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A B S T R A C T   

High-resolution peripheral quantitative CT (HR-pQCT) enables quantitative assessment of distal radius fracture 
healing. In previous studies, lower-mineralized tissue formation was observed on HR-pQCT scans, starting early 
during healing, but the contribution of this tissue to the stiffness of distal radius fractures is unknown. Therefore, 
the aim of this study was to investigate the contribution of lower-mineralized tissue to the stiffness of fractured 
distal radii during the first twelve weeks of healing. We did so by combining the results from two series of micro- 
finite element (μFE-) models obtained using different density thresholds for bone segmentation. Forty-five 
postmenopausal women with a conservatively-treated distal radius fracture had HR-pQCT scans of their frac-
tured radius at baseline (BL; 1–2 weeks post-fracture), 3–4 weeks, 6–8 weeks, and 12 weeks post-fracture. 
Compression stiffness (S) was computed using two series of μFE-models from the scans: one series (Msingle) 
included only higher-mineralized tissue (>320 mg HA/cm3), and one series (Mdual) differentiated between lower- 
mineralized tissue (200–320 mg HA/cm3) and higher-mineralized tissue. μFE-elements were assigned a Young’s 
Modulus of 10 GPa (higher-mineralized tissue) or 5 GPa (lower-mineralized tissue), and an axial compression test 
to 1 % strain was simulated. The contribution of the lower-mineralized tissue to S was quantified as the ratio 
Sdual/Ssingle. Changes during healing were quantified using linear mixed effects models and expressed as estimated 
marginal means (EMMs) with 95 %-confidence intervals (95 %-CI). Median time to cast removal was 5.0 (IQR: 
1.1) weeks. Sdual and Ssingle gradually increased during healing to a significantly higher value than BL at 12 weeks 
post-fracture (both p < 0.0001). In contrast, Sdual/Ssingle was significantly higher than BL at 3–4 weeks post- 
fracture (p = 0.0010), remained significantly higher at 6–8 weeks post-fracture (p < 0.0001), and then 
decreased to BL-values at the 12-week visit. EMMs ranged between 1.05 (95 %-CI: 1.04–1.06) and 1.08 (95 %-CI: 
1.07–1.10). To conclude, combining stiffness results from two series of μFE-models obtained using single- and 
dual-threshold segmentation enables quantification of the contribution of lower-mineralized tissue to the stiff-
ness of distal radius fractures during healing. This contribution is minor but changes significantly around the 
time of cast removal. Its course and timing during healing may be clinically relevant. Quantification of the 
contribution of lower-mineralized tissue to stiffness gives a more complete impression of strength recovery post- 
fracture than the evaluation of stiffness using a single series of μFE-models.  
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1. Introduction 

Distal radius fractures are among the most common fractures in 
elderly [1,2], but assessment of the healing and union of these fractures 
is complex. In older individuals, they comprise nearly 20 % of all frac-
tures [1]. Their prevalence is increasing, among others due to the aging 
population and an increased physical activity among elderly [3]. The 
majority of distal radius fractures in elderly are treated conservatively 
using cast immobilization [4]. Dutch guidelines prescribe to consider 
cast treatment for 3–5 weeks depending on fracture displacement and 
reduction [5]. However, evidence for the optimal immobilization period 
is limited, especially for reduced fractures [5–8]. The development of 
evidence-based guidelines is furthermore challenging due to a lack of 
consensus on and subjectivity of assessing distal radius fracture healing 
and union [9], which is a problem for fractures in general [10,11]. The 
assessment of fracture union in clinical practice often includes a physical 
and radiographic examination [9–11]. Factors, such as biological and 
biomechanical ones, are not standardly evaluated in clinical practice, 
but they are essential in fracture healing [12,13]. Such factors could be 
clinically valuable when they capture changes during the healing pro-
cess that provide insights into whether a fracture can be clinically 
considered as healed (i.e. when a fracture is able to resist the loading that 
is associated with daily activities). 

High-resolution peripheral quantitative CT (HR-pQCT) enables 
detailed assessment of changes during fracture healing [14–19]. In 
conservatively-treated distal radius fractures in postmenopausal 
women, large visual changes around the fracture region have been 
observed on HR-pQCT scans early during healing [15]. Specifically, 
trabeculae became ‘blurred’ and thereby less well distinguishable from 
three to four weeks post-fracture and were re-distinguishable again later 
during healing [15]. These changes were suggested to reflect the for-
mation and concomitant and subsequent remodeling of woven bone, 
known phases in fracture healing that are important in the stabilization 
of a fracture and the formation of new bone [20–22]. In the same 
studies, the stiffness of the fractured radii, computed using micro-finite 
element (μFE-) analysis, increased significantly compared to baseline 
later during healing and continued to increase months after cast removal 
[15,16]. The early lower-mineralized tissue is not standardly included in 
μFE-models from HR-pQCT scans to compute stiffness, and available HR- 
pQCT data are inconclusive about the differences in the computed 
stiffness of distal radius fractures during healing between μFE-models 
that include lower-mineralized tissue and standard μFE-models that do 
not include this tissue [15,18]. Consequently, the contribution of the 
lower-mineralized tissue to fracture stiffness is unknown. Recently, 
multiple density thresholds between 200 and 680 mg HA/cm3 were used 
for trabecular bone in an HR-pQCT study on local bone remodeling 
during distal radius fracture healing to evaluate trabecular bone around 
the fracture region with densities lower and higher than normally 
evaluated in HR-pQCT analyses (>320 mg HA/cm3) [17]. Application of 
such method to generate multiple series of μFE-models that include 
tissue of different densities may enable study of the contribution of 
lower-mineralized tissue to fracture stiffness. 

The reported differences between the timing of cast removal and the 
changes in computed stiffness suggest a difference between the clinical 
and biomechanical perspective of a healed fracture [15,16]. Possibly, 
the lower-mineralized tissue could contribute to explaining this differ-
ence and play a role in the biomechanical recovery of distal radius 
fractures early during healing which is not quantified when using a 
single series of μFE-models. By using multiple density thresholds to 
develop two series of μFE-models that include tissue of different den-
sities, the aim of this study was to investigate the contribution of lower- 
mineralized tissue to the stiffness of fractured distal radii during the first 
twelve weeks of healing. Additionally, we evaluated bone mineral 
density as well as the contribution of lower-mineralized tissue to bone 
volume fraction using a similar dual-threshold approach to get more 
insights into the formation and mineralization of lower-mineralized 

tissue during healing. 

2. Material and methods 

2.1. Study design and participants 

Data for this study were pooled data obtained from a single-blind 
randomized controlled trial (RCT) evaluating the effect of calcium and 
vitamin D supplementation on the healing of distal radius fractures. For 
that RCT, women aged 50 years and older with a stable distal radius 
fracture immobilized with a cast were included. Exclusion criteria were: 
1) surgical fracture treatment or (bone) surgery of the current fracture 
side in medical history; 2) active or suspected infection in the past three 
months; 3) malignancy or pathological fracture in the past twelve 
months; 4) neuromuscular or neurosensory condition; 5) known sys-
temic or metabolic bone disorder that leads to progressive bone dete-
rioration; 6) active inflammatory disease in the past year; 7) use of oral 
glucocorticoids in the past twelve months; 8) allergy to any component 
of the calcium and vitamin D supplements prescribed as part of the RCT; 
and 9) severe concurrent joint involvement. Women provided written 
informed consent before study participation. The study protocol was 
approved by the institutional Medical Ethics Committee (METC regis-
tration number NL46035.072.13) and submitted to the Dutch Trial 
Register. 

2.2. HR-pQCT imaging 

2.2.1. Scan acquisition and grading 
HR-pQCT (XtremeCT II, Scanco Medical, Switzerland) scans of the 

fractured distal radius were obtained using default clinical settings [23]. 
Scans were taken at four visits: the first, baseline (BL) scan at 1–2 weeks 
after fracture and three follow-up scans at 3–4, 6–8, and 12 weeks post- 
fracture. The scan protocol was used as in previous HR-pQCT research 
on distal radius fractures [19]. Using this protocol, a 20.4-mm region 
(two consecutive stacks) was scanned at each visit, which started 3 mm 
proximally from the reference line positioned at the proximal edge of the 
lunate bone. The lunate bone was used for the positioning of the refer-
ence line because the standard reference line position at the articular 
surface of the distal radius may not be possible in case of a distal radius 
fracture. The acquisition of two stacks was chosen to capture the entire 
fracture. During scan acquisition, the wrist was immobilized with a 
fiber-glass cast and additionally placed in a standard motion restraining 
holder. The cast was retained after cast removal and re-used for the 
remaining scans. Nevertheless, eleven patients wore a Plaster-of-Paris 
cast during one or more scan acquisitions due to the planning of their 
visits at the outpatient clinic, and one of them wore a brace during scan 
acquisition at another visit. Another patient wore a brace at every visit, 
and one patient wore no cast at one visit. A scan was repeated once if 
motion artefacts were observed on the preview slice. Scan time and 
effective radiation dose were approximately 4 min and 10 μSv per scan, 
respectively. The scans were reconstructed with an isotropic voxel size 
of 61 μm. After reconstruction, the quality of each stack of the scans was 
graded according to the five-point grading system described by Pialat 
et al. [24]. Scans with a grade 4 or 5 in one or both stacks were excluded 
from analysis; i.e., only scans with grade 1–3 in both stacks were 
analyzed. 

2.2.2. Scan analysis 
From the scans with a grade 1–3 in both stacks, the distal radius was 

contoured and subsequently analyzed. Contouring was performed using 
an automatic contouring algorithm with manual adjustment in case of 
visual deviations from the outer bone margins [25]. Thereafter, stiffness 
in compression (S), bone volume fraction (BV/TV), and bone mineral 
density (BMD) were determined from the entire contoured bone region 
on the scans. Scan registration was not performed as three-dimensional 
registration algorithms did not yield correct alignment results for severe 
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fractures with substantial shape changes during healing [26,27]. BMD 
was quantified using standard evaluation methods [23]. S and BV/TV 
were quantified twice, once including only higher-mineralized tissue 
and once including higher- and lower-mineralized tissue. Higher- 
mineralized tissue was defined as having a density of >320 mg HA/ 
cm3, equaling the threshold that is standardly used in HR-pQCT analyses 
for trabecular bone [23]. Lower-mineralized tissue was defined as 
having a density of 200–320 mg HA/cm3 based on the range of density 
thresholds previously used in an HR-pQCT study on local bone remod-
eling during distal radius fracture healing [17]. The thresholds of 200 
mg HA/cm3 and 320 mg HA/cm3 correspond to approximately 17 % and 
27 %, respectively of the assumed maximum density of fully mineralized 
bone by the manufacturer of the scanner (1200 mg HA/cm3) [23]. 

To compute the two values of S, two series of linear micro-finite 
element (μFE-) models were used (Fig. 1). Both models were gener-
ated by conversion of the bone voxels of the HR-pQCT scans to equally- 
sized μFE-elements. For one series of models (Msingle), the bone voxels 
were obtained by segmentation of the distal radii from the scans using a 
threshold of 320 mg HA/cm3. For the second series of models (Mdual), a 
dual-threshold segmentation approach was adopted. Using this 
approach, the distal radii were segmented from the scans using a 
threshold of 200 mg HA/cm3, followed by erosion of the resulting 
binarized image by one voxel to remove partial volume effect voxels. 
The result was then combined with the single-threshold model Msingle to 
obtain the dual-threshold model Mdual that differentiates between 
higher-mineralized (>320 mg HA/cm3) and lower-mineralized 
(200–320 mg HA/cm3) tissue. The μFE-elements of both models were 
assigned a Poisson’s Ratio of 0.3 and a Young’s Modulus of 10 GPa for 
the higher-mineralized tissue, conform standard protocol [23]. For the 
lower-mineralized tissue, we used three different Young’s Moduli in 
three separate analyses. Based on our defined density range for the 
lower-mineralized tissue (200–320 mg HA/cm3) and higher-mineralized 
tissue (320–1200 mg HA/cm3), we estimated a three times lower 
average density for the lower-mineralized tissue than for the higher- 
mineralized tissue. By assuming a linear relationship between the 

density and Young’s Modulus for woven bone [28], we estimated also a 
three-times lower Young’s Modulus (i.e. 3 GPa). Based on that estimate, 
we used a Young’s Modulus of 1 GPa and 5 GPa for the lower- 
mineralized tissue. We additionally used a value of 10 GPa for this tis-
sue (i.e. equal to the Modulus of the higher-mineralized tissue). An axial 
compression to 1 % strain was then applied to the μFE-models to 
calculate S as the reaction force over the applied displacement: Ssingle 
from Msingle and Sdual1, Sdual5, and Sdual10 from Mdual using a Young’s 
Modulus of 1, 5, or 10 GPa, respectively for the lower-mineralized tissue. 
To compute the two values of BV/TV, the bone was segmented from the 
scans using a density threshold of either 200 mg HA/cm3 (BV/TV200) or 
320 mg HA/cm3 (BV/TV320). For all parameters, all other settings 
regarding the segmentation and preprocessing of the scans were kept as 
default for second-generation HR-pQCT; i.e. Gaussian filtering with σ =
0.8 and support = 1 voxel [23]. The contribution of the lower- 
mineralized tissue to S and BV/TV was defined as the ratio of two 
stiffness parameters (Sdual/Ssingle) and the ratio of the two BV/TV pa-
rameters (simplifying to BV200/BV320), respectively. 

2.3. Statistical analysis 

Data were analyzed after pooling the data of the study groups. Re-
sults per study group are in Appendix 1. To quantify the differences in 
the absolute values and ratio of S and BV/TV over time, linear mixed- 
effect models (LMMs) were used. In the models, time post-fracture 
was included as fixed effect, the individual patients as random inter-
cept, and age as covariate. The values from the LMMs at each timepoint 
were expressed as estimated marginal means (EMMs) with 95 %-confi-
dence intervals (95 %-CI). The significance of the differences in the 
EMMs between timepoints was determined on a pairwise-basis. Multiple 
comparisons were adjusted using Bonferroni, and the significance level 
was set at α = 0.05. The statistical analyses were performed in SPSS 
(SPSS 26.0, IBM Corp., Armonk, NY, USA) and R (R Foundation for 
Statistical Computing, Version R-3.6.2 for Windows, Vienna, Austria). 

Fig. 1. Overview of the two series of micro-finite element (μFE-) models generated from the HR-pQCT scans of fractured distal radii during healing. One series (top) 
was based on segmentation of the distal radius using a threshold of 320 mg HA/cm3 and thereby included only higher-mineralized tissue (>320 mg HA/cm3). The 
other series (bottom) was based on a dual-threshold segmentation approach, for which the distal radius was segmented using a threshold of 200 mg HA/cm3, 
followed by erosion by one voxel and then combination with the single-threshold model. This model thereby differentiated between higher-mineralized (>320 mg 
HA/cm3) and lower-mineralized (200–320 mg HA/cm3) tissue. 
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3. Results 

3.1. Patient characteristics 

In total, 52 women with a conservatively-treated distal radius frac-
ture were included in this study of whom 48 completed the visits until 
12 weeks post-fracture (Fig. 2). One of the 48 women missed the study 
visit at 6–8 weeks, so a total of 191 HR-pQCT scans was available. Of 
these scans, 29 were excluded from quantitative analysis: all scans of 
three women (i.e. 12 scans) due to insufficient quality of one or both 
stacks of three out of the four obtained HR-pQCT scans and 17 scans of 
11 other women due to insufficient quality of one or both stacks of those 
scans. Resultingly, 162 scans of 45 women were quantitatively analyzed: 
43, 38, 39, and 42 scans per visit. Characteristics of this cohort are listed 
in Table 1. The duration of cast treatment was 5.0 (interquartile range: 
1.1) weeks in the 45 women. It ranged between 3.6 and 6.4 weeks for all 
but one who had cast treatment for only 1.7 weeks and wore a brace for 
an additional 2.6 weeks due to heavy swelling and pain while wearing 
the cast. 

3.2. S, BV/TV, and BMD during fracture healing 

The changes during healing in S are visualized in Fig. 3. Ssingle and 
Sdual5 gradually increased over time to become significantly higher than 
BL at the 12-week visit (both p < 0.0001; Fig. 3a). At the 12-week visit, 
they were also significantly higher than at the visits at 3–4 weeks (both p 
< 0.0001) and 6–8 weeks (Ssingle: p < 0.0001; Sdual5: p = 0.0001) post- 
fracture. Similar changes were found when a lower or higher Young’s 
Modulus was used for the lower-mineralized tissue in the dual-threshold 
μFE-models (Fig. 3b). Sdual1 was significantly higher than BL at 12 weeks 
post-fracture (p < 0.0001). At this timepoint, it was also significantly 
higher than at 3–4 weeks (p < 0.0001) and 6–8 weeks (p = 0.0001) post- 
fracture. Sdual10 was significantly higher than BL at 6–8 weeks (p =
0.0384) and 12 weeks (p < 0.0001) post-fracture. At 12 weeks, it was 
additionally significantly higher than at 3–4 weeks (p < 0.0001) and 

6–8 weeks (p = 0.0002). The interindividual variation was considerable 
for all parameters of S. 

The changes during healing in BV/TV and BMD followed different 
courses (Fig. 4). BV/TV320 and BV/TV200 significantly increased 
compared to BL at 3–4 weeks post-fracture (p = 0.0403 and p = 0.0003, 
respectively; Fig. 4a). They remained significantly higher than BL at 6–8 
weeks post-fracture (BV/TV320: p = 0.0043; BV/TV200: p = 0.0002) and 
at 12 weeks post-fracture (BV/TV320: p = 0.0022; BV/TV200: p =
0.0443). BMD also significantly increased compared to BL at 3–4 weeks 
post-fracture (p = 0.0108; Fig. 4b). It returned to BL-values at 6–8 and 
12 weeks post-fracture. At 12 weeks post-fracture, BMD was signifi-
cantly lower than at 3–4 weeks post-fracture (p = 0.0061). Similar as for 
the S parameters, the interindividual variation was considerable for the 

Fig. 2. Study participants and HR-pQCT data analyzed for this study.  

Table 1 
Baseline characteristics of the women with analyzed HR-pQCT 
data (N = 45).  

Age [year] 64.9 (13.9) 

Calcium intake [mg/day]a 

<1000 
<1200 

755 (425) 
28 (66.7) 
39 (92.9) 

25(OH)D level [nmol/L] 
<50 
<75 

56 (48) 
17 (37.8) 
30 (66.7) 

PTH [pmol/L] 5.1 (3.5) 
aBMD T-score [− ]b 

Femoral neck 
Total hip 
Lumbar spine  

− 2.0 (1.0) 
− 1.4 (1.2) 
− 2.0 (1.3) 

Osteoporosis [yes] 17 (37.8) 

Values are reported as median (interquartile range) or number 
(%). 
25(OH)D, 25-hydroxy-vitamin D. PTH, parathyroid hormone. 
aBMD, areal bone mineral density from dual-energy X-ray 
absorptiometry. 

a n = 42. 
b n = 43. 

M.S.A.M. Bevers et al.                                                                                                                                                                                                                         



Bone 175 (2023) 116859

5

two BV/TV parameters and BMD. 

3.3. Contribution of lower-mineralized tissue during healing 

The changes in the ratio Sdual5/Ssingle showed a different course 

during healing than the changes in S (Fig. 5). The ratio significantly 
increased compared to BL at 3–4 weeks post-fracture (p = 0.0010), 
remained significantly higher than BL at 6–8 weeks post-fracture (p <
0.0001), and then decreased to BL-values at the 12-week visit (Fig. 5a). 
At this timepoint, the ratio was significantly lower than at 3–4 weeks 

Fig. 3. Changes during fracture healing in stiffness a) 
from the single-threshold μFE-model (left) and the 
dual-threshold μFE-model with a Young’s Modulus of 
5 GPa for the lower-mineralized tissue (right); and b) 
from the dual-threshold μFE-models with a Young’s 
Modulus of 1 GPa (left) and 10 GPa (right) for the 
lower-mineralized tissue. The black lines denote 
estimated marginal means with 95 %-confidence in-
tervals. * and † denote a significant difference from 
the first and last visit, respectively (p < 0.05).   

Fig. 4. Changes during fracture healing in a) bone volume fraction based on a density threshold for segmentation of 320 mg HA/cm3 (left) and of 200 mg HA/cm3 

(right); and in b) bone mineral density. The black lines denote estimated marginal means with 95 %-confidence intervals. * and † denote a significant difference from 
the first and last visit, respectively (p < 0.05). 
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and 6–8 weeks (both p < 0.0001) post-fracture. The EMMs ranged be-
tween 1.05 (95 %-CI: 1.04–1.06) at 1–2 and 12 weeks post-fracture and 
1.08 (1.07–1.10) at 6–8 weeks; i.e. the contribution of lower-mineralized 
tissue to S was 5–8 % at the group level. At the individual level, the ratio 
ranged between 1.01 and 1.22 (i.e. a contribution of 1–22 %). Similar 
results were found when a lower or higher Young’s Modulus was used 
for the lower-mineralized tissue in the dual-threshold μFE-model 
(Fig. 6). The EMMs for the ratio ranged between 1.02 (1.01–1.03) at 12 
weeks and 1.04 (1.03–1.04) at 3–4 and 6–8 weeks when a Young’s 
Modulus of 1 GPa (Sdual1/Ssingle) was used and between 1.06 (1.05–1.08) 
at 12 weeks and 1.11 (1.09–1.12) at 6–8 weeks when a Young’s Modulus 
of 10 GPa (Sdual10/Ssingle) was used. At the individual level, the ratio 
ranged between 1.00 and 1.12 (Sdual1/Ssingle) and 1.01–1.32 (Sdual10/ 
Ssingle). 

A similar course was found for the changes in the ratio BV200/BV320 
during healing (Fig. 5b). It significantly increased compared to BL at 
3–4 weeks post-fracture (p = 0.0023) and subsequently decreased to 
become significantly lower than BL at 12 weeks post-fracture (p <
0.0001). At 12 weeks, the ratio was significantly lower than at 3–4 and 
6–8 weeks post-fracture (both p < 0.0001). The EMMs ranged between 
1.43 (1.41–1.46) and 1.52 (1.49–1.55). Fig. 5c shows three examples of 
fractures of visually varying severity and course and corresponding 

Fig. 5. Changes during fracture healing 
in the contribution of lower-mineralized 
tissue to a) stiffness represented by the 
ratio of stiffness from the dual-threshold 
μFE-model with a Young’s Modulus of 5 
GPa for the lower-mineralized tissue 
and the single-threshold μFE-model; and 
b) bone volume fraction represented by 
the ratio of bone volume fraction ob-
tained using a segmentation threshold 
of 200 mg HA/cm3 and of 320 mg HA/ 
cm3. The black lines denote estimated 
marginal means with 95 %-confidence 
intervals. * and † denote a significant 
difference from the first and last visit, 
respectively (p < 0.05). c) Comparable 
HR-pQCT slices during healing of three 
fractures with corresponding contribu-
tion of lower-mineralized tissue to 
stiffness and bone volume fraction. For 
visualization purposes, the scans were 
three-dimensionally registered based on 
their largest common height [27].   

Fig. 6. Changes during fracture healing in the contribution of lower- 
mineralized tissue to stiffness represented by the ratio of stiffness from a 
dual-threshold μFE-model with a Young’s Modulus of 1, 5, or 10 GPa for the 
lower-mineralized tissue and the single-threshold μFE-model. The lines denote 
estimated marginal means with 95 %-confidence intervals. * and † denote a 
significant difference from the first and last visit, respectively (p < 0.05). 
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contribution of lower-mineralized tissue to S and BV/TV during healing. 

4. Discussion 

The aim of this study was to investigate the contribution of lower- 
mineralized tissue to the stiffness of fractured distal radii derived from 
HR-pQCT during the first twelve weeks of healing by using multiple 
density thresholds to develop two series of μFE-models that include 
tissue of different mineralization densities. Additionally, we quantified 
bone mineral density and the contribution of lower-mineralized tissue to 
bone volume fraction to evaluate the formation and mineralization of 
lower-mineralized tissue during healing. While the stiffness of the distal 
radius fractures significantly increased compared to BL at the 12-week 
visit, the contribution of lower-mineralized tissue to the stiffness 
increased significantly compared to BL at 3–4 weeks and 6–8 weeks post- 
fracture. The course and statistical significance of the longitudinal 
changes were independent of the Young’s Modulus used for the lower- 
mineralized tissue in the dual-threshold μFE-model (between 1 and 
10 GPa). When using a Young’s Modulus of 5 GPa for the lower- 
mineralized tissue, the magnitude of the contribution of the lower- 
mineralized tissue to stiffness was 5–8 % at the group level and 1–22 
% at the individual level. The contribution of lower-mineralized tissue to 
bone volume fraction had a similar course during healing but larger 
magnitude. Bone mineral density significantly increased compared to BL 
at 3–4 weeks and returned to BL-values thereafter. 

Combining stiffness results that are obtained using different density 
thresholds for segmentation enables quantification of the contribution of 
lower-mineralized tissue to the stiffness of fractured distal radii during 
healing. The contribution of this tissue to stiffness significantly 
increased compared to BL at 3–4 and 6–8 weeks post-fracture. At 3–4 
weeks post-fracture, bone volume fraction and bone mineral density 
were also significantly higher than at BL, together with a significantly 
increased contribution of lower-mineralized tissue to bone volume 
fraction. These changes suggest the formation of lower-mineralized 
tissue early during healing. The timing of these changes co-occurs 
with visual changes of trabecular structures around the fracture region 
reported from 3 to 4 weeks post-fracture [15] and is consistent with the 
findings in a histological study on human specimens of distal radius 
fractures, where (woven) bone formation was observed between 2 and 4 
weeks post-fracture but not in the first week after fracture [29]. At later 
timepoints, the contribution of lower-mineralized tissue to bone volume 
fraction decreased. This suggests remodeling of the lower-mineralized 
tissue towards higher-mineralized bone. Together, the changes we 
found during healing support the general knowledge on the early phases 
of fracture healing; i.e. formation and concomitant and subsequent 
remodeling of woven bone [20–22]. 

The changes in the contribution of lower-mineralized tissue to stiff-
ness preceded the changes in stiffness, which significantly increased 
compared to BL at 6–8 or 12 weeks post-fracture depending on the 
Young’s Modulus for the lower-mineralized tissue. Together with the 
changes in the contribution of lower-mineralized tissue to bone volume 
fraction during healing, it suggests that predominantly mature bone, 
formed by remodeling of early lower-mineralized bone, contributes to 
the recovery of biomechanical strength after fracture. Stiffness from 
μFE-analysis may continue to increase until months after cast removal 
[16,18]. Simultaneously, Dutch guidelines prescribe cast treatment after 
a distal radius fracture for only 3–5 weeks [5]. At that time, we found 
limited signs of biomechanical fracture recovery as assessed by the 
stiffness from μFE-analysis but a significant increase compared to BL in 
the contribution of lower-mineralized tissue to this stiffness. Possibly, 
the lower-mineralized tissue provides sufficient fracture stabilization for 
cast removal, which is captured by changes in the contribution of lower- 
mineralized tissue to stiffness but not by changes in stiffness. That is, 
quantification of the contribution of lower-mineralized tissue to stiffness 
provides quantitative information about the early phases of fracture 
healing, which may be clinically most relevant. It additionally gives a 

more complete impression of strength recovery post-fracture than the 
evaluation of stiffness using a single series of μFE-models. 

In contrast to the course and timing of the contribution of lower- 
mineralized tissue to stiffness during healing, the magnitude of this 
contribution is likely less physiologically accurate due to the used 
methodology. For example, the erosion step used to obtain the dual- 
threshold μFE-models might have led to an underestimation of the 
magnitude due to the potential exclusion of lower-mineralized voxels in 
the μFE-models that were not the effect of partial volume effects but true 
voxels of lower-mineralized tissue. Additionally, the material properties 
of lower-mineralized tissue are not fully known, for which reason we 
used a range of Young’s Moduli (1–10 GPa) in our dual-threshold μFE- 
models. The upper value of this range (10 GPa) equals the value often 
used for mature bone in μFE-models from HR-pQCT data and can thus be 
considered as the theoretical maximum. This value likely overestimates 
the material properties of the lower-mineralized tissue and thereby the 
contribution of this tissue to stiffness. It is unknown whether the lower 
value of the chosen range (1 GPa) would be the physiological minimum. 
The material properties of the lower-mineralized tissue may also not be 
constant between regions and during the fracture healing process [30]. 
Besides that, the estimates of stiffness may not be fully accurate. While 
μFE-models similar to our single-threshold model accurately estimate 
failure load at the distal radius [31], μFE-analysis can considerably 
overestimate the stiffness of fractured bones depending on the type of 
fracture [32]. More detailed μFE-models (e.g. gray-value based with 
density-dependent material properties [33,34]) could possibly provide 
more accurate estimates, but the sole contribution of lower-mineralized 
tissue to stiffness cannot be quantified using a single series of FE-models, 
independent of the amount of detail. We did not experimentally validate 
our findings on the contribution of lower-mineralized tissue to stiffness. 
Such validation would also be challenging if not impossible because 
lower-mineralized tissue would not be easily separable from the rest of 
the bone tissue, and mechanical loads cannot be applied to solely this 
tissue. Nevertheless, our results suggest that the magnitude of the 
contribution of lower-mineralized tissue to stiffness as assessed by HR- 
pQCT is minor, and that the course and timing of the contribution 
during healing may be clinically relevant. 

There was large inter- and intraindividual variability in the evalu-
ated parameters, which could be associated with fracture type and pa-
tient characteristics. Fracture pattern and severity varied highly among 
the participants and might influence the extent to which lower- 
mineralized tissue is formed during healing and thereby the extent to 
which it contributes to the healing process. Furthermore, fracture dis-
locations during healing may cause differences in the scanned and 
analyzed bone region over time, which could have contributed to the 
large and abrupt longitudinal changes observed at the individual level. 
Similarly, patient characteristics, such as age and bone quality, might 
have contributed to the interindividual variation. Age and post-
menopausal osteoporosis may influence biological and mechanical fac-
tors involved in multiple phases of fracture healing [35–37], although 
evidence mainly comes from animal studies and is not convincing in 
clinical studies [36,37]. Additionally, in osteoporotic bone with less and 
lower-mineralized bone tissue, the contribution of lower-mineralized 
tissue might be relatively larger than in healthy bone, possibly further 
influenced by the phenotype of osteoporotic bone microarchitecture 
[38]. Further research into the role of lower-mineralized tissue in frac-
ture healing may include fracture pattern and severity and patient 
characteristics to improve our understanding of the fracture healing 
process in elderly and the effects of fracture type. 

Another important aspect regarding the inter- and intraindividual 
variability is the reproducibility of our methodology. Repositioning er-
rors between visits and motion artefacts might have contributed to the 
differences between participants and within participants between 
timepoints. Motion artefacts are partly inherent to the use of HR-pQCT 
and μFE-analysis: the relatively long scan time of HR-pQCT increases the 
risk of patient movement, and the large detail of both techniques 
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increases the potential effects of this movement on the quantified pa-
rameters. Scanning multiple stacks furthermore introduces a specific 
type of motion artefacts, stack shifts. Such shifts may potentially influ-
ence HR-pQCT parameters, but this influence is unknown. In a pilot 
study, we evaluated the effects of correcting stack shifts using an in- 
house developed stack registration algorithm on the stiffness from 
μFE-analysis at the contralateral, non-fractured distal radius of the 
participants of the current study. Using this algorithm, a two-layer 
overlap was artificially generated between the two stacks of an HR- 
pQCT scan, followed by three-dimensional rigid registration to 
compute an in-plane translation that was then applied to one of two 
stacks to reduce the stack shift. Preliminary analyses on 76 contralateral 
HR-pQCT scans showed that the median absolute percentage change in 
stiffness after stack shift correction was 0.94 % (interquartile range 1.8 
%), and it was ≤1 % in 40 out of the 76 scans (52.6 %; data not shown). 
Further study is however warranted to evaluate the need and the effects 
of a stack shift correction. Nevertheless, the fracture-, patient-, and 
reproducibility-related factors challenge the interpretation of results 
obtained with our methodology at the individual level as changes in the 
parameters during healing may not be solely the result of metabolic 
changes but also of these factors. 

In contrast, at the group level in clinical studies, where a combina-
tion of objective and subjective outcome measures is recommended to 
assess fracture healing [39], our methodology could be used to obtain 
quantitative and objective data on early changes during fracture healing 
based on detailed microarchitectural information of a fracture. The 
contribution of lower-mineralized tissue to stiffness could for example 
be a valuable measure. It requires however multiple μFE-analyses, which 
is computationally expensive. The contribution of lower-mineralized 
tissue to bone volume fraction is easier to compute and computation-
ally less expensive and had a similar course during fracture healing. The 
magnitude was however considerably higher, which may result among 
others from differences in computation (e.g. an erosion step was used in 
the generation of the dual-threshold μFE-models but not in the compu-
tation of bone volume fraction) and relative contribution of the voxels 
(e.g. included voxels may not all have contributed to a measurable extent 
to stiffness due to for example their location outside the fracture region, 
while all included voxels add to bone volume fraction). Nevertheless, the 
contribution of lower-mineralized tissue to bone volume fraction could 
be an alternative measure for the contribution to stiffness in the quan-
tification of early changes during fracture healing. 

Our study has several limitations. First, we used a scan protocol in 
which scan length and region were fixed for each participant, inde-
pendent of the size and precise location of the fracture. Consequently, 
the fracture was not entirely captured in all participants. Furthermore, 
this protocol has likely resulted in a variable fracture volume relative to 
the scanned volume among participants, thereby potentially under-
estimating the contribution of lower-mineralized tissue to the fracture 
healing in participants with a relatively small fracture. Future studies 
may therefore consider the use of a scan protocol with variable scan 
length and region and evaluation of subregions within the scanned bone 
that contain the fracture. Second, we based the density threshold for the 
lower-mineralized tissue on the thresholds used in a previous HR-pQCT 
study on distal radius fracture healing, in which the participants were 
younger than the participants in our study [17]. However, as the degree 
of mineralization of lower-mineralized tissue may not depend on age, we 
used the same threshold as in that study for uniformity. Furthermore, a 
lower threshold could potentially lead to a more noisy segmentation 
result and to the inclusion of tissue that likely does not add to the sta-
bilization of a fracture. Third, the scan region may have differed within 
participants between timepoints due to repositioning errors and the use 
of the lunate bone to determine the scan region which position with 
respect to the distal radius is not fixed. We did not align the scans to 
correct these potential differences in scan region because three- 
dimensional registration algorithms did not yield accurate results for 
severe fractures with substantial shape changes during healing [26,27]. 

A previously explored registration algorithm based on aligning fracture 
fragments was not evaluated [40]. Fourth, we did not correct for dif-
ferences in the cast worn during scan acquisition nor for stack shifts. A 
cast can cause systematic errors in HR-pQCT parameters due to beam 
hardening, but correction is difficult as cast interference depends on 
among others cast type and thickness [41,42]. Stack shifts could 
potentially influence HR-pQCT parameters, but the effects are unknown. 
As mentioned previously, preliminary analyses on contralateral HR- 
pQCT scans of the participants of the current study showed that the 
median absolute percentage change in stiffness after stack shift correc-
tion was <1 % (data not shown), but further evaluation is required to 
study the need and the effects of a stack shift correction. Fifth, the 
automatically obtained contours of the fractured distal radii required 
considerable manual adjustment, which is subjective, especially in 
largely compressed fractures and due to lower-mineralized tissue for-
mation. However, all adjustments were performed by the same inves-
tigator (MB), and μFE-parameters are little influenced by the periosteal 
contouring as long as all bone is included in the contoured region. 
Recently, an automatic contouring algorithm has been developed for 
fractured distal radii, but this algorithm was not available for use in our 
center [43]. Finally, as mentioned previously, the computed stiffness 
and contribution of lower-mineralized tissue to stiffness are likely not 
fully physiologically accurate [32], and therefore the magnitude of the 
contribution of the lower-mineralized tissue to stiffness may not be fully 
accurate. Nevertheless, the course and timing of the contribution agree 
with general knowledge on fracture healing, and quantification of early 
changes may have clinical relevance. 

To conclude, combining stiffness results from two series of μFE- 
models obtained using single- and dual-threshold segmentation enables 
quantification of the contribution of lower-mineralized tissue to fracture 
stiffness. The contribution of this tissue to the stiffness of conservatively- 
treated distal radius fractures is minor but changes significantly early 
during healing and around the time of cast removal. Together with 
changes in the contribution of lower-mineralized tissue to bone volume 
fraction, it may reflect the formation of woven bone and its subsequent 
and concomitant remodeling to mature bone. While the magnitude of 
the contribution to stiffness during healing may physiologically not be 
fully accurate, the course and timing of this contribution could be 
clinically relevant. Quantification of the contribution of lower- 
mineralized tissue to stiffness additionally gives a more complete 
impression of strength recovery post-fracture than the evaluation of 
stiffness using a single series of μFE-models alone. 

Funding 

This study is funded by the Weijerhorst Foundation and by the Sci-
ence and Innovation Fund of VieCuri Medical Center, Venlo, The 
Netherlands. 

CRediT authorship contribution statement 

Melissa S.A.M. Bevers: Writing – review & editing, Writing – 
original draft, Visualization, Software, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization. Frans L. Heyer: 
Writing – review & editing, Writing – original draft, Project adminis-
tration, Methodology, Investigation, Data curation, Conceptualization. 
Caroline E. Wyers: Writing – review & editing, Writing – original draft, 
Supervision, Project administration, Methodology, Investigation, 
Conceptualization. Bert van Rietbergen: Writing – review & editing, 
Writing – original draft, Supervision, Software, Methodology, Concep-
tualization. Piet P.M.M. Geusens: Writing – review & editing, Writing – 
original draft, Supervision, Methodology, Conceptualization. Heinrich 
M.J. Janzing: Writing – review & editing, Resources, Conceptualiza-
tion. Okke Lambers Heerspink: Writing – review & editing, Resources, 
Conceptualization. Martijn Poeze: Writing – review & editing, 
Conceptualization. Joop P. van den Bergh: Writing – review & editing, 

M.S.A.M. Bevers et al.                                                                                                                                                                                                                         



Bone 175 (2023) 116859

9

Writing – original draft, Supervision, Resources, Project administration, 
Methodology, Funding acquisition, Conceptualization. 

Declaration of competing interest 

B. van Rietbergen is a consultant for Scanco Medical AG. J.P. van den 
Bergh is a consultant for Porous GmbH. All other authors declare that 
they have no conflicts of interest. 

Data availability 

The authors do not have permission to share data. 

Acknowledgements 

We thank Sania Moharir, BSc for her help in studying the effects of 
stack shifts on μFE-analyses as part of her Master graduation project. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bone.2023.116859. 

References 

[1] J.A. Baron, M. Karagas, J. Barrett, W. Kniffin, D. Malenka, M. Mayor, R.B. Keller, 
Basic epidemiology of fractures of the upper and lower limb among Americans over 
65 years of age, Epidemiology 7 (6) (1996) 612–618. 

[2] J.W. Karl, P.R. Olson, M.P. Rosenwasser, The epidemiology of upper extremity 
fractures in the United States, 2009, J. Orthop. Trauma 29 (8) (2015) e242–e244. 

[3] K.W. Nellans, E. Kowalski, K.C. Chung, The epidemiology of distal radius fractures, 
Hand Clin. 28 (2) (2012) 113–125. 

[4] K.C. Chung, M.J. Shauver, J.D. Birkmeyer, Trends in the United States in the 
treatment of distal radial fractures in the elderly, J. Bone Joint Surg. Am. 91 (8) 
(2009) 1868. 

[5] NVVH, “Distale radiusfracturen – Duur immobilisatie bij distale radiusfracturen”. 
Richtlijnendatabase. https://richtlijnendatabase.nl/richtlijn/distale_radiusfr 
acturen/duur_immobilisatie_bij_distale_radiusfracturen.html, 2021. Accessed 1 
April 2023 [Dutch]. 

[6] A. Bentohami, E.A.K. van Delft, J. Vermeulen, N.L. Sosef, N. de Korte, T.S. Bijlsma, 
J.C. Goslings, N.W.L. Schep, Non-or minimally displaced distal radial fractures in 
adult patients: three weeks versus five weeks of cast immobilization—a 
randomized controlled trial, J. Wrist Surg. 8 (01) (2019) 043–048. 
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