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Abstract

Objective: Significant weight loss following treatments for obesity undermines bone metabolism
and increases bone turnover and fracture incidence. High resolution peripheral quantitative
computed tomography (HR-pQCT) is widely used in skeletal heath assessment research to provide
noninvasive bone parameter measurement (eg. volumetric bone mineral density (vBMD)) with
minimal radiation exposure. However, variation in body compaosition among study groups or
longitudinal variations within individuals undergoing significant weight change will generate
artifacts and errors in HR-pQCT data. The purpose of this study is to determine the influence of
these artifacts on the measurement of vBMD.

Methods: We designed a custom-made hydroxyapatite (HA)-polymer phantom surrounded by
layers of reusable gel pack and hydrogenated fat to mimic the distal tibia and the surrounding lean
and fat tissue. Four different thicknesses of fat were used to mimic the soft tissue of increasingly
overweight individuals. We then evaluated how a change in soft tissue thickness influenced image
quality and vBMD quantification within total, trabecular, and cortical bone compartments. Based
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on these data, we applied a data correction to previously acquired clinical data in a cohort of
gastric bypass patients.

Results: In the phantom measurements, total, trabecular, and cortical vBMD increased as soft
tissue thickness decreased. The impact of soft tissue thickness on vBMD varied by anatomic
quadrant. When applying the soft tissue data correction to a set of clinical data, we found that soft
tissue reduction following bariatric surgery can lead to a clinically significant underestimation of
bone loss in longitudinal data, and that the effect is most severe in the cortical compartment.

Conclusion: HR-pQCT-based vBMD measurement accuracy is influenced by soft tissue
thickness and is spatially inhomogeneous. Our results suggest that variations in soft tissue
thickness must be considered in HR-pQCT studies, particularly in studies enrolling cohorts with
differing body composition or in studies of longitudinal weight change.

Keywords

1.

Bone mineral density; HR-pQCT; Obesity; Beam-hardening; Scatter; Bariatric Surgery; Weight
loss

INTRODUCTION

Obesity is a worldwide health crisis. Adults with obesity suffer from increased prevalence of
severe health problems such as diabetes and cardiovascular diseases, resulting in decreased
quality of life and increased mortality. Recently, the skeletal health of adults with obesity has
become an area of interest in research and medical care. Several studies have indicated that
obesity is not protective against fracture, and that fracture risk may actually be higher at
peripheral sites in those with higher BMI [1-8]. Further, recent studies suggest that
significant weight loss following treatments for obesity (eg. bariatric surgical procedures)
also undermines bone metabolism and increases bone turnover and fracture incidence [9-
13].

In order to understand the interactions between bone health and weight, medical imaging
techniques are utilized for bone density assessment. Dual-energy X-ray absorptiometry
(DXA) is the most common imaging modality to evaluate bone health. In DXA, X-ray
beams pass through the body along a single projection, and areal bone mineral density
(aBMD) is calculated based on X-ray attenuation. However, several studies have
demonstrated that aBMD measurement is influenced by soft tissue thickness and
composition [14-17].

Quantitative computed tomography (QCT) is an alternative imaging modality to asses bone
density. In QCT, X-ray attenuation is calculated along multiple projections and volumetric
BMD (vBMD) is calculated from a three-dimensional reconstruction. Because of the
volumetric nature of QCT data, bone and soft tissue can be distinguished and analyzed
separately. Therefore, QCT is theoretically less susceptible to soft tissue imaging artifacts.
However, errors due to beam hardening and reconstruction artifacts have been documented
in QCT vBMD measurement in individuals with obesity [17-21].
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High resolution peripheral quantitative computed tomography (HR-pQCT) is widely used in
skeletal heath assessment research. HR-pQCT can noninvasively measure vBMD and bone
microstructure within specific bone compartments at the tibia and radius with minimal
radiation exposure [22—-25]. However, beam hardening and reconstruction artifacts, as in
QCT imaging, may potentially influence results in individuals with obesity or significant
weight-loss, causing measurement error in vBMD or over- or underestimations of skeletal
changes in longitudinal studies [26-28].

The aim of this study is to determine the influence of beam hardening and reconstruction
artifacts on the measurement of vBMD in the setting of individuals with obesity or
significant weight change, and to apply these findings to the interpretation of clinical data
from a longitudinal study of bone health following obesity treatment. In this study, we
designed a phantom, a manufactured model of the tibia with varying soft tissue thicknesses
to simulate variation in adipose tissue thickness, and quantified the resulting influence on
HR-pQCT vBMD measurements in a spatially resolved manner within the cortical and
trabecular compartments. We utilized our findings to estimate the influence of acquisition
and reconstruction artifacts on longitudinal vBMD measurements acquired from HR-pQCT
in a cohort of patients undergoing Roux-en-Y gastric bypass (RYGB) surgery.

METHODS

Phantom Preparation

A custom-made hydroxyapatite (HA)-polymer phantom, mimicking average dimensions of
the human distal tibia, was used in this study (QRM, Mohrendorf, Germany). The phantom
consisted of an outer shell and an insert, both 5¢cm in length, representing the cortical and
trabecular compartments, respectively. The density of the HA-polymer shell representing the
cortical compartment was 1000 mg HA/cm3, which approximates the average density of
human cortical tissue. The cortical shell was designed with a step to model two cortical
thicknesses: 1.5 mm and 2.0 mm, both with an inner diameter of 32 mm. The density of the
insert representing the trabecular compartment was 180 mg HA/cm3. A reusable 2 cm thick
gel pack (Walgreens Co., Deerfield IL) and hydrogenated fat (Crisco) within sealed plastic
enclosures were layered around the HA-polymer phantom to mimic soft tissue (lean and
adipose tissue) surrounding bone (Figure 1). The phantom was constructed in four grades
representing four thicknesses of adipose tissue, to model different levels of artifact severity
(Table 1). The presence of soft tissue outside the imaging field of view (FOV), often
unavoidable in patients with obesity, leads to reconstruction artifacts. Therefore we included
soft tissue layers thick enough to extend beyond the FOV (Figure 1).

Phantom Image Acquisition

Scanning was performed on a HR-pQCT scanner (XtremeCT, Scanco Medical AG,
Bruttisellen, Switzerland) with the standard protocol provided by the manufacturer: 60 kVp
source potential, 900 pA tube current, 100 ms integration time, 12.6 cm field of view, 110
slices and isotropic voxels of 82 um. For the phantom study, a total of 8 scans were acquired:
one set of scans for each grade with cortical thickness 1.5 mm, and a second set with cortical
thickness 2.0 mm.
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2.3. Phantom Image Analysis

Each phantom scan was processed using algorithms provided by the manufacturer (IPL
v5.08b, Scanco Medical AG) to automatically segment the trabecular and cortical bone
regions as described previously [29,30] (Figure 2). Total, trabecular, and cortical vBMD
were calculated in mgHA/ cm3. To study how varying soft tissue configurations affect
specific regions within the cortical and trabecular compartments, each compartment was
divided into four anatomical regions: anterior, posterior, medial, and lateral, based on the
coordinates of the scanner (Figure 3) [31].

To evaluate the impact of soft tissue changes on longitudinal measurement of vBMD, a soft
tissue specific factor was calculated from the phantom data, according to the following
formula:

VBMDpy5t — VBM Dy,

% 100%
vBMDpy, ’

AUBJWDsoft tissue =

where AVBMDguf issue 1S the change in measured vBMD caused solely by adipose tissue
reduction between pre (baseline) and post (follow-up) scans. AVBMDgyf tissue Was calculated
for pre scan configurations of Grade 4 (3.5 cm adipose tissue) and Grade 3 (2.0 cm adipose
tissue), and for post scan configurations of Grade 2 (1.5 cm adipose tissue) and Grade 1 (1.0
cm adipose tissue).

A change in soft tissue thickness impacts image quality and vBMD quantification by
altering image artifacts, including scatter, beam hardening, and noise. To assess the relative
impact of these artifacts on our phantom data, two metrics were calculated. First, to quantify
the extent of scatter and beam hardening, two regions of interest (ROI) were designed: (1) a
15 pixel wide ring ROI near the outermost portion of the trabecular region, and (2) a 50 pixel
radius circle at the center of the trabecular region (Figure 3). The vBMD difference between
the outer ring and central circle was used to quantify cupping, the characteristic feature
imposed by scatter and beam hardening. Second, to quantify the noise level, the standard
deviation of signal intensity within the trabecular region was calculated.

2.4. Human Subjects Study

Data for patients with obesity undergoing RYGB were drawn from our previous longitudinal
study [9]. In brief, men and women scheduled for RYGB surgery were recruited from
academic bariatric surgery centers (the University of California, San Francisco [UCSF] and
the San Francisco Veterans Health Care System [SFVAHCS])). Exclusion criteria included
perimenopause and use of medications known to influence bone metabolism. A total of 48
participants (38 women and 10 men, mean age =46+12) contributed both preoperative and
postoperative data. Participants were scanned just prior to RYGB surgery, 6 months
following surgery, and 12 months following surgery. RYGB patient scanning was performed
on the same HR-pQCT system with the same scan settings as the phantom acquisition
(Figure 4). Scans were examined to confirm that excessive motion artifacts were not present.
Longitudinal scans were registered to baseline in a 2D manner using the software provided
by manufacturer. Only the common volume of interest (VOI) was used in analysis.
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To evaluate the impact of soft tissue changes on the measurement of longitudinal vBMD
change in the RYGB study, each baseline and follow-up scan was scored according to the
grading system described in Table 1. Of 48 total participants, 5 presented with soft tissue
exceeding the FOV at baseline. Four of these were Grade 4 (soft tissue far exceeding FOV),
and one was Grade 3 (soft tissue exceeding FOV). As a result of weight loss and better scan
positioning, all five subjects presented as Grade 1 (soft tissue within FOV) at their 12 month
follow-up. For each subject in this subset, a corrected 12 month longitudinal vBMD change
was calculated by adjusting the original measured 12 month vBMD by the corresponding
AVBMDgf tissue- 10 the RYGB cohort as a whole, the average cortical thickness was 1.4 £
0.2 mm, therefore corrections derived from the 1.5 mm phantom were used. Means and
standard deviations of original and corrected 12 month longitudinal vBMD change values
were calculated. Paired t-tests were performed to compare original baseline and 12 month
vBMD values and to compare original and corrected longitudinal vBMD change values for
the subset of participants included in this analysis.

3. RESULTS

3.1.

Phantom vBMD Analysis

Both trabecular and cortical vBMD increased as soft tissue surrounding the phantom
decreased in thickness, with the exception of trabecular vBMD from Grade 4 (3.5 cm) to
Grade 3 (2.0 cm) (Figure 5). This effect was more severe for thicker cortical bone, as
evidenced by a greater dependence of vBMD on soft tissue volume in the 2.0 mm cortical
thickness phantom compared to the 1.5 mm cortical thickness phantom. However, this
absolute change was small (5-10 mgHA/cm?3), particularly compared soft tissue effects, and
not clinically significant.

The influence of soft tissue volume on trabecular and cortical vBMD varied by anatomic
region (Figure 6). From Grade 4 (3.5 cm) to 3 (2.0 cm), trabecular vBMD increased in the
medial quadrant but decreased in lateral, anterior and posterior quadrants. From soft tissue
Grade 3 (2.0 cm) to 1 (1.0 cm), trabecular vBMD increased in all four quadrants.
Inhomogeneity in vBMD measurement effects was also detected in the cortical
compartment. From Grade 4 (3.5 ¢cm) to 3 (2.0 cm), vBMD increased in all quadrants with
the exception of a decrease in vBMD in the anterior quadrant. From Grade 3 (2.0 cm) to 1
(1.0 cm), cortical vBMD increased in all quadrants.

Variations in soft tissue volume influenced the level of cupping and noise artifacts. Both
cupping and noise increased as soft tissue volume increased. In the 1.5 mm cortical
thickness phantom, cupping (outer vBMD — central vBMD) decreased from 52.8 to 42.5 mg
HA/cm?3 (-19.5%) as soft tissue decreased from Grade 4 (3.5 cm) to 1 (1.0 cm). Noise
decreased from 208.4 to 164.1 (—21.2%) as soft tissue decreased from Grade 4 (3.5 cm) to 1
(1.0 cm). Cupping and noise were higher in the 2.0 mm cortical thickness phantom. With 2.0
mm cortical thickness, cupping decreased from 65.9 to 50.7 mg HA/cm3 (=23.1%) and noise
decreased from 220.1 to 177.6 (1-9.3%) as soft tissue increased from Grade 4 (3.5cm) to 1
(1.0 cm).
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3.2. Human Subjects vBMD Analysis

As reported previously for the entire RYGB cohort [9], vBMD at the tibia decreased during
the 12 months following surgery. Total vBMD and cortical vBMD decreased significantly
(mean + SD: 2.7 £ 3.1% and —1.6 * 2.4%, p<0.0001). Trabecular vBMD also decreased
over the 12-month period, (-0.5 £ 3.8%), but this did not reach significance.

For the subset of subjects included in this analysis, the original data showed that longitudinal
vBMD change at the tibia ranged from 3.3% to —6.1% (mean + SD: —1.6 + 3.6, No
Significance) for total vBMD, 1.2% to —2.8% (mean + SD: —-0.9 + 1.6, No Significance) for
cortical vBMD, and 4.6% to —2.2% (mean + SD: 1.2 + 2.8, No Significance) for trabecular
vBMD (Table 3, Figure 7). None of these longitudinal changes reached statistical
significance.

When the AVBMDguz issue COrrection (Table 2) was applied to the data for the five selected
participants with high baseline soft tissue grade, all 12-month vBMD losses increased (Table
3; Figure 7). The corrected 12-month vBMD loss in the total, cortical and trabecular
compartment worsened significantly from the original uncorrected vBMD loss (total: —-1.6%
to —4.8%, p<10~5; cortical: 0.9 % to —5.1%, p<10~4 trabecular: 1.2% to —0.5%, p=0.006).
These results demonstrate that soft tissue reduction over time leads to an underestimation of
bone loss in longitudinal data, and that the effect may be most severe in the cortical
compartment.

After applying the AVBMDg,f sissue COrrection to the five selected participants, the corrected
data showed that longitudinal vBMD change was in fact statistically significant except
trabecular region. vBMD change at the tibia ranged from 0.1% to —9.2% (mean = SD: -4.8
+ 3.6; p =0.04 ) for total vBMD, —3.2% to ——7.2% (mean + SD: -5.1 + 1.7, p = 0.001) for
cortical vBMD, and 3.3% to —2.8% (mean = SD: —0.5 * 3.0, No significance) for trabecular
vBMD (Table 3, Figure 7).

4. Discussion

In this study, a phantom was designed to mimic the distal tibia and surrounding soft tissue
and was used to investigate the effect of substantial weight loss on vBMD measurement by
HR-pQCT. The results indicate that measured vBMD has an inverse relationship with soft
tissue thickness: greater soft tissue thickness will result in lower measured vBMD.
Conversely, in the context of weight loss, soft tissue loss over time will result in a measured
increase in vBMD even if true vBMD is unchanged. Further, the results of this study show
that the extent of vBMD measurement error and its dependence on soft tissue thickness is
spatially inhomogeneous, and is different between the cortical and trabecular compartments.
Applying these findings to clinical data acquired in a bariatric surgery weight loss cohort,
we found that the influence of soft tissue changes on longitudinal vBMD measurement is
substantial and must be addressed to accurately quantify bone density changes. These results
suggest that variations in soft tissue thickness must be considered in HR-pQCT studies, and
particularly in longitudinal weight loss studies or cross-sectional studies enrolling cohorts
with varying degrees of obesity.
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In CT scanning, several artifacts related to soft tissue variation can influence vBMD
measurement. First, a change in the composition of soft tissue surrounding the bone can
increase preferential absorption of low energy photons or change the direction of high
energy photons [32,33]. The preferential absorption of low energy photons generates beam-
hardening artifact [34]. The change of direction of photons generates scatter artifact. Both
artifacts can contribute to a “cupping effect” on the reconstructed image, which decreases
the grey level of central voxels relative to peripheral voxels and therefore reduces the
accuracy of spatial vBMD measurement [35]. In addition, both artifacts can reduce photon
counts received by the detector, which further degrades image quality [21]. Increased noise
can result in incorrect segmentation, which will also negatively influence bone quality
assessment. Second, oversized objects can exceed the field of view. Attenuation absorbed by
those soft tissues outside the field of view can be erroneously mapped back to the object
inside the field of view, generating a circular artifact on the image [36-38].

Soft tissue thickness and cortical bone thickness both induce artifacts and degrade image
quality, which manifest as increased cupping and noise in the trabecular bone compartment.
Severe cupping artifact can cause miscalculation of vBMD in both trabecular and cortical
regions, leading to an incorrect assessment of bone quality. In our phantom study, increased
soft tissue thickness resulted in increased cupping, which then resulted in decreased
measured vBMD, illustrating the effect of cupping on vBMD variation.

The results of regional analysis demonstrate that the out-of-field reconstruction artifact has a
spatially dependent influence on measured vBMD. In our study, the bright circular artifact
caused by out-of-field material occurred consistently at the anteriomedial edge of the image.
As a result of the errors in distribution of this additional attenuation load by the
reconstruction algorithm, the measured vBMD within the anterior quadrant, which was
closest to this region, was elevated for both cortical and trabecular compartments. We found
that the out-of-field reconstruction artifact has varying influence on cortical and trabecular
bone, at least partially due to their spatial organization relative to the out-of-field material.

One other group has demonstrated that changes in soft tissue surrounding bone will
influence HR-pQCT parameters of bone quality. Signe, et. al designed 6 mm and 12 mm fat-
tissue layers using vegetable shortening and wrapped them around a calibration phantom as
well as patients during HR-pQCT scanning [39]. Consistent with our results, they
demonstrated that the density of the phantom and the cortical and trabecular vBMD of
human subjects decreased when the fat layer thickness increased. Unique to our study,
however, is the specially-designed phantom that simulates the cortical and trabecular
compartments of a tibia. This allowed us to more precisely quantify the influence of soft
tissue and cortical geometry on vBMD measurement. In addition, the phantom used in our
study enabled the reproduction of artifacts seen in practice in human imaging, for example
the out-of-field material that is sometimes unavoidable in subjects with obesity. (Fig 5). An
additional strength of our study is our regional analysis, which revealed a spatially-
dependent effect of the influence of soft tissue on vBMD measurement.

Our study has several limitations. First, we focused on vBMD analysis and did not evaluate
the effects of soft tissue on microarchitectural HR-pQCT parameters. Second, sample size of
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our human vBMD correction study was small. Despite these limitations, our phantom and
clinical results demonstrate the potential magnitude of errors resulting from changes in soft
tissue and variations in cortical geometry, and can serve as a reference to help researchers
interpret their results.

In conclusion, we designed a realistic bone and soft tissue phantom to analyze the influence
of soft tissue and geometry changes on vBMD measured by HR-pQCT. This work is
particularly relevant to imaging studies of individuals with obesity and substantial weight
change, as well as studies including cohorts with great variation in body habitus. Our results
indicate that soft tissue thickness and the extension of material outside the field-of-view will
have significant and spatially dependent impacts on measured vBMD.
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Highlight
Designed a phantom to mimic tibia and surrounding soft tissue variation
vBMD measured by HR-pQCT increased as soft tissue thickness decreased.

The impact of soft tissue thickness on vBMD measured by HR-pQCT varied
spatially.

Soft tissue reduction after RYGB surgery can cause underestimation of bone
loss
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Figure 1:
Soft tissue phantom model. Left: The hydroxyapatite trabecular and cortical phantom

surrounded by a gel pack and layers of fat. Right: Four configurations of soft tissue
phantoms developed to span the range of artifact severity.

Bone. Author manuscript; available in PMC 2021 September 01.

Page 12



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wu et al.

Figure 2:
Contours of cortical and trabecular bone (left) and four anatomical regions (right)
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Figure 3:
Example of ROI for artifact analysis. The outer ring (green) and central circle (blue) are

within the trabecular compartment. Mean vBMD was calculated for the outer ring and
central circle, and the difference was used to characterize the impact of the cupping artifact.
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Baseline 6 months follow-up 12 months follow-up

Figure 4:
HR-pQCT scans from the RYGB study. In the baseline scan, poor positioning due to excess

soft tissue resulted in soft tissue exceeding the field of view, and the resulting reconstruction
error is visible as a bright streak at the field of view edge.
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Figure 5:
Trabecular and cortical vBMD is influenced by soft tissue volume and cortical thickness. Y-

axis split to allow visualization of trabecular and cortical data together.

Bone. Author manuscript; available in PMC 2021 September 01.

Page 16

== Cort. Ct.Th.=2.0
={ = Cort. Ct.Th.=1.5
== Trab. Ct.Th.=2.0

={J= Trab. Ct.Th.=1.5

|

#

w EEEEEEN

Exceed FOV

205

195

B bt 185

175

165



1duosnuepy Joyiny

1duosnuely Joyiny

Wu et al. Page 17

Measured vBMD-Laterial Measured vBMD-Medial
—=Cort. CtTh=15 «{=Cort. Ct.Th.=1.5
985 985 n
975 =0~ Trab. Ct.Th.=15 e =0~ Trab. Ct.Th.=15
965 965
955 955
945 945
935 935
w 925 o 925
E 915 E 915
< %5 < 905
I, 895 T 895
E 885 E 885
200 200
o 190 190
eesssssssnand}ensccnsscans G-------------D 180 D-------------D .......... codlecnnn oa < =
170 Ten- 170
A— 160 — 160
Decreasing soft-tissue thickness izg Decreasing soft-tissue thickness :Zg
1 2 3 4 1 2 3 4
Grade Grade
Measured vBMD-Anterior Measured vBMD-Posterior
=O=Cort. Ct.Th=1.5 =O=Cort. CL.Th=1.5
985 985 - t =
1’3; =0 Trab. Ct.Th.=15 :’j“' 2= Trabs CeThals
5 9
965 965
955 955
945 945
935 935
925 925
o m
E 915 E 915
< 905 g 905
L 895 T, 895
E 885 E 885
200 200
190 190
...... coccnedjea. PR |
m] 4 B DR o PR S 180 [ o [, eemmmmmm=====0 180
170 170
— 160 160
Decreasing soft-tissue thickness 150 2 p g 150
140 Decreasing soft-tissue thickness 140
1 2 3 4 1 2 3 4
Grade Grade
Figure 6:

Trabecular and cortical vBMD for each anatomic quadrant. Y-axis split to allow
visualization of trabecular and cortical data simultaneously.
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Figure 7:

Originally reported and corrected 12-month longitudinal vBMD changes for individual
RYGB patients.
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Table 1:

Page 19

Description of grading scheme, proximity of soft tissue to the edge of the field of view (FOV) at each grade,

and thickness of phantom adipose tissue (fat layer) to achieve each configuration

Grade Proximity to FOV Adipose tissue thickness
Grade 1 within FOV 1.0cm
Grade 2 at edge of FOV 1.5cm
Grade 3 extending beyond FOV 2.0cm
Grade 4  extending far beyond FOV 3.5cm
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Change in measured vBMD due to soft tissue reduction (AvBMDgyf tissue) in the phantom study.

Table 2:

pre: Grade 3

pre: Grade 4

Total
Trab
Cort
Total
Trab
Cort

Phantom study: Change in measured vBMD due to soft tissue reduction

AvBM Dsoft tissue (%)

AvBM Dsoft tissue (%)

post: Grade 2

post: Grade 1

Ct.Th=1.5mm Ct.Th=2mm Ct.Th=1.5mm Ct.Th=2mm
18 25 3.6 4.3
1.7 2.9 2.9 3.7
15 2.0 35 4.4
13 24 31 4.3
0.2 15 13 2.3
24 3.1 4.4 55
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Table 3:

Originally reported and corrected 12-month longitudinal vBMD changes for five RYGB patients. Paired t-test
on corrected AvBMD compared to original AvBMD.

Clinical study : Comparison of original and corrected 12-month BMD change

Original AvBMD(%) Corrected AvBMD(%0)
Total -16+36 -48+36™"
Trab 12+28 -05+307
Cort -09+16 5117
*
1 p<0.01
*A
1 p<0.0001
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