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Abstract

Purpose

Accurate non-invasive assessment of vertebral bone marrow fat fraction is important for
diagnostic assessment of a variety of disorders and therapies known to affect marrow
composition. Moreover, it provides a means to correct fat-induced bias of single energy
quantitative computed tomography (QCT) based bone mineral density (BMD)
measurements. We developed new segmentation and calibration methods to obtain

quantitative surrogate measures of marrow-fat density in the axial skeleton.
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Methods

We developed and tested two high resolution QCT (HR-QCT) based methods which
permit segmentation of bone voids in between trabeculae hypothesizing that they are
representative of bone marrow space. The methods permit calculation of marrow
content in units of mineral equivalent marrow density (MeMD). The first method is based
on global thresholding and a peeling (GTP) to define a volume of interest (VOI) away
from the transition between trabecular bone and marrow. The second method,
morphological filtering (MF), uses spherical elements of different radii (0.1-1.2 mm) and
automatically places them in between trabeculae to identify regions with large trabecular
interspace, the bone void space. To determine their performance data were compared
ex vivo to high-resolution peripheral CT (HR-pQCT) images as the gold standard. The
performance of the methods was tested on a set of excised human vertebrae with intact

bone marrow tissue representative of an elderly population with low BMD.

Results

87% (MF) and 86% (GTP) of the voxels identified as true marrow space on HR-pQCT
images were correctly identified on HR-QCT images and thus these volumes of interest
can be considered to be representative of true marrow space. Within this volume MeMD
was estimated with residual errors of 4.8 mg/cm? corresponding to accuracy errors in fat

fraction on the order of 5% both for MF and GTP methods.

Conclusions

The GTP and MF methods on HR-QCT images permit noninvasive localization and
densitometric assessment of marrow fat with residual accuracy errors sufficient to study
disorders and therapies known to affect bone marrow composition. Additionally, the
methods can be used to correct BMD for fat induced bias. Application and testing /n vivo
and in longitudinal studies is warranted to determine the clinical performance and value

of these methods.
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1 Introduction

The development and function of adipocytes and osteoblasts is a tightly regulated
process. Over time, the adipocytic cell lineage takes a more dominant role in the
differentiation of stromal or mesenchymal cells at the expense of the osteoblastic cell
lineage. As the body ages, fatty depots in the marrow space increase and replace red or
hematopoietic bone marrow. The incidence and location of certain diseases like
myeloma, Ewing sarcoma, and histiocytic lymphoma are associated to the location and
distribution of red marrow. Moreover, certain lesions to the marrow like metastasis may
occur in mixed red and yellow marrow but not in yellow marrow alone’. Yellow marrow
largely consists of fat but a detailed assessment reveals a complex composition
pattern2. In the appendicular skeleton of adults, more than 70% of the marrow space is
occupied by fat3. 4 but in the vertebrae changes in marrow composition occur somewhat
later in life and thus marrow composition is more variable'. 5 with red-marrow cellularity
dropping from nearly 100% at birth to 60 % by adulthood.® In osteoporosis reduced
levels of bone formation, owing to a reduction in the number and activity of osteoblasts
are coupled with a corresponding increase in marrow adipose tissue. Such an increase
from 40% at age 30 to 68% at 100 years in a cohort of healthy and osteoporotic patients

has been observed.®

To assess fat non-invasively in the marrow, Magnetic Resonance Imaging (MRI) has
been the standard technique.. There have been efforts to compare MRI and quantitative
computed tomography (QCT) derived measures. Ito ef a/ lto et al investigated the
relation between T1-relaxation times and QCT-derived BMD.” More recently, Hui ef a/

have shown good correlations in the volumetric marrow-fat estimated with MRI and
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marrow fat estimated with Dual-energy CT (DEQCT) in cancer patients (r = 0.77).8
DEQCT offered a reduction in the fat-related error in estimating BMD compared to
single-energy CT (SEQCT). Moreover, Goodsitt ef a/. used DEQCT to measure
intraosseous fat ex vive?-11 and recently, with the introduction of calibration standards for
fat volume fraction, have quantified errors in its estimation for radiotherapy treatment
planning.’2 The earlier DEQCT applications had the disadvantage of delivering an
increased radiation dose to the patient and having worse reproducibility compared to
SEQCT. State of the art DECT devices may reduce these two drawbacks and iterative-
reconstruction methods may reduce patient doses even further without a large detriment
in image quality. These two technologies may become more widespread in the near
future and therefore, may be implemented in large clinical osteoporosis and bone

disorders related studies.

It is the purpose of the present study to develop a new segmentation and calibration
method that yields a quantitative surrogate measure of marrow-fat content in the axial
skeleton, which can be applied to SEQCT scans and also for future DEQCT studies.
Data acquisition is based on a high resolution QCT (HR-QCT) imaging protocol which
additionally permits assessment of vertebral bone microstructure’3. 14 and correction of
BMD bias caused by marrow fat. The latter aspect can be best accomplished by
calibrating the marrow background in the same way as done for bone, i.e. in mineral
equivalent units. This calibration additionally permits estimation of the fat/water ratio of
the bone marrow as a basis to study changes in marrow composition associated with

aging, disease, and therapy.

We hypothesize that densitometry from sub-regions in the marrow devoid of bone can
yield accurate representative measures of marrow density reflecting the fat/water ratio.
In this study we present two image segmentation methods, one based on global

thresholding plus peeling (GTP) and a second, a morphological filtering (MF) method,
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with the goal of segmenting marrow sub-regions as free of bone as possible from CT-
images, thereby minimizing the influence of the partial volume effect and blurring
according to the modulation transfer function in the marrow phase. The GTP method
erodes regions close to the bone phase by a fixed distance and excludes them from
analysis. On the other hand the MF-method, termed granulometry in other image
processing fields's, has been previously implemented to estimate trabecular bone
thickness'® and resembles the Euclidean distance transform. We assess the
performance of both methods by comparing them to High Resolution peripheral QCT

(HR-pQCT) as ground truth imaging technique

2 Materials and Methods

2.1 Bone Specimens

The segmentation methods were evaluated for two different samples of specimens:
‘embedded vertebrae”. human defatted vertebrae embedded in epoxy resin, and
‘excised vertebrae”: fresh frozen vertebrae with intact bone marrow. Hereafter only
results for the excised vertebrae are shown. Corresponding results for the embedded

can be found in the online supplementary data.

14 excised human thoracic (T10) vertebrae, harvested in the framework of the BioAsset
study, were deemed optimal (free of large air bubbles, non-fractured, no scan artifacts)

for the present work. Details and results of that study have been published elsewhere.?.

18

2.2 Image acquisition
A standard HR-QCT protocol?3. 14. 19 (120 kVp, 360 mAs, 0.6 mm collimation,
0.188x0.188x0.3 mm? voxel spacing, z-axis length ca. 70 mm was applied on a clinical

CT scanner (Siemens Somatom 64, Siemens AG Erlangen, Germany). HR-pQCT
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images were obtained on a XtremeCT | device (Scanco Medical AG, Bruttisellen,
Switzerland) at the Institut fir Osteologie und Biomechanik, Hamburg, Germany with a

standard patient protocol (60 kVp, 0.9mA, isotropic voxel size: 0.082°mm?3).

2.3 Density calibration
Calibration to BMD of the HR-pQCT images was performed using the approach
implemented by the manufacturer. BMD calibration of the HR-QCT images was carried
out by scanning a density calibration phantom (K2HPO4) (Mindways, Austin TX, USA)
underneath the vertebral specimens. Two CT-reconstructions were obtained: One which
comprised a field of view (FOV) large enough to include both the vertebra and
calibration phantom and a second one with only the vertebra inside the FOV used for the
actual density estimations. Both BMD and Mineral equivalent Marrow Density (MeMD)
were assessed in the same way and were expressed using units of mineral density (mg

CaHAP/cm3 for HR-pQCT and mg KoHPO4/cms3 for HR-QCT).

2.4 Image Pre-Processing
The cancellous bone in the HR-pQCT images was segmented with a Scanco VivaCT 80
system by manually placing ellipse-like VOlIs in the case of the excised samples and
using manufacturer scripts for semi-automatic contouring of the entire spongious volume
for the embedded samples (Figure 1). Image noise was reduced with the edge-
preserving Perona-Malik anisotropic diffusion20 to improve the subsequent bone-void
detection. This filter (anisodiff3D.m function; delta = 0.1429, kappa = 30, option = 2,
iterations = 9 on HR-pQCT and 3 on HR-QCT) is available as community-shared code in
MATLAB (The MathWorks Inc., Natick, MA, USA). Due to the presence of remnant air
bubbles within the cancellous region, a global threshold setting (tair = -150 for HR-pQCT
and -200 for HR-QCT) was necessary to disregard those voxels in all density

estimations.
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2.5 Marrow Segmentation Methods
Marrow space volume can be either derived from MV=TV-BV, using an estimated
BV=TV*BMD/1200mg/cm*® where a tissue mineral density (TMD) of 1200 mg/cm3 is
assumed or segmented. We use two marrow segmentation approaches. The first one, a
standard one, is a combination of a global threshold of 250 mg/cm? (as used in our prior
HR-QCT works'4 21) and a peeling of 0.3 mm to reduce the partial volume effect (GTP
method). The alternative segmentation method was based on Morphological Filtering
(MF) with spherical structuring elements of varying radius. The assessment of the
method was based upon the following criteria: (1) Evaluation of a large fraction of the
marrow space in order to assure that the measurements are representative for the
vertebral body and (2) Optimal correlation between MeMD measured with HR-QCT and
HR-pQCT aiming to minimize the residual errors in a regression analysis (RMS error).
The MF approach contains spherical structuring elements that are reshaped by
morphological operations. The resulting entities of connected spherical elements are
denoted as “bone-voids”. The set of all bone voids identified represent the “bone-void
space” used to estimate the properties of the true marrow space (i.e. the bone-void
space of HR-pQCT, the reference technique). The bone-void space detection consisted
of a series of morphological filtering operations using binary spherical structuring

elements (SE) applied on a binary image and can be summarized as:
LT(Image,t) » C(SE(ry)) » O(SE(ry)) » E(SE(r3)) (1)

We start from a binary mask obtained from global threshold binarization of the greyscale
images, with L7: low-pass threshold operator and £ threshold setting. For the two
specimens, embedded and excised, a threshold ¢ of 160 mg/cm® was used.
Subsequently, a closing operation (C) excludes particles the size of one voxel from the
mask, e.g. r7 = voxel-spacing (mm). After this, an opening operation (O) finds regions

within the mask with spacing between trabeculae greater than or equal to that of the
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sphere radius 2 (range: 0.1 — 1.2 mm, in 0.1 mm steps). Finally, erosion (£) using a
sphere radius r3; of 60% of the sphere radius of the previous step (r2) ensures that
regions close to the bone phase are disregarded, thus further minimizing partial volume
effects on the segmented image. The standard segmentations were compared to a gold
standard HR-pQCT segmentation obtained with the MF-method using a radius of 0.2

mm to guarantee a substantial segmented bone-void space.

A sensitivity analysis of the MF-method with respect to the Anisotropic Diffusion “pre-
filter” was conducted in the excised vertebrae by comparing the effect of filtering
(filter=on) and not filtering (filter=off) the HR-QCT images. In a similar way the effect of
the threshold setting (t) was tested on the HR-QCT by comparing t=100 mg/cm*® and
t=160 mg/cm?3. For this, the sphere-radius = 0.2 mm was used both for the HR-QCT and
the gold standard HR-pQCT. In the online supplementary data we show results of these
tests where the following metrics were evaluated: difference in Marrow Volume between
techniques, Coincidencenrr-acT (see next section), regression analysis in MeMD (R? and

RMSE).

2.6 Agreement of bone-void space location on HR-QCT and HR-pQCT
A multi-resolution image registration procedure (3D-rigid, ITK22 implementation under
Structural/nsight, in-house software) was conducted to quantify the degree of
overlapping of the bone-void masks segmented in the two imaging techniques. For this,
the coincidence level of the bone-void space detected in HR-QCT and HR-pQCT images

was defined as:

Xur- Xyr—
Coincidence;[%] = | HER QCTlr;( |HR PQCT|
J

Where Xur.ocr and Xurpacr represent the complete bone-void space detected in HR-

100% (2)

QCT and HR-pQCT for a given specimen sample, respectively. The numerator in

formula 2 takes into account only the bone-void space that was matched i.e. the

8
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intersection of the bone-void spaces of the two techniques. The subscript / stands for
either one of the imaging techniques, such that the denominator X; will either be Xur.ocr
or Xurpacr. With these definitions Coincidencenr-ocris a measure of the “true positive”
rates of the bone void space detected in HR-QCT, with a perfect correspondence
yielding 100% coincidence. On the other hand, Coincidencenrpacr is an indirect
measure of the “false negative” rates reflecting “true” bone-void space that was missed
or not detected in the HR-QCT technique. High values in both of these figures of merit

indicate a good performance of the segmentation method.

2.7 Conversion of MeMD to marrow fat fraction

In order to convert the results of MeMD, i.e. data expressed in mineral equivalents, into
marrow fat fraction, a limited experiment was performed. We evaluated the CT scans of
a set of density calibration standards with different nominal marrow fat fractions (CT
simulator inserts for bone mineral analysis Model 004, CIRS Medical, Norfolk, VA, USA).
Three inserts with reference densities of 50, 100, 150 mg CaHAP/cm?® have marrow-fat
equivalent fractions of 15%, 30% and 15%, respectively. Each insert was scanned (three
times without repositioning) with the same CT-scanner, acquisition protocol and
calibration method as the excised samples. The average density reading (Dens) was
obtained using an ellipse-like VOI for each insert. The actual measurement of the 100
insert in [mg KoHPO4/cm?®] was compared to the value obtained from a calibration line of
the reference density (RefDens) against Dens using the 50 and 150 inserts. The
difference reflects the impact of a change in marrow fat-fraction content from 15% to
30%. These test inserts differ from the custom made inserts employed in Goodsitt ef a/’?
in that those included a broader range of bone, fat and red-marrow volume fractions. Yet
both kinds of inserts were manufactured as a mixture that mimics the x-ray attenuation
of the cancellous bone constituents as a whole but without considerations about the

network nature of trabecular bone.
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2.8 Statistical analysis
Linear regressions models and Pearson product-moment correlations were calculated to
study the association of HR-QCT and HR-pQCT. A level of p<0.05 was considered
significant. Error bars represent one standard deviation from the mean unless otherwise
stated. All statistics were performed using JMP (JMP®, Version 9.03, SAS Institute Inc.,
Cary, NC, USA) and Matlab Statistics Toolbox.

3 Results

Table 1 shows characteristics of the samples under study (mean * 95% confidence
interval). The excised vertebrae represent an osteoporotic cohort. For the BMD a
regression analysis yielded: BMDnr-pact = 10.88 + 0.80xBMDpr-ocT (r=0.98, R2=0.95,
RMSE=4.03 mg/cm3).

Table 1 Descriptive statistics for the excised specimen samples. Results are expressed as mean
values (95% confidence interval) for each imaging technique, HR-pQCT and HR-QCT.

Excised
Variable HR-pQCT HR-QCT
Number 14 14
BMDy,.p [mg/cm3]* 59.2 (48.8,69.6) 60.2 (47.6,72.8)

BV/TViegmentea [1]7  0.071(0.054,0.089)  0.062 (0.039,0.084)
BV/TVestimatea [1]F 0.049 (0.040,0.057) 0.05 (0.039,0.06)

MV/TVestimated [1]* 0.95 (0.942,0.959) 0.95 (0.939,0.96)

"Calibrated to mg CaHAP/cm?® for HR-pQCT and mg K,HPO,/cm?® for HR-QCT, 'with threshold of 250 mg/cm?,
*Calculated as BV = (TV x BMD)/1200 assuming a tissue mineral density of 1200 mg CaHAP/cm®, *Calculated as (1-
BV/TVestimated)-

3.1 Identification of representative bone-void space
Application of the MF method resulted in the identification of bone-void space. Figure 1

depicts axial reformatted images of the HR-pQCT and HR-QCT scans of an excised
10
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vertebra (bottom row) with the correspondingly identified bone-void space in the HR-
QCT images. The marrow cavities identified as bone-voids are color-coded according to
the sphere-radius that fits in between bone structures. Red colors indicate locations of

larger bone-voids, i.e. regions of larger trabecular separation.

(@)

.2 radius [mm]

1.2
1.1
1
0.9
0.8
0.7
0.6-
0.5
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0 3

Figure 1 (A-C) Segmentation results for an excised vertebral specimen. (A) Transversal view of
HR-pQCT and (B) HR-QCT scans. The volume of interest (VOI) where the search of bone-void
regions takes place is marked in white. (C) 3D-depiction of the detected bone-void regions in the
HR-QCT image using the Morphological Filtering (MF) method color-coded according to the

sphere-radius (mm) that fits between the trabecular bone structures.

The relationship between sphere radius and bone-void space parameters is displayed
quantitatively in Figure 2. The total volume evaluated amounts to (2.82 £ 0.24) cm3. For
a radius of 0.2 mm the HR-QCT bone-void space amounts to (2.36 + 0.31) cm3 and
87.2% of all voxels identified by HR-QCT coincide with the marrow-volume of HR-pQCT.
Coincident HR-QCT voxels sample 91.7% of the estimated HR-pQCT based MV for
radius 0.2 mm, (Figure 2B, dark blue bars), corresponding to an accurately sampled
bone-void space of (2.06 + 0.33) cm?. For a radius of 0.6 mm the HR-QCT bone-void
space amounts to (1.18 £ 0.39) cm3. 78% of all voxels identified by HR-QCT coincide
with the marrow-volume of HR-pQCT with a radius 0.6 mm corresponding to an
accurately sampled bone-void space of (0.94 £ 0.38) cm?®. For the GTP-method HR-QCT

samples a volume of 2.12 cm3. The level of Coincidencenr-act of 91.1% represents
11
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86.0% of the sampled MV in HR-pQCT (Coincidencenr-pact), corresponding to an

accurately sampled bone-void space of (1.93 + 0.34) cm? (Table 2).

[l BoneVoidSpace HR-pQCT
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Figure 2 Bone-void statistics for the excised vertebrae obtained at different sphere radii (x-axis)
of the MF method (A) Segmented bone void space obtained at different radii. Bone void space
can also be expressed as marrow volume fraction (MV/TV), right-hand axis, (B) coincidence
levels in bone-void space between HR-QCT and HR-pQCT segmented volumes (see formula 2).

Error bars are the 95% confidence interval of the mean.

3.2 MeMD estimation

Figure 3 depicts the overall MeMD distribution as a function of the sphere-radii for the
embedded and the excised datasets for the MF segmentation method. The highest
MeMD values (23.7 and 38.3 mg/cm?® for HR-QCT and HR-pQCT, respectively) are
obtained at a radius of 0.1 mm. The best agreement of the mean values of both
techniques is observed for a radius of 0.2 mm with MeMD results of 23.2 mg/cm? for HR-
QCT and 28.9 mg/cm?® for HR-pQCT. The lowest level for HR-QCT, -8.3 mg/cm3, is
reached at a radius of 0.7 mm. For HR-pQCT MeMD continues to drop to a radius of 1.2
mm. Not all samples had a detectable bone-void space for sphere-radii larger 1.2 mm.
Regarding the GTP-method, average MeMD values of 24.8 and 20.4 mg/cm® were
obtained for HR-QCT and HR-pQCT, respectively.

12
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Figure 3 Densities (MeMD) obtained for different sphere-radii of the MF method for HR-QCT and
HR-pQCT for the excised vertebrae.

Table 2 shows the results of the MF (radius = 0.2 mm) and the GTP methods for a
regression analysis of MeMD HR-QCT and the gold standard HR-pQCT. Adjusted R?
coefficients of around 0.6 and RMS errors below 5 mg/cm?® for both methods were
observed. The models obtained for the MF method with a sphere radius of 0.2 mm and
GTP, both unadjusted for BMD, were given by MeMDHr-pact = 14.9 + 0.6xMeMDHr-acT
and by MeMDw#r-pact = 16.0 + 0.52xMeMDur-acT, respectively. Here, both intercept and

MeMD terms were significantly different from zero (p<0.0001) in both models.

The dependency of the MeMD measurements on BMD is highlighted by the Pearson
correlation (r) listed in Table 2. For HR-QCT if evaluated with GTP, and with MF at radii
0.2 mm, and 0.6 mm, the r values were 0.45, 0.54 and -0.03. Similarly for HR-pQCT the
r values were 0.55, 0.55 and 0.3. The impact of adjacent trabecular bone was not
reduced by adjusting the estimates of MeMDur-pact for BMD. MF at a radius of 0.2 mm
did not show a reduced RMS error (similar levels of 4.8 to 5.0 mg/cm?) after adjusting.
Similar results were observed for GTP. In contrast, for the embedded specimens a

13
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reduction in RMSE (4.6 to 1.3 mg/cm? for MF radius = 0.2 mm) and (4.7 to 1.6 mg/cm?
for GTP) after adjusting the models for BMD was observed (See Table A2 in

supplementary data).

3.3 MeMD conversion to marrow-fat fraction
The average density readings (Dens) of each of the CIRS inserts obtained from the
three HR-QCT scans were 50.09, 81.93 and 141.70 K2HPO4/cm? for the 50, 100 and
150 mg/cm? inserts, respectively. Using the 50 and 150 inserts (RefDens), which had the
same nominal fat fraction content, a calibration equation was found to be Densimg
KoHPO4/cm?] = 4.276 + 0.916xRefDensimg CaHA/cm?]. With this calibration equation
the density reading of the 100 insert was 95.88 mg/cm?3. Thus, comparing this value with
the actual measurement yielded a density difference of 13.95 mg K2HPOas/cm?® reflecting
an increase in fat content of 15%. In units of [mg CaHA/cm?] this difference amounts to

10.6 mg CaHA/cm?.

14
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Table 2 Results for the Morphological Filtering (MF) and Global Threshold plus Peeling (GTP) segmentation methods for the excised

vertebra samples and both CT techniques.

Regression Correlation Regression MeMD
Mean (95% ClI) MeMD* (MeMD, BMD)* BMDadj*

radius t RMSE  adjR? r RMSE adj R?

] MV/TV [1] MeMD [mg/cm®]  Coincidence [%] ) :
GTP (HR-QCT) NA 0.749(0.703,0.794) 24.8(16.30,33.23) 91.1(89.3,92.9) 4.8 0.72 0.45 4.8 0.71
MF (HR-QCT) 0.2 0.836(0.797,0.874)  23.2(15.9,30.59) 87.2(85.2,89.2) 4.8 0.71 0.54" 5.0 0.69
GTP (HR-pQCT)  NA 0.583(0.516,0.650)  20.4(13.86,26.87) 86.0(83.4,88.7) - - 0.55" - -
MF (HR-pQCT) 0.2 0.795(0.757,0.834)  28.9(23.74,34.04) 91.7(89.8,93.5) - - 0.55" - -

*For MF at r=0.2 mm and GTP the gold standard was HR-pQCT from MF at r=0.2 mm. "Calculated according to formula 2, see text. *Pearson product moment

correlation coefficient. ”p <0.05

15
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To study the MeMD relationships in more detail Bland Altman like analyses of MeMD
(HR-QCT) — MeMD (HR-pQCT) as a function of MeMD (HR-pQCT) analyzed with
MF(radius=0.2 mm) and GTP for HR-QCT and with MF(radius=0.2 mm) for HR-pQCT as
gold standard were performed. Results for the mean offset and the slope are presented

in Table 3.

Table 3. Bland-Altmann like analysis (Difference in MeMD between techniques vs MeMD HR-
pQCT) for the two segmentation methods MF(radius=0.2mm) and GTP. SEM: Standard Error of
the Mean, SE: Standard Error.

Mean offset + SEM Slope + SE
MF -5.7 + 1.8 mg/cm3, p < 0.01 0.22+0.21,p=0.32
GTP 4.1 + 2.2 mg/cm3, p < 0.09 0.41+0.24,p=0.11

Finally, one could argue that selection of the same radius for HR-QCT and HR-pQCT
might not lead to optimal results. In the online supplementary data (Figure C1) we
present contour plots of RMSE obtained from a linear model with MeMDur-pacT as the
dependent variable versus MeMDur.qct adjusted for BMDur-act for different
combinations of sphere-radii in HR-QCT and HR-pQCT. It could be observed that similar
errors to the ones in Table 2 were obtained for the embedded (RMSE = 1.3 mg/cm?) and
the excised (RMSE = 4.4 mg/cm?® for HR-QCT radii of 0.1, 0.2 and 1.0 mm and HR-

pQCT radius of 0.1 mm) vertebrae, respectively.

3.4 Sensitivity to Segmentation Parameters
Results from the sensitivity tests indicated a limited impact of the pre-filter (see Table
B1, Supplementary Data). With regard to the threshold selection, we opted for the 160-
160 threshold combination because (i) the coincidence level was good, (ii) the difference

in MV between techniques was smaller and (iii) the bone-void space identified for this

16
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threshold level was larger than when using the lower threshold (100 mg/cm?) thus being
more representative. A further optimization might be necessary to account for different

scanner characteristics.

4 Discussion

Comparison of the two Segmentation Methods

We developed, tested and compared two image segmentation methods, GTP and MF,
for the assessment of MeMD in human vertebrae, a viable surrogate for the evaluation
of bone marrow fat/water ratio. The bone specimens used feature a low BMD and
represent a typical osteoporotic population with large marrow space. These specimens

were used to test the methods of estimating marrow content in a realistic setting.

For the segmentation parameters deemed optimal for MF (radius = 0.2 mm) we
achieved an accuracy error of 4.8 mg/cms3 for MeMD for the set of excised vertebrae.
The same level of accuracy was achieved for the second segmentation method (GTP)
plus slightly higher levels of coincidence compared to MF at a radius of 0.2 mm. Here,
MeMD values of the two methods were very similar at 23.2 and 24.8 mg/cm? (Table 2).
Bland Altman like analyses showed significant offsets when comparing the two HR-QCT
methods with the gold standard result by HR-pQCT for MF. These offsets are caused by
differences in calibration of the HR-QCT and the HR-pQCT methods and bias due to
limited spatial resolution Table 1. However, we did not observe significant slopes in the
Bland Altman like analyses, indicating that the offset is not dependent on the level of
MeMD. Therefore, the bias of HR-QCT in the assessment of MeMD is only affected by
the density of the trabecular bone network, not by varying fat/water content, no matter
whether assessed by MF or GTP. Given these results both MF and GTP proved to be

similarly suited for marrow fat fraction assessment via MeMD.
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HR-pQCT as the Gold-Standard
HR-pQCT was chosen as the gold standard approach to develop our method. Its spatial

resolution with a voxel size of 82% ym? is substantially better than that of HR-QCT. Still, it
also shows partial volume effects. We strived to reduce this while keeping a large as
possible segmented bone-void space. If we regard true marrow space as 95% of the
total volume of bone and marrow (Table 1) a good compromise was achieved by both
segmentation techniques. The MF method measured a marrow space that
encompasses about 87% at a radius of 0.2 mm and still around 50% for radius of 0.6
mm of the true marrow space (Figure 2A, right hand axis). Similarly GTP measured 79%
of the true marrow space. Furthermore, the MF with radius = 0.2 mm showed the best
average MeMD-agreement between techniques (Figure 3), best and second-best
coincidence levels with respect to HR-pQCT and HR-QCT, respectively (Figure 2B), a
large sampled marrow volume (Figure 2A) and second lowest RMS errors (Figure C1,
supplementary online data). The alternative GTP segmentation method showed similar
levels of performance, likely because the volume sampled is close to the one sampled
by MF at a radius of 0.2 mm (Table 2) and thus bone bias effects should be similar.
Correlations between MeMD and BMD

In the excised specimens, MF at a radius of 0.2 mm yielded a correlation level of r =
0.55 (p = 0.04) in the gold-standard HR-pQCT. Some part of this positive correlation
may well reflect real physiological relationships in the vertebral specimens, i.e. higher
bone mineral density being associated with a lowered marrow adiposity which in turn is
reflected in a higher MeMD measurement according to our methods and definitions.
Hence a positive correlation coefficient between these two measures can be expected.
In HR-QCT for MF with a radius of 0.2 mm the residual correlations observed between
MeMD and BMD were reduced to r = 0.54 (p<0.05). GTP yielded a similar reduction of
the correlation to r = 0.45 (n.s.). Some part of this positive correlation may well reflect
the physiological relationship noted above. However, at a radius of 0.2 mm, i.e. the level

of closest agreement with HR-pQCT, the HR-QCT results are still affected by partial
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volume effects as can be seen by the substantial drop in MeMD depicted in Figure 3
when increasing the radius of MF from 0.2 to 0.6 mm. This is consistent with a stronger

partial volume effect in HR-QCT compared to HR-pQCT.

We could envision two different causes for this decrease in MeMD with increasing
radius: aside of limited spatial resolution fatty deposits may be more concentrated at
greater distance from the trabeculae, on the other hand the fact that an MeMD decline
with the radius was also observed for the set of epoxy embedded vertebrae (Figure A2 ,
supplementary online data) evaluated on parallel to this work hints towards spatial
resolution bias i.e. MTF and partial volume effects as the underlying reason for this. Ata
radius of 0.6 mm the lowest level of MeMD is achieved. Further increases in the radius
do not improve the ability to assess MeMD as noise in the estimations goes up as the
evaluated volume of interest shrinks. Thus MeMD measured with HR-QCT by MF with a
radius of 0.6mm can be considered as being largely unbiased by BMD (R2 = 0.001).
However, the volume of marrow space evaluated at this radius may be too small to be
representative for an assessment on an individual basis. Therefore, an analysis at a
radius of 0.2 mm was chosen, but a correction for residual bone bias may be warranted.
In the supplementary online data the reader can find corresponding results for the
embedded samples. The idea of including these samples in the study was that they are
stable over time and thus can be used for testing the segmentation and calibration
method on different CT-scanners, extending our techniques to studies in multiple
centers and populations. In those bone specimens, that featured much denser
trabecular structure and a largely homogeneous epoxy-filled marrow space, the higher
partial volume effect lead to a higher correlation between MeMD and BMD in HR-pQCT
(r=0.75) than in HR-QCT (r=0.42). However, for a radius of 0.6 mm the correlation of r =
0.45 was no longer significant (p = 0.31) and sufficiently small like in the excised
vertebrae. This suggests that for a non-osteoporotic vertebral cohort a different gold-

standard may be necessary to achieve a necessary reduction of partial volume effects.
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The entangled relationships between MeMD and BMD might also explain why after
adjusting for the confounder BMD, the RMS errors in MeMD improved drastically (from
4.6 to 1.3 mg/cm?®) in those embedded vertebrae (not affected by the physiological
marrow condition) but not in the (clinically more relevant) excised vertebrae (4.8 and 5.0
mg/cm?, Table 2). Therefore, completely adjusting for the confounding effect of BMD
established here in clinical studies aimed at estimating MeMD would be incorrect: by
doing this one would artificially reduce apparent variations in marrow composition which
in reality reflect the physiological process of opposing changes in bone and fat content
of the vertebrae. On the other hand, the magnitude of the partial volume effect will be
larger for subjects with higher BMD, as evidenced by a stronger drop in MeMD in the
embedded vertebrae. Thus completely ignoring the confounding effects of BMD would
also lead to a bias in MeMD. A somewhat more accurate adjustment can be expected by
choosing BV/TV instead of BMD since biasing contributions of variations in tissue
mineral density would be eliminated.

MeMD and Fat Volume Fraction Conversion

Our study was aimed at developing a method for the assessment of marrow content
suited also for correction of the resulting bias of BMD measurements. The results of
MeMD thus are expressed in units of mineral equivalent. To document how estimates of
marrow fat fraction can be derived from MeMD our limited cross-calibration study with
the separate test inserts provides some guidance. Our results showed that an increase
in marrow fat fraction by 15% is associated with a decrease in measured BMD of 10.62
mg CaHAP/cm?® or 14.0 mg KoHPO4/cm?. Therefore, each increase of 1% in marrow fat
fraction approximately results in a reduction in measured BMD by approximately 1 mg
KoHPO4/cm?®. These results are in line with other experimental reports where an increase
in the accuracy error of 0.7% due to an increase of 1% of the marrow fat content by

weight in QCT-measurements of the femur had been reported.23
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Results from our study suggest that the methods developed (both MF and GTP) permit
assessment of MeMD with residual accuracy errors of around 5 mg/cm3, equivalent to
approximately 5% marrow fat fraction, in agreement with earlier SEQCT studies?*
reporting a 10.8 mg/cm?3 change in BMD for a 10% fat by volume change at an x-ray
tube voltage of 120 kVp. The magnitude of this error is sufficiently small to allow
addressing interesting physiological or pathological differences in marrow composition.
An increase in vertebral marrow fat content of 14%, typical for age-related changes over
a decade in the postmenopausal period, can lead to a bias in BMD of around 14 mg/cm3
according to our results, in agreement with reported levels of 6 - 13 mg KaHPO4/cm?® 25.
Thus such age-related differences could be distinguished with the methods developed.
In parallel, an age associated bone loss of 20 - 25 mg/cm3 can occur in normal women
between 40 and 50 years of age?6 and it is obvious that paralleling changes in marrow
fat have to be considered to obtain accurate estimates of true BMD changes.

Clinical Aspects

Distinguishing marrow induced bias of BMD results (technical causes) from direct
associations of marrow composition (detrimental role of bone marrow fat) would be
important to understand the mechanism and relevance of these associations. Our study
was cross-sectional and thus we did not investigate the precision error of repeated
measurements of MeMD over time. Therefore, additional work is required to determine
whether the precision of our measures would be sufficient to investigate longitudinal fat-
related changes of treatment. Treatments might include both therapies that affect
marrow composition, e.g. radiation therapy®, and others aimed at increasing BMD in
osteoporosis cohorts?7,

Limitations

Our HR-QCT methods have limitations such as radiation dose levels (approximately 2-3
mSv for imaging one vertebra) which precludes whole body data acquisition. Moreover,

there are remaining limits of spatial resolution, clearly visible when comparing image
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data with those obtained with HR-pQCT. Voxel sizes and the level of anisotropy

between in-plane and z-axis will have an impact on the results achievable. The
performance achieved here was based on a particular but widely used clinical scanner.
Similar voxel sizes can be achieved on virtually all clinical scanners and thus we would
expect similar performance. Still, /n vivo additional errors need to be recognized in the
desired skeletal region, the axial skeleton. For example we did not assess the influence
of patient size in our measurements. Large body sizes will reduce the CT image quality
with an increase in the image noise level. This can make segmentation using either MF
or GTP methods more challenging and may demand restriction to larger bone-voids
within the vertebral body, i.e. larger radii for the MeMD evaluation. Similarly, beam
hardening effects may differ in the /n vivo setting. Furthermore, although the two HR-
pQCT scanners used in this study stem from the same manufacturer we did not cross-
calibrate them. Histological comparisons were not carried out in the excised vertebral
specimens. It is to notice that a detailed analysis of marrow fat content may require more
sophisticated cross calibration methods but our preliminary data should document how
to proceed if cross-calibration of results from units of MeMD into other units is required,
e.g. by means of calibration inserts like the ones used in this or in similar works. 12
Parallel to similar works

Marrow fat content can be assessed by other methods including DEQCT and MRI. In the
1980s a number of SEQCT and DEQCT analysis approaches were compared in various
studies.23. 28 The spatial resolution of these approaches was lower compared to state of
the art HR-QCT imaging.2'. 29. 30 Quite recently Goodsitt ef a/’? used a DEQCT method to
determine region specific variations in cancellous bone composition for improved red
marrow dose estimation in radionuclide therapy.'2 The authors used phantoms and
reported RMS errors between around 3% and 9%, acknowledging that errors in real
vertebrae and under /n vivo conditions may be higher. The accuracy error of 5%

reported for our approach was obtained on real vertebrae and thus would be well within
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the range they reported for their method. Also the radiation exposure of our method of
approximately 3 mSv is in the range of exposure settings they tested. Our HR-QCT
method additionally spatially separates bone and marrow compartments. This may
facilitate to study and exclude biases caused by compositional changes not only with
regard to bone marrow but also collagen.3! In our approach we restrict the density
estimation problem to only two components, namely fat (encompassing contributions
from both yellow- and red-marrow) and water (encompassing non-fatty marrow
constituents like water, red-blood cells and proteins). Further studies are required to
compare the performance of the various SEQCT and DEQCT approaches with our
segmentation methods and also with those obtained on the new dual source CT
scanners. Compared to MRI our method may be advantageous if not only the marrow
but also the bone phase is of importance, for example in the assessment of bone quality
status of multiple myeloma patients32 or in treatment monitoring against the
osteoporosis.

Outlook and Conclusion

In conclusion, in this work we have developed and tested HR-QCT-based segmentation
methods that allow assessment of marrow fat fraction on SEQCT scans with accuracy
errors of approximately 5%. The development of these methods aimed at limiting the
partial volume effect while keeping large volumes of segmented marrow volume. Our
calculation of MeMD provides a direct link to correcting fat induced biases in SEQCT
based assessment of BMD. This is relevant for a large number of diseases in which
marrow composition is altered along with more accurate estimates of true BMD changes
of treatment agents against osteoporosis and other disorders. HR-QCT also provides
insight into bone microstructure and fat-corrected BMD should yield more accurate

estimates of QCT based measurements.
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