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Abstract
Summary This HR-pQCT study was conducted to examine bone properties of the distal tibia post-stroke and to identify 
clinical outcomes that were associated with these properties at this site. It was found that spasticity and gait speed were 
independently associated with estimated failure load in individuals with chronic stroke.
Purpose (1) To examine the influence of stroke on distal tibia bone properties and (2) the association between these proper-
ties and clinical outcomes in people with chronic stroke.
Methods Sixty-four people with stroke (age, 60.8 ± 7.7 years; time since stroke, 5.7 ± 3.9 years) and 64 controls (age: 
59.4 ± 7.8 years) participated in this study. High-resolution peripheral quantitative computed tomography (HR-pQCT) was 
used to scan the bilateral distal tibia, and estimated failure load was calculated by automated finite element analysis. Echo 
intensity of the medial gastrocnemius muscle and blood flow of the popliteal artery were assessed with ultrasound. The 10-m 
walk test (10MWT), Fugl-Meyer Motor Assessment (FMA), and Composite Spasticity Scale (CSS) were also administered.
Results The percent side-to-side difference (%SSD) in estimated failure load, cortical area, thickness, and volumetric bone 
mineral density (vBMD), and trabecular and total vBMD were significantly greater in the stroke group than their control 
counterparts (Cohen’s d = 0.48–1.51). Isometric peak torque and echo intensity also showed significant within- and between-
groups differences (p ≤ 0.01). Among HR-pQCT variables, the %SSD in estimated failure load was empirically chosen as one 
example of the strong discriminators between the stroke group and control group, after accounting for other relevant factors. 
The 10MWT and CSS subscale for ankle clonus remained significantly associated with the %SSD in estimated failure load 
after adjusting for other relevant factors (p ≤ 0.05).
Conclusion The paretic distal tibia showed more compromised vBMD, cortical area, cortical thickness, and estimated fail-
ure load than the non-paretic tibia. Gait speed and spasticity were independently associated with estimated failure load. As 
treatment programs focusing on these potentially modifiable stroke-related impairments are feasible to administer, future 
studies are needed to determine the efficacy of such intervention strategies for improving bone strength in individuals with 
chronic stroke.
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Introduction

The skeletal system endures considerable change after 
stroke [1], with declines in bone strength identified as a 
major risk factor for fracture [2]. Although fracture risk 
has been shown to increase after stroke [3, 4], preventa-
tive measures for reducing bone loss in the chronic stages 
of stroke are often underemphasized during recovery [2]. 
Thus, factors influencing bone loss, and consequently bone 
strength, are of particular relevance for individuals with 
chronic stroke [1].

Previous studies have examined paretic lower limb 
bone status using either peripheral quantitative computed 
tomography (pQCT) or dual-energy X-ray absorptiometry 
(DXA) [5–12]. A consistent finding is lower cortical bone 
mineral density (BMD) and compromised bone geome-
try of the paretic tibia. DXA provides clinically relevant 
assessment of areal BMD post-stroke [12, 13] but lacks 
the sensitivity to evaluate compartmental bone segments 
independently [14]. Although more often used for research 
purposes, pQCT scans not only provide an assessment of 
bone density and but also geometry [5, 7], an important 
determinant of bone strength [14]. A limitation of the ear-
lier pQCT studies was the inability to examine bone micro-
structure, which is relevant to the investigation of bone 
fragility [15]. Microstructure [16–19] and estimated bone 
strength [17, 19, 20] of the tibia, which can be assessed 
using high-resolution peripheral quantitative computed 
tomography (HR-pQCT) and micro-finite element (µFE) 
analysis, have been shown to be important determinants 
of incident fracture [21].

A recent study using HR-pQCT to examine the impact 
of stroke on volumetric bone mineral density (vBMD), 
area, and microstructure of the distal tibia found a sig-
nificant reduction in these outcomes for the paretic side 
relative to the non-paretic side within the first 6 months 
following stroke onset (i.e., acute and subacute stages of 
stroke recovery) [22]. The degree of functional motor 
recovery determined with the Chedoke-McMaster Stroke 
Assessment was also correlated with the percent change 
in total vBMD for the paretic distal tibia at 6 months post-
stroke. However, the sample size was small (i.e., 22 par-
ticipants with stroke). The association between modeled 
estimates of mechanical bone strength (i.e., µFE derived 
data) and clinically relevant measures of dysfunction and 
impairment after stroke was not assessed. Moreover, bilat-
eral limb differences in HR-pQCT bone outcomes for peo-
ple with stroke relative to matched groups without prior 
stroke history were not compared.

The first objective of this HR-pQCT study was to exam-
ine the impact of stroke on the bone properties of the dis-
tal tibia. Our second objective was to then determine the 

association between these properties and clinically rel-
evant measures of functional impairment in people with 
chronic stroke (> 6 months post onset). Given there are 
numerous cofactors influencing bone metabolism (i.e., 
genetic, age, sex, nutrition), it is important to identify 
the stroke-specific factors associated with bone status, as 
these may serve as potential intervention targets. A simi-
lar approach has been used in a previous HR-pQCT study 
involving the distal radius in people with chronic stroke 
[23]. It was hypothesized that compromised bone status 
would be more evident on the paretic side in compari-
son to the non-paretic side and control participants. It was 
also hypothesized that the side-to-side difference in bone 
parameters would be significantly correlated with stroke-
related lower limb motor impairment.

Methods

Participants

Individuals with chronic stroke and age- and sex-matched 
controls without prior stroke history were recruited 
through convenience sampling. Recruitment occurred 
between April 11, 2018, and February 28, 2019. The 
study was approved by the Human Subjects Ethics 
Sub-committee of the University (reference number 
HSEARS20171212003 on January 2, 2018) and the Clini-
cal Research Ethics Committee of the hospital on April 10, 
2018 (reference number 2017–711). Prior to data collec-
tion, informed consent was obtained for all participants. 
Assessment procedures were conducted according to the 
Helsinki Declaration for human experiments.

Inclusion and exclusion criteria

The inclusion criteria for the stroke group were (1) history 
of chronic stroke (onset > 6 months), (2) > 18 years of age, 
(3) residing within the local community, and (4) ability to 
achieve 0° of passive ankle plantar-dorsiflexion required 
for conducting ultrasound and isometric strength assess-
ments. Stroke group exclusion criteria were (1) diagnoses 
of other neurological conditions; (2) musculoskeletal con-
ditions, disorders, or dysfunctions (e.g., limb amputation); 
(3) metal implants at the distal tibia; (4) lower extremity 
fracture within the previous 12 months; (5) prior diag-
nosis of osteoporosis; and (6) other serious illnesses that 
precluded study participation. The control group eligibil-
ity criteria were the same with the exception of previous 
stroke history.
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Procedures

Bone imaging was conducted at a bone imaging center in 
a local hospital. HR-pQCT (XtremeCT II, Scanco Medical 
AG, Brüttisellen, Switzerland) was used to measure bone 
properties of the bilateral distal tibia. All variables collected 
are described in Supplemental Table 1 and are categorized 
in accordance with recent guidelines [24]. A description of 
the scanning procedures as well as the standard 3D and µFE 
analyses performed are provided in Supplemental Appendix 
1. Ultrasound measurement procedures involving the use of 
B-mode (i.e., echo intensity) and pulse wave Doppler (i.e., 
peak systolic velocity) are described in Supplemental Appen-
dix 2. A description of stroke-specific assessments (i.e., stroke 
characteristics, motor function using the Fugl-Meyer Assess-
ment (FMA), and scores of spasticity using the Composite 
Spasticity Scale (CSS)) is provided in Supplemental Appen-
dix 3. All other functional assessments (i.e., Physical Activ-
ity Scale for the Elderly (PASE), 10-m walk test (10MWT), 
plantar flexor isometric peak torque, touch pressure threshold) 
are described in Supplemental Appendix 4.

Statistical analysis

A priori power analyses conducted were based on findings 
from the previous pQCT studies of the distal tibia in peo-
ple with stroke [7, 10] and are described in Supplemental 
Appendix 5. SPSS (version 26, IBM Corp., Armonk, New 
York, USA) was used for the following analyses (two-tailed). 
Normality was determined using the Kolmogorov–Smirnov 
test, and homogeneity was examined using the Levene’s test. 
Independent t, Mann–Whitney U, and χ2 tests were used in 
comparing baseline between-group differences for participant 
characteristics according to continuous, ordinal, and nominal 
levels of data, respectively. Paired t-tests were used to com-
pare differences between sides (paretic vs non-paretic (stroke 
group), non-dominant vs dominant (control group)), and inde-
pendent t-tests were used to compare the percent side-to-side 
difference (%SSD) between groups (stroke vs control) for all 
HR-pQCT, ultrasound, and functional impairment outcomes 
measured bilaterally. The alpha level was adjusted according to 
the number of comparisons made (i.e., Bonferroni correction; 
3 comparisons, adjusted alpha = 0.017). Standardized effect 
sizes for within- and between-group differences were reported 
as Cohen’s d. Values ranging from 0.00 to 0.20, 0.20–0.50, 
0.50–0.80, and > 0.80 represent very small, small, medium, 
and large effect sizes, respectively [25]. To calculate %SSD 
for each variable measured bilaterally, the following formula 
was used:

Non-paretic or Dominant side − Paretic or Non-dominant side

Non-paretic or Dominant side
× 100

In order to establish which bone parameters most accu-
rately determined participant classification to either the 
stroke or control group, discriminant analyses were first 
conducted for each HR-pQCT variable. Group classi-
fication was used as the categorical dependent variable 
(0 = control, 1 = stroke), and bone variables (%SSD) were 
then entered separately as independent factors. Next, other 
factors of physiological relevance (i.e., sex, age, BMI, 
PASE, calcium supplementation, tobacco use, alcohol 
consumption, total number of comorbidities, and medica-
tions) were also entered into the model.

For the stroke group, bivariate correlation analyses 
(Pearson’s r) were used to determine the association 
between the dependent variable and %SSD or raw values 
of all other continuous variables. Relationships between 
variables were defined as having minimal or no correlation 
(r = 0.00–0.25), fair (r = 0.25–0.50), moderate to strong 
(r = 0.50–0.75), or very strong correlation (r > 0.75) [25]. 
For categorical variables, Mann–Whitney U tests were 
used to compare differences in the dependent variable for 
subgroups categorized according to alcohol, tobacco, and 
supplement usage. To determine the time-dependent effect 
of stroke on HR-pQCT variables, ultrasound, and functional 
variables assessed bilaterally, a set of subgroup analyses were 
performed for dichotomous groups of above or below average 
time since stroke (i.e., 5.8 ± 4.0 years) and for tertile groups of 
comparable numbers (group 1 ≤ 3 years, group 2 = 4–5 years, 
and group 3 ≥ 6 years since stroke). Associations between 
time since stroke and other variables were assessed using 
Pearson’s r correlations. Differences between groups were 
determined using independent t-tests for dichotomous groups 
and one-way ANOVA for tertile groups. A similar analysis 
approach has been used previously [23].

Based on the results generated from the above analyses, 
%SSD in estimated failure load was empirically selected 
as one example of the strong discriminators between the 
stroke group and control group, and then used as the 
dependent variable in the subsequent hierarchical multi-
ple regression analysis. The regression analysis was used 
to determine which stroke-related impairments showed 
the strongest associations with %SSD in estimated failure 
load among individuals with stroke. Factors of physiologi-
cal relevance (e.g., age, sex, BMI, PASE, etc.) were first 
entered into the model in one block (i.e., base model). 
Next, those stroke impairment variables demonstrating 
significant results in the bivariate correlation analysis were 
then entered into the model using the stepwise method. A 
separate set of correlations were performed prior to the 
regression analysis to test the association among predic-
tors (independent variables). To avoid multicollinearity, 
highly correlated predictors (i.e., r ≥ 0.6) would be placed 
in separate models [26]. The level of significance was set 
at 0.05 for correlation and regression analyses.
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Results

Participant characteristics

Prior to data collection, 67 individuals with stroke and 
66 healthy controls were screened by phone between 
June 1, 2018, and March 30, 2019. Among the partici-
pants with stroke, an individual was excluded due to a 
congenital bone deformation of the tibia, and two oth-
ers withdrew of their own volition prior to complet-
ing all assessments. Among the controls, an individual 
was excluded for an Achilles tendon repair and another 
for an essential tremor. A total of 128 participants (64 
strokes, 64 controls) were assessed. Motion grade scores 
for all participant bone scans were of adequate quality 
(≤ 3) with no significant differences between limbs or 
groups (Supplemental Table 2). Participant character-
istics are summarized in Table 1. Significant between-
group differences were observed for gait velocity 
(10MWT), total number of comorbidities, and medica-
tions (p ≤ 0.01). The mean scores for FMA (26.7 ± 4.4) 
and CSS (7.1 ± 2.6) indicated that participants with 
stroke had moderate motor impairment and mild spas-
ticity, respectively.

HR‑pQCT

Not all variables met the criteria for normality. As the 
sample size was decent and equal between groups, the 
analysis chosen was considered robust [27]. A summary of 
the analysis results for HR-pQCT variables is provided in 
Table 2. Bilateral comparisons between HR-pQCT images 
of the distal tibia taken from representative participants in 
the stroke and control groups are provided in Fig. 1.

Significant paired t-tests indicate that the paretic 
limbs had lower estimated failure load, cortical area, 
cortical thickness, total vBMD, cortical vBMD, and tra-
becular vBMD compared to non-paretic limbs (Cohen’s 
d = 0.16–0.45). No significant between-sides differences 
were observed for controls.

Independent t-tests also showed larger %SSD in the 
aforementioned variables for the stroke group compared 
to controls. Effect estimates for between-group differences 
were large (Cohen’s d = 1.25–1.51), with the exception of 
%SSD in trabecular vBMD (Cohen’s d = 0.48).

Ultrasound and functional measures

Paretic limbs had significantly higher echo intensity, lower 
isometric peak torque, and higher touch pressure thresh-
old in comparison to non-paretic limbs. No significant 

between-sides differences were observed for controls. The 
stroke group also showed significantly greater %SSD in echo 
intensity and isometric peak torque than controls (Supple-
mental Table 3).

Discriminant analyses

The results indicated greater classification accuracy for cor-
tical vBMD, cortical area, cortical thickness, and estimated 
failure load in differentiating between stroke and control 
groups relative to other HR-pQCT variables (75%) (Supple-
mental Table 4, Summary 1). Estimated failure load in com-
bination with other physiologically relevant factors yielded a 
classification accuracy of 84.4% (Table 3, Model 2).

Correlations and subgroup analyses

Among the functional impairment variables, CSS-ankle clo-
nus (r = 0.289, p = 0.020), FMA (r =  − 0.252, p = 0.045), and 
10MWT (r =  − 0.319, p = 0.010) showed fair associations 
with %SSD in estimated failure load. In contrast, no sig-
nificant correlations were found between %SSD in cortical 
vBMD and functional impairment variables (Supplemental 
Table 5).

Mann–Whitney U test results showed no significant dif-
ferences for %SSD in estimated failure load for subgroups 
according to alcohol, tobacco, calcium, and vitamin D sup-
plement usage (p ≤ 0.811).

Correlations between time since stroke and HR-pQCT, 
ultrasound, and functional impairment variables are pro-
vided in Supplemental Table 6. Only the %SSD in trabecu-
lar number showed a fair association with time since stroke 
(r =  − 0.262, p = 0.036). No significant between-group dif-
ferences were found for HR-pQCT, ultrasound, or functional 
variables based on below (≤ 5 years) or above average time 
since stroke (> 5 years) (p ≤ 0.895). For tertile subgroups 
of comparable numbers, only %SSD in cortical perimeter 
showed a significant between-groups difference (F = 3.872, 
p = 0.026), with larger %SSD for group 1 (≤ 3 years since 
stroke, n = 19, 0.74 ± 1.32) and group 3 (≥ 6 years since 
stroke, n = 24, 0.67 ± 2.09) compared to group 2 (4–5 years 
since stroke, n = 21, 0.52 ± 1.28).

Regression

Based on HR-pQCT variable comparisons (Table 2), group 
classification accuracy (Supplemental Table 4), and cor-
relation results (Supplemental Table 5), estimated fail-
ure load was empirically selected as one example among 
the strong discriminators between the stroke group and 
control group, and was therefore used as the depend-
ent variable in the regression analysis. A high degree of 
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multicollinearity was not evident among independent pre-
dictor variables selected for inclusion in the regression 
analysis (r =  − 0.007 to − 0.478) (Supplemental Table 7). 
After accounting for other relevant factors, the 10MWT 
(model 3: β =  − 0.331, p = 0.009) and CSS-ankle clo-
nus (model 3: β = 0.239, p = 0.032) were independently 

associated with the %SSD in estimated failure load (model 
3: F = 3.510, p = 0.001), accounting for 9.4% and 5.0% of 
the variance, respectively. The FMA-LE was eliminated 
as a predictive factor in the stepwise model. Overall, the 
final model (model 3) explained approximately 50.1% of 
the variance in %SSD of estimated failure load (Table 4).

Table 1  Participant 
characteristics

* p ≤ 0.05 statistically significant difference between groups
Abbreviations: BMI body mass index, PASE Physical Activity Scale for the Elderly, 10MWT 10-m walk 
test, ACS anterior circulation syndrome, PACS partial anterior circulation syndrome, LS lacunar syndrome, 
PCS posterior circulation syndrome, CSS Composite Spasticity Scale, FMA Fugl-Meyer Assessment

Stroke (N = 64) Control (N = 64) p

Demographics
  Sex (men/women), n 38/26 39/25 0.858
  Age (years) 60.8 ± 7.7 59.4 ± 7.8 0.306
  Menopause (women), years 12.4 ± 13.1 11.5 ± 9.9 0.787
  BMI (kg/m2) 24.3 ± 3.1 23.4 ± 2.8 0.081
  Leg dominance (left/right/equivalent), n 5/56/3 2/62/0 0.101
  Alcohol consumption (drinks/day) 0.2 ± 0.3 0.1 ± 0.3 0.276
  Tobacco use (packs/day) 0.7 ± 0.4 0.6 ± 0.3 0.428
  Daily vitamin D supplementation (yes/no), n 4/60 4/60 1.000
  Daily calcium supplementation (yes/no), n 3/61 7/57 0.188
  PASE 114.7 ± 87.4 142.2 ± 79.4 0.065
  10MWT velocity (m/s) 0.81 ± 0.39 1.87 ± 0.31  < 0.001*

Stroke characteristics
  Paretic side (left/right), n 36/28 - -
  Total number of strokes (1/2), n 63/1 - -
  Type of stroke (ischemic/hemorrhagic), n 41/23 - -
  Time since stroke, years 5.8 ± 4.0 - -
  Stroke location (ACS/ PACS/ LS/ PCS/ hemorrhagic) 8/22/10/1/23 - -
  CSS-Achilles tendon jerk (0–4) 1.7 ± 0.8 - -
  CSS-resistance to displacement (0–8) 4.1 ± 2.0 - -
  CSS-ankle clonus (1–4) 1.3 ± 0.6 - -
  CSS-lower limb total (1–16) 7.1 ± 2.6 - -
  FMA-lower extremity (0–34) 26.7 ± 4.4 - -

Comorbidity
  Total number of comorbidities, n 1.3 ± 1.3 0.6 ± 0.9  < 0.001*

  Hypertension, n 37 22 0.006*

  Hyperlipidemia, n 21 4  < 0.001*

  Cardiac arrhythmia, n 1 0 0.315
  Diabetes mellitus, n 14 8 0.150
  Ischemic heart disease, n 1 0 0.315
  Medication
  Total number of medications, n 4.0 ± 2.7 0.8 ± 1.2  < 0.001*

  Antihypertensive agents, n 42 16  < 0.001*

  Hypolipidemic agents, n 41 10  < 0.001*

  Hypoglycemic agents, n 10 6 0.259
  Anticoagulants, n 23 3  < 0.001*

  Antispasmodic agents, n 6 0 0.011*

  Cardiac medication/ agent, n 4 0 0.039*
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Discussion

The study results support the stated hypotheses. Side-to-side 
differences in bone density, cortical area, cortical thickness, 
and estimated failure load for the distal tibia were more pro-
nounced in the stroke group relative to the control group. 
Among the various stroke-related impairments, gait speed 
and spasticity (i.e., 10MWT, CSS-ankle clonus) were inde-
pendently associated with the %SSD in estimated failure 
load, after adjusting for the effects of other relevant factors.

Comparison of HR‑pQCT variables

The bilateral disparities in vBMD variables observed in the 
present study are in line with findings from previous pQCT 
studies of the distal tibia among individuals with stroke [7, 
10, 11]. A significant bilateral difference in cortical area 
(11.6%) was also apparent. Previously, it was difficult to 
measure cortical variables at distal skeletal sites due to the 
thin paretic cortical bone shell and the relatively lower reso-
lution of pQCT scanners [26].

A large effect size was evident for %SSD in cortical thick-
ness (d = 1.29, p < 0.001) suggesting the bilateral disparity 
was greater for participants with stroke compared to con-
trols. Other microstructural variables showed little difference 

between sides and groups. The %SSD in cortical thickness 
(10.9%) was also larger compared to the value reported by 
Borschmann et al. (4.2%) [22]. The difference in the average 
time since stroke between our participants (5.8 ± 4.0 years) 
and those with acute stroke (≤ 6 months) in Borschmann 
et al. [22] may explain the greater magnitude of %SSD in our 
study, given the comparatively greater number of cortical 
remodeling cycles (i.e., approximate average of 18 cycles 
versus 2 cycles in participants with acute stroke) [28].

Previously, Borschmann et al. also reported significant 
%SSD in total vBMD, cortical vBMD, and cortical area (at 
3.7%, 0.6%, and 4.7%, respectively) [22]. Comparatively, the 
%SSD in these variables was substantially greater among our 
participants with chronic stroke (total vBMD, 8.7%; cortical 
vBMD, 4.1%; cortical area, 11.6%). On the other hand, the 
%SSD in trabecular vBMD (4.7%) for our participants was 
similar to their observation (4.8%) [22]. Additional evidence 
suggests that trabecular bone loss in the paretic tibia is con-
tinuous but may plateau approximately 2 years following 
stroke [8]. While cortical remodeling cycles are comparably 
shorter, a 2-year duration coincides with the typical remod-
eling cycle duration of the trabecular bone surface [28]. 
Taken together, the results suggest that a greater progressive 
loss of cortical mass/density, relative to trabecular bone, may 
occur at the distal tibia during the chronic stages of stroke 

Non-Paretic Distal Tibia (Right) Paretic Distal Tibia (Left)

A B C D

Dominant Distal Tibia (Right) Non-Dominant Distal Tibia (Left)

E F G H

0.000                                           2.000mm 

Fig. 1  Bilateral within and between groups comparison of the distal 
tibia. HR-pQCT generated 3D rendering of the distal tibia for a rep-
resentative male participant with chronic stroke and an age-matched 
male control participant (lower panel). The sagittal cut plane was 
standardized at a depth of 30% with the wider epiphyseal portion of 
the tibia oriented superiorly and the metaphyseal portion inferiorly. 
There are comparatively fewer trabeculae with reduced density and 
network connectivity between the stroke and control participants. 
Thinning of the cortical shell is also more pronounced on the paretic 

side compared to the non-paretic side as indicated by a darker spec-
tral color gradient (standardized range 0–2 mm). Bilateral difference 
in cortical thickness is less pronounced in the control participant. The 
upper panel shows a bilateral view of the A trabecular segment and B 
cortical thickness of the non-paretic tibia compared to the C trabecu-
lar segment and D cortical thickness of the paretic tibia. The lower 
panel shows the E trabecular segment and F cortical thickness of the 
dominant tibia relative to the G trabecular segment and H cortical 
thickness of the non-dominant tibia
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recovery (i.e.,  ≥ 6 months). As this study is cross-sectional 
in nature, it remains unclear whether cortical bone loss had 
already reached steady state and will require longitudinal 
follow-up.

The results are generally similar to previous DXA and 
pQCT studies demonstrating more compromised bone 
density and quality in the paretic upper limb than the 
paretic lower limb [1]. For example, bilateral differences 
in trabecular bone were less pronounced in the distal tibia 
reported here when compared with the distal radius previ-
ously reported in the same group of people with chronic 
stroke [23]. Substantially larger %SSD in trabecular vBMD 
(23.1%) and trabecular microstructure (i.e., trabecular sepa-
ration = 24.3%) were found for the distal radius [23] than 
the corresponding values for the distal tibia reported here 
(trabecular vBMD = 4.7% and trabecular separation = 1.8%). 
Our previous HR-pQCT study also showed that the %SSD 
in trabecular vBMD contributed the most to the %SSD in 
estimated failure load of the distal radius (β = 1.106) rela-
tive to other bone variables [23]. This suggests greater loss 
of trabecular density in non-weight-bearing than weight-
bearing peripheral bone sites during the chronic stages of 
stroke recovery. Mechanical bone strength parameters (i.e., 
estimated failure load) also exhibit regional variance, with 
distal segments being more reflective of total bone strength 
than proximal segments [29]. Whether our observations of 
the distal tibia are reflective of concomitant loss of trabecu-
lar density in proximal sites (e.g., hip, vertebrae) will require 
further study.

Gait speed as a determinant of estimated failure 
load

Slower gait speed was independently associated with greater 
%SSD in estimated failure load (model 3: β =  − 0.331, 
p = 0.009), suggesting impaired walking speed was related 
to compromised bone strength on the paretic side. Though 
not analogous, this finding is similar to a previous study in 
which gait velocity was independently associated with the 
compressive bone strength index (cBSI) of the paretic tibia 
(β =  − 0.379, p = 0.001) [7]. Faster gait velocities may result 
in higher ground reaction force magnitudes influencing bone 
remodeling [30] and density in the proximal femur of paretic 
sides [31]. Slower daily gait speeds have been shown to be 
predictive of lower daily ambulatory activity post-stroke 
[32]. Gait speed also affects leg loading during walking, 
with significantly less paretic side loading observed for 
individuals with stroke (i.e., home and limited community 
ambulators) compared to controls at slower walking speeds 
[33]. Asymmetrical paretic leg weight-bearing also contrib-
utes to bone loss post-stroke [34–36]. Higher daily loading 
frequency during standing and upright activity is associated 
with slower bone turnover rate between the time of onset and Ta
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6 months post-stroke [22]. Therefore, having slower walking 
speeds, lower ambulatory activity, and reduced leg loading 
during the walking cycle may, in combination, adversely 
affect bone quality in the lower limbs, particularly on the 
paretic side.

Although bone status is influenced by a number of non-
modifiable cofactors (e.g., other significant base model cor-
relates in the regression analysis such as sex, comorbidity, 
and stroke type), the fact that individual factors such as spas-
ticity and gait speed, both modifiable, could contribute to an 
additional 5.0% and 9.4% of the variance in estimated failure 
load may be clinically important. An intervention program 
which incorporates simple gait exercises to enhance walk-
ing speed is both economical and clinically feasible when 
considering the time commitment and resources required 
to promote even relatively small improvements in bone 
strength (e.g., roughly 9–10%). Early ambulation and struc-
tured group exercise interventions have been shown to play 
an important role in maintaining bone strength and possibly 
reducing fracture risk after stroke [1, 37]. Treadmill walking 
interventions produced modest improvements in tibial bone 
geometry among people with stroke [6]. Comprehensive, 
multicomponent community-based fitness and mobility pro-
grams have also been shown to increase cortical BMD and 

cortical thickness in the tibial diaphysis after stroke [9, 38]. 
The dosage of gait and mobility training at different stages 
of stroke recovery remain the subject of further study.

Spasticity as a determinant of estimated failure load

The CSS subscale score for sustained ankle clonus was 
independently associated with %SSD in estimated failure 
load in the regression model (model 3: β = 0.239, p = 0.032). 
Whether certain CSS subscales assessing neurogenic pres-
entations of spasticity (i.e., ankle clonus, Achilles tendon 
jerk) had a predominate influence in their association with 
%SSD in estimated failure load over other scale components 
assessing both neurogenic and non-neurogenic factors (i.e., 
resistance to passive joint displacement) due to exaggerated 
stretch reflex and alterations in muscle mechanical properties 
is unclear. Consensus regarding the impact of spasticity on 
post-stroke bone status is currently lacking, as correlations 
are inconsistent across studies [5, 7, 10, 12, 23, 26, 39, 40].

The ability to assess diverse presentations of spasticity is 
a methodological limitation of previous studies. The Modi-
fied Ashworth Scale is only used to evaluate resistance to 
joint displacement during passive elbow extension or ankle 
dorsiflexion. By contrast, the CSS is a comprehensive, 

Table 4  Predictors of %SSD in estimated failure load among individuals with stroke

* p ≤ 0.05 statistically significant
Abbreviations: R2 total variance, ΔR2 additional predictor variance, ΔF F-value change, B unstandardized regression coefficient, β standardized 
regression coefficient, 95%CI 95% confidence interval, %SSD percent side-to-side difference, 10MWT 10-m walk test, BMI body mass index, 
CSS-ankle clonus Composite Spasticity Scale-ankle clonus, PASE Physical Activity Scale for the Elderly, VIF variance inflation factor

Predictor R2 ΔR2 ΔF p (ΔF) B β 95% CI p VIF

Model 1 (base model) 0.357 0.357 2.359 0.017*

Sex (0 = male, 1 = female) 6.166 0.297 0.468 11.865 0.034* 1.486
Age (years)  − 0.357  − 0.269  − 0.769 0.055 0.088 1.891
BMI (kg/m2)  − 0.555  − 0.165  − 1.462 0.351 0.224 1.424
PASE  − 0.032  − 0.276  − 0.067 0.002 0.062 1.668
Calcium (0 = no, 1 = yes)  − 10.276  − 0.213  − 35.732 15.180 0.421 5.494
Vitamin D (0 = no, 1 = yes) 14.593 0.347  − 6.239 35.425 0.166 4.825
Smoking (0 = no, 1 = yes) 2.462 0.102  − 4.021 8.944 0.449 1.431
Alcohol history (0 = no, 1 = yes)  − 6.834  − 0.277  − 14.552 0.885 0.081 1.932
Total number of comorbidities 4.366 0.546 1.882 6.850 0.001* 1.898
Total number of medications  − 1.756  − 0.528  − 2.717  − 0.795 0.001* 1.642
Stroke type (0 = ischemic, 1 = hemorrhagic)  − 7.724  − 0.364  − 13.779  − 1.668 0.013* 1.602
Time since stroke (years) -0.188  − 0.073  − 1.011 0.635 0.649 1.989
Model 2 0.451 0.094 8.590 0.005*
Base model covariates - - - - - -
10MWT (m/s)  − 9.799 -0.368  − 16.514  − 3.084 0.005* 1.439
Model 3 0.501 0.050 4.859 0.032*
Base model covariates - - - - - -
10MWT (m/s)  − 8.816  − 0.331  − 15.352  − 2.281 0.009* 1.466
CSS—Ankle Clonus 4.136 0.239 0.365 7.906 0.032* 1.151
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multi-component scale. A study of the distal tibia meta-
physis showed that spasticity was associated with multiple 
bone variables (i.e., total bone mineral content, total density, 
trabecular density, and bone strength index) (p < 0.05), and 
moderate to severe spasticity was independently associated 
with the bone strength index (β =  − 0.235, p = 0.028) [7]. 
Yet in another study of the tibia midshaft, spasticity and 
bone strength index showed no significant correlation (men, 
r =  − 0.167; women, r =  − 0.014) [5]. For investigating the 
impact of spasticity on bone, future studies should consider 
the precision of the assessment used. With regard to poten-
tial interventions, recent meta-analyses suggest that trans-
cutaneous electrical nerve stimulation (TENS) may be an 
effective treatment for reducing lower limb spasticity post-
stroke [41, 42]. The use of TENS is also a relatively eco-
nomical and easily administered therapy. Additional studies 
are needed which substantiate the direct or indirect effect of 
TENS therapy for improving bone health after stroke.

Limitations

There are several limitations with regards to the scanning 
procedures and study design used. The standard µFE analy-
sis with a uniform linear modulus was used for all partici-
pants. With non-linear approaches, cortical and trabecular 
bone elements are assigned to different moduli [43]. Values 
also differ based on modulus direction [44], with non-linear 
approaches rendering more direct mechanical bone strength 
estimations. However there is also support for the use of 
linear approaches [43]. Due to the lower vBMD, cortical 
area, and cortical thickness relative to trabecular parameters 
observed in this study, a non-linear approach may be useful 
in assessing bilateral as well as compartmental disparities 
in bone post-stroke.

Estimated failure load derived from the µFE analysis was 
the primary outcome of this study. This parameter may be of 
particular importance in clinical trials where estimated bone 
strength is the primary target of treatment or therapy rather 
than changes in individual bone parameters (i.e., density, 
area) which may require longer follow-up and larger sam-
ple sizes [45]. Although µFE measures have been shown to 
be relatively stronger predictors of incident fractures and 
bone strength than other HR-pQCT parameters in valida-
tion studies [29, 46] and at the cohort level in vivo [21], 
ex vivo simulations are conducted using cadaver segments 
which are not subject to motion artifact. The precision of 
µFE measures for determining fracture-associated changes 
at the individual level demonstrates room for improvement 
(least significant change (LSC) ≥ 5%) [47]. Standardization 
of applied models (i.e., modulus assignment, segmentation 
and boundary conditions, yield criterion) [24], correction 
values [48], and registration methods (i.e., cross-sectional, 

3D) [49] may be important for improving the relative preci-
sion of µFE measures for future studies among participants 
with stroke.

A standardized fixed offset distance was used for deter-
mining the scan region across all participants. Standardiza-
tion using this approach is considered an acceptable method 
and has been used in previous studies comparing diabetic 
postmenopausal women to controls [50] and in large, multi-
center cohort trials [21]. Although several other studies have 
also used this method [16–18, 51], a relative offset distance 
approach, even with its own inherent limitations, considers 
individual limb length differences across subjects [24].

Additionally, our regression model identified only two 
stroke impairment variables that were independently asso-
ciated with estimated failure load. The magnitude of the 
correlations observed was also weak. This suggests that a 
larger sample size is needed to build a more comprehensive 
prediction model. There are also limitations in the generaliz-
ability of the findings due to study design. All participants 
from the stroke and control groups were recruited through a 
non-probability sampling method and may unintentionally 
exclude individuals with diverse clinical presentations. Fur-
thermore, the study was a cross-sectional design and there-
fore cannot provide a causal link between the impairments 
previously described and fracture risk after stroke.

Conclusion

The paretic distal tibia showed more compromised bone 
density, cortical area, cortical thickness, and estimated fail-
ure load than the non-paretic distal tibia. Although weak in 
magnitude, gait speed and spasticity were significant clinical 
correlates of the side-to-side difference in estimated fail-
ure load that were independent of largely non-modifiable 
cofactors (e.g., sex, comorbidity, stroke type). As treatment 
programs focusing on these potentially modifiable stroke-
related impairments are feasible to administer, future studies 
are needed to determine the efficacy of such intervention 
strategies for improving bone strength in individuals with 
chronic stroke.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00198- 021- 06191-z.
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