscle groups. On the other hand, vascular health may be a
more important factor in influencing bone health at the epiphyseal site, which is highly vascularized. To facilitate a
more meaningful comparison of the relative effects of various stroke impairments on bone status at different sites, it
is important that measurements of different bone sites are taken from the same sample of stroke patients, yet none of
the previous pQCT studies have made such a comparison.

The current study was undertaken to address these knowledge gaps. To further strengthen the study design,
a group of healthy control participants was included. The objectives of this pQCT study were to examine the bone
status at the distal epiphysis and diaphysis of the tibia in patients with stroke, and to identify the clinical factors
associated with the bone strength index measured at these sites. It was hypothesized that the bone strength index on
the affected side would be significantly lower on the unaffected side in both measurement sites of the tibia, and that
muscle function would be more strongly associated with bone strength index at the diaphyseal site, whereas the

influence of vascular health would be more predominant at the epiphyseal site.

METHODS
Participants

Individuals with stroke were recruited on a volunteer basis from community-based self-help groups for
stroke patients (i.e., convenience sampling). All individuals were screened by the research personnel through a
telephone interview. The inclusion criteria were a diagnosis of hemispheric stroke resulting in hemiparesis (Chedoke
McMaster Stroke Assessment lower extremity composite motor impairment score <14)[18]; at least 1-year post-
stroke; adult aged >18; able to understand simple verbal commands; medically stable. The exclusion criteria were

recurrent stroke; other neurological disorders; serious musculoskeletal conditions (e.g., amputations); metal implants



in a lower limb; recent fracture of a lower limb; taking medication for the treatment of osteoporosis before or after
stroke (e.g., bisphosphonates); other serious illnesses that prevented the individual from participating in the study
(e.g., neoplasms). Control participants were recruited on a volunteer basis from the community. The eligibility
criteria were the same as for the stroke group, except that these individuals did not have a history of stroke.

Ethical approval was obtained from the Human Research Ethics Review Committee of the University. The
details of the study were explained to the participants before informed written consent was obtained. All of the

experimental procedures were conducted in accordance with the Helsinki Declaration for human experiments.

Measurements

Demographics: Relevant demographic information (e.g., medications, stroke history) was collected
through face-to-face interviews and a hospital discharge summary provided by the participants. The Physical
Activity Scale for the Elderly (PASE) questionnaire [19], which has been used in previous research in stroke [20],
was administered by the researcher to assess the participants’ physical activity levels. The Abbreviated Mental Test
[21] and Chedoke McMaster Stroke Assessment [18] were administered to the stroke group to assess cognition and
motor impairment, respectively.

Bone imaging: Each participant in the stroke group and control group underwent scanning of the tibia on
each side using pQCT (XCT 3000, Stratec Medizintechnik GmbH; Pforzheim, Germany). The anatomical reference
line was positioned at the cortical end plate of the distal medial edge of the tibia. Scans (2.3 mm in thickness; scan
speed at 25 mm/sec, voxel size of 500 microns) were acquired at two different sites of the tibia: the tibial epiphysis
(at 4% of the total bone length proximal to the anatomical reference line, primarily a trabecular bone site); and the
tibial diaphysis (at 66% of the total bone length proximal to the reference line, mainly a cortical bone site).

The images of the 4% site were analyzed using CALCB Contour Mode 2 and Peel Mode 2, with a density
threshold of 169/400 mg/cm3. The variables of interest were total volumetric bone mineral density (vBMD),
trabecular vBMD, total area, and compressive bone strength index (cBSI). The cBSI was calculated using the
formula total vVBMD? x total area [22]. The cBSI has been validated in a human cadaver study, and is considered to
be a reasonable estimate of bone strength against compressive loads at the distal end of long bones, where axial

compression is more predominant [22]. The precision of the pQCT scanner was evaluated by measuring 30 healthy



participants twice, with repositioning after the first scan. The coefficients of variation of the above outcomes were
0.79%, 0.47%, 1.41%, and 0.97%, respectively.

Cortical bone analysis at the 66% site was performed using CORTBD (Mode 1), with a threshold of 710
mg/cmé. The total area, cortical bone area, cortical bone mineral content (BMC), cortical vBMD, cortical thickness,
marrow cavity area, and polar stress-strain index (p-SSI) were measured. The marrow cavity area was generated by
subtracting the cortical area from the total area. The p-SSI, a validated bone strength index indicative of the torsional
rigidity, is a more appropriate bone strength estimate at this site compared with cBSl, as torsional/bending forces are
more predominant in the diaphyseal region [22,23]. The coefficients of variation for the aforementioned variables
were 1.70%, 1.44%, 0.47%, 1.44%, 1.05%, 2.53%, and 1.73% respectively.

Knee muscle strength: The concentric and eccentric knee extensor work load (in Joules or J) on both sides
was measured using an isokinetic dynamometer (NUMAC® NORMTM Testing & Rehabilitation System, Computer
Sports Medicine, Inc, Stoughton, MA, USA). Each participant sat upright with the trunk and thigh of the tested leg
stabilized by straps, and was then instructed to perform each type of knee muscle contraction with maximal effort at
a constant angular speed of 60°/sec, through a range of motion between 10° and 70° knee flexion. The sequence of
concentric/eccentric/paretic leg/non-paretic leg testing was randomized to avoid an order effect. Three trials were
recorded for each test condition, and the data were averaged to obtain the mean concentric and eccentric work (J) of
each leg using customized software. Previous work has shown that these measurements have good test-retest
reliability (ICCs1=0.73-88) [24].

Balance function: The 14-item Mini-Balance Evaluation Systems Test (Mini-BESTest) was used to
evaluate balance performance [25]. Each item was rated on an ordinal scale from 0 to 2, yielding a maximal score of
28 with higher scores indicating better balance ability. The Mini-BESTest has excellent intra-rater (ICC51=0.97) and
inter-rater reliability (ICC21=0.96) when administered to people with stroke [25].

Spasticity: The Modified Ashworth Scale (MAS) was used to evaluate spasticity at the ankle joint on the
paretic side. The ankle joint was moved into flexion and extension alternately by the researcher while the participant
was in a supine position, and the amount of resistance to passive movement was noted. A higher MAS score
(range=0-4) is indicative of more severe spasticity [26]. The reliability of the MAS has been established for use with

stroke patients (Kendall’s tau correlation = 0.847) [26].



Arterial compliance: Arterial compliance was evaluated using pulse wave contour analysis
(HDI/PulseWave CR-2000 Research CardioVascular Profiling System; HDI Hypertension Diagnostics Inc., Eagan,
MN, USA) [27]. Participants were placed in a supine position and asked to relax. A blood pressure cuff was applied
to the left upper arm. With the right forearm in a supinated position, a piezoelectric-based acoustical sensor was
applied over the radial artery in proximity to the radius styloid process. The sensor was adjusted so that the highest
relative signal strength was acquired. A rigid plastic wrist stabilizer was then placed on the right wrist region to
minimize the movement of the radial artery during measurement. Blood pressure was assessed using a linear
dynamic deflation method. When the waveform was stable, the radial arterial blood pressure waveform data were
obtained over a 30-second period and used for subsequent analysis [28]. Two trials were performed and the data
were averaged. A one-minute rest period was given between measurements. The large artery elasticity index (Ci)
and small artery elasticity index (C,) were used as outcome measures. The Cy index is an indicator of the compliance
of the aorta and large arteries. Increased stiffness of the walls of these large arteries has been demonstrated in
atherosclerotic disease [29]. The C; index represents the compliance of small arteries and arterioles, which has been
associated with flow-mediated vasodilation [30] and risk of cardiovascular events [31]. The test-retest reliability of
the system has been found to be excellent (ICC32 >0.90).[9]

Endurance: The Six Minute Walk Test (6MWT) was administered to assess endurance [32]. Participants
were asked to walk along a 15-m corridor and cover as much distance as possible in six minutes. For those who
were not ambulatory, the distance was recorded as zero. The 6MWT has excellent reliability (ICC=0.97-0.99) in

stroke patients [32].

Statistical Analyses

The sample size calculation was performed using GPower 3.1 (Heinrich Heine Universitat Dusseldorf,
Germany) and Statistic Calculator 3.0 (http://www.danielsoper.com/statcalc3/default.aspx) software programs,
based on an alpha of 0.05 and power of 0.80. A previous study found a significant side-to-side difference in cortical
BMC in the tibial diaphysis among people with chronic stroke, yielding a large effect size of 0.86 [7]. Assuming the
same effect size, the estimated sample size required to detect significant between-group differences in side-to-side

comparisons of pQCT parameters was estimated as 46 participants (23 people with stroke, 23 controls).



The main objective of this study was to examine the associations between bone strength and various stroke
impairments. Research has shown certain stroke impairments (e.g., muscle weakness, cardiorespiratory fitness,
mobility) to be significantly associated with the compressive bone strength index (cBSI) or polar stress-strain index
(p-SSI) of the hemiparetic tibia, yielding medium to large effect sizes (f=0.2-1.1) [7,8].The addition of five stroke
impairment variables to the regression model, over and above age, sex, post-stroke duration, and physical activity
level, meant that a minimum sample size of 61 stroke patients was required for a hierarchical multiple regression
analysis, assuming a medium to large effect size of f=0.25.

Statistical analyses were performed using IBM SPSS software 20.0 (IBM, Armonk, NY, USA). The
demographic characteristics of the stroke and control groups were compared using independent t-tests (for
continuous data), Mann Whitney U tests (for ordinal data) and Chi-square tests (for nominal data). To compare the
bone properties, multivariate analysis of variance (ANOVA) with a mixed design (within-participant factor: side;
between-participant factor: group) incorporating all pQCT outcomes of interest was used to determine whether there
was a significant side x group interaction. If a significant result was found for a particular outcome, post-hoc paired
t-tests were performed to compare the two sides in the stroke group and control group separately. Next, the Pearson
product-moment correlation coefficient (r) or Spearman’s rho, depending on the level of data, was used to determine
the bivariate correlation between the stroke impairment variables (muscle strength, balance function, spasticity,
arterial compliance, endurance) and cBSI and p-SSI. Those variables that demonstrated a significant association
with cBSI or p-SSI in the bivariate correlation analysis were then entered as independent variables in subsequent
multiple regression analyses while accounting for the effects of age, sex, post-stroke duration, and physical activity
level. To avoid possible multicollinearity, bivariate correlations among the independent variables were assessed. If
there was a strong correlation (r>0.5), the two independent variables were not entered into the same regression
model [33]. The level of significance was set at 0.05; it was adjusted to 0.01 for the post-hoc t-tests and bivariate

correlation analyses to avoid the probability of making type | errors being inflated due to multiple comparisons.

RESULTS

Characteristics of participants
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Sixty-six individuals with stroke and 23 control participants were enrolled in the study (Table 1). The mean
Chedoke McMaster Stroke Assessment lower limb motor score was 7.6 out of 14, indicating moderate motor
impairment. Forty-six individuals in the stroke group (69.6%) required a mobility aid for locomotion. The stroke
group had significantly lower physical activity levels and was taking a greater number of medications than the
controls (p<0.001).

The stroke-related impairments are displayed in Table 2. The concentric and eccentric knee extension
strength on the paretic side was significantly lower than on the non-paretic side (p<0.001) by 45.3% and 24.4%,
respectively (p<0.001). The mean Mini-BESTest score was 19.3, indicating moderate impairment in balance
function. Spasticity was rated as mild to moderate. While the majority of participants demonstrated normal C;
values, C, was below the normal range in 55 participants (83%). The mean 6MWT distance was also well below the
median distance of 576 m for men (median age=59.5, n=117) and 494 m for women (median age=62.0, n=113)

previously reported by Enright and Sherrill [34].

Tibial distal epiphysis

For the 4% site, multivariate analysis revealed a significant side x group interaction (Wilk’s Lambda=3.977,
p=0.005). The total area was the only variable that did not show a significant side x group interaction in the
univariate analysis. Post-hoc analysis further showed that the total vBMD, trabecular vBMD, and cBSI values on the
paretic side were significantly lower than their counterparts on the non-paretic side in the stroke group, whereas
there were no significant side-to-side differences in these variables among the controls (Table 3). These trends were
consistent in both the men and women (not shown).

The results of the bivariate correlation analysis are shown in Table 4. The cBSI on both sides was
significantly associated with Mini-BESTest, C,, and 6MWT scores (p<0.001). As the Mini-BESTest and 6MWT
were highly correlated (r=0.745, p <0.001), they were entered in separate regression models to predict cBSI to avoid
multicollinearity. After accounting for age, sex, physical activity, and post-stroke duration, C, (p=0.025) and Mini-
BESTest (p=0.007) remained independently associated with the cBSI on the paretic side, accounting for 5.9% and
7.4% of the variance, respectively (Table 5, model 1). In the second regression model (model 2), the 6MWT was
used as a predictor variable instead. After adjusting for the relevant factors, the association between the 6MWT and

the cBSI remained significant and explained 8.7% of the variance. On the non-paretic side, both the Mini-BESTest
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(model 3) and the 6BMWT (model 4) were significantly associated with the cBSlI, explaining 5.7% and 6.2% of the
variance, respectively. The relationship between C, and the cBSI in the non-paretic leg did not quite reach statistical

significance (p=0.057) (model 3).

Tibial diaphysis

For the 66% site, multivariate ANOVA revealed a significant side x group interaction (Wilk’s
Lambda=4.464, p=0.001). All of the variables showed a significant side x group interaction except total area
(p=0.964) and marrow cavity area (p=0.054) in the univariate analysis (Table 3). Post-hoc analysis revealed that the
cortical BMC, cortical vBMD, cortical bone area, cortical thickness, and p-SSI on the paretic side had significantly
lower values (p<0.01) than on the non-paretic side, whereas none of the pQCT variables showed significant side-to-
side differences in the controls. Similar findings were obtained for both sexes (not shown).

The variables that were significantly associated with the p-SSI in the bivariate analysis (Table 4) were used
for the subsequent regression analyses. After adjusting for relevant factors, eccentric leg muscle strength (Table 6,
models 1 and 2), the Mini-BESTest (model 1), and the 6MWT (model 2) remained independently associated with
the p-SSI on the hemiparetic side, explaining 3.1%, 4.1%, and 4.3% of the variance, respectively. Separate
regression models were used on the non-paretic side, as concentric and eccentric knee extension strength were
strongly correlated (r=0.781, p=0.001). Eccentric (Table 6, model 3) and concentric knee extension strength (model
4) were found to be independently associated with the p-SSI on the non-paretic side, explaining 3.4% and 6.2% of
the variance, respectively. There were no concerns with multicollinearity in the regression models, as indicated by

the low variance inflation factor (VIF) values (1.0-1.5) (Table 5 & 6).

DISCUSSION
The most interesting finding of this study was that muscle function was more strongly associated with bone
strength index in the diaphyseal region, whereas the effect of vascular health was more apparent in the epiphyseal

site of the tibia in the paretic leg.

Compromised bone strength index on the paretic side
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Our findings confirmed the detrimental effect of stroke on the integrity of bone tissue. At the 4% site, the
lower cBSI on the paretic side was attributable to the lower vBMD, but not total area, which demonstrated no
significant side-to-side difference (Table 3). This finding is consistent with a previous study involving a Canadian
sample of chronic stroke survivors [8]. The results suggest that the paretic side may have sustained bone
decorticalization, loss of trabecular elements, disruption of trabecular microstructure, or thinning of trabeculae [35],
although the resolution of our pQCT scanner was not high enough to identify which of these mechanisms were
operating.

The lower p-SSI on the paretic side at the 66% site can be explained by both the compromised vBMD and
bone geometry. Although the total area showed no side-to-side difference, the marrow cavity area was significantly
larger on the paretic side, indicating the possibility of endosteal resorption after stroke (Table 3). Interestingly, a
previous study reported a significantly smaller total area measured at the tibial diaphysis on the paretic side in
female stroke survivors only, suggesting periosteal resorption [7]. There are several possible explanations for the
discrepancy in the results. First, the studies used different measurement sites: we used the 66% site whereas their
study used the 30% site. Second, although a direct comparison cannot be made due to the use of different outcome
measurements, the women in our stroke group tended to have more severe motor impairments. For example, the
proportion of walking-aid users was higher in our study (70%) than in theirs (31%). Nevertheless, a prospective

study is required to determine the actual geometric changes after stroke and whether the changes differ with sex.

Clinical correlates of bone strength index

While muscle strength, cardiorespiratory fitness, and mobility have been implicated as clinical correlates of
bone strength measured at the tibial distal epiphysis[8] and diaphysis[7], this study is the first to show that the same
stroke impairments have differential effects on the integrity of bone tissue at different sites of the tibia.

First, vascular health, as indicated by C,, was independently associated with the bone strength index on the
hemiparetic side at the 4% site, but not at the 66% site. A decline in C, represents an alteration in endothelial
function in very small arteries and arterioles, which is an important indicator of progressive structural changes in
vasculature. The 4% site consists of mainly trabecular bone, which is more vascular and metabolically active than
cortical bone, which is predominant at the 66% site [36]. Changes in blood flow and endothelial function may thus

have more effect on bone at the 4% site. The finding that cardiovascular health may have a greater effect on
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trabecular than cortical bone sites has also been reported in two previous studies [7,8]. Peak VO (an indicator of
cardiorespiratory fitness) accounted for 10.8% of the variance in the cBSI at the 4% site in one study [8], whereas it
contributed to only 5.8% of the variance in the p-SSI at the 30% site [7]. A direct comparison with our study cannot
be made due to the different outcome measures used. Unlike the pulse wave contour analysis used in our study, peak
VO, does not provide specific information on the integrity of the vascular system. In addition, we measured both
skeletal sites in the same sample, enabling us to make a more meaningful comparison of the effect of stroke
impairments on different bone sites. The pathophysiological mechanisms underlying the link between vascular
function and bone metabolism are not entirely clear and will require further study, although oxidized lipids,
homocysteine, and cytokines have been implicated [15,36,37]. We also found that vascular health had less influence
on the 4% site on the non-paretic side. It is possible that the presence of other stroke impairments on the paretic side
(e.g., muscle weakness, reduced mechanical loading) may have made the bone tissue more sensitive to alterations in
vascular health.

It is interesting that C;, but not Cy, was significantly associated with the cBSI on the hemiparetic side.
While both indices have been shown to be independently associated with subclinical coronary atherosclerosis [38],
C; indicates the integrity of the large arteries, and its decline is indicative of more advanced vascular disease. In our
sample, however, only a few individuals had C; values below the norm, which may partially explain the stronger
relationship between the cBSI and C, compared to C;. Nevertheless, the significant relationship between small
artery compliance and bone strength index of the tibial distal epiphysis found in this study indicated that the
detrimental effect on bone strength was apparent before the vascular disease progressed to an advanced stage.

In contrast, muscle strength was independently associated with the bone strength index at the 66% site on
both sides, but not the 4% site. The strong association with muscle strength was not surprising, as the 66% site is
subjected to strong bending and torsional forces generated by muscle contractions. Indeed, this skeletal site is where
the muscle belly is the largest [39], so the muscle-bone relationship should be more apparent. In contrast, the distal
end of the tibia does not have major muscle attachments and is primarily subjected to compressive loads, which may
account for the weaker relationship between bone strength and muscle strength. Such differential effects of muscle
function on bone tissue at different skeletal sites were implicated in the two aforementioned stroke studies. Leg lean
mass accounted for 12.1% of the variance in the p-SSI at the 30% site in one study [7], but explained only 8.2% of

the variance in the cBSI at the 4% site in another [8]. While leg lean mass is related to muscle strength, the ability to
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voluntarily generate muscle force post-stroke is also dependent on other factors such as the strength of the central
drive, the integrity of the descending motor pathways, the recruitment and synchronization of motor units, and
biochemical changes in muscle. Direct measurement of muscle force would be a better indicator of muscle function.
Using a single sample of stroke patients, this study has shown for the first time that muscle strength is more strongly
associated with the integrity of bone tissue at the tibial diaphysis compared with the epiphysis.

It is surprising that eccentric, but not concentric, muscle strength was associated with the p-SSI on the
paretic side. However, four of the participants in the stroke group, who had very different p-SSI values
(range=950.7-3588.5 mm?), recorded zero concentric knee extension work, as they were unable to perform the
contraction through the set knee range at the required speed (60°/sec). In contrast, only one stroke patient recorded
zero eccentric knee extension work. Additionally, the data for the eccentric work were more heterogeneous than
those for the concentric data. Other than those who attained zero muscle strength values, the range of eccentric
strength values varied from 18.0-128.7 J, compared with 5.7-75.9 J for concentric strength. It is well known that
homogeneity of data contributes to lower correlations [40].

Balance function and endurance were independently associated with the bone strength index at both
measurement sites on the paretic side. Maintaining body balance requires not only the ability to assume a
symmetrical posture, but also the ability to efficiently shift the body weight from one leg to another in different
functional activities such as reaching, transferring, and walking. Stroke patients often favor the non-paretic side and
have poorer weight-bearing ability on the paretic side [41].The reduced loading on the paretic limb, which is
associated with poor balance function [41], may adversely affect bone quality at both the tibial epiphysis and
diaphysis.

Another related factor is walking endurance. The distance achieved in the 6MWT has been significantly
correlated with cardiovascular fitness in ambulatory people with chronic stroke [42]. This is consistent with previous
findings that peak VO, was independently associated with bone strength indices at both the epiphyseal and
diaphyseal sites of the tibia [7,8]. However, the ability to achieve a long 6MWT distance is also dependent on
balance [42], which may explain the high correlation between the Mini-BESTest and the 6MWT found in this study.
Those with poor 6MWT distances also have limited ambulatory activity [43]. The combination of reduced repetitive
loading due to low ambulatory activity and impaired weight-bearing ability on the paretic side may account for the

lower tibial bone strength index. The effect of balance function and endurance on the p-SSI on the non-paretic side
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was less remarkable, probably because the influence of muscle strength was more predominant on this side. In a
study involving 23 people with stroke, Talla et al. [10] also showed that the muscle-bone relationship was stronger

in the non-paretic than the paretic limbs. The mechanism underlying this phenomenon is unknown.

Clinical and research implications

This study identified several clinical correlates of post-stroke bone health that are highly modifiable.
Specifically, vascular health was independently associated with bone strength index measured at the tibial distal
epiphysis on the paretic side. Increasing research has focused on the link between cardiovascular health and bone
health [15-17] Our finding here may help open the field for research and potential clinical applications in
cardiovascular function and bone health among individuals with stroke. For example, is there any potential of
common therapeutic interventions [15]? Do pharmacological treatments used to improve vascular health have any
impact on the integrity of bone tissue in stroke patients? Further research is needed in this important area.

Another clinical implication pertains to the potential use of non-invasive interventions such as exercise
training to improve bone strength through modifying vascular health. To date, the effects of exercise training on
arterial compliance in people with stroke is uncertain. Recent research has also shown impaired arterial compliance
in other patient groups with limited physical activity, such as people after spinal cord injury [44]. In addition, it was
also found that leg cycle ergometry with functional electrical stimulation was effective in improving small artery
compliance among these patients [45]. It would be interesting to determine whether exercise training could improve
small artery compliance and bone health post-stroke.

Apart from vascular health, we have also identified other clinical correlates of bone strength index. Muscle
strength was independently associated with bone strength index at the tibial diaphysis, while balance and endurance
were significant determinants of bone strength index at both the tibial diaphysis and distal epiphysis. Therefore, the
physical exercise program should be multidimensional and address these different stroke impairments through a
combination of resistance exercise, aerobic exercise, and balance training. A previous randomized controlled study
provided preliminary evidence that circuit-based exercise training which incorporated muscle strengthening, balance
and aerobic activities may be beneficial for improving trabecular BMC at the 4% site and cortical thickness at the 50%
site of the tibia in the paretic leg [20]. Further study is required to test the efficacy of different exercise intervention

protocols on bone quality. As the relationship between bone strength index and stroke impairments seems to be
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region-specific, it would be interesting to determine whether different types of exercise (e.g., cardiovascular exercise

versus muscle strength training) have differential effects on bone outcomes at different skeletal sites.

Limitations

This study was cross-sectional and could not provide information on the actual changes in bone outcomes
over time. Although significant associations between the bone strength indices and certain stroke impairment
variables were found, cause-and-effect could not be established. Our various regression models only explained
43.2%-60.6% of the variance in bone strength indices, indicating that some potentially important factors were not
captured (e.g., nutrition). Future studies should use a larger sample size and examine the relationship between these

factors and bone health in chronic stroke survivors.

Conclusion
In summary, the effects of various stroke impairments on bone tissue differed depending on the tibial sites
measured. While the effects of vascular health were more apparent in the distal epiphysis of the tibia on the paretic

side, muscle strength had more effect on the diaphyseal site.
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Table 1. Characteristics of the participants
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Variable Stroke group Control group p-value
(n=66) (n=23)
Basic demographics
Age (years) 58.5+£9.9 62.5+8.1 0.085
Sex (men:women), n 47:19 14:9 0.358
Height (m) 161.747.4 160.8+7.4 0.617
Weight (kg) 65.2+11.7 62.248.9 0.264
Body mass index (kg/m?) 25.2+3.6 24.1+3.2 0.346
Abbreviated Mental Test (0-10) 9.2+1.0 -- --
Walking aid (none:cane:quadrupod:wheelchair) 20:33:9:4 23:0:0:0 <0.001**
Receiving physical therapy, n 3 0 0.566
Physical activity score 85.3+54.1 155.6+68.9 <0.001**
At least one fall within past 12 months, n 7 0 0.183
Stroke characteristics
Type (ischemic:hemorrhagic:others), n 32:27:4 - -
Duration since onset (years) 5.0+4.0 -- --
Side of hemiparesis (left:right), n 25:41 -- --
CMSA lower limb motor score (2-14) 7.6x2.0 -- --
CMSA upper limb motor score (2-14) 7.3£2.9 - -
Medications/supplements
Antihypertensive agent, n 34 4 <0.001**
Anticoagulant, n 7 0 0.183
Antidiabetic agent, n 15 1 0.060
Hypolipidemic agent, n 44 0 <0.001**
Antidepressant, n 2 0 1.000
Total number of medications, n 4.0+2.2 0.2+0.5 <0.001**
Vitamin D supplement, n 0 3 0.016
Calcium supplement, n 6 3 0.690

CMSA = Chedoke McMaster Stroke Assessment
**Statistical significance (p<0.01)
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Table 2. Stroke-related impairments (66 participants)

Impairment variable Mean = SD

Neuromuscular factors

Muscle strength

Concentric knee extensor work (J): paretic side 22.6+13.3?
Concentric knee extensor work (J): non-paretic side 41.4£18.0
Eccentric knee extensor work (J): paretic side 50.9+21.0%
Eccentric knee extensor work (J): non-paretic side 67.3£27.4

Balance function

Mini-BESTest (0-28) 19.316.5
Spasticity
Modified Ashworth Scale (0-4) 1.75 (1.0-2.0)°

Cardiovascular factors

Vascular health

Large artery elasticity index (mL/mmHg x 10)P 15.7+#5.3
Large artery elasticity index (within normal range), n 58
Small artery elasticity index (mL/mmHg x 100)¢ 4.1+2.4
Small artery elasticity index (within normal range), n 11

Endurance/aerobic capacity

Six minute walk distance (m) 222.3+99.8

aSignificantly different from the non-paretic side (p<0.01)

b Median (interquartile range)

°Normal range of large artery elasticity index: 40-49 years = men>12, women>10; 50-59 years = men: >11,
women>10; 60-69 years = men: >10, women: >9; >70 years = men: >9, women>8.

dNormal range of small artery elasticity index: 40-49 years = men>7, women>6; 50-59 years = men: >7, women>5;
60-69 years = men: >6, women: >5; >70 years = men: >5, women>4.



Table 3. pQCT variables measured at the distal epiphysis (4% site) and diaphysis (66%0) of the tibia
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Stroke group (n=66) Control group (n=23) Side x
group
interaction
Paretic Non-paretic Mean difference Non- Dominant Mean difference p-value
(95%ClI) Dominant (95%ClI)
4% site
Total vBMD (mg/mm?) 251.9+50.5 268.6+46.9 -16.4 (-20.2, -13.2)? 272.6+44.5 276.5+46.2 -3.9 (-8.6, 0.8) <0.0012
Trabecular vBMD (mg/mm?®) 203.6+36.3 213.1+30.7 -9.5(-12.5, -6.5) 217.4+26.4 217.8+27.1 -0.5(-2.6,1.7) <0.0012
Total area (mm?) 1109.9+£179.3 1110.5+181.5 -0.5(-13.7,12.6) 2 1093.5£199.8 1096.6+209.1 -3.1 (-20.0, 13.8) 0.832
Compressive BSI (g*/cm?) 0.726+0.296  0.821+0.297 -0.09 (-0.11, -0.07)® 0.812+0.244.0  0.837+0.250  -0.02 (-0.05, 0.00) 0.0012
66% site
Total area (mm?) 763.0+136.3  760.7+131.9 2.3(-4.6,9.3) 607.5+109.1 605.4+106.5 2.1(-5.2,9.4) 0.964
Cortical BMC (mg/mm?) 328.8+80.2 348.1+£70.5 -19.3 (-25.4, -13.2) 2 319.5+49.4 317.4+46.2 2.2 (-4.0, 8.3) <0.0012
Cortical vBMD (mg/mm?®) 1046.6+50.3 1063.1+42.2 -16.4 (-21.7,-11.2) 2 972.3+42.7 969.7+43.9 2.6 (-3.1,8.2) <0.0012
Cortical bone area (mm?) 312.2+69.9 326.4+62.2 -14.1 (-19.2,-9.0) 2 328.4+46.9 327.3+45.3 1.1(-5.0,7.2) 0.0022
Marrow cavity area (mm?) 450.8+113.8  434.3+102.7 16.5 (7.4, 25.5)° 279.1+78.8 278.1£75.6 1.0(-5.8,7.7) 0.054
Cortical thickness (mm) 4.32+0.61 4.46+0.54 -0.14 (-0.20, -0.08) 2 4.52+0.51 451+0.47 0.01 (-0.08, 0.10) 0.0062
Polar stress-strain index (mm3)  2303.9+613.7 2424.7+618.1  -120.8 (-164.7,-76.8)¢  2211.5+527.7 2279.14594.8 67.6(0.11,135.1)  <0.001?

BMC = bone mineral content; BSI = bone strength index; vBMD = volumetric bone mineral density.

astatistically significant (p<0.01).



Table 4. Bivariate correlation analysis

Stroke impairment variables

Correlation coefficient

Paretic side Non-paretic side

Concentric knee extensor work (J)

Eccentric knee extensor work (J)
Mini-BESTest (0-28)

Modified Ashworth Scale (0-4)

Large artery elasticity index (mL/mmHg x 10)
Small artery elasticity index (mL/mmHg x 100)

Six minute walk distance (m)

CBSI (4% site) p-SSI (66% site)  CBSI (4% site) p-SSI (66% site)

0.066 0.215 0.315 0.4472
0.122 0.4522 0.202 0.4172
0.4202 0.3392 0.376° 0.256
-0.230 0.024 Not applicable Not applicable
0.207 0.4362 0.268 0.440°
0.3392 0.268 0.3292 0.215
0.481° 0.3572 0.4222 0.282

CBSI = Compressive bone strength index; mini-BESTest = mini-Balance Evaluation Systems Test; p-SSI = polar stress strain index.

aStatistically significant (p<0.01).
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Table 5. Multiple regression analysis for predicting the compressive bone strength index

Predictor B 95% ClI Beta p-value VIF

Dependent variable: cBSI on the paretic side
Model 1: R?=0.432, F=7.473, p<0.001

Age <0.001 -0.006, 0.006 0.005 0.963 1.120
Sex (men=1, women=2) -0.262 -0.398, -0.127 -0.405 <0.001° 1.128
Post-stroke duration -0.005 -0.020, 0.010 -0.069 0.501 1.088
Physical activity score -6.3x10° -0.001, 0.001 -0.012 0.914 1.179
Small artery elasticity index 0.030 0.004, 0.056 0.238 0.025% 1.123
Mini-BESTest 0.014 0.004, 0.024 0.305 0.007° 1.255

Model 2: R?=0.445, F=7.787, p<0.001

Age <0.001 -0.006, 0.006 -0.009 0.932 1.130
Sex (men=1, women=2) -0.264 -0.396, -0.131 -0.407 <0.001° 1.118
Post-stroke duration -0.004 -0.019, 0.012 -0.050 0.629 1.114
Physical activity score <0.001 -0.001, 0.001 -0.045 0.682 1.250
Small artery elasticity index 0.021 -0.006, 0.048 0.168 0.121 1.208
Six Minute Walk Test 0.001 <0.001, 0.002 0.350 0.004° 1.414

Dependent variable: cBSI on the non-paretic side
Model 3: R?=0.439, F=7.445, p<0.001

Age -0.002 -0.008, 0.004 -0.071 0.499 1.120
Sex (men=1, women=2) -0.303 -0.439, -0.167 -0.465 <0.001° 1.128
Post-stroke duration -0.001 -0.016, 0.014 -0.014 0.889 1.088
Physical activity score -9.9x 10° -0.001, 0.001 -0.018 0.866 1.179
Small artery elasticity index 0.025 -0.001, 0.052 0.202 0.057 1.123
Mini-BESTest 0.012 0.002, 0.022 0.267 0.018° 1.255

Model 4: R?=0.436, F=7.603, p<0.001

Age -0.002 -0.009, 0.004 -0.081 0.438 1.130
Sex (men=1, women=2) -0.305 -0.440, -0.170 -0.468 <0.001° 1.118
Post-stroke duration 5.4x 107 -0.016, 0.016 <0.001 0.999 1.114
Physical activity score <0.001 -0.001, 0.001 -0.043 0.697 1.250
Small artery elasticity index 0.018 -0.009, 0.045 0.143 0.188 1.208
Six Minute Walk Test 0.001 0.000, 0.002 0.296 0.014° 1.414

B = unstandardized regression coefficient; Beta = standardized regression coefficient; cBSI = compressive bone
strength index; Mini-BESTest = Mini-Balance Evaluation Systems Test; VIF = variance inflation factor.

2 p<0.05.

bp<0.01.
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Table 6. Multiple regression analysis for predicting the polar stress-strain index

Predictor B 95% ClI Beta p-value VIF

Dependent variable: p-SSI on the paretic side
Model 1: R?=0.604, F=12.613, p<0.001

Age -11.766 -23.028, -0.504 -0.190 0.0412 1.212
Sex (men=1, women=2) -730.317 -1003.065, -457.570 -0.543 <0.001° 1.501
Post-stroke duration 0.165 -26.782,27.111 0.001 0.990 1.100
Physical activity score -0.863 -2.925, 1.200 -0.076 0.406 1.208
Large artery elasticity index 7.792 -14.816, 30.760 0.069 0.487 1.434
Eccentric leg extension work 6.282 0.883, 11.681 0.215 0.0232 1.248
Mini-BESTest 21.624 3.894, 39.353 0.228 0.018? 1.277

Model 2: R?=0.606, F=12.763, p<0.001

Age -11.068 -22.228, 0.092 -0.179 0.052 1.199
Sex (men=1, women=2) -715.721 -989.483, -441.958 -0.532 <0.001° 1.523
Post-stroke duration 1.813 -25.298, 28.924 0.012 0.896 1.121
Physical activity score -1.008 -3.097, 1.081 -0.089 0.338 1.249
Large artery elasticity index 10.553 -11.992, 33.097 0.092 0.353 1.413
Eccentric leg extension work 5.966 0.603, 11.329 0.204 0.0302 1.241
Six Minute Walk Test 1.470 0.309, 2.632 0.239 0.0142 1.312

Dependent variable: p-SSI on the non-paretic side

Model 3: R?=0.560, F=12.493, p<0.001

Age -9.300 -21.015, 2.415 -0.149 0.118 1.185
Sex (men=1, women=2) -818.303 -1090.336, -546.270 -0.604 <0.001° 0.349
Post-stroke duration -2.520 -30.067, 25.027 -0.016 0.855 1.038
Physical activity score -0.212 -2.246, 1.822 -0.019 0.836 1.061
Large artery elasticity index 10.936 -13.150, 35.021 -0.094 0.367 1.447
Eccentric leg extension work 4.486 0.228, 8.745 0.199 0.0392 1.190

Model 4: R?=0.588, F=14.048, p<0.001

Age -11.058 -22.419, 0.302 -0.178 0.056 1.192
Sex (men=1, women=2) -810.653 -1071.470, -549.836 -0.598 <0.001° 1.326
Post-stroke duration -3.931 -30.598, 22.735 -0.025 0.769 1.041
Physical activity score -0.475 -2.458, 1.508 -0.042 0.634 1.079
Large artery elasticity index 8.238 -15.190, 31.665 0.071 0.484 1.464
Concentric leg extension work 9.367 3.071, 15.663 0.272 0.004° 1.198

B = unstandardized regression coefficient; Beta = standardized regression coefficient; Mini-BESTest = Mini-
Balance Evaluation Systems Test; p-SSI = polar stress-strain index; VIF = variance inflation factor.

3 p<0.05.

b p<0.01.





