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Abstract

Purpose—To develop an imaging method to characterize and map marrow composition in the
entire skeletal system, and to simulate differential targeted marrow irradiation based on marrow
composition.

Methods and Materials—Whole-body dual energy computed tomography (DECT) images of
cadavers and leukemia patients were acquired, segmented to separate bone marrow components
(namely; bone, red marrow (RM), and yellow marrow (YM)). DECT derived marrow fat fraction
was validated using histology of lumbar vertebrae harvested from cadaver. Fraction of RM
(RMF=RM/total marrow) and YMF were calculated in each skeletal region to assess correlation of
marrow composition with sites and age. Treatment planning was simulated to target irradiation
differentially at higher dose (18 Gy) to either RM or YM and lower dose (12 Gy) to rest of the
skeleton.
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Results—A significant correlation between fat fractions obtained from DECT and cadaver
histology samples was observed (r=0.861, p< 0.0001, Pearson). The RMF decreased in the head,
neck and chest was significantly inversely correlated with age, but did not show any significant
age-related changes in abdomen and pelvis regions. Conformity of radiation to targets (RM, YM)
was significantly dependent on skeletal sites. The radiation exposure was significantly reduced (p<
0.05, t-test) to organs at risk (OARs) in RM and YM irradiation compared with standard total
marrow irradiation (TMI).

Conclusions—Whole-body DECT offers a new imaging technique to visualize and measure
skeletal-wide marrow composition. The DECT based treatment planning offers volumetric and
site-specific precise radiation dosimetry of red and yellow marrow which varies with aging. Our
proposed method could be used as a functional compartment of TMI for further targeted radiation
to specific bone marrow environment, dose escalation, and/or reduction of doses to OARs.
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INTRODUCTION

Total body irradiation (TBI) has been widely used for conditioning prior to hematopoietic
cell transplantation (HCT). Dose escalation of TBI has produced decreased relapsed rates in
patients with leukemia(1). However, treatment-related death also increased due to organ
toxicity from TBI, thus negating any potential advantage for survival with escalated doses of
TBI. Recently, total marrow irradiation (TMI) was developed, with clinical trials ongoing to
achieve dose escalation with helical tomotherapy or volumetric modulated arc therapy (2-6)
while reducing radiation dose to normal tissues. TMI focuses radiation to the entire skeleton,
guided by whole body CT scan with the simplified assumption that hematologic disease is
distributed homogeneously in the bone marrow. However, bone marrow is a complex
physiological system with three primary components: (i) trabeculae rich (remodeling
regions) osseous matrix, (ii) hematopoietically active red marrow (RM) (color due to
hemoglobin in erythroid cells) that is highly vascularized (potentially well oxygenated and
radiosenstive) with potential affinity of cancer cells for vascular endothelium, and (iii)
yellow marrow (YM) (color due to carotenoids in fat droplets) with minimal hematopoiesis
with paucity of vasculature (potentially low oxygen or hypoxic and radioresistant).

A recent pre-clinical study reported the existence of region-specific differences in
development and regulation of marrow adipocytes with implications to understanding the
marrow niche and skeletal metabolism (7). The pre-clinical study indicates the role of local
bone marrow environment and survival of leukemia cells or leukemia resistance leading to
treatment relapse (8-11). Similarly, the role of bone marrow microenvironment in multiple
myeleoma development is also reported (12). Following HCT, expanded adipocyte
populations may negatively influence post-transplant hematopoietic engraftment (13).
Moreover, cytotoxic conditioning regimen accelerate bone marrow damage delay in
hematopoietic recovery and increase YM (14,15). The biopsy tool used to assess marrow, is
limited to specific regions and lacks spatial resolution and the insertion of the needle
probably damaged the local region, so that only an average reading was recorded. The water-
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fat magnetic resonance imaging (WF-MRI) could differentiate marrow composition (16).
However, it is inadequate for i) bone tissue imaging, ii) radiation dosimetric and planning
purposes, iii) and whole body MRI will be prohibitively expensive and will require very long
scan time. Despite growing appreciation of the bone marrow environment, it has remained
clinically challenging to develop low cost, fast, whole body bone and marrow imaging for
diagnostic and therapeutic purposes.

Here we report a novel development of whole body dual energy CT (DECT). The goals of
this study were threefold: i) report pre-clinical validation of DECT predicting marrow fat
(MF) simulation in physical space and correlating with histology in cadavers, ii) implement
the DECT procedure to map 3D distribution of marrow composition in patients, and iii)
simulate radiation planning targeting the bone marrow components.

METHODS AND METERIALS

Patients and cadaver characteristics

This study was approved by the University Institutional Review Board (XXXXXXX). In this
study, whole-body DECT images of 7 cadavers (mean age of 60 + 12 years old, 7 females)
and 6 leukemia patients (mean age of 23 + 17 years old, 5 males, 1 female) were acquired.
Seven cadavers (died of progression of various cancer, underwent chemo-radiation
treatment) were scanned DECT (140 and 80 kVp energy) (Somatom Definition Flash,
Siemens, Germany) within 24 hours postmortem. Six patients were scanned for DECT (140
and the lowest available 90 kVp energy) (Brilliance Big Bore, Philips, Netherlands) as
treatment planning CTs for total marrow irradiation (TMI). Each CT slice had a matrix size
of 512 x 512, a slice thickness of 5.0 mm, a pixel size of 0.98-1.37 mm. Note that the
Philips scanner uses sequential scans with two different energies, and the Siemens scanner
uses a dual source. For the Philips scanner, two sequential scans were performed within a
minute, and we assumed the sequential images were spatially overlapping. This assumption
should be reasonable when imaging motionless phantoms and cadaveric specimen, but may
present technical challenges when patient motion is feasible during imaging. As such, a dual
energy CT scanner, which can scan with two different energies at one time, is preferred for
the calculation of RM and YM in patients. The correlation between two scanners used in this
study was checked by scanning QCT Pro phantom (Mindways Software, Austin, TX, USA),
50 ml tube filled with water, and intralipid 20% fat emulsion (Fresenius Kabi, Uppsala,
Sweden). The correlation coefficient between two scanners was 0.998 (p<0.0001, Pearson).
The detailed results were shown in supplement figure S1.

Calculation of red and yellow marrow regions based on DECT

The upper body was divided into main four regions: head and neck (H&N), chest, abdomen,
and pelvis regions (Figure 1) primarily considering a) skeletal regions with unique structures
and nearby critical organs, b) change in radiation dose coverage to critical organs, when
targeted radiation to adjacent bone marrow composition because of helical radiation
delivery. For example, lung dose will be affected by the radiation delivery in skeletal system
in chest regions.
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A RM&YM composition image was calculated from DECT (two CT images with different
energies) using a basis material composition method developed by Mindways for use with
QCT Pro (Mindways Software, Austin, TX, USA). Details of this method were reported
previously (16,17). Briefly, differences in HU estimates acquired at different x-ray energies
are used to infer basis material composition (H,0, KoHPO,) for each voxel in the spatially
registered CT data sets. Resulting basis material compositions are interpreted relative to
theoretical predictions of RM and YM basis material compositions obtained from energy-
dependent mass attenuation coefficient and atomic composition data for published estimates
of the typical composition of red and yellow marrow. Hence, basis material composition data
is transformed to an RM&YM composition image. In the RM&YM composition image, a
voxel with high RM component has high value, and a voxel with high YM component has
low (negative) value. Therefore, red and yellow marrow regions can be separated within the
total marrow regions by a threshold technique on the RM&YM composition image. First,
total marrow regions (i.e., bone minus cortical bone regions) were manually contoured.
Then, RM and YM regions were automatically segmented by threshold technique in total
marrow regions; RM was defined as the voxels = threshold value, and rest of the marrow
was identified as YM. The optimal threshold value was determined from cadaver data by
comparison of fat (YM) fraction obtained from DECT and histology samples (Figure 2a &
b). The total of twenty-one lumbar vertebrae samples in 5 cadavers (4-5 samples/subject)
were excised after performing DECT. Samples were decalcified, paraffin embedded, and
stained with hematoxylin and eosin (H&E). The fat fraction was calculated as a ratio of fat
volume per tissue volume within the intraosseal vertebral marrow space. Taking a histologic
section from the center of the vertebral body ensured that the fat fraction was taken from a
representative section of the imaging region of interest. The impact of CT scan slice
thickness, skeletal sites, patient size on marrow fat estimation were examined using CIRS
abdomen phantom (CIRS Inc, Norfolk, VA) and presented in supplement figure S2, S3, and
S4.

Simulation of red or yellow marrow irradiation

Radiation targeted to total marrow, RM, and YM are termed as TMI, RMI, and YMI
respectively. The RMI and YMI plans were created in all 13 cases (7 cadavers and 6
patients) and compared with standard total marrow irradiation (TMI) plans. Upper body
treatment planning (approximately 110 cm from head top to middle of femur) were created
with Tomotherapy Planning Station (Accuray, Inc, Sunnyvale, CA, USA) for the irradiation
with helical tomotherapy system (Accuray, Inc, Sunnyvale, CA, USA). For standard TMI,
the entire skeleton (includes both red and yellow marrow) was used as a clinical target
volume (CTV) and the planning target volume (PTV) was generated with 5 mm margin to
CTV. The goal was to deliver 18 Gy to the PTV and minimize dose exposure to all critical
organs, namely lungs, eyes, kidneys, liver, gut following recent reports (18,19). For
differential targeted radiation, the PTV was separated into two groups: i) RMI: higher dose
(18 Gy) irradiation to RM and lower dose (12 Gy) to rest of the skeletal system, and ii)
YMI: 18 Gy irradiation to YM and 12 Gy to remaining skeleton. To compare PTV volume
coverage of RM or YM relative to total marrow, we defined “PTVrm/PTVst”, “PTVym/
PTVst” where PTVrm, PTVym, PTVst refers to PTV of RMI, YMI, and standard TMI,
respectively. The prescription of 18 Gy in 6 fractions was used for planning simulation to
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cover primary target with the 85% isodose line (18,19). The dose constraints for normal
tissues were kept the same for each patient in order to keep median dose of all OARs < 10
Gy. Then, the priority of constraints for target dose uniformity was adjusted as high as
possible. The field width, pitch, and modulation factor were set as 5mm (fixed), 0.2, and 2.5,
respectively. The final dose distributions were calculated in fine mode grid space after 200
iterations of treatment planning optimization. Note that no additional times were needed for
the optimization and calculation of dose distributions by incorporating RM or YM compared
with standard TMI.

Evaluation methodology

Segmented marrow regions were evaluated by red marrow fraction (RMF), which was
calculated by the ratio of RM regions in total marrow regions. The RMF was calculated in
each of the four regions (Figure 1). As a comparison of PTV doses, homogeneity index (HI)
was calculated as follows:

P )

where, D5and D95 is minimum dose in the PTV that encompasses at least 5% and 95% of
the PTV, respectively, and Dy is prescription dose. The primary target (prescribed 18 Gy) of
each plan was used for the HI calculation. Hence, the PTVst, PTVrm, and PTVym were
used for in standard TMI, RMI, and YMI, respectively. For organs at risk, mean dose and
V10 (the percentage of the organ receiving = 10 Gy) of lung, kidney, parotid, peritoneum
were calculated. Student’s paired t-tests (2 tails) were applied to compare dose indices
between standard TMI and RMI or YMI. A correlation between two variables was
calculated by Pearson product-moment correlation coefficient. A significant correlation was
defined at the level of p<0.05 (2-tailed).

RESULTS

Verification of marrow fat

Figure 2a shows the sum of squared difference of fat fractions obtained from histology and
DECT in cadaver data. From this result, the threshold value for the separation of RM and
YM was set —45. Figure 2b shows relationship between fat fraction of histology and DECT
with the threshold (—45). By using this threshold, correlation coefficient between fat
fractions obtained from DECT and histology is 0.861 (p< 0.0001, Pearson). Figure 2b also
shows the regression line between fat fraction of histology and DECT (R2 = 0.741). The
slope and intercept is 1.196 and —11.200, respectively. Independent 95% confidence
intervals for the slope and intercept estimates are (0.856, 1.536) and (-24.812, 2.412),
respectively.

Measure and map marrow composition

As shown in Figure 3a there is a great anatomic variability of active marrow distribution
among cases. As expected, the majority of marrow is active marrow in an 8 year old patient
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(RMF = 97%), whereas a 54 year old patient has approximately half that value, 47% RMF.
Figure 3b shows mean and standard deviation of regional RMF in 13 cases. Chest, abdomen,
pelvis regions have relatively high mean RMF compared with H&N regions. Figure 3c
shows relationships between RMF and patient age in 4 separate parts. There are significant
correlations in H&N (p<0.01, Pearson) and chest (p=0.01, Pearson) regions, i.e., RMF
decreases with age in these regions. The H&N region has relatively high negative correlation
(r =-0.778) compared with chest regions (r = —0.656). There are no significant relationships
between age and RMF in abdomen and pelvis regions (p>0.05, Pearson).

Simulation of functional TMI

Next, we simulated differential radiation delivery and dose painting in which high dose may
be focused towards red or yellow marrow and low dose to the remaining bone marrow. The
PTVrm/PTVst & PTVym/PTVst were significantly (p<0.001, p<0.001, respectively,
repeated measure one way ANOVA) different among 6 skeletal sites (Figure 4). As a
representative case, Figure 5a shows dose painting of standard TMI, RMI, and YMI plans
for the same subject, and Figure 5b shows corresponding dose volume histogram (DVH).
The summary results of all patients are in Table 1. The HI of RMI and YMI were reduced
significantly (p<0.001, p<0.002 respectively, paired t-test) compared to TMI. The Hl is a
signature of improving dose coverage. The significant dose (mean dose and VV10) reduction
were observed in RMI and YMI plan compared to TMI. When higher dose was given to
either RM or YM (primary targets), we calculated dose reduction to the remaining skeletal
sites (i.e, secondary target) (Table 1b). The average dose to secondary targets were
significantly reduced for RMI planning (mean dose reduction, p<0.001, paired t-test) and
YMI planning (mean dose reduction, p<0.001, paired t-test).

DISCUSSION

TMI clinical studies adjusting dose continue to be examined extensively with the goal of
improving the survival of patients with high-risk leukemia and other hematologic diseases
by reducing both relapse and toxicity. Here we presented a novel methodology to map RM
and YM using DECT throughout the skeleton, providing a new insight of site dependent
changes of marrow composition with aging. DECT imaging guidance is expected to
facilitate multi-target differential radiation delivery to the specific marrow compositions and
reduces critical organ toxicity and preserve bone marrow.

The physiological validation of DECT imaging demonstrated that a modality already
incorporated into radiation planning could be extended to measure YM fraction. A number
of imaging studies have been published to estimate RM and YM (20-23). In a clinical study,
we previously reported water-fat magnetic resonance imaging (WF-MRI) to visualize and
map marrow compositions and its high correlation with DECT derived marrow fat
measurements (16,24). Due to technical difficulties, lengthy scanning time, and cost, the use
of WF-MRI is mainly confined to small skeletal regions. Diagnostic superiority of WF-MRI
over CT may be aptly use to verify and spot check marrow composition certain regions, but
it will not be practical as a modality for radiotherapy dose calculation secondary to time
constraints. Whole body CT scanning is currently in clinical use for TMI treatment planning,
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thus implementation of DECT in the clinic is logical and straightforward without additional
cost or radiation burden. Several modern CT scanners are equipped with a dual energy CT
method without additional scans or radiation exposure than single energy CT scans. In fact,
the iterative reconstruction technology has further significantly reduced the radiation dose to
patients and improved imaging quality of DECT. (25) Taken together, the DECT is
economically viable and may find advantageous for assessment of skeletal composition and
functional marrow irradiation.

The distribution of RM and YM (Figure 3) was the first observation in human through the
skeletal system. Although, overall RM decreases and YM increases with age, RM remains
active in certain skeletal sites (abdominal & pelvic regions) in older age defying common
association between RM, YM & age (26). Also, the RMF in H&N region has higher
negative correlation (r = —0.778) with age than the RMF in chest region (r = —0.656).
Preclinical studies began to unravel the complex nature of bone marrow adipocyte
development, skeletal region site differences, and potential roles in bone marrow niche, (7)
and engraftment (13). YM or adipocytes have been shown to relate to disease resistance for
multiple reasons: lower vascular system/higher hypoxic, saturated fatty acid composition.
Saturated fat may function to enhance cancer resistance to systemic chemotherapy and
radiation (27). The majority of the patients undergoing HCT receive prior chemotherapy
treatment. Because cancer treatment changes marrow fat composition, (16) individual factors
including age and prior treatment may influence the distribution of marrow composition in
different sites. Thus, if treatment is developed for differential radiation delivery to individual
marrow composition, it will have to be individualized ( personalized medicine). Escalated
doses of targeted radiation to YM regions may provide a unique therapeutic benefit.
Preclinical studies to measure radiosensitivity of leukemia in RM and YM should be
conducted.

This study has several limitations which will be essential for future developments. First,
previous cancer treatment could change the marrow composition of cadavers. Our goal was
to use cadavers for pre-clinical validation of DECT predicting marrow fat simulation in
physical space, validate with histology, and initiate TMI simulation, making it feasible for
clinical translation. As well, all high risk/relapsed patients who undergo the TMI trial had
prior chemotherapy treatment several years ago, which may impact their marrow
composition. These groups may have different marrow distribution than healthy patients.
However, this imaging could be seen as a strength of the study as it on understanding
association between marrow adipose development and treatment resistance or relapse, and
potentially allow target marrow compositions differentially. In future, FLT PET/DECT (3’-
deoxy-3'[(18)F]-fluorothymidine) imaging could help assessing disease activity distribution
(with potentially associated with higher relapse (28)) and association with marrow
compositions. As the CT scan is part of PET-CT imaging, integration of this process will be
easier and cost-effective. However, one may need to verify marrow composition with a gold
standard MRI in some skeletal sites, as shown in our previous work (16). Second, although
18 Gy was prescribed to the primary target in this simulation, it is not clear how much dose
and fraction should be prescribed for clinical practice. Clinical marrow irradiation dose
finding studies must be completed to extend this to clinical use. Moreover, chemotherapy
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may also affect dose sensitivity (6). Thus, one should carefully determine the suitable dose
and dose per fraction.

The future diversification of current clinical TMI studies for differential targeting to RM and
YM will most likely require clinical evidence. As well, the radiobiological effectiveness of a
specific dose delivered to two different marrow compartments needs to be investigated.
However, with current development, the use of DECT-based imaging would allow for
retrospective calculation of doses delivered to particular BM compartments and its effect on
the treatment efficacy. This could give a platform for second generation clinical trials with
dose escalation on either RM or Y M, dependent on previously achieved clinical data. Recent
FDG-PET/CT indicates potential re-distribution of bone marrow after bone marrow
transplant (29). The DECT with lower cost and reduced dose exposure, may be easily
incorporated in patient management to measure Post-TMI/bone marrow transplant
redistribution of marrow compositions and bone damage, similar to our recent report (16).
The DECT imaging development may also be used for the diagnosis of lytic bone changes
and the assessment of fracture risk in multiple myeloma (MM) similar to previously shown
low-dose whole-body multidetector row-CT (MDCT). (30,31) The ability to distinguish
bone and marrow composition may further provide a tool to assess the involvement and
progression of MM in specific skeletal environment (marrow composition and bone). The
assessment of fracture risk or BMD must be carefully evaluated when using conventional CT
scan as our recent work shows post cancer treatment rapid increase in marrow fat component
artificially reduce BMD more than actual changes in bone and thus DECT provides an
additional tool to assess true change in BMD correcting for change in marrow fat. (16)

In conclusion, we developed a novel DECT-based imaging method to measure marrow
composition and visualize skeletal wide 3D marrow composition. The DECT guided
radiation treatment planning offers volumetric and site-specific radiation dosimetry of red
and yellow marrow which varies with aging. Simulation reveals that the DECT guidance
could allow functional marrow irradiation by delivering differential radiation treatment to
specific marrow and bone compositions. The red or yellow marrow irradiation may also
reduce critical organ toxicity and preserve bone marrow function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SUMMARY

Red and yellow marrow regions (RM or YM) were segmented from whole body dual-
energy computed tomography (DECT) and dose escalations to specific marrow regions
were simulated. While CT guided total marrow irradiation (TMI) delivers radiation to
skeletal regions, the DECT-based imaging would allow precisely determine doses
delivered to particular bone marrow compartments, its effect on the treatment efficacy,
and provide a platform for second generation clinical trials with dose escalation on either
RM or YM.
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Figure 1.
Volume of interest of regional analysis, i.e., head and neck, chest, abdomen, and pelvis

regions.
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Figure 2.

Correlation between fat fractions obtained from dual-energy computed tomography and
histology in cadaver data. (a) Relationship between DECT threshold and sum of squared
difference of fat fractions obtained from histology and DECT. From this result, the threshold
value for the separation of RM and YM was set —45. (b) Relationship between fat fraction of
histology and DECT with the threshold value of —45.
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Distribution of red marrow and marrow fat. (a) Representative marrow distribution of
various patients and cadavers. Red regions show red marrow and yellow regions indicate
yellow marrow. (b) Means and standard deviations of red marrow fractions in 13 cases. (c)
relationship between red marrow fraction and age.
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Figure 4.

Planning target volume coverage of red marrow or yellow marrow relative to total marrow.
The coverages were significantly (<0.001, <0.001, respectively, repeated measure one way
ANOVA) different among 6 skeletal sites.
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Figure 5.
Comparison of standard total marrow irradiation (TMI), red marrow irradiation (RMI), and

yellow marrow irradiation (YMI). (a) Dose distributions of standard TMI, RMI, and YMI.
(b) Dose volume histogram (DVH) for standard TMI, RMI, and YMI. blue, red, and green
line indicate DVHs of standard TMI plan, RMI plan, and YMI plan respectively. Here, DVH
of PTV shows primary target prescribed by 18 Gy, i.e., wholebone, red marrow, yellow
marrow for standard TMI, RMI, YMI, respectively.
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