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Abstract
Summary The study aimed to quantify the long-term effects
of stroke on tibial bone morphology and hip bone density.
Only the trabecular bone mineral density and bone strength
index in the hemiparetic tibial distal epiphysis showed a sig-
nificant decline among individuals who had sustained a stroke
12–24 months ago.
Introduction This study aims to determine the changes in
bone density andmorphology in lower limb long bones during
a 1-year follow-up period and their relationship to muscle
function in chronic stroke patients.
Methods Twenty-eight chronic stroke patients (12–
166 months after the acute stroke event at initial assessment)
and 27 controls underwent bilateral scanning of the hip and
tibia using dual-energy X-ray absorptiometry and peripheral
quantitative computed tomography, respectively. Each subject
was re-assessed 1 year after the initial assessment.
Results Twenty stroke cases and 23 controls completed all
assessments. At the end of the follow-up, the paretic tibial
distal epiphysis suffered significant decline in trabecular bone
density (−1.8±0.6%, p=0.006) and bone strength index (−2.7

±0.6 %, p<0.001). More severe decline in the former was
associated with poorer leg muscle strength (ρ=0.447, p=
0.048) and motor recovery (ρ=0.489, p=0.029) measured at
initial assessment. The loss in trabecular bone density
remained significant among those whose stroke onset was
12–24 months ago (p<0.001), but not among those whose
stroke onset was beyond 24 months ago (p>0.05) at the time
of initial assessment. The changes of outcomes in the tibial
diaphysis, except for cortical bonemineral content on the non-
paretic side (−1.3±0.3 %, p=0.003), and hip bone density
were well within the margin of error for precision.
Conclusions There is evidence of continuous trabecular bone
loss in the paretic tibial distal epiphysis among chronic stroke
patients, but it tends to plateau after 2 years of stroke onset.
The steady state may have been reached earlier in the hip and
tibial diaphysis.

Keyword Bone . Cerebrovascular accident . Computed
tomography . Osteoporosis

Introduction

Stroke survivors have approximately sevenfold higher frac-
ture risk than the age- and sex-matched population [1, 2].
Hip fracture is the most common type of fracture, accounting
for 30–58% of all fractures following stroke [1–3]. Over 80%
of hip fractures occur on the hemiplegic side, perhaps because
falls onto this side are more common, and bone mass and
quality are more compromised [4–7]. Bone loss and fractures
have negative impact on longevity and quality of life follow-
ing stroke [1, 2, 8, 9] and should warrant attention.

A number of studies have attempted to examine the bone
properties in people after stroke but have major limitations.
Firstly, previous research that examined longitudinal bone
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changes after stroke were confined to measurement of bone
mineral density (BMD) using dual-energy X-ray absorptiom-
etry (DXA) [8, 10–13].While these studies consistently found
that reduction in bone mineral content (BMC) and BMD on
the paretic side was more severe than the non-paretic side [7,
8, 11, 13], they could not provide any information on alter-
ations of bone structural properties due to the planar nature of
DXA. Secondly, previous studies that used peripheral quanti-
tative computed tomography (pQCT) to examine lower limb
bone morphology following stroke were cross-sectional,
which render them unable to capture the time course of bone
structural changes post-stroke [14–17]. The immobilization
after stroke could induce generalized bone changes in stroke
patients [9, 11, 18]. The non-paretic sidemay hence also suffer
bone loss, resulting in potential underestimation of the struc-
tural deterioration on the paretic side when side-to-side com-
parisons were made [16, 17]. To date, no study has examined
the longitudinal changes in structural properties of lower limb
long bones after stroke.

Another unstudied area pertains to the bone changes in the
chronic stage of stroke recovery. While it is known that frac-
ture risk remains elevated long after stroke [2], whether bone
loss continues in the longer term is not well established. Sato
et al. [19] compared the level of bone resorption and formation
markers between people within 1 year of stroke onset and
those within 1–2 years of stroke onset. It was found that serum
concentration of pyridinoline cross-linked carboxy-terminal
telopeptide of type I collagen (ICTP) (a bone resorption mark-
er) was higher in the former group than latter group, whereas
the level of bone Gla protein (a bone formation marker) was
similar in both groups. Their results indicated that bone re-
sorption, which was exaggerated in the early phase of stroke,
had slowed down in the chronic phase. Existing longitudinal
studies suggested that during the first year post-stroke, femo-
ral neck areal bone mineral density (aBMD) decreased by
~12 % on the paretic side and ~6 % on the non-paretic side
[7, 11]. To date, the changes in lower limb long bones after the
first year post-stroke has only been investigated by de Brito
et al. [10]. After the follow-up period (mean=16 months),
only a small proportion (15.1 %) of their chronic stroke cases
(time since stroke=33.4±17.9 months) sustained a significant
change in femoral neck aBMD. In addition, time since stroke
onset was not significantly associated with change in femoral
neck aBMD, indicating that the steady-state level may have
been reached at first year post-stroke. However, bone geomet-
ric changes were not assessed in their study. Overall, existing
findings from longitudinal research provide limited informa-
tion on the time course of the influence of stroke on bone
structural and geometric changes in the chronic stroke
population.

To address the above knowledge gaps, a longitudinal study
was undertaken to quantify the chronic effects of stroke on
density and morphology of the lower limb long bones using

both DXA and pQCT during a 1-year follow-up period. This
may provide important insight into the reasons underlying the
exaggerated hip fracture risk post-stroke [1, 2]. As previous
cross-sectional studies have identified a strong relationship
between muscle function and tibial and hip bone outcomes
in stroke patients [14, 15, 17], it would be interesting to deter-
mine whether a similar relationship exists in a longitudinal
study. Thus, the secondary objective was to assess the associ-
ation between muscle function and bone changes in chronic
stroke patients.

Methods

Collection of demographic information and bone scan acqui-
sitions were done in both the chronic stroke cases (≥1 year
after onset of stroke at initial assessment) and control subjects
at initial assessment. Bone scanning on bilateral lower limbs
was repeated 1 year after the initial assessment.

Subjects

The stroke cases were recruited from a local stroke self-help
group in Hong Kong, China. Inclusion criteria were (i) a di-
agnosis of stroke, (ii) ≥1 year after onset of stroke, (iii) aged 18
or more, (iv) medically stable, (v) of Chinese origin, and (vi)
able to respond to simple verbal commands with an Abbrevi-
ated Mental Test score of 7 or higher. Exclusion criteria were
other neuromuscular diseases, recent fractures in the lower
extremity, metal implants in the lower extremity, and taking
prescribed medications for treatment of osteoporosis prior to
or after stroke. Controls were identified from an existing da-
tabase consisting of individuals who had joined previous re-
search in the University, and should fulfill all criteria de-
scribed above, except that they did not have any history of
stroke.

Demographic data

The relevant demographic data (e.g., medical history, etc.)
were obtained by interviewing the subjects. The walking ca-
pacity was evaluated with the Six-Minute Walk Test [20]. The
physical activity level was assessed using the Physical Activ-
ity Scale for the Elderly [21]. To determine the leg dominance,
each subject was asked to kick a ball in standing position. The
leg used to kick the ball was considered the dominant leg.

Bone imaging

The same experienced technician conducted bone imaging
initially and at 1-year follow-up using both pQCT and DXA.
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pQCT

pQCT (XCT 3000, Stratec Medizintechnik GmbH; Pforz-
heim, Germany) was used to acquire three-dimensional
cross-sectional scans of the tibia. Information on bone mass,
density, geometry, and strength indices were generated by
pQCT. After obtaining a scout view, an anatomical reference
line was placed at the cortical end plate of the distal medial
edge of the tibia. A voxel size of 500 μm and scan speed of
25 mm/s were used to obtain 2.3 mm thick scans at (i) tibial
distal epiphysis (4 % of the total tibia length proximal to the
reference line), a region containing both cortical and trabecu-
lar bone, and (ii) tibial diaphysis (66 % of the total tibia length
proximal to the reference line), a cortical region. The variables
assessed by the pQCT device are listed in Table 1. For the 4 %
site, a compressive bone strength index (CBSI, g2/cm4) was
computed as an estimation of bone strength against compres-
sive force using the formula: total area×(total volumetric bone
mineral density)2 [22, 23]. For the 66 % site, a polar stress–
strain index (p-SSI, mm3) was computed as an estimation of
bone strength against torsional forces [17, 22, 23] using the
following formula [24]:

Polar stress strain index

¼
X

Az � d2z
� �

cortical bone mineral density=NDð Þ� �

dmax

where A=area of voxel, d=distance between the voxel and
corresponding torsion axis, ND=normal physiological bone
density at 1200 mg/cm3, and dmax=maximal distance to the
center of gravity.

For image analysis of the distal tibial epiphysis, CALCB
ContourMode 2 (an algorithm performing an iterative contour
procedure to eliminate the soft tissue outside the bone) and
Peel Mode 2 (an algorithm used to separate the total bone area
into trabecular and (sub)cortical regions) were used. A density
threshold of 169 mg/cm3 was used to detect the outer contour
of the bone, and trabecular bone was separated from cortical
and subcortical bone using a density threshold of 400 mg/cm3

[25]. For tibial diaphysis, cortical bone analysis was per-
formed using CORTBD Mode 1, with a threshold of
710 mg/cm3 [25]. It means that a voxel with a density value
higher than 710 mg/cm3 would be detected as cortical. These
thresholds were chosen after taking reference from previous
pQCT studies in patients with stroke [26, 27]. All image anal-
yses were performed using customized software (Stratec soft-
ware, Version 6.0). The precision of the pQCT scanner was
determined by testing 30 healthy subjects twice (2 women,
mean age 72.3±5.1 years), according to the recommendations
of the International Society for Clinical Densitometry [28].
The least significant change (LSC) values for the outcome
variables were calculated as 2.77 times the absolute precision

error and are displayed in Table 1. Any change that exceeds
the LSC represents a real change that is beyond the variations
stemming from repeated measurements.

DXA

DXA (Hologic Inc, Bedford, MA, USA) was used to assess
the total hip aBMD (g/cm2) on both sides. The LSC value for
hip aBMD was determined the same way as described for the
pQCT device (Table 1).

Muscle function

Knee muscle strength

Peak isometric knee extensor muscle strength of both legs was
measured using a hand-held dynamometer (Nicholas MMT,
Lafayette Instruments, Lafayette, IN, USA). Subjects were
asked to sit upright in a chair with hip and knee in 90° flexion.
They were then instructed to perform an isometric knee ex-
tension with maximal effort and sustain for 5 s, and the max-
imal force (N) was registered by the dynamometer. Three
trials were conducted to obtain the mean strength score.

Motor recovery

The Impairment Inventory of the Chedoke-McMaster Stroke
Assessment (CMSA) was used to evaluate the severity of
impairment in the paretic leg among the stroke patients [29].
The scoring was based on a seven-point ordinal scale (1–7),
with a higher score indicating better motor recovery (e.g., 1=
no motor return, 3=synergistic movement patterns and
marked spasticity, 7=normal movement patterns). The CMSA
has been shown to have high intra-rater reliability (ICC=0.98)
and inter-rater reliability (ICC=0.97–0.99) [29].

Spasticity

In the stroke group, the Modified Ashworth Scale (MAS) was
administered to assess spasticity in the paretic leg [30]. With
the participant in a supine position, the ankle joint was moved
into dorsiflexion and plantar flexion alternately by the re-
searcher, and the amount of resistance to passive movements
was noted. The score range was between 0 and 4, with a
higher MAS score denoting more severe spasticity.

Statistical analysis

Comparisons of subjects’ characteristics at initial assessment
between the stroke cases and controls for binary variables
were conducted using Fisher’s exact test. For continuous var-
iables, Shapiro-Wilk test was used to check normal distribu-
tion, and then two-sample t test for the mean was used, if the
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data were normally distributed; otherwise, non-parametric
Mann–Whitney U test was used. The latter test was also used
for ordinal data.

For the follow-up data, we computed the percentage
change for a variable X as 100{(Xfollow-up−Xinitial)/(Xinitial)}.
One-sample t test was used to test whether the percentage
change was significantly different from zero. To compare
within and between groups for initial differences and percent-
age change data, we fitted the mixed effects model (within-
subject factor, side; between-subject factor, stroke vs control)
to each outcome variable, taking into account the correlation
between measurements on the two sides within the individ-
uals. We then performed post-hoc testing to compare sides
within the stroke cases or controls (i.e., paretic versus non-
paretic for stroke cases and dominant versus non-dominant for
controls) or between-group comparisons (i.e., paretic side of
stroke cases versus non-dominant side of controls, and simi-
larly for non-paretic side versus dominant side).

To further explore the influence of post-stroke duration and
bone changes, the stroke subjects were divided into two
groups: those between 12 and 24 months after stroke onset
at the time of initial assessment (early group), and those be-
yond 24 months after stroke onset at the time of initial assess-
ment (late group). Within-group (i.e., paretic versus non-pa-
retic) and between-group comparisons (early vs late) of bone

parameters were made. To assess the relationship between 1-
year percent change in bone variables and muscle function
variables, Spearman’s rho was used. All analyses were con-
ducted using commercial software STATA (version 11,
StataCorp LP, College Station, Texas, USA). A p value (p)
less than 0.05 was considered significant. However, for com-
parisons of bone outcomes, we further used the false discov-
ery rate (FDR) for adjustment of the potential inflation of type
I errors associated with multiple comparisons.

Results

Twenty-eight stroke cases and 27 controls fulfilled the inclu-
sion criteria and completed the initial assessment. Of these,
eight cases and four controls were lost to follow-up leaving 20
cases (12 men) and 23 controls (14 men) with evaluable data
at 12 months (Fig. 1). The dominant leg was the right leg for
all subjects in the stroke and controls group. In the stroke
group, the proportion of people with left hemiparesis and right
hemiparesis was 60 and 40%, respectively (ratio=1.5:1). This
left/right hemiparesis ratio was not significant from a ratio of
1:1 (i.e., 50 % left hemiparesis and 50 % right hemiparesis)
(Chi-square goodness-of-fit test, p=0.371).

Table 1 Precision of DXA and pQCT

Parameter Description Least significant change (%)

Tibial epiphysis (4 % site)

Total BMC (mg/mm) Mean content of the bone material in a 1-mm slice 0.7

Total vBMD (mg/cm3) Mean density of the bone material in a 1-mm slice 2.2

Trabecular vBMD (mg/cm3) Mean density of pure trabecular bone in a 1-mm slice 1.3

Total CSA (mm2) Cross-sectional area of the bone after the soft tissue
has been peeled off

3.9

CBSI (g2/cm4) Strength index indicating the resistance against
compressive forces in the distal end of long bones

2.7

Tibial diaphysis (66 % site)

Cortical BMC (mg/mm) Mean mineral content of pure cortical bone in a
1-mm slice

1.3

Cortical vBMD (mg/cm3) Mean density of pure cortical bone in a 1-mm slice 4.0

Total CSA (mm2) Cross-sectional area of the bone after the soft tissue
has been peeled off

4.7

Cortical CSA (mm2) Area assigned as pure cortical bone 4.0

Medullary CSA (mm2) Cortical CSA subtracted from total CSA 7.0

p-SSI (mm3) Bone strength index indicating the resistance against
torsional loads at cortical bone sites

4.8

DXA

Total hip aBMD (g/cm2) Mean density of the mineral content in the total hip
area scanned (sum of the neck region, trochanteric
region, and intertrochanteric region)

3.6

aBMD areal bone mineral density, BMC bone mineral content, vBMD volumetric bone mineral density, CBSI compressive bone strength index, CSA
cross-sectional area, p-SSI polar stress strain index
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Differences between cases and controls at initial
assessment

In the stroke group, the average onset after stroke was
49 months (range, 12–166) when the initial assessment was
conducted. The stroke group had higher proportion of subjects
with high cholesterol level (p=0.003). They also had signifi-
cantly less physical activity (p=0.002), lower paretic knee
extensor strength (p=0.006), more comorbidities (p<0.001),
and were prescribed more therapies than controls (p<0.001).
There were no significant between-group differences in age,
sex distribution, or body mass index (p>0.5) (Table 2).

At the 4 % site, there was significant group×side interac-
tion in total volumetric bone mineral density (vBMD) (p=
0.009), trabecular vBMD (p=0.005), and total cross-
sectional area (CSA) (p=0.035) (Table 2). Specifically, the
paretic side had significantly lower total vBMD (p<0.001),
trabecular vBMD (p<0.001), and CBSI (p<0.001) than the
non-paretic side by 5.9, 4.0, and 7.8 %, respectively, in the
stroke group. The total CSA was significantly greater (p=
0.007) on the paretic side than the non-paretic side. None of
the variables showed a significant side-to-side difference
among controls. Between-group analysis revealed no signifi-
cant results (Table 3).

At the 66 % site, there was significant group×side interac-
tion in cortical BMC (p=0.004), cortical vBMD (p=0.016),
cortical CSA (p=0.017), and p-SSI (p=0.001). Post-hoc

analysis showed that the cortical area (p=0.001) was smaller
and the cortical BMC (p<0.001), cortical vBMD (p=0.001),
and p-SSI (p=0.001) were lower on the paretic side than the
non-paretic side in the stroke group, by 5.3, 6.8, 2.2, and
6.1 %, respectively. Similar to the 4 % site, none of the pQCT
variables showed a significant side-to-side difference in con-
trols. Between-group analysis also revealed no significant
results.

In the stroke group, the total hip aBMD on the paretic side
was also significantly lower than the non-paretic side
(p<0.001) (Table 3). The side-to-side comparisons for the
control group and the between-group analysis did not yield
significant results.

Bone changes during 1-year follow-up

After the 12-month follow-up period at the 4 % site, trabecular
vBMD (p=0.006) and CBSI (p<0.001) on the paretic side
showed a significant decline by 1.8 and 2.7 %, respectively,
which exceeded their respective LSC values (Table 4). On the
non-paretic side, only trabecular vBMD (p<0.001) suffered a
significant decline (by 1.3 %) that exceeded the LSC values
(Table 4). No other bone changes at this site exceeded the LSC
values among both stroke cases and controls.

Few statistically significant changes were detected during
the follow-up period at the 66 % site among the stroke
cases (Table 4), and only the decline in cortical BMC (by

Stroke Control

12 – 166 months 

1 year 1 year

Onset of stroke

Initial assessment

(n=28)

Follow-up 

assessment (n=20)

Initial assessment

(n=27)

Follow-up 

assessment (n=23)

8 dropouts

• Fell and fractured 
upper limb (n=2)

• Cardiovascular 
implants installed 

during follow-up

period (n=1)

• Unstable blood 
pressure (n=1)

• Refused to 
continue (n=2)

• Left the city and 
lost contact (n=2)

4 dropouts

• Refused to 
continue (n=3)

• Left the city and 
lost contact (n=1)

Fig. 1 Timeline of assessments.
A total of 20 stroke patients and
23 control subjects completed
the initial and follow-up
assessments
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1.3 %; p=0.003) on the non-paretic side exceeded the LSC
value. During the follow-up period, the total hip aBMD (p=
0.002) decreased significantly on the paretic side (Table 4),
but it did not exceed the LSC value.

Influence of time since stroke onset: subgroup analysis

The stroke group was divided into two subgroups (early
group, onset at 12–24 months; late group, onset
>24 months) (Supplemental Table 1). Besides the difference
in duration after stroke, the late group was found to have a
significantly shorter 6-min walk test distance than the early
group (early group, 318.1±31.4 m; late group, 201.7±
4.5 m; p=0.035). The women in the late group also had a
significantly longer post-menopausal years than the early

group (early group, 9.3±4.3 years; late group, 25.9±
2.1 years; p=0.029). Otherwise, no significant difference
in other demographic variables was found between the
two groups.

At the 4 % site, the early group suffered a significant de-
cline in trabecular vBMD (p<0.001) on the paretic side,
which exceeded the LSC (Table 5). Similar change was not
found in the late group. Besides, decline in CBSI on the pa-
retic side also exceeded the LSC value in the early group (p=
0.006), but the change was only marginally significant after
adjusting for multiple comparisons (p=0.055). On the non-
paretic side, the decline in trabecular vBMD exceeded the
LSC value in the late group (p=0.012). However, the change
was only marginally significant after adjusting for multiple
comparisons (p=0.058).

Table 2 Subject characteristics

Cases (n=20)
Mean±s.e.

Control (n=23)
Mean±s.e.

p value

Basic demographics

Age (years) 63.2±1.80 62.5±1.69 0.785

Male (n (%)) 12 (60.0 %) 14 (60.9 %) 0.999

Body mass index (kg/m2) 23.6±0.52 24.1±0.67 0.545

Post-menopausal years in women 17.6±3.84 15.9±4.15 0.775

Physical activity score (MET hour) 4.35±0.17 4.97±0.08 0.002*

Six-min walk test distance (m) 259.9±26.4 442.7±9.7 <0.001*

Stroke-related variables

Type of stroke (ischemic/hemorrhagic/unknown, n) 9/10/1 NA NA

Left-sided paresis (n (%)) 12 (60 %) NA NA

Duration after stroke (month) 48.5±10.4 NA NA

Chedoke-McMaster Stroke Assessment leg motor score (median (IQR)) 4.5 (4–6) NA NA

Paretic/non-dominant knee extensor strength (kg) 16.6±1.8 24.1±1.9 0.006*

Non-paretic/dominant knee extensor strength (kg) 23.1±1.5 26.6±2.1 0.188

Modified Ashworth Scale (0/1/1+/2/3/4, n) 6/2/7/4/1/0 NA NA

Modified Ashworth Scale (median (IQR)) 1 (0–1.9) NA NA

Comorbid conditions

Hypertension (n (%)) 16 (80 %) 11 (47.8 %) 0.056

Diabetes (n (%)) 4 (20 %) 1 (4.4 %) 0.167

High cholesterol (n (%)) 9 (45 %) 1 (4.4 %) 0.003*

Total number of comorbid conditions (no. per person) 1.6±0.2 0.6±0.1 <0.001*

Medications/supplements

Antihypertensive agents (n (%)) 14 (70 %) 3 (13 %) <0.001*

Anticoagulants (n (%)) 13 (65 %) 0 (0 %) <0.001*

Hypolipidemic agents (n (%)) 12 (60 %) 0 (0 %) <0.001*

Antidepressants (n (%)) 3 (15 %) 0 (0 %) 0.092

Vitamin D supplementation (n (%)) 2 (10 %) 3 (13 %) 0.999

Calcium supplementation (n (%)) 3 (15 %) 3 (13 %) 0.999

Two-sample t test or Mann–WhitneyU test was used for continuous variables and Fisher’s exact test was used for categorical variables. Mean±standard
error unless otherwise indicated

NA not applicable, MET metabolic equivalent, and the score was transformed using logarithm function, IQR interquartile range

*p<0.05 significant difference between cases and controls
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At the 66 % site, only the decline in cortical BMC on
the non-paretic side in the late group exceeded the LSC
value (p=0.009), but the change was only marginally sig-
nificant after correction for multiple comparisons (p=
0.056).

At the hip, none of the 1-year percentage change values
reached statistical significance in either the early or the late
group after correction for multiple comparisons.

Correlation with leg muscle function

Correlation analysis was only performed for variables that
showed a significant decline that exceeded the LSC values
during the follow-up period. At the 4 % site, it was found
that more reduction in trabecular vBMD at the 4 % site
on the paretic side during the 1-year follow-up period was
significantly associated with weaker knee muscle strength
(ρ=0.447, p=0.048) and poorer CMSA leg motor score
(ρ=0.489, p=0.029), but not spasticity (ρ=−0.162, p=
0.495) measured at initial assessment.

Discussion

This is the first study to examine the changes in bone
density and macrostructure in lower limb long bones in
people after 1 year of stroke onset. The principal finding
is that the change in bone density and strength index at the
tibial distal epiphysis on the paretic side was more pro-
nounced than that at the tibial diaphysis. The bone changes
reported here were modest compared with acute and sub-
acute stroke patients (less than 1 year post-stroke onset)
reported in previous studies [7, 11].

Differences in bone properties between stroke cases
and controls

The bone outcomes measured at the three skeletal sites
(tibia 4 and 66 % sites, hip) were generally more compro-
mised on the paretic than non-paretic side at the initial
assessment. The findings are largely in line with previous
cross-sectional DXA and pQCT studies comparing the bone

Table 3 Baseline comparisons of bone parameters between sides in cases and controls, and between corresponding sides across groups

Stroke (n=20) Control (n=23) p valuea

(side×group
interaction)

p valueb pvaluec pvalued pvaluee

Paretic Non-paretic Non-dominant Dominant

Tibia 4 % site

Total BMC (mg/mm) 269.5±16.9 280.1±15.5 294.6±11.6 299.3±11.8 0.264 0.004* 0.167 0.191 0.316

Total vBMD (mg/cm3) 250.8±12.4 266.4±11.0 272.6±9.3 276.5±46.2 0.009* <0.001*f 0.173 0.133 0.486

Trabecular vBMD (mg/cm3) 203.6±7.7 212.0±6.9 217.4±5.5 217.8±5.7 0.005* <0.001*f 0.795 0.118 0.512

Total CSA (mm2) 1070.6±37.8 1048.4±36.0 1093.5±41.7 1096.6±43.6 0.035* 0.007*f 0.685 0.682 0.389

CBSI (g2/cm4) 0.71±0.07 0.77±0.07 0.81±0.05 0.84±0.05 0.125 <0.001*f 0.122 0.221 0.439

Tibia 66 % site

Cortical BMC (mg/mm) 296.5±17.7 318.3±17.2 319.5±10.5 317.4±9.6 0.004* <0.001*f 0.688 0.229 0.960

Cortical vBMD (mg/cm3) 932.5±17.4 953.7±11.4 971.6±8.1 969.8±9.2 0.016* 0.001*f 0.764 0.016* 0.320

Total CSA (mm2) 615.4±20.5 624.2±20.4 607.5±22.7 605.4±22.2 0.271 0.206 0.750 0.791 0.532

Cortical CSA (mm2) 313.9±14.5 331.4±15.1 328.4±9.8 327.3±9.4 0.017* 0.001*f 0.824 0.389 0.806

Medullary CSA (mm2) 301.5±14.7 292.8±13.1 279.1±16.4 278.1±15.8 0.284 0.088 0.842 0.288 0.488

p-SSI (mm3) 2110.8±139 2488.7±131 2279.1±124 2211.5±110 0.001* 0.001*f 0.092 0.332 0.831

Hip

Total hip aBMD (g/cm2) 0.81±0.04 0.84±0.04 0.89±0.02 0.90±0.02 0.091* <0.001*f 0.325 0.066 0.182

Baseline values presented as mean±standard error

aBMD areal bone mineral density, vBMD volumetric bone mineral density, BMC bone mineral content, CBSI compressive bone strength index, p-SSI
polar stress strain index
* original p value<0.05, statistically significant
a Side×group interaction effect generated from analysis of variance (mixed model); adjustment using false discovery rate (FDR) is not needed for
interaction analysis
b Paretic side vs non-paretic side in cases (original p value before adjusting for multiple testing)
c Dominant side vs non-dominant side in controls (original p value before adjusting for multiple testing)
d Paretic side in cases vs non-dominant side in controls (original p value before adjusting for multiple testing)
e Non-paretic side in cases vs dominant side in controls (original p value before adjusting for multiple testing)
f Remained significant after adjusting for multiple testing using false discovery rate (FDR)
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properties between the two legs in people with chronic
stroke [13, 16, 17]. To some degree, the side-to-side differ-
ences in bone outcomes among chronic stroke patients as
reported in the current study and previous research may
reflect the impact of stroke on bone health during the pe-
riod between stroke onset and the time when the initial
assessment was conducted.

We found that the total CSA at the 4 % site on the
paretic side was significantly larger than that on the
non-paretic side, a finding that is in contrast with a
few previous cross-sectional studies in chronic stroke
where no side-to-side difference in the same variable
was identified [15, 31]. The underlying reasons are un-
known. Upon comparing the subjects’ characteristics
and side-to-side differences in total vBMD and trabecu-
lar vBMD at the same skeletal site among our stroke
patients with previous studies, no determining factors
could be identified to explain the discordance in results

found. The larger total CSA found at the 4 % site on
the paretic side may be due to an increase in periosteal
apposition. It has been found in post-menopausal wom-
en that more endosteal resorption is associated with
more periosteal apposition [32]. We postulate that a
similar phenomenon may occur in the post-stroke pop-
ulation. It has been suggested that the observed increase
in bone size could be an adaptive response to the re-
duction in bone content, as a mean to increase bone
strength [33].

It is unlikely that the significant side-to-side difference re-
ported in the stroke group was due to the effect of leg domi-
nance. First, the dominant leg is the right leg for all stroke and
control subjects, but only the stroke group demonstrated sig-
nificant side-to-side differences in many of the bone variables.
Second, the proportion of subjects with the dominant leg af-
fected did not significantly differ from that with the non-
dominant leg affected. Thus, the reported differences between

Table 4 Difference in percentage change in bone parameters between sides in cases and controls, and between corresponding sides across groups

Stroke (n=20) Control (n=23) p valuea

(side×group
interaction)

p valueb p valuec p valued p valuee

Paretic Non-paretic Non-dominant Dominant

Tibia 4 % site

Total BMC (mg/mm) −1.2±0.5#f −0.3±0.4 −0.4±1.0 −0.6±0.9 0.076 0.038* 0.616 0.452 0.752

Total vBMD (mg/cm3) −1.4±0.3#g −1.8±0.3#g −0.9±0.4# −0.9±0.3#g 0.399 0.259 0.944 0.282 0.074

Trabecular vBMD (mg/cm3) −1.8±0.6#f, g −1.3±0.3#f, g −0.5±0.3 −0.5±0.8 0.451 0.313 0.953 0.072 0.274

Total CSA (mm2) 0.2±0.5 1.5±0.4#g 0.5±1.2 0.3±1.1 0.031* 0.009* 0.581 0.784 0.334

CBSI (g2/cm4) −2.7±0.6#f, g −1.9±0.6#g −1.5±1.0 −1.4±0.9 0.459 0.257 0.926 0.280 0.625

Tibia 66 % site

Cortical BMC (mg/mm) −1.2±0.4# −1.3±0.4#f, g −0.4±0.3 −0.3±0.4 0.819 0.852 0.885 0.116 0.062

Cortical vBMD
(mg/cm3)

−0.6±0.3 −0.1±0.3 −0.4±0.4 −0.4±0.5 0.416 0.275 0.949 0.673 0.566

Total CSA (mm2) 0.3±0.3 −0.1±0.3 0.3±0.3 0.8±0.4 0.267 0.444 0.349 0.894 0.067

Cortical CSA (mm2) −0.6±0.4 −1.2±0.4#g 0.0±0.4 0.1±0.3 0.442 0.282 0.846 0.241 0.013*

Medullary CSA (mm2) 1.3±0.5# 1.2±0.6# 0.8±0.6 1.6±0.7# 0.471 0.924 0.322 0.590 0.653

p-SSI (mm3) −1.4±0.5# −0.4±0.5 −0.8±0.8 −0.6±0.8 0.534 0.281 0.831 0.485 0.878

Hip

Total hip aBMD (g/cm2) −1.2±0.3#g −0.8±0.6 1.1±1.0 −1.1±1.1 0.025* 0.649 0.003* 0.046* 0.797

Percentage change (mean±standard error)

BMC bone mineral content, vBMD volumetric bone mineral density, CSA cross-sectional area,CBSI compressive bone strength index, p-SSI polar stress
strain index, aBMD areal bone mineral density
# significant 1-year change from baseline (p<0.05); * original p value<0.05, statistically significant
a Side×group interaction effect generated from analysis of variance (mixed model); adjustment using false discovery rate (FDR) is not needed for
interaction analysis
b Paretic side vs non-paretic side in cases (original p value before adjusting for multiple testing)
c Dominant side vs non-dominant side in controls (original p value before adjusting for multiple testing)
d Paretic side in cases vs non-dominant side in controls (original p value before adjusting for multiple testing)
e Non-paretic side in cases vs dominant side in controls (original p value before adjusting for multiple testing)
f Changes that exceeded the least significant change (LSC) value
g Remained significant after adjusting for multiple testing using false discovery rate (FDR)
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the paretic and non-paretic sides among stroke patients can be
mainly attributable to the effect of the stroke rather than that of
leg dominance.

The magnitude of the side-to-side differences in bone pa-
rameters was also much lower than that in the upper limb bone
sites previously reported [34–36]. The observation could be
due to the difference in course of recovery between the affect-
ed upper limb and lower limb post-stroke. Previous studies
revealed that only 44% of stroke survivors with severe paresis
in the upper limb had a partial or complete recovery in their
life time [37] versus 75 % in the lower limb [38]. The unaf-
fected upper limb could be used to compensate for the loss of
function of the paretic upper limb, and may thus further mag-
nify the side-to-side difference in bone parameters in the upper
limbs. In contrast, during daily activities such as standing and
walking, both lower limbs have to be involved, although some
degree of asymmetry in weight-bearing may exist. These fac-
tors may explain why the side-to-side differences in bone pa-
rametersmeasured in the lower limbs are smaller inmagnitude
than those in the upper limb bone sites.

Tibial bone changes during 1-year follow-up

The follow-up data revealed that the bone changes in the tibial
distal epiphysis on the paretic side were more pronounced
than the diaphyseal site. At the 4 % site, the reduction in
trabecular vBMD (−1.8 %) and CBSI (−2.7 %) on the paretic
side during the follow-up period exceeded their respective
LSC values. No longitudinal study has measured the changes
in pQCT outcomes in lower limb long bones in the acute and
subacute phases of stroke (<1 year post-stroke). Therefore, we
could not determine how these values would compare with the
possible changes that occur in the acute and subacute phases
of stroke recovery (<1 year post-stroke). However, we postu-
late that the changes detected at the 4 % site here are more
modest than acute and subacute phases of stroke. First, our
subgroup analysis revealed that the changes in trabecular
vBMD were significant only in those stroke patients who
had sustained the stroke for 12–24months at the time of initial
assessment (early group), but not those whose stroke onset
was more than 24 months ago (late group). A similar trend

Table 5 Difference in percentage change in bone parameters in cases, on the same side, within and over 24 months post-stroke

Paretic (n=20) Non-paretic (n=20) p valuea p valueb p valuec p valued

Early group
(n=10)

Late group
(n=10)

Early group
(n=10)

Late group
(n=10)

Tibial metaphysis (4 % site)

Total BMC (mg/mm) −1.6±0.8 −0.9±0.5 −0.3±0.6 −0.3±0.6 0.342 0.990 0.067 0.463

Total vBMD (mg/cm3) −1.6±0.5# −1.2±0.5# −1.8±0.4# −1.7±0.5# 0.520 0.918 0.672 0.164

Trabecular vBMD (mg/cm3) −1.6±0.3#e, f −1.9±1.1 −1.2±0.3# −1.4±0.5#f 0.729 0.751 0.471 0.447

Total CSA (mm2) 0.0±0.8 0.4±0.5 1.5±0.8 1.5±0.5# 0.674 0.925 0.052 0.176

CBSI (g2/cm4) −3.5±1.0#f −1.8±0.7# −1.8±0.8# −2.1±0.9# 0.126 0.830 0.067 0.766

Tibial diaphysis (66 % site)

Cortical BMC (mg/mm) −1.2±0.7 −1.2±0.6 −1.1±0.6 −1.5±0.5#f 0.938 0.556 0.887 0.713

Cortical vBMD (mg/cm3) −0.2±0.4 −0.9±0.3# −0.2±0.3 0.0±0.4 0.176 0.647 0.939 0.059

Total CSA (mm2) 0.1±0.4 0.5±0.3 −0.0±0.3 −0.1±0.4 0.421 0.940 0.785 0.249

Cortical CSA (mm2) −0.9±0.7 −0.3±0.5 −0.9±0.7 −1.6±0.4# 0.430 0.381 0.924 0.116

Medullary CSA (mm2) 1.4±0.9 1.1±0.4# 0.8±0.8 1.6±0.8 0.760 0.461 0.548 0.658

p-SSI (mm3) −0.7±0.8 −2.2±0.7# −0.6±0.8 −0.2±0.5 0.093 0.642 0.991 0.031*

Hip

Total hip aBMD (g/cm2) −1.4±0.50# −1.1±0.5 −0.7±0.7 −1.0±0.9 0.738 0.729 0.281 0.923

Percentage change (mean±standard error)

BMC bone mineral content, vBMD volumetric bone mineral density, CSA cross-sectional area,CBSI compressive bone strength index, p-SSI polar stress
strain index, aBMD areal bone mineral density
# Significant 1-year change from baseline (p<0.05); * p<0.05 statistically significant before adjusting for multiple testing
a Early group vs late group, paretic side
b Early group vs late group, non-paretic side
c Early group, paretic side vs early group, non-paretic side
d Late group, paretic side vs late group, non-paretic side
e Remained significant after adjusting for multiple testing using false discovery rate (FDR)
f Changes that exceeded the least significant change (LSC) value
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was identified for the CBSI on the paretic side. These findings
suggest a decelerating rate of bone changes at tibial epiphysis
as post-stroke duration increased. Second, previous studies
suggested that the changes in upper limb bone properties also
showed a decelerating trend after 1 year of stroke onset. In the
same group of chronic stroke cases, we had previously report-
ed that none of the pQCToutcomes at the paretic radius distal
epiphysis (4% site) sustained any changes that were above the
LSC values during the 1-year follow-up period [35]. In con-
trast, Lazoura et al. [7] showed that during the follow-up pe-
riod from 3 to 12 months after stroke, the reduction in trabec-
ular vBMD in both the paretic and non-paretic radius distal
epiphyses was much more impressive, at 14.0 and 6.8 %,
respectively. We speculate that similar trends may also take
place in the lower limb long bones. It is likely that the bone
changes at the tibial distal epiphysis continue to stabilize as
time progresses and reach a plateau at approximately 2 years
post-stroke.

Although there were significant differences in post-
menopausal years and mobility (6-min-walk distance) be-
tween the early group and late group, it is unlikely that these
would affect our interpretation of results. We found that the 1-
year decline in trabecular vBMD at the 4 % site on the paretic
side was significant in the early group, but not the late group,
despite that the latter group had longer post-menopausal peri-
od and shorter 6-min-walk distance (both factors presumed to
be detrimental to bone health). Hence, it should not affect our
conclusion that the bone changes at the tibial 4 % site may
start to plateau at approximately 2 years post-stroke.

In contrast, the bone changes at the tibial diaphysis site in
the paretic leg were less remarkable compared with the distal
epiphyseal region, even for the early group. The results thus
indicated that the bone changes at the tibial diaphysis had
leveled off as the time of stroke onset passed the 1-year mark,
earlier than what was observed at the tibial distal epiphysis.
The overall results thus suggested that the distal epiphysis, a
region with abundant trabecular bone, may have a more
protracted course of bone changes than the diaphysis, a corti-
cal bone site. However, we could not rule out the possibility
that the less pronounced bone changes at the 66% site may be
partially related to the pQCT scanning resolution used. With
an in-plane voxel size of 0.5 and 2.3 mm thick sections, there
may be inaccuracies in the segmentation of the cortical com-
partment that may result in limiting the ability to detect chang-
es in the cortical bone parameters. This factor may affect the
66 % site more, where the bone tissue is exclusively cortical.

The findings are in contrast with the upper limb changes in
the same cohort of stroke cases in a previous report [35]. In the
radius, none of the changes exceeded the LSC values at the
distal epiphysis whereas the diaphysis showed real decline in
cortical BMC and thickness during a 1-year follow-up period.
The results may indicate that the changes in the tibia (a
weight-bearing bone) are distinct from those in the radius (a

non-weight-bearing bone) after chronic stroke. Another po-
tential explanation is that the precision of the pQCT device
was lower for measuring the radius at the 4 % site, leading to
higher LSC values (4.9–14.7 %) [39]. More substantial bone
changes at the 4 % radius site are thus required to exceed the
LSC values.

Changes of hip bone density during 1-year follow-up

The decline in hip aBMD reported in this study, albeit statis-
tically significant, did not exceed the LSC value. This is in
agreement with the findings of de Brito et al. [10], who report-
ed an overall <1 % loss in paretic and non-paretic total femur
and femoral neck aBMD in a group of 51 chronic stroke pa-
tients with post-stroke onset of >1 year (mean onset
33.4 months) during a mean follow-up period of 16 months.
This was much less than the ~12 and ~6 % loss in femoral
neck BMD on the paretic and non-paretic side, respectively,
within the first year post-stroke previously reported [7, 11].
Moreover, de Brito et al. [10] also showed that the change in
hip aBMD was not significantly associated with time since
stroke. Taken together, the results suggested that bone loss at
the hip had largely leveled off after 1 year post-stroke.

Correlation with muscle function

Strong relationship between muscle strength/mass and bone
strength index of the paretic tibia among chronic stroke
patients has been reported in previous cross-sectional pQCT
studies [14, 15, 17]. For the first time, we demonstrated in
a longitudinal study that those who had weaker knee mus-
cle strength and poorer leg motor recovery had more sub-
stantial decline in trabecular vBMD at the 4 % tibial site on
the paretic side during the 1-year follow-up period. The
results thus highlighted the potential importance of muscle
strengthening in promoting bone health/preventing bone
loss in individuals with chronic stroke. A recent systematic
review revealed that research on exercise intervention on
lower limb bone health is scarce, with only one randomized
controlled trial [40]. In that particular chronic stroke trial, it
was found that a multidimensional exercise program incor-
porating muscle strengthening and impact exercises suc-
cessfully maintained paretic hip aBMD, increased cortical
thickness at the tibial diaphysis and trabecular BMC at the
distal epiphysis relative to the control group after 5 months
of training [27, 39]. In addition, a non-randomized con-
trolled trial in chronic stroke patients reported a significant
gain in cortical thickness measured at the tibial diaphysis in
the paretic leg after 6 months of treadmill gait training.
More research is required to further evaluate the optimal
exercise protocols for preventing bone loss and detrimental
structural bone changes in the chronic stage of stroke.
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Interestingly, spasticity did not have a significant relation-
ship with bone changes. The results from previous cross-
sectional studies are mixed, with some studies reporting sig-
nificant relationship between spasticity and BMD/bone
strength indices in lower limb long bones among chronic
stroke patients [15], but not others [12, 17]. This is in contrast
with the findings of de Brito et al. [10], which is the only
longitudinal study that evaluates bone changes after the first
year post-stroke. They found that those who had more sub-
stantial spasticity (MAS score ≥2) had greater risk of sustain-
ing significant bone loss of the total femur (OR=9.75, 95 %
CI=1.52, 62.6), compared with those without significant spas-
ticity (MAS sore <2). However, their data should be
interpreted with caution, as the overall change in paretic total
femur aBMD was marginal (<1 %), with only a small propor-
tion of their participants (22.6 %) having sustained bone loss
at that skeletal site [10]. The characteristics of the participants
also differed. Over 40 % of their stroke cases were taking
alendronate whereas none of our subjects were taking pre-
scribed medications for treating osteoporosis. Another poten-
tial explanation of the non-significant finding in our study
may be related to the use of MAS to measures spasticity.
The MAS is only a six-point ordinal scale and may not ade-
quately differentiate individuals with varying degree of spas-
ticity [41]. The relatively small sample size, and hence re-
duced statistical power, may also contribute to the non-
significant finding. Moreover, the relationship between spas-
ticity and bone changes may not be a straightforward one.
While spasticity may impair leg function and functional activ-
ities such as walking [20, 42], may thus have detrimental
effect on bone, mechanical loading as a result of spasticity
may have a protective effect. It is unknown whether a thresh-
old of spasticity exists above which detrimental effects on
bone occur. The relationship between spasticity and bone
changes warrants further investigations.

Limitations

The results reported in this study reflect the bone changes in
stroke patients who had regained their ambulatory function.
These individuals were also quite physically active as they
attended regular activities in a community self-help group.
The results thus cannot be generalized to those patients who
suffered from a severe stroke and failed to regain their ambu-
latory function. Further study on people with severe stroke is
needed, as the time course and characteristics of bone changes
may be very different. As we were interested in studying bone
changes in chronic stroke, the effects of stroke on bone during
acute and subacute phases (<1 year post-stroke) were not eval-
uated. We thus could not determine whether the bone changes
observed in this study were indeed attenuated compared with
acute and subacute phases of stroke recovery in the same
individuals. In the subgroup comparison (early group vs late

group), there are potential confounding variables (i.e., post-
menopausal years and 6-min walk test distance). However, as
explained earlier, it should not have major impact on our con-
clusion. Furthermore, pQCT scanning was done at the tibia,
which is far from the hip, where fracture occurs the most
frequently post-stroke. However, QCT scanning of the hip
involves a relatively high level of radiation exposure [43].
The pQCT scanning at the tibia was previously found to cor-
relate with hip BMD [44] and is commonly used in previous
research [16, 27]. Thus, pQCT scanning at the tibia was
adopted in this study despite the stated limitations. Finally,
the sample size was not large enough for us to perform mul-
tivariate analysis to identify the determinants of bone changes.

Conclusion

Despite the apparent attenuation of bone loss in the chronic
stage of stroke, the tibial distal epiphysis still suffered signif-
icant bone loss among those who had sustained a stroke 12–
24months ago, resulting in reduced bone strength index. Such
changes were significantly associated with knee muscle
strength and leg motor recovery measured at the initial assess-
ment. Further research should explore the possibility of mod-
ifying these factors in the endeavor to prevent bone loss in this
patient population.
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