APPLIED RADIATION ONCOLOGY

Measured Distribution of Total Red Bone Marrow

in Young Children

lbrahim Abu-Gheida, MD; Arwa Zaghal, MD; Lena Naffaa, MD; Phillip J. Taddei, PhD

Abstract

model.

%RBM toward the central skeleton with age.

hood radiation therapy.

Background and Purpose: Pediatric radiation therapy survivors incur risk for radiation-induced hematological malignancies
related to red bone marrow (RBM) dose. No measurement-based analysis has been performed to characterize RBM in children.
As an exploratory pilot study, we aimed to measure RBM content in children’s subvolumes through total-body MRI.

Materials and Methods: Ten pediatric total-body MRI sets were collected retrospectively, and anatomical subvolumes of
RBM were delineated. The volumes of RBM in each subvolume and percentages of them in each bone region (%RBMs) were
calculated as figures of merit. The %RBMs were compared to matched-age %RBM from a widely accepted mathematical

Results: Compared to our measured data, the model underestimated the %RBM in the cranium and mandible, as well as
sternum and clavicles, and overestimated the %RBM in the upper extremities, ribs, and pelvis and vertebrae. Trends and rates
of change in %RBM were consistent between our measurements and the model for these sites. We observed a gradual shift of

Conclusions: The %RBM values measured in our study differed from those of the most accepted model for young children.
This finding suggests that further study is warranted with a larger sample set that is more uniformly distributed in age and sex
to assess the impact on clinical or research studies of the risk of subsequent hematological malignancies for survivors of child-

At the time of writing, Dr. Abu-Gheida was chief resident, Department of Radiation Oncology,
American University of Beirut Medical Center, Beirut, Lebanon, and is currently head of the
Department of Radiation Oncology, Burjeel Medical City, Abu-Dhabi, United Arab Emirates,
and adjunct assistant professor, College of Medicine and Health Sciences, United Arab Emir-
ates University, United Arab Emirates. Dr. Zaghal was chief resident, Department of Diag-
nostic Radiology, American University of Beirut Medical Center, and is currently a clinical
fellow, Department of Radiology, Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA. Dr. Naffaa was associate staff, Department of Diagnostic Radiology, American
University of Beirut Medical Center, and is currently associate professor of radiology, Univer-
sity of Central Florida, Orlando, FL, and associate professor of radiology, University of Cen-
tral Florida, Nemours Children’s Hospital, Radiology Department, Orlando, FL. Dr. Taddei
was assistant professor, American University of Beirut Medical Center, and is currently senior
associate consultant, Department of Radiation Oncology, Mayo Clinic, Rochester, MN.
Disclosure: The authors have no conflicts of interest. This work was supported in part by the
Fogarty International Center (award KOITW008409) and the Naef K. Basile Foundation. The
content is solely the responsibility of the authors and does not necessarily represent the official
views of the sponsors. The study sponsors had no involvement in the collection, analysis and
interpretation of data, in the writing of the manuscript, and in the decision to submit the manu-
script for publication. The abstract was presented at the 2017 American Society for Radiation
Oncology (ASTRO) Annual Meeting in San Diego, Sept. 24-27. Abu-Gheida I, Al-Zaghal A,
Naffaa L, Taddei PJ. Total body MRI-based distribution of active bone marrow in young chil-
dren. Int J Radiat Oncol Biol Phys. 2017;99:E563-564. The data supporting the findings of
this study are available from the Dr. Taddei upon reasonable request.

©Anderson Publishing, Ltd. All rights reserved. Reproduction in whole or part without express written permission is strictly prohibited.

xcess-radiation-induced he-
Ematological malignancies (eg,

acute myeloid leukemia) have
been observed in survivors of pediatric
radiation therapy.'> The risks of devel-
oping these malignancies are related
to the absorbed dose deposited in the
active red bone marrow (RBM).%” The
associated projected lifetime risks of
children who receive radiation therapy
may be roughly estimated based on
dose-effect models and the RBM dose
Because treatment-related radiation ex-
posures are usually highly nonuniform
throughout the body, it is important to
know the accurate distribution of RBM
within children’s bodies to estimate
RBM doses. In the pediatric popula-
tion, physiologic conversion with age of
RBM into yellow bone marrow (YBM)
throughout the skeleton and along
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Table 1. Characteristics of Selected Patients With Indexing by Age

Subject index Age (months) Sex
1 4 male
2 7 male
3 10 male
4 10 male
5 10 male
6 13 male
7 19 male
8 24 male
9 60 female
10 60 female

individual bones alters the RBM distri-
bution and, consequently, the amount
of RBM exposed to radiation.”!® Ac-
curate estimation of the percentage
RBM (%RBM) irradiated depends on
how well the patients’ actual RBM is
delineated, such as by using manual or
semi-automatic tissue contouring de-
rived from computed tomography (CT)
images and then extracting the mean
absorbed dose in those volumes.3

Because of its enhanced contrast in
soft tissues, MRI is a sensitive imaging
modality for distinguishing RBM from
YBM.!" In general, RBM is composed
of approximately 40% fat, 40% water
and 20% protein, and YBM is com-
posed of approximately 80% fat, 15%
water and 5% protein. T1-weighted
MRI image contrast is mostly influ-
enced by the fat composition of the
tissue.'? For these reasons, unlike CT
imaging that poorly differentiates soft
tissues, T1-weighted MRI is a useful
technique for detecting differences in
bone marrow changes. In T1-weighted
MRI, RBM appears as much less in-
tense than YBM.!!

Previous studies have implemented
different techniques to estimate the
whole-body distributions of RBM and
YBM for humans of various ages. Quan-
titative distribution of marrow space
in adults was reported by Mechanik et
al.!? In this report from 1926, the au-

thors studied the weight of bone hema-
topoietic tissue plus fat in 13 carefully
handled and dissected cadavers. Later,
in 1961, Ellis'* applied the correction
factor of Custer and Ahlfeldt! to these
data, which considered cellularity fac-
tor, and reported for each bone region
the %RBM in adults. Also, in the 1960s,
Atkinson'® established an assump-
tion-based model to estimate the bone
marrow distribution in children. These
findings, however, did not correlate to
those of Hudson'” who reported ana-
tomical data for late-fetus and newborn
infants. In what has become the gold
standard for bone marrow distribution
in humans, in the 1980s Cristy'® devel-
oped a mathematical model that incorpo-
rated many of the previously mentioned
anatomical and mathematical studies.
Specifically, Cristy applied a mathemat-
ical interpolation of data from previous
studies to estimate %RBM in different
body regions among all age categories,
including the pediatric age group. How-
ever, to our knowledge, only mathemat-
ical models have been used to estimate
whole-body distributions of RBM for
young children and adolescents, and no
measurement-based study has been per-
formed to date.

MRI-based studies®!® reported the
changes in bone marrow volumes in
portions of the body with respect to age.
Ricci et al reported the pattern of change

of bone marrow along the axial skeleton
based on 420 site-specific examinations
of the skull, cervical spine, thoracic
spine, lumbar spine, pelvis and proximal
femora of different patients of differ-
ent age groups (6 months to 70 years).
Patterns of changes in cellularity and
bone marrow density with age at each
site were reported, independent of sex.’
A separate study by Simonson and Kao
reported developmental patterns of bone
marrow in the skull alone, using 324 ex-
aminations, with main findings showing
the correlation between age and marrow
intensity and patterns of marrow conver-
sion in the skull and facial bones. They
found no difference between sexes.!”
Neither study reported %RBM of each
site with respect to the total-body RBM,
as they lacked total-body imaging. On
this basis, the literature lacked a mea-
surement-based study that accurately
characterized the distribution of RBM
throughout the entire bodies of young
children and adolescents.

The purpose of this study was to
measure the distribution of RBM in
bones of the pediatric age group based
on T1-weighted total-body MRI (TB-
MRI). Specifically, for an exploratory
pilot set of 10 patients who had under-
gone TB-MRI in our institution, we
delineated their entire skeletal RBM
and calculated the %RBM in various
regions of their bodies. We compared
these measurement-based %RBM re-
sults for various-aged children with
those of Cristy’s model. The motiva-
tion for this study to improve our un-
derstanding of RBM distributions for
children of various ages was greater
certainty in absorbed dose in the RBM
during childhood radiation therapy or
other radiation exposures.

Methods and Materials

This study was performed under an
approved protocol by our center’s insti-
tutional review board. We set out to ret-
rospectively collect all TB-MRI sets in
our clinical database with the following
selection criteria:
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FIGURE 1. Coronal views of the main portions of the T1-weighted total-body MRI (TB-MRI) sets showing red bone marrow (RBM) (red con-
tours) and yellow bone marrow (YBM) (yellow contours) of a 5-year-old girl (A) and a 4-month-old boy (B).

* Nine males and nine females of ages
uniformly distributed from 1 month
to 18 years at the time of MRI

* MRI dated January 1, 2005, to July
14,2015

e Uniform distribution of ages of
male or female

* Availability of high-resolution TB-
MRI sets.

These initial targeted sample size

and characteristics were chosen to ob-
tain a set of subjects that spanned the
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full ranges of age and sex of young
children and adolescents. Patients di-
agnosed with a disease affecting mar-
row content—including hematological
malignancies, anemia, chronic infec-
tious diseases, hemoglobinopathy, red
marrow hyperplasia, obesity-related re-
spiratory disorders, diabetes, or benign
tumors with bone or marrow involve-
ment—were excluded from the study.
In addition, subjects were excluded if
they were known to have received any

form of bone-marrow-affecting treat-
ment (such as chemotherapy, immuno-
therapy, steroids, hematopoietic growth
factors, or radiation therapy) within 6
months prior to TB-MRI. Patients with
multiple, repetitive follow-up MRI
were considered as separate subjects if
they satisfied the inclusion and exclu-
sion criteria. The result of data collec-
tion was 10 patients, listed in Table 1
(see section 3). A senior pediatric hema-
tologist and oncologist reviewed all the
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patients’ charts and verified those who
met the inclusion and exclusion criteria.
Finally, a senior board-certified pediat-
ric radiologist reviewed the quality of
the subjects’ TB-MRI sets, and those
of poor quality or lacking a full-body
reconstructed imaging sequence were
removed from the study.

We considered the coronal T1-
weighted sequence as the most con-
sistently obtained in our pediatric
population. Subsequently, all coronal
T1-weighted sequences of the study
population were extracted from our

June 2021

clinical picture archiving and commu-
nication system (Impax, version 6.5
AGFA HealthCare) and saved as image
objects in the Digital Imaging and Com-
munications in Medicine (DICOM)
format. The image sets were de-iden-
tified and electronically transferred to
our clinically commissioned treatment
planning system (TPS) (Panther, ver-
sion 5.10, Prowess, Inc.) as primary im-
ages of new patients.

The RBM and YBM contouring was
performed in the following manner
for each patient: First, all RBM was

identified and contours were drawn
manually on each slice of the recon-
structed MRI set. Second, the YBM
found within these RBM contours was
identified by fat-tissue-like high-signal
intensity and then contoured on each
slice. Third, to define the pure RBM
volumes, a Boolean subtraction was
performed automatically between the
RBM and partial YBM volumes (Fig-
ure 1). Areas of intermediate-intensity
bone marrow, which are functionally a
mixture of RBM and YBM, were con-
sidered RBM because they produce
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Table 2. Volume of RBM in cm? in Each Anatomic Location of All Subjects

Subject Lower Pelvis Vertebrae Ribs Clavicle Sternum Scapula  Upper Head Whole
index extremities extremities & neck body

1 74.2 25.5 31.6 30.0 1.9 4.8 7.6 23.2 126.7 325.5

2 47.3 23.5 36.2 19.0 1.7 1.9 5.3 15.9 97.7 248.5

3 47.0 15.3 28.5 17.7 0.8 2.8 8.9 13.3 65.1 199.4

4 129.7 72.9 94.5 43.8 2.7 29 5.5 47.0 2423 641.3

5 169.2 75.6 109.7 131.2 6.0 10.0 11.5 71.7 249.2 834.1

6 43.9 20.0 27.0 9.5 0.9 1.3 3.8 10.2 73.9 190.5

7 135.4 43.0 83.8 33.5 4.0 7.0 18.7 41.8 149.2 511.4

8 119.4 40.2 65.4 34.2 29 114 7.0 457 127.3 453.5

9 70.8 87.3 89.5 38.8 4.4 13.8 23.9 20.8 153.3 502.6

10 180.3 127.4 172.5 52.8 6.2 18.7 27.7 50.8 195.1 831.5
Average 101.7 53.1 73.9 411 3.2 7.5 115 34.0 148.0 473.8
Standard 51.6 36.5 46.3 34.2 2.0 5.8 8.1 20.2 64.3 239.6

deviation

Key: RBM = red bone marrow

Table 3. Percentage Volumes of RBM in Each Anatomic Location of Every Subject
Based on High-Resolution T1-Weighted TB-MRI and Compared With Those
for Interpolated Ages of Cristy’s Mathematical Model'®

Cranium Lower Upper Sternum Scapula Ribs Pelvis
& mandible extremities extremities & clavicle & vertebrae
Subject Cristy TB-MRI  Cristy TB-MRI  Cristy TB-MRI  Cristy TB-MRI  Cristy TB-MRI Cristy TB-MRI Cristy TB-MRI
index
1 28.8 39.0 229 228 10.2 71 1.1 2.1 2.7 2.3 9.1 9.2 2563 176
2 28.3 39.5 22.4 191 9.8 6.4 1.3 1.5 2.7 2.1 9.0 7.7 26.7 242
3 278 32.6 21.8 236 9.4 6.7 15 1.8 2.7 4.5 9.0 8.9 28.1 22.0
4 278 38.1 21.8 204 9.4 7.4 1.5 0.9 2.7 0.9 9.0 6.9 28.1 26.3
5 27.8 29.9 21.8 20.3 9.4 8.6 1.5 1.9 2.7 1.4 9.0 15.7 28.1 22.2
6 27.3 38.8 21,5 23.0 9.1 5.4 1.6 1.2 2.7 2.0 8.9 5.0 29.2 247
7 26.0 29.2 219 265 8.9 8.2 1.7 2.2 2.7 2.7 8.9 6.6 30.1 24.8
8 25.0 28.1 222 26.3 8.7 10.1 1.9 3.2 2.7 1.5 8.9 7.5 309 233
9 175 305 246 144 7.5 4.1 2.6 3.6 2.7 4.8 8.8 7.7 36.5 352
10 17.5 23.5 246 217 7.5 6.1 2.6 3.0 2.7 3.3 8.8 6.4 36.5 36.1
Average 254  32.9 225 21.8 9.0 7.0 1.7 2.1 2.7 2.6 8.9 8.2 299 256
Standard 4.3 5.6 1.2 3.6 0.9 1.7 0.5 0.9 0.0 1.3 0.1 2.9 3.8 5.8
deviation

Averages and standard deviations across all subjects were also calculated and listed.
Key: RBM = red bone marrow, TB-MRI = total-body MRI

blood cell products. Fourth, anatomical
landmarks were used to segment be-
tween different body regions and create
regional subvolumes of RBM. For the
volumetric data, we categorized the re-
gions as the lower extremities, pelvis,

vertebrae, ribs, clavicle, sternum, scap-
ula, upper extremities, and head and
neck. For comparison with the previ-
ous mathematical model, these regions
were re-categorized into head and neck,
lower extremities, upper extremities,

sternum and clavicle, scapula, ribs, and
pelvis and vertebrae. These contours
and final regional RBM were verified
by the senior board-certified pediatric
radiologist. Finally, volumes of regional
RBM were calculated by the TPS, and
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FIGURE 2. MRI-based %RBM of our study (red squares) compared with mathematical-model-based %RBM of Cristy'® (blue diamonds) for
various anatomical regions. Linear trend lines are shown for the MRI-based data (red solid line) and the mathematical-model-based data (blue

dashed line).

%RBM in each body region was de-
termined by dividing its volume by the
volume of RBM in the whole body of
each subject.

Results
After accounting for all inclusion
and exclusion criteria, we identified

10 high-resolution TB-MRI sets in
which bone marrow could be delineated
throughout each subject’s entire body.
Upon review of all cases in our clinical
database, we found it lacked the inven-
tory necessary to produce a full cohort
of pediatric patients consisting of equal
numbers of both sexes and uniformly

distributed from 1 to 18 years of age.
The set of 10 subjects was nonuniformly
distributed in age from 4 months to 60
months and in sex, with eight boys and
two girls having high-resolution TB-
MRI (Table 1). Therefore, this final
cohort was re-categorized as a young
pediatric age group, not as both children
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and adolescents, and this became a pilot
study for further exploration.

Volumes in anatomical regions for
each subject are listed in Table 2. The
head and neck RBM accounted for the
largest amount of RBM among the des-
ignated regions. The RBM in the lower
extremities roughly tripled that of the
upper extremities. More RBM was
found in the vertebrae than in the pelvis
for every subject. We observed that ac-
tive marrow gradually shifted from the
periphery toward the central skeleton
with increasing age in this young pedi-
atric set of patients.

For an age-matched comparison, we
interpolated linearly the mathemati-
cal-model-based %RBM values from
Cristy’s study'® (Table 3) for the ages
of the subjects in our MRI-based study.
The mean values of %RBM average
across ages of these young children
were within approximately one stan-
dard deviation between the two studies,
suggesting that the values of Cristy’s
model were roughly on track with mea-
sured data. Both the MRI- and mathe-
matical-model-based data are plotted
in Figure 2 for each body region. Sim-
ilar to the Cristy model, our measured
%RBM rose with increasing age in the
sternum and clavicle as well as pelvis
and vertebrae regions, and fell with in-
creasing age in the head and neck, and
upper extremities regions. Our data
contradicted the upward trend in the
lower extremities and the flat %RBM in
the scapulae vs age in the Cristy model.
Our measurements were consistent with
Cristy’s flat model vs age for the ribs.

Discussion

In this pilot study of 10 subjects, we
used T1-weighted MRI to estimate the
volumes and %RBM in various regions
of the bodies of young children. We ob-
served a gradual shift and redistribution
with age of RBM from appendicular
to central skeleton. This natural trend
was expected and coincides with the
previously reported mathematical and
imaging models. We found some differ-

ences in trends between the measured
MRI-based data and the mathemati-
cal-model-based data in estimating the
distribution of %RBM in different body
parts in young children. Finally, our
limited sample set agreed with others’
previous findings that no differences
exist in red bone marrow distribution
between sexes.

Compared with previously published
results of %RBM based on mathematical
modeling, our measured data confirmed
these estimations for some body regions
but disagreed in other regions. In the
lower extremities, ribs and scapulae, the
modeled data agreed well with our mea-
sured data. However, compared with the
children in our study, the mathematical
model underestimated the %RBM in the
head and neck, and sternum and clavicle
regions and overestimated the %RBM in
the upper extremities, and pelvis and ver-
tebrae regions.

We also compared qualitatively the
measured and modeled results in the
relationship between %RBM and age.
The %RBM values in lower extremities
tended to be lower for children older
than 5 years in the mathematical model,
but our data suggest they may lower at a
younger age. Moreover, the %RBM in
the scapulae did show a trend toward in-
crease at a later age (greater than 5 years)
in the mathematical model, yet again we
noted that trend in an earlier age group
(less than 5 years). Therefore, our data
suggest that changes in the percentages
of RBM at the lower extremities and
scapulae occur earlier than what has been
previously estimated. Finally, our find-
ings confirmed the %RBM at the pelvis
and vertebrae in that age group com-
pared with Cristy’s model.

This was the first study, to our
knowledge, to estimate the %RBM
in various body regions of children
using TB-MRI. With the availability
of high-resolution MRI, we were able
to delineate active RBM from inactive
YBM. The ability to identify bone mar-
row and distinguish between RBM and
YBM is especially important for pedi-

atric cancer patients, many of whom
undergo MRI for evaluation of their
primary tumor, radiation therapy treat-
ment planning, or follow-up assess-
ments of treatment response. Moreover,
in the current trend toward developing
MRI-based radiation therapy treatment
plans, RBM quantification and delin-
eation by TB-MRI may become more
readily available in clinical settings.
This could improve targeting of treat-
ment volumes and avoidance of organs
and tissues at risk for acute and late ra-
diation therapy side effects. High-reso-
lution TB-MRI may aid understanding
of radiation-induced secondary hema-
tological malignancies®® and improve
training of dose-effect models of hema-
tological toxicities and malignancies
after childhood exposures.” Finally,
using TB-MRI to delineate bone mar-
row structures and substructures could
increase precision for targeted radi-
ation therapy —for example, in stem
cell sterilization—when fused with CT
simulation images. This application in-
troduces the possibility of less severe
morbidities and reduced late mortalities
than total-body irradiation while main-
taining disease control. These potential
advanced applications of MRI-based
RBM and YBM delineation are partic-
ularly relevant considering the substan-
tial improvements in MRI speed and
progress of MRI-guided radiation ther-
apy in mainstream cancer care.”!
Because of the highly specific inclu-
sion and exclusion criteria for patient
selection and the limited data in our in-
stitution, our post-IRB-approval data
collection resulted in a small sample
size. The small and nonuniform distri-
bution of our sample set with age and
sex was an unpredictable limitation a
priori. This retrospective study demon-
strated the feasibility of performing
forward research protocols with larger
sample sets of pediatric patients using
high-resolution MRI to further charac-
terize the %RBM in various region of
the body in young children and adoles-
cents, for example by institutions with
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large throughputs of pediatric patients
and high-speed MRI. The findings and
implications of our study warrant a
larger, more representative sample set
across both sexes and a broader range of
ages. A second limitation and opportu-
nity for improvement in future studies
was that not all TB-MRI sets were col-
lected under the same protocol. This
resulted in inconsistent TB-MRI image
quality between subjects. For this rea-
son, we standardized our contouring on
coronal views and T1 weighting, choos-
ing consistency in protocol between pa-
tients over segregation of fine details of
RBM in small bones, such as facial, ribs
and small extremities. This tradeoff led
to deficiencies in measuring %RBM in
these bones. Finally, another study lim-
itation was that the detailed pathology
of the included list of patients was not
reported, which could lead to an infor-
mation bias potentially affecting the
RBM distribution among this cohort.
However, our initial exclusion crite-
ria were strict in excluding all patients
known to have pathologies that could
affect RBM distribution.

In conclusion, our average %RBM
values in young children measured using
TB-MRI were consistent with those of
a widely accepted mathematical model,
but trends and rates of change vs age
were not. We demonstrated the feasibil-
ity of high-resolution TB-MRI for mea-
suring RBM distributions in children.

Further studies are needed with larger
and more uniformly distributed sample
sets to establish more definitive results.
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