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Abstract

Summary Post-stroke fracture risk necessitates investigation of bone properties and contributing factors. The decline
in paretic tibia failure load post-stroke was attributed to decreased trabecular bone density and thickness at 2-year
follow-up. Less decline in bone strength was associated with better leg blood flow, walking speed, strength, and activ-
ity at baseline.

Purpose To delineate long-term changes in distal tibia bone properties after stroke and identify their associated factors.
Methods High-resolution peripheral quantitative computed tomography (HR-pQCT) scans of the bilateral distal tibia were
performed in 46 chronic stroke participants (age, 60.4 + 7.8 years; post-stroke onset, 6.3 +4.2 years) and 45 controls (age,
57.7+ 6.3 years) at baseline and 2 years later. We measured the change in the estimated failure load (indicator of bone
strength), volumetric bone mineral density (vBMD), geometry, and microstructure. Blood flow volume of the popliteal
artery, muscle strength, sensory function, and gait speed were also assessed.

Results In the paretic leg of stroke participants, a significant decline in estimated failure load was observed (—3.39%,
p<0.01), which was greater than that of the non-paretic side (— 1.93%, p <0.01) and controls (— 1.89 to—2.18%, p <0.05).
The deterioration in estimated failure load was accompanied by a decline in trabecular vBMD and thickness. Greater arterial
blood flow, higher walking velocity, better muscle strength, and higher physical activity level at baseline at 2-year follow-up
portended less decline in estimated failure load.

Conclusions During the 2-year follow-up, there was a decline in estimated failure load of the paretic distal tibia among peo-
ple with chronic stroke, attributed to a decreased trabecular density and thickness. Greater decline in estimated tibial bone
strength was associated with lower arterial blood flow volume and motor function on the paretic side.
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Introduction

In the era of population aging, stroke is a major pub-
lic health concern. It is estimated that 1 in 12 patients
will experience a femoral fracture within 5 years after
stroke [1]. Post-stroke fracture further undermines long-
term daily function despite prolonged rehabilitation [2].
Although fracture prevention is of paramount importance,
stroke-related factors precipitating the diminution of bone
integrity over time remain relatively understudied.

Secondary osteoporosis increases fracture risk substan-
tially after stroke [3]. Previous studies using dual-energy
x-ray absorptiometry (DXA) revealed a 10-12% reduc-
tion in areal bone mineral density (aBMD) of the proximal
femur on the paretic side within the first year after stroke
[4, 5]. The rate of bone loss was approximately 10 times
greater than that of healthy counterparts [6]. Changes in
bone properties are also evident during the chronic stage
of stroke recovery (mean post-stroke onset: 4 years). Using
peripheral quantitative computed tomography (pQCT), a
remarkable decline in trabecular volumetric bone mineral
density (vBMD) of the paretic distal tibia was observed
after only 1 year [7].

However, previous DXA and pQCT studies were una-
ble to assess bone microstructure (e.g., cortical thickness
in distal limbs), a critical determinant of overall bone
strength [4, 5, 7]. The microarchitecture of the tibia can
discriminate fragility fracture status in postmenopausal
women independent of DXA-derived aBMD [8]. The Bone
Microarchitecture International Consortium (BoMIC),
which includes data from eight cohorts (n= 7254),
reported that total vBMD or trabecular vBMD, tibial cor-
tical vBMD, and cortical thickness improved fracture pre-
diction in elderly individuals when compared with femoral
neck aBMD or FRAX scores alone [9]. Therefore, HR-
pQCT is considered to be superior to DXA in fracture dis-
crimination [10]. Moreover, human cadaver studies have
shown that the estimated failure load (an HR-pQCT-based
bone strength index derived from the micro finite element
analysis) is more related to the actual failure load than
other bone variables measured by pQCT (e.g., vBMD or
cortical thickness) [11]. In predicting facture risk among
older adults, estimated failure load is also superior to other
bone variables (e.g., vBMD) [9] and cannot be generated
from DXA and pQCT scans. Studies involving the use of
high resolution-pQCT (HR-pQCT) to evaluate longitudinal
changes in bone microstructure among people with chronic
stroke are currently lacking.

In parallel, the determinants of progressive bone dete-
rioration after stroke are understudied. Mechanical stress
from ground reaction forces and muscle contractions dur-
ing physical activities are considered to be beneficial in
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either maintaining or improving bone integrity [12, 13].
Previous longitudinal studies involving the use of first-gen-
eration pQCT or DXA scans found an association between
muscle strength, motor recovery [7], spasticity [14], and
bone loss during the chronic stage of stroke. However, the
relative contribution of these factors to changes in bone
health remains unknown. Identifying clinically relevant
predictors of bone loss is critical for designing interven-
tion programs that specifically target bone health post-
stroke. As the development of osteoporosis after stroke is
likely multi-factorial in etiology, a comprehensive predic-
tion model including demographic factors (e.g., age, sex)
is warranted.

Thus, this longitudinal cohort study aimed to (1) assess
the 2-year change in tibia estimated bone strength, density,
geometry, and microstructure using HR-pQCT; and (2) iden-
tify predictors of the changes in tibia estimated bone strength
in people with chronic stroke.

Methods
Study design

This was a 2-year prospective cohort study involving indi-
viduals with chronic stroke and control participants.

Subject recruitment

We recruited individuals with chronic stroke from commu-
nity self-help groups and the general public between Octo-
ber of 2018 and September of 2021. The baseline findings
have been published [40]. Inclusion criteria were as follows:
(1) a history of stroke with unilateral hemiparesis; (2) age
> 18 years; (3) stroke onset > 1 year; (3) a modified Rankin
Scale (MRS) of 2-5. Exclusion criteria were as follows: (1)
concurrent neurological conditions; (2) receptive aphasia;
(3) recurrent strokes; (4) other conditions with a substantial
effect on bone health; (5) receiving pharmacological treat-
ment for osteoporosis; (6) an established diagnosis of oste-
oporosis prior to index stroke; (7) fragility fractures prior
to stroke; and (8) metallic implants in the scanned limb. A
control group with no history of stroke was recruited from
the community by convenience sampling using the same
inclusion and exclusion criteria.

Sample size estimations were based on an alpha of 0.05
(two-tailed) and a power of 0.8. Assuming a 15% attrition rate,
we aimed to recruit a minimum of 54 individuals for each
group. A detailed description of the sample size estimation is
provided in Electronic Supplementary Material (ESM) 1.1.
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Demographicinformation

Basic demographic data were obtained from participant
medical records (stroke group) and questionnaires (control
group). Bone scans and other clinically relevant measure-
ments were performed within a week at the initial assess-
ment (T1) and again at the 2-year follow-up (T2). Previous
studies showed that the temporal changes in some bone vari-
ables within a 1-year period were quite modest [7, 15]. Thus,
to observe a detectable and clinically significant change rec-
ommended by The National Osteoporosis Foundation [16],
this study used a 2-year assessment interval. The HR-pQCT
scan was performed by a technician at a local bone imaging
center with extensive experience in osteoporosis research.
Two other qualified researchers with more than 5 years of
research experience, and one research assistant performed
the other clinical measurements. All measurements, except
the stroke-specific assessments, were administered to both
groups.

HR-pQCT scan protocol

Although the proximal femur is the most common site of
post-stroke lower-limb fracture [17], it cannot be scanned
using HR-pQCT due to its central location. Therefore, the
distal tibia was chosen as the measurement site for its high
correlation with femoral bone properties [18]. The vBMD,
cross-sectional geometry, and microstructural properties
of the bilateral distal tibiaec were measured using a second-
generation HR-pQCT scanner (XtremeCT II, Scanco Medi-
cal AG, Briittisellen, Switzerland). All HR-pQCT outcomes
are listed in Electronic Supplementary Material (ESM)
Table 2.1. The scan region was fixed at 22.0 mm (distal
tibia) proximal from the mid-joint line and was 10.2 mm
in length. In the event Grade 4 or 5 motion artifacts were
identified during scanning, the scan was repeated up to two
times. All images were graded for quality by a single opera-
tor according to a visual grading system proposed by Pialat
et al. [19]. The entire volume of interest (VOI) was separated
into cortical and trabecular components using a fully auto-
mated cortical compartment segmentation technique [20].
The contour was carefully checked and corrected, if neces-
sary, by the same operator who graded the image quality.
The VOI between baseline and 24-month HR-pQCT scans
was matched by 2D registration.

Analyses of the three-dimensional (3D) scan data were
conducted using Image Processing Language (IPL v5.08b;
Scanco Medical AG, Briittisellen, Switzerland). All micro
finite element (PFE) analyses were performed using the FE-
solver included in the built-in IPL software (IPL-FE v1.15,
Scanco Medical AG) [21]. pFE analyses were performed by
converting the binary image data to a mesh of isotropic brick
elements. A linear high-friction compression model was

applied with a Young’s modulus of 10 GPa and a Poisson’s
ratio of 0.3 assigned. The estimated failure load (N) was cal-
culated based on the assumption that bone failure occurred
if >2% of the elements were strained beyond 0.7% [22].
The reproducibility and Least Significant Change (LSC) of
the HR-pQCT variables have been established (ESM 2.1).

Other assessments

Muscle strength: A dynamometer system (Humac Norm
Systems, Stoughton, MA, USA) was used to measure iso-
metric peak torque (N/m) of the ankle plantar flexor mus-
cles at 0° [23, 24]. Tests were performed three times with a
1-min rest interval between attempts to calculate the average
strength value.

Walking status

The 10-m walk test was implemented at a safe maximal
speed and demonstrated excellent test—retest reliability
[intra-class correlation coefficient (ICC) =0.97) [25]. The
Functional Ambulation Categories (FAC) were also used to
classify the level of walking independence.

Sensory function

The touch pressure threshold of the foot plantar surface was
tested using Semmes—Weinstein monofilaments (SWMT)
[26]. In individuals with chronic stroke, SWMT grade scores
have demonstrated substantial to perfect intra-rater agree-
ment (Cohen’s kappa values: thumb =0.89) [26].

Physical activity level

The Physical Activity Scale for the Elderly (PASE) [27] was
used to evaluate physical activity level (score range, 0 to
400). Chinese version of the PASE has demonstrated good
test—retest reliability in healthy older adults (ICC =0.81)]
[27].

Arterial blood flow

Blood flow velocity (cm/s) and volume (mL/min) of the
popliteal artery were measured using Doppler ultrasound
(AixPlorer, Supersonic Imagine, Aix-en-Provence, France)
coupled with a linear transducer (4-15 MHz) [28]. Within
the same image, the arterial diameter (cm) was also meas-
ured. Doppler ultrasound settings were standardized and set
for high sensitivity, a medium wall filter, a pulsed repetition
frequency of 4162 Hz, and medium persistence. The sam-
ple volume was standardized at 1 mm, and Doppler angle
correction was applied. A 15-min rest period was required
before each examination. Three consistent spectral waveform
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cycles were used to calculate the average measures. To
examine the reliability of vascular measures, we conducted
a pilot trial involving 15 individuals with chronic stroke
(ESM 2.2) and found good to excellent inter-rater (ICC
=0.85-0.93) and intra-rater reliability (ICC =0.90-0.98).

Stroke-specific assessments
Motor recovery

He Fugl-Meyer Motor Assessment (FMA) was used to
determine the degree of hemi-paretic lower limb motor
recovery (range, 0-34). The FMA assesses movement qual-
ity, movement coordination, and reflex action of the hip,
knee and ankle. The interrater reliability of the FMA was
excellent (ICC =0.96) [29].

Spasticity

Spasticity of the ankle plantar flexors was measured using
the Composite Spasticity Scale (CSS; score range, 1-16)
[30]. The test—retest reliability of the CSS was also excellent
(ICC =0.97) [30].

Statistical analysis

There was no missing data for participants who completed
the HR-pQCT scans at 2-year follow-up. Descriptive statis-
tics were used to summarize and tabulate the data. An inde-
pendent samples Student’s ¢ test, Mann—Whitney U test, or
chi-square (4°) test was used to compare measured variables
between the stroke and control groups, depending on whether
the data fulfilled the criteria for parametric statistics.

Generalized estimating equations (within-subject factors:
side and time) were used to determine if there was an inter-
action effect between the two factors in two groups. Separate
paired ¢ or Wilcoxon signed-rank tests were performed to
compare baseline and follow-up data as necessary. Inde-
pendent ¢ or Mann—Whitney U test were used to compare
between-group differences in relative change scores [(T2-
T1)/T1] for each variable, with negative values indicating a
decrease from baseline to follow-up. Bonferroni correction
was applied for post hoc comparisons.

Pearson’s correlations were used to examine associations
between the change in estimated failure load (from baseline to
24-month follow-up) and impairment variables measured at
baseline (e.g., muscle strength and spasticity). Variables show-
ing correlation at a significance level of p< 0.1 were chosen
as independent (predictor) variables in subsequent regres-
sion analyses to identify baseline modifiable predictors of
the change in paretic side estimated failure load for the stroke
group, while adjusting for potentially confounding factors
influencing bone health (e.g., age, sex, post-stroke duration).

@ Springer

A principal component analysis (PCA) with varimax rota-
tion was then performed to extract non-modifiable factors to
be used as independent variables in the multivariable regres-
sion analysis. In considering the current sample size and to
avoid overfitting in the regression analysis, a separate PCA
(i.e., dimension reduction) with varimax rotation was per-
formed to identify potentially modifiable factors to be used
as independent variables in the event three or more variables
showed significant bivariate correlations with the depend-
ent variable. Kaiser—-Meyer—Olkin tests were used to ensure
sampling adequacy for the PCA at a threshold value > 0.5.
PCA-derived modifiable, non-modifiable and other factors
(e.g., total number of medications) were then entered into
the model using a hierarchical regression series procedure
[31]. In order to improve the prediction model and adjust
for potential variation in the location of the scan region, the
percentage change in height was also added to determine
whether this would affect the model.

Results
Participant characteristics

One hundred and twenty-eight individuals (64 people with
stroke and 64 controls) were recruited. A study flowchart is
provided in ESM Fig. 2.1. Forty-six individuals with stroke
and 45 controls who completed the 2-year follow-up were
included in the final analysis. Participant characteristics are
summarized in Table 1.

Changes in bone outcomes

The common region after image matching between baseline
and 2-year follow-up ranged from 85 to 99% in the stroke
group and 93 to 99% in the control group. The bone images
from two representative participants are shown in Fig. 1.

Significant reductions in cortical vBMD and estimated
failure load were observed for both sides in both groups
(p < 0.0125). However, significant reductions in cortical
thickness were only observed in the stroke group on both
sides (p < 0.0125). Furthermore, significant reductions in
trabecular vBMD, trabecular thickness, and cortical area
only occurred on the paretic side in the stroke group (p <
0.0125) (Table 2).

Significantly greater decline in estimated failure load was
observed for the paretic side (— 3.39%) than non-paretic side
(— 1.93%) (p=0.002). The decline in estimated failure load
of the paretic side for the stroke group was insignificant, and
only marginally greater than the non-dominant side of con-
trols (— 1.89%, p=0.019). Additionally, declines in trabecu-
lar vBMD and thickness were significantly greater for the
paretic than non-paretic side (p < 0.0125), whereas only the
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Table 1 Demographic information

Variable Stroke (n= 46) Control (n=45) p
Basic demographics
Age (year) 60.4 +7.8 57.7+63 0.074
Stroke duration (years) 6.3 +4.2 NA NA
Body mass index (kg/m?) 242 +3.1 234 +2.8 0.056
Dominant leg (equivalent/right/left, n) 1/44/1 0/44/1 1.000
Sex (female/male, n) 21/25 17/28 0.446
Postmenopausal women (yes/no, n) 18/28 15/30 0.662
Walking aids (none/outdoor cane or stick/outdoor quadripod/both indoor and ~ 11/27/1/1/4/2 45/0/0/0/0/0 < 0.001
outdoor cane or stick/both indoor and outdoor quadripod/both indoor and
outdoor wheelchair, n)
Oxfordshire Classification (anterior circulation syndrome/partial anterior circu- 7/16/7/16 NA NA
lation syndrome/lacunar syndrome/hemorrhage, n)
Alcohol history (non-drinker/drinking history, n) 37/9 28/17 0.055
Smoking history (non-smoker/smoking history, ) 36/10 33/12 0.583
Functional Ambulation Category (dependent/dependent with supervision/inde- 1/2/4/39 NA NA
pendent on level surfaces only/independent, r)
Modified Rankin Scale (1/2/3, n) 2/31/13 NA NA
Medications/supplements
Calcium (no supplementation/yes, n) 1 3 0.361
Vitamin D (no supplementation/yes, n) 2 0 0.495
Antihypertensive agents, n 27 12 0.002
Anticoagulants, n 16 0 < 0.001
Anticonvulsive agents, n 4 0 0.117
Hypolipidemic agents, n 27 7 < 0.001
Hypoglycemic agents, n 7 4 0.354
Antidepressants, n 5 0 0.056
Proton pump inhibitors, n 20 0 < 0.001
Total number of medications 44+34 08+13 < 0.001
Co-morbid conditions
Hypertension, n 25 16 0.072
Diabetes, n 10 6 0.292
High cholesterol, n 15 4 0.005
Total number of comorbidities 13+14 0.7+1.0 0.016

Mean + SD. NA not applicable

decline in the trabecular thickness was significantly greater
for the stroke group (paretic, —0.58%) than the control group
(non-dominant, 0.28%; p = 0.005). The decline in cortical
area was also marginally insignificant between groups (p =
0.013) (Table 3).

Variables at baseline that were associated
with changes in failure load

PCA-derived non-modifiable factors (Factor 1: age, sex
and smoking history; Factor 2: stroke duration and alco-
hol history), total number of medications (Factor 3), and
potentially modifiable factors (Factor 4: gait velocity,
muscle strength and PASE; Factor 5: blood flow vol-
ume) are summarized in ESM Tables 2.8 and 2.9. Among

modifiable factors, higher walking speed (r= 0.30, p=
0.043) and greater blood flow volume (r= 0.36, p=0.013)
at baseline were associated with less of a decline in esti-
mated failure load. In addition, greater physical activity
level (r= 0.27, p= 0.071) and greater muscle strength
(r=10.28, p= 0.059) also showed a marginally signifi-
cant association with less change in estimated failure load
(ESM Table 2.10). After accounting for relevant non-
modifiable factors and total number of medications, both
Factor 4 (i.e., baseline walking speed, muscle strength and
PASE, Beta =0.37, p=0.012) and Factor 5 (i.e., baseline
blood flow volume, Beta =0.34, p=0.021) remained sig-
nificantly associated with the change in estimated failure
load, explaining 12% and 12% of its variance, respectively
(Table 4).

@ Springer



108 Page 6 of 12

Archives of Osteoporosis (2025) 20:108

a) Stroke
Paretic

Baseline

2 years
follow-up

0.000 [mm] 2,000

b) Control Dominant

Baseline

2 years
follow-up

0.000 [nm] 2.000

Fig. 1 HR-pQCT images of the distal tibia obtained from a partici-
pant with stroke (a) and a control participant (b). The decrease in
cortical thickness was more apparent on the paretic side of the par-
ticipant with stroke over the 2-year follow-up period, as indicated by

Discussion

This study examined longitudinal changes in distal tibia
bone properties and identified clinically relevant predic-
tors of estimated bone strength in a cohort of individuals
with chronic stroke. Overall, a decline was observed in both
cortical and trabecular bone variables in the paretic distal
tibia of people with chronic stroke. The decrease in esti-
mated failure load was accompanied by a decline in cortical
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Non-paretic

Non-dominant

the diminished area in red (black arrow). Compared to baseline, tra-
becular network density also decreased on the paretic side at 2-year
follow-up

vBMD and cortical thickness. Baseline arterial blood flow
volume and motor function were associated with the change
in estimated failure load during the 2-year follow-up period.

Changes to bone properties in the stroke group
In the current study, the decline in cortical thickness was

only observed in the stroke group despite no significant
difference between the paretic and non-paretic sides. The
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Table 3 The relative change in tibia bone variables over the 2-year follow-up period

Stroke group (n = 46) Between-side Control group (n = 45) Between -side  Between-group
Paretic Non-paretic P Non-dominant ~ Dominant P p (paretic) p
(non-paretic)

Total vBMD 2.14% +3.24% 1.02% +£2.20% 0.008% 0.99% +2.43% 1.17% +£2.97%  0.666 0.038 0.659
(mg HA/cm?®)

Total area 0.81% +0.08% 0.81% £0.07% 0.903 0.78% +0.08%  0.78% +0.08%  0.689 0.047 0.050
(mm?)

Trabecular area —0.32% +0.74%  —0.20% +0.76% 0.232 0.00% +0.68% —0.14% +0.81% 0.133 0.036 0.207
(mm?)

Trabecular 1.18% +3.65% —0.15% +2.06% 0.001% 0.36% +2.21% —0.05% +2.44% 0.190 0.294 0.831
vBMD (mg
HA/cm?)

Trabecular 0.33% +4.29% —0.18% £5.78% 0.476 0.69% +3.86% 0.23% +2.10% 0.937 0.450 0.370
number (1/
mm)

Trabecular 0.58% +1.58% —0.29% +1.40% 0.002% —028%+124% —0.60%+150% 0.233 0.005§ 0.299
thickness
(mm)

Trabecular —083%+451%  —0.68% +5.52% 0.202 —1.24% +4.34% —0.69% +1.82% 0.913 0.384 0.319
separation
(mm)

Trabecular —0.78% +221%  —0.51% +2.30% 0.425 —-0.73%+193% —1.07% +1.56% 0.036 0.894 0.178
inhomogene-
ity (mm)

Cortical area 1.83% +4.92% 0.77% +3.58% 0.069 —0.01% +2.74% 0.41% +2.83% 0.137 0.013 0.306
(mm?)

Cortical vVBMD  1.28% +2.36% 1.13% +1.65% 0.517 1.36% +1.86% 1.55% +2.19%  0.143 0.617 0.943
(mg HA/cm?®)

Cortical perim- —0.04%+054%  —0.18% +0.42% 0.032 —-020%+0.32% —143%+8.19% 0.643 0.108 0.566
eter ((mm)

Cortical poros- —1204%+24.12%  —7.89% +19.71% 0.238 —979% +1579% —1359%+2762% 0.316 0.601 0.880
ity (%)

Cortical thick-  1.95% +5.29% 1.22% +3.37% 0.714 0.46% +2.50% 0.57% +2.76% 0.576 0.228 0.322
ness (mm)

Failure load (N) 3.39% +3.46% 1.93% +2.48% 0.002% 1.89% +2.44% 2.18% +2.84% 0.312 0.019 0.703

relative change =(T g5y up T baseline’ T vaseline; N€GAtive values suggest decline from baseline to follow-up

1p < 0.0125, significant difference between two sides (paired ¢ test)

§p < 0.0125, significant difference between two groups (independent ¢ test, dominant [controls] vs. non-paretic sides, the non-dominant [con-

trols]vs paretic sides)

reduction in cortical vBMD was comparably more pro-
nounced for both sides in both stroke and control groups,
possibly reflecting an age-related diminution in cortical
bone volume. On the other hand, the decline in trabecu-
lar vBMD and thickness was significantly greater for the
paretic than non-paretic side. Additionally, the decline
in trabecular thickness was also significantly greater
for the stroke group than the control group, while the
decline in cortical area and estimated failure load were
only marginally insignificant between groups. This sug-
gests that although both cortical and trabecular bone loss
at the distal tibia appear to continue during the chronic
stage of stroke, the reduction in trabecular thickness
emerged as the only significant group-based disparity
among bone parameters over the follow-up period. More

@ Springer

studies involving a longer follow-up with larger cohorts
are needed to examine potential group-dependent effects
across bone parameters.

The degradation in cortical thickness may be due to
endocortical trabecularization, during which intracortical
and endocortical remodeling erode cortical bone [32]. This
was supported by our findings which show that decreased
cortical thickness was accompanied by an increased tra-
becular area, with no change in cortical perimeter on the
paretic side. This differs from the aging process, during
which decreased cortical thickness occurs together with
an enlarged cross-sectional area through periosteal remod-
eling, as part of a compensatory mechanism to partially
counteract the detrimental effect of bone loss on overall
bone strength [33].
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Table 4 Regression analysis:
associations between baseline
principal components and

the %change in paretic tibia
estimated failure load
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Independent variables Model summary AF p (AF) Standardized

regression coefficients

R? AR? Beta P

Model 1
PCA Factor 1 0.02 0.02 0.85 0.361 -0.14 0.361
PCA Factor 2 0.05 0.03 1.49 0.229 0.18 0.231
PCA Factor 3 0.06 0.01 0.55 0.463 0.11 0.463
Model 2
PCA Factor 4 0.18 0.12 5.73 0.021* 0.34 0.015%
PCA Factor 5 0.30 0.12 6.88 0.012* 0.37 0.012}

R? total variance, AR? additional predictor variance, AF F-value change, Beta standardized regression coef-
ficient, CI confidence interval, %change percent change, PCA principal component analysis, vBMD volu-
metric bone mineral density

Factors represent variables included in the exploratory dimension reduction (i.e., principal component anal-
ysis)

Variables entered: age, alcohol history, blood flow volume, body mass index, gait speed, muscle strength,
Physical Activity Scale for the Elderly, sex, smoking history, stroke duration, total number of comorbidi-

ties, total number of medications

Variables excluded (Kaiser—Meyer—Olkin <0.5): body mass index, total number of comorbidities

Principle component analysis-derived factors:

Factor 1 = Age, sex, smoking history

Factor 2 = Stroke duration, alcohol history

Factor 3 = Total number of medications

Factor 4 = Gait speed, muscle strength, Physical Activity Scale for the Elderly

Factor 5= Blood flow volume

*p < 0.05 statistically significant F-value change

+p < 0.05 Statistically significant predictor

Adding % change in height did not improve the two models

Percentage change in bone properties, failure load,
and fracture risk

Available evidence suggests that a small reduction in bone
mass leads to a substantial increase in fracture risk. Accord-
ing to a meta-regression analysis of 38 placebo-controlled tri-
als, a 2% or 6% improvement in total hip BMD may lead to a
16% or 40% reduction in hip fracture risk [34]. In this study,
there was an average decrease of 1.28% in cortical vVBMD, a
1.18% reduction in trabecular vBMD, and a 3.4% decrease in
estimated failure load of the distal tibia by the 2-year follow-up
period in the stroke group. The tibial failure load estimated by
HR-pQCT is an important variable, because its ability to pre-
dict fracture has been established in postmenopausal women
(odds ratio =3.85; 95% CI, 1.47 to 10.0) [35] and older adults
(hazard ratio =2.46; 95% CI, 1.81 to 3.34) [9]. Taken together,
it is reasonable to presume that fracture risk is substantially
increased as a result in individuals with chronic stroke.

Blood flow as a factor associated with bone loss

We found that baseline blood flow volume was associated
with the reduction in estimated failure load in the hemi-paretic

distal tibia. A previous 1-year longitudinal study of individu-
als with chronic stroke also found a negative relationship
between vascular elasticity index and the decline in corti-
cal thickness (measured by pQCT) in the radius diaphysis
[15]. The relevance of vascular function in bone health has
also been demonstrated in older adults. A large cohort study
demonstrated a significant association between the arterial
stiffness index and bone quality (i.e., bone speed of sound
measured using ultrasound, m/s) among the general popula-
tion aged 40 to 69 (median =58, IQR =50 to 63) [36]. As
bone is a highly vascularized structure, better vascular func-
tion may have a protective effect on maintaining bone tissue
integrity. According to a large cross-sectional study of meno-
pausal women (n= 386), adipokines (e.g., adiponectin and
vaspin) may mediate the association between arterial stiffness
and osteoporosis [37]. However, the mechanisms underlying
this relationship are still uncertain and require more research.

Walking speed, muscle strength, and physical
activity as factors associated with bone loss

In the present study, higher walking speed, greater leg
strength, and higher physical activity level at baseline were

@ Springer
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found to be associated with less of a decline in estimated
failure load. A faster walking speed is indicative of better
mobility, motor function and is related to higher ground reac-
tion forces generated during walking [38] and more frequent
ambulatory activity [39, 40]. These factors may contribute to
greater bone tissue loading, thereby providing more protection
against deleterious changes in bone properties.

Similar results were found during the early stages of
stroke recovery. The recovery of independent walking has
been found to be associated with reduced bone loss in the
distal tibia (vBMD; from 2 weeks to 6 months post-stroke)
[41] and hip (aBMD; from 1 week to 12 months post-stroke)
[42]. The reason why the level of independent walking func-
tion (FAC score) was not correlated with the change in esti-
mated failure load in our study may be that most of our
participants with stroke (85%) had already regained inde-
pendent walking at initial assessment (T1) (refer to Table 1).
For community-dwelling individuals with stroke, our find-
ings suggest walking speed is a more valuable assessment of
walking status, which is predictive of bone quality.

In a previous study of people with chronic stroke, Lam et al.
also attempted to identify clinical factors associated with the
change in tibia epiphysis over 1 year. They found that a more
severe decline in trabecular vBMD of the distal tibia (meas-
ured by pQCT) was associated with poorer baseline quadriceps
strength (p= 0.45, p= 0.048) [7]. As factors affecting bone
changes are multifaceted, the multivariable regression used in
this study is superior to the univariate correlation analysis used
previously for predicting the decline in bone strength.

The association between decline in estimated failure load
and the above clinical factors identified points to the poten-
tial importance of improving or maintaining bone health
post-stroke through increasing the level of physical activity
and exercise training to enhance walking function as well as
muscle and vascular health. However, only two randomized
controlled studies have assessed the effect of exercise or physi-
cal activity on bone density and structure after stroke [43].
Using a first-generation pQCT device with lower resolution,
a positive effect of structured exercise training on the cortical
thickness of the midshaft tibia was found in individuals with
chronic stroke [44]. Another study found improvement in hip
bone density (measured by DXA) in people with subacute
stroke after weightbearing training using a dynamic stand-
ing bed [45]. More experimental studies using HR-pQCT
are warranted to investigate the therapeutic value of different
interventions that target the associated factors identified here.

Limitations
The generalizability of the results presented herein are lim-

ited to individuals with chronic stroke who share similar
characteristics with the study participants. Mainly due to
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safety concerns from Coronavirus disease 2019 (COVID-19),
there was an increased dropout rate (28%). In a population
with multimorbidity, many factors (e.g., age, stroke duration
smoking, alcohol consumption, comorbidities) may affect
bone changes after stroke, and a larger sample size is needed
to delineate their potential influence.

Precision error and LSC could not be established for
the estimated failure load in the current study. To enable
the interpretation and comparison of these findings, future
studies should consider establishing the short-term preci-
sion of the scanner system used to assess bone properties
and incorporate these metrics (i.e., precisions error, LSC)
for all finite element analysis-derived parameters.

To better understand the influence of stroke on peripheral vas-
cular health, future research is recommended to include meas-
ures that assess shifts in blood perfusion within the peripheral
extremities in response to physical activity (i.e., active hyper-
emia). These measures may also provide additional mechanistic
insights as to how exercise influences bone health after stroke.

Finally, the primary objective of the study was to assess
the decline in bone metrics over time in people with
chronic stroke, which may serve as an important valua-
tion or projection of fracture risk demonstrated in compa-
rable studies conducted among other clinical populations
(e.g., post-menopausal women [8], elderly with osteopenia
or osteoporosis [9]). However, the degree to which com-
promised bone properties contribute directly to fragility
fracture incidence among individuals with chronic stroke
remains unknown and will require further research involv-
ing larger cohorts with a longer follow-up period.

Conclusions

In conclusion, there was a significant deterioration in trabecular
vBMD, trabecular thickness and estimated bone strength in the
paretic distal tibia among people with long-standing stroke. Bet-
ter lower-limb blood flow, higher walking velocity, better muscle
strength, higher physical activity level at baseline, and greater
improvement in walking speed at 2-year follow-up, were associ-
ated with less decline in estimated failure load. More research
with a larger sample is still needed to investigate the relative
contribution of each clinical factor to the change in estimated
failure load. Intervention programs that target these factors may
be viable options for improving bone strength in individuals with
chronic stroke. Further research is required to prove this.
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