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Myelofibrosis (MF) is a hematologic neoplasm arising as a primary disease or secondary to other blood
malignancies. Both primary and secondary MF develop progressive fibrosis of bone marrow, displacing
normal hematopoietic cells to other organs and disrupting normal production of mature blood cells. Acti-
vation of JAK2 signaling in hematopoietic stem cells commonly causes MF, and ruxolitinib, a drug tar-
geting this pathway, is the preferred treatment for many patients. However, current measures of disease
status in MF do not necessarily predict response to treatment with ruxolitinib or other drugs. Bone mar-
row biopsies are invasive and prone to sampling error, while measurements of spleen volume only indi-
rectly reflect status of bone marrow. Toward the goal of developing an imaging biomarker for treatment
response in MF, we present preliminary results from a prospective clinical study evaluating parametric
response mapping (PRM) of quantitative Dixon MRI bone marrow fat fraction maps in four MF patients
treated with ruxolitinib. PRM allows voxel-wise identification of temporal changes in quantitative imag-
ing readouts, in this case bone marrow fat. We identified heterogeneous responses of bone marrow fat
among patients and within different bone marrow sites in the same patient. Changes in bone marrow
fat fraction also were discordant with reductions in spleen volume, the standard imaging metric for treat-
ment response. This study provides initial support for PRM analysis of quantitative MRI of bone marrow
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fat to monitor therapy in MF, setting the stage for larger studies to further develop and validate this

method as a complementary imaging biomarker.

INTRODUCTION

Myelofibrosis (MF) is a myeloproliferative neoplasm caused by
unregulated proliferation of abnormal hematopoietic stem cells,
resulting in progressive fibrosis of the bone marrow. MF may
occur as a primary disease or develop secondary to polycythe-
mia vera (PV) or essential thrombocythemia (ET). Patients with
MF can have hyperproliferation or underproduction of blood
cells (polycythemia or anemia), reduced or elevated white blood
cell counts (leukopenia or leukocytosis), and reduced or elevated
platelet counts (thrombocytopenia or thrombocytosis) (1). The
shift of hematopoiesis away from the fibrotic bone marrow to
other anatomic sites, referred to as extramedullary hematopoi-
esis, produces profound hepatosplenomegaly. Patients also ex-
perience debilitating constitutional symptoms such as fever,
night sweats, myalgias, and weight loss because of the release of

proinflammatory cytokines. Even with the state-of-the-art
drugs, less than half of the patients exhibit durable responses to
treatment, and the median survival rate ranges from ~2-17
years (2). As an additional complication, 8%-20% of patients
with MF progress to acute myeloid leukemia (3).

Although many inciting events causing MF remain un-
known, an activating mutation in JAK2 (V617F) occurs in 50%-
60% of patients with primary MF/ET and >95% of those with
PV (4). Discovery of JAK2 V716F led to the development of
JAK2 inhibitors with the U.S. Food and Drug Administration
approval for ruxolitinib in 2011, which, now, is the drug of
choice for many patients with MF (5). Treatment with ruxolitinib
reduces the spleen size and improves constitutional symptoms
(6). Even in patients with MF without the JAK2 V7 16F mutation,
treatment with ruxolitinib also improves survival (7).
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Despite the overall benefits of ruxolitinib, few patients ex-
perience either partial or complete responses (eg, reversion of
bone marrow fibrosis or leukoerythroblastosis or peripheral
blood count normalization). Disease symptoms can also recur
within 7-10 days of discontinuing ruxolitinib. Some patients
treated with JAK2 inhibitors exhibit a phenomenon called “dis-
ease persistence,” defined as the gradual return of splenomegaly
and constitutional symptoms despite continued JAK2 inhibitor
treatment (8). The inability to distinguish patients who maintain
durable responses to ruxolitinib and ultimately show at least
partial regression of bone marrow fibrosis from those who ex-
hibit disease persistence remains a major clinical challenge.

Patients with MF are classified into 4 risk groups based on
the Dynamic International Prognostic Scoring System Plus
(DIPSS Plus). DIPSS Plus stratifies patients based on the follow-
ing criteria: age >65 years, hemoglobin level <10, white blood
count >25 000, platelet count <100 000, and circulating blast
percentage =1%; presence of constitutional symptoms; unfa-
vorable cytogenetics; and red cell transfusion dependence (9).
One point is assigned to each DIPSS Plus criterion, with
higher scores associated with decreased survival. However,
DIPSS Plus stages overall survival and does not predict re-
sponse to treatment.

Bone marrow fibrosis in MF is assessed by biopsy of a single
site in the iliac crest. The degree of marrow fibrosis is determined
using the European Consensus criteria, which grade bone mar-
row fibrosis at 4 levels, from MF-0 (prefibrotic) to MF-3 (densely
fibrotic) (10). In a recent study, a combination of fibrosis grade
and DIPSS Plus score seems to provide general prognostic in-
formation. Low-to-nonexistent fibrosis (MF-0) in combination
with low-risk DIPSS Plus correlates with good prognosis,
whereas MF-3 in combination with high-risk DIPSS Plus has
worse prognosis (11). The relationship among fibrosis, DIPSS
Plus risk group, and outcomes supports the rationale that a
significant degree of fibrosis correlates with worsened survival,
although these parameters have not been used to predict treat-
ment responses. Unfortunately, many higher-risk patients are
already at either MF-2 or MF-3 fibrosis at the time of diagnosis,
which highlights a notable limitation of the fibrosis grading
criteria for clinical management. Once fibrosis has reached
MF-3 in a biopsy sample, one cannot differentiate further wors-
ening of fibrosis by grading. Furthermore, pathological analysis
of the bone marrow from biopsy of a single site in the iliac crest
currently is used as the standard for assessing the extent of
fibrosis throughout all bone marrow and disease progression/
regression in response to treatment. This method can be prone to
misrepresentation in cases with heterogeneously distributed dis-
ease. Additional methods are needed to distinguish between
patients without any or only brief responses to treatment and
those with sustained benefits from therapy, as it pertains to the
evaluation of fibrosis and the bone marrow niche.

As an initial step toward establishing an imaging method to
more globally monitor effects of therapy on the bone marrow
environment in MF, we used magnetic resonance imaging (MRI)
with quantitative determination of bone marrow fat fraction
(FF). We focused on this noninvasive MRI technique because the
bone marrow fat content progressively increases with aging,
reaching approximately 50%-70% in patients older than 50
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years (12). This age group encompasses the patient population
(50-70 years) predominantly affected by MF. Changes in the
bone marrow associated with MF, such as replacement of the
bone marrow fat by fibrosis or elevated numbers of hematopoi-
etic cells, reduce the abundance of fat. We hypothesized that
MRI could detect changes in the bone marrow fat over the course
of therapy with ruxolitinib.

Spatial heterogeneity in disease and therapeutic response
represents a major confounding factor to the evaluation of
quantitative imaging results. To improve our ability to define
spatial and temporal changes in the bone marrow fat during
treatment, we used parametric response mapping (PRM), an
image analysis technique we developed to identify significant
changes in a quantitative imaging parameter such as FF (PRMgg)
on a voxel-wise basis between pre- and post-treatment image
acquisitions (13). Because response is evaluated on a voxel-by-
voxel basis, the PRM results are less susceptible to volume-
averaging effects. PRM has shown greater sensitivity than
whole-volume statistics (ie, mean) for determining heteroge-
neous treatment response in cancer (13-16), and it provides a
spatial context for response readouts, which, in this case, may
help to match the pathology results with imaging metrics. Here,
we report the results of PRMgr for 4 patients with MF treated
with the JAK2 inhibitor, ruxolitinib. We also compared results
with changes in spleen volume by MRI, which has been used as
the primary endpoint for determining treatment response to
ruxolitinib (5). PRMgr highlighted the major regions of signifi-
cant increase in FF (PRMgg+), as well as substantial spatial
heterogeneity in therapeutic response. Interestingly, the PRM
results for FF in these 4 patients were discordant with the
clinical standard of changes in spleen volume. Although further
investigation is needed to define the clinical implications of
PRMgr+ in MF, these preliminary results establish the feasibility
of quantifying changes in the bone marrow fat during therapy
and potential promise as a complementary approach for deter-
mining treatment efficacy.

METHODS

Patients with biopsy-proven MF beginning therapy with rux-
olitinib were eligible for this single-site study. Patients with
contraindication to MRI and/or needing sedation or anesthesia
to undergo MRI were excluded. All participants signed the
informed consent for the study, which was approved by the
University of Michigan Institutional Review Board.

Enrolled patients underwent MRI within 1 month before starting
treatment with ruxolitinib. The ruxolitinib dose was determined
by the treating hematologist and was not specified in the pro-
tocol. However, patients received between 20 and 40 mg of drug
daily. Patients underwent repeat MRI studies after ~1-2, 3-5,
and 6 -10 months of ruxolitinib treatment for a total of 4 scans
per patient.

Quantitative proton density FF MRI examinations were per-
formed on a commercial 3 T MRI system (Ingenia model, soft-
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ware version 5.1.7.0; Philips Healthcare, Best, The Netherlands)
using a multiecho Dixon technique (17). For each section, six
complex-valued gradient echo images were acquired at echo
times TE (n) = 1.23 milliseconds + 0.98 milliseconds X n (where
n=0,1,2,...5). These images were automatically processed on
the scanner to produce “water-only,” “fat-only,” “in-phase,”
“out-of-phase,” “fat-fraction,” and “T2*” maps of each imaged
section. On-line processing included correction for magnetic
field inhomogeneity, multiple peaks in the lipid spectrum, and
T2* decay. In addition, a low flip-angle (nominal 3°) was used to
mitigate T1 weighting, which inflates the FF values, thereby
achieving proton density-weighted FF estimates at the pixel
level (18). Acquisition geometry was tailored to cover patient
anatomy in the lumbar and pelvis zones in 2 distinct sections.
The following are the other relevant acquisition settings of the
Dixon technique: a 28-channel torso receiver coil placed on
abdomen/pelvis; dual-channel transmit for patient-specific
“B1-shimming”; 3-dimensional (3D) fast field echo acquired
with parallel imaging acceleration (SENSE = 2) in the anterior-
posterior direction; repetition time (TR) is 7.5 milliseconds; field
of view (FOV) is 400 X 400 mm; and acquired section thickness
is 3.5 mm reconstructed to 1.75 mm for coverage of 110-147
sections at nominal 1.67- X 1.67-mm in-plane resolution.

To quantify spleen volumes, we used a 3D axial THRIVE
sequence with breath-hold. The following are the sequence pa-
rameters: TE = 1.3 milliseconds, TR = 2.8 milliseconds, FOV =
400 X 400 X 16 mm, flip-angle = 10°, and excitation for a
section thickness of 5 mm = 1.

Image acquisition of a fat/water MRI phantom (19, 20) consist-
ing of tubes with varying fat content was performed on the
clinical scanner to assess the accuracy of our FF results. Ex-
pected FFs for this phantom were 0, 2.6, 5.3, 7.9, 10.5, 15.7, 20.9,
31.2, 41.3, 51.4, and 100%. A volume of interest (VOI) was
contoured within each phantom tube data set and used to gen-
erate imaging statistics for comparison with expected values
using the Bland-Altman plot.

PRM of Bone Marrow FF. Image analysis was performed using
an in-house software developed in MATLAB (The Mathworks,
Inc., Natick, Massachusetts). Manual VOIs were individually
delineated for each femoral head and pelvis marrow region on
the baseline images. Follow-up magnetic resonance (MR) im-
ages were semiautomatically coregistered to the initial imaging
time point for each separate VOI using Elastix (21). In brief,
mutual information was used as a cost function in a stepwise
multiresolution algorithm to optimize a rigid-body transforma-
tion between the initial and follow-up images. Only voxels
within the dilated VOI were used to calculate the cost function.

A PRM threshold was determined, based on an approximation
of the expected error in the FF map, to be = 100%. The resulting
PRM classifications were determined by these thresholds applied
to the voxel-wise difference between serial images (<130>FF =
[follow-up FF] — [baseline FF]) as follows: <<130>FF >100,
indicating a significant increase in FF (PRMgg+, red); <—100%,
indicating significant decrease in FF from the baseline (PRMgr—,
blue); and 0% indication no significant change (PRMggo, green).
The PRM values are represented as volume fractions of each
classification and are presented individually and in combination
(ie, PRMFF+ + PRMppf).
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The display of results (Figures 2-5) was facilitated by dedi-
cated 3D visualization software (Amira, FEI, Hillsboro, Oregon),
allowing for the efficient display of the masked FF maps and
temporal change via PRM. For display of FF maps (left column),
a color map was selected to be increasingly transparent with
the decreasing fat content, and progressing from orange to
yellow to white with the increasing content of fat. The PRM
maps (middle column) are displayed with solid red (PRMgg+),
blue (PRMgr—), and semitransparent green (PRMggo) to high-
light regions of significant change. The PRM scatterplots
(combined pelvis and femurs) are displayed in the right-hand
column for additional context into the distribution of FF
values.

Spleen volumes were quantified from the pretreatment and
6-months post-treatment studies. A board-certified radiologist
manually defined a region of interest around the spleen on each
image and measured the areas on each section using a McKesson
PACS workstation. Areas on each section were summed to ob-
tain the total spleen volume, which was used to calculate the
percent change in spleen volume between the pretreatment and
final post-treatment MRI examinations.

RESULTS

From December 2014 through October 2015, we performed the
complete study protocol of pretreatment baseline MRI with
repeat examinations after approximately 1-2, 3-5, and 6-10
months of treatment on 4 patients with MF. All enrolled patients
completed the study. Table 1 lists the patient characteristics.
Three patients developed post-PV MF, whereas 1 patient devel-
oped post-ET MEF. All patients underwent a bone marrow biopsy
before therapy to establish the MF diagnosis, and patient 1
underwent a second bone marrow biopsy after completing the
therapy. The pretreatment bone marrow fibrosis degree ranged
from MF-1 to MF-3, based on the European Consensus criteria,
which grades bone marrow fibrosis at 4 levels, from MF-0
(prefibrotic) to MF-3 (densely fibrotic). Patients 2-4 had a hy-
percellular bone marrow, with up to 100% cellularity on pre-
treatment bone marrow biopsies in patients 2 and 3. Table 1 also
lists hematologic parameters for white blood cell (WBC) count,
red blood cell (RBC) count, hemoglobin levels, hematocrit val-
ues, and platelet count in the peripheral blood before beginning
ruxolitinib (baseline) and after the final MRI (treatment). These
parameters routinely are used clinically as part of the overall
assessment of bone marrow function.

Overall, the image acquisition and processing methodology used
in this study resulted in <49% deviation from actual FF values
expected from the phantom (Figure 1). Measurements from
phantom vials with low-fat content, FF values between 0% and
20%, were slightly elevated using our quantification; however,
deviation of mean volume measurements from actual values did
not exceed *4%.
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Patient 1. Patient 1 developed post-ET MF. This patient had
extensive bone marrow fibrosis (MF grade 2-3) at baseline
before therapy with ruxolitinib (Table 1). On the baseline pre-
treatment study, the percent FF display shows ~300%-40% fat
confined to each proximal femur and acetabulum (Figure 2).
This percentage and distribution changed minimally after 2
months of therapy. However, the subsequent MRI examination
after ~5 months demonstrated a clear increase in percent FF
(60%-70%) and a broader distribution with bone marrow fat
extending into both iliac bones and the superior pubic rami. The
FF image at 7 months showed a comparable amount and distri-
bution of fat as described at 4.7 months.

PRM, which quantifies the changes in percent FF on a voxel-
wise basis from post-treatment studies to the baseline MRI,
showed a modest initial increase in the bone marrow fat in the
acetabula, superior pubic rami, and femoral heads after ~2
months (Figure 2). The subsequent study at ~5 months showed
marked increases in the bone marrow fat throughout the pelvis
and femora, and the bone marrow fat in the iliac bones contin-
ued to increase through the 7-month examination. The PRM
scatterplots for pre- versus mid-treatment FF quantitatively
display the relative abundance of the bone marrow fat at base-
line and reveal a significant increase in the fat throughout both
the pelvis and proximal femurs at ~5 and 7 months after
treatment initiation. The color display of the PRM voxels shows
that treatment produced greater increases in the bone marrow
fat in both femurs relative to the pelvis. Figure 2 legend contains
a video link to a 3D view of spatially varying changes in the
PRM values over time for patient 2.

In a marked contrast to increases in bone marrow fat, this
patient had <5% reduction in spleen volume, the standard
imaging metric for treatment efficacy in MF (Figure 6). These
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data for patient 1 display discordance between changes in bone
marrow FF and spleen volume during therapy with ruxolitinib.
The post-treatment bone marrow biopsy from the iliac crest
showed MF grade 3 fibrosis with high numbers of megakaryo-
cytes. In addition, a complete blood count after 7 months of
therapy revealed a decrease in all parameters with below-normal
values for WBC, RBC, hemoglobin, and hematocrit (Table 1).

Patient 2. Patient 2 developed post-PV MF, with the pretreat-
ment bone marrow biopsy showing predominantly MF grade 1
fibrosis and hypercellularity (100% cellularity; Table 1). Initial
MRI data showed that the bone marrow fat was essentially
confined to the femoral heads bilaterally with fat content of
~50%-60% (Figure 3). Follow-up examinations at ~2 and 4
months revealed a slight expansion of the bone marrow fat
restricted to the femoral heads. By comparison, the final exam-
ination at ~10 months showed a considerable increase in the
bone marrow fat, extending into the iliac wings, superior pubic
rami, and proximal femurs. The PRM anatomic display enhances
the detection of increased bone marrow fat in both iliac wings
after 2 and 4 months of treatment. However, these increases
were difficult to discern on images with percent FF. The PRM
also reinforces increased bone marrow fat throughout the pelvis
and proximal femurs on final examination. Figure 3 legend also
includes a video link that enables 3D viewing of spatially vary-
ing changes in the PRM values for patient 2 over time. Similar to
patient 1, the bone marrow fat increased to a greater extent in
the femurs relative to the pelvis, and patient 2 had only a limited
(~10%) decrease in spleen volume that fell well below the
threshold used for successful treatment (Figure 6).

Before therapy, patient 2 showed an increase in both WBC
and RBC counts with a slightly reduced hemoglobin level. Re-
peat bone marrow biopsy in this patient showed decreased
cellularity (50% as compared with 100% on the initial biopsy)
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Figure 2. FF% and PRM analysis of changes in the bone marrow fat for patient 1. FF% in the pelvis and proximal fe-
mur measured by MRI at baseline and after 2.1, 4.7, and 7 months of treatment with ruxolitinib. Quantified FF% is dis-
played as a pseudocolor scale between 10% and 80% as shown on the scale bar. We present PRM data comparing
posttreatment studies to the baseline MRI as an anatomic display, scatterplot, and line graph. On anatomic display and

scatterplots, red denotes a significant increase in the bone marrow fat percentage; green represents no change; and
blue designates a significant decrease. Readers can visualize a 4-dimensional (4D) display of the anatomic PRM display
over the course of therapy for patient 1 (See Supplemental Video 1 (») rurweeo ). Solid lines on scatterplots define the
threshold for defining a significant change in MRI data for FF. The line plot shows time-course PRMgr - readouts for the
pelvis, each femur, and all three VOIs combined, as noted here.
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Figure 3. Analyzed imaging data for patient 2. FF% in the pelvis and proximal femur measured by MRI at baseline
and after 1.8, 4, and 9.9 months of treatment with ruxolitinib. Quantified FF% and PRM results are displayed as de-

scribed in

tient 2 (See Supplemental Video 2 (») ruvweso ).

with essentially constant fibrosis. The WBC count and other
blood count parameters normalized after 8 months of treatment
(Table 1).

Patient 3. Patient 3 had a preceding diagnosis of PV with a
hypercellular (100%) bone marrow before therapy. Correspond-
ingly, the pretreatment MRI showed very minimal fat within the
bone marrow of the pelvis and proximal femurs because of
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. Readers can visualize a 4D display of the anatomic PRM display over the course of therapy for pa-

replacement with hematopoietic cells (Figure 4). Over the course
of the therapy, this patient showed almost no change in the bone
marrow FF, with only a slight increase observed in both femoral
heads. The PRM anatomic displays also revealed a loss of the
bone marrow fat in both acetabula. Minimal increases in the
bone marrow fat in the iliac bones and superior pubic rami after
~1 and 3 months were not apparent on the 6-month examina-
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Figure 4. Analyzed imaging data for patient 3. FF% in the pelvis and proximal femur measured by MRI at baseline
and after 1.1, 2.8, and 6.6 months of treatment with ruxolitinib. Quantified FF% and PRM results are displayed as de-

scribed in . Readers can visualize a 4D display of the anatomic PRM display over the course of therapy for pa-

tient 3 (See Supplemental Video 3 (») ruvweso ).

tion. The PRM scatterplot also depicts the minimal fat content in
the imaged bone marrow, with voxels confined to the origin. A
3D view of spatial and temporal changes in the PRM for this
patient is included in Figure 4 legend. By comparison, spleen
volume decreased by >30% over 6 months of therapy, nearly
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reaching the 35% threshold that is used as the standard imaging
metric of treatment efficacy (Figure 6). The patient’s elevated
WBC count decreased to nearly normal levels by the end of
treatment. Because this patient continued to have a PV pheno-
type requiring phlebotomy, the hemoglobin level and hemato-
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Figure 5. Analyzed imaging data for patient 4. FF% in the pelvis and proximal femur measured by MRI at baseline
and after 1.8, 2.9, and 5.1 months of treatment with ruxolitinib. Quantified FF% and PRM results are displayed as de-

scribed in

tient 4 (See Supplemental Video 4 (») ruvweso ).

crit values are reflective of intermittent phlebotomy to maintain
hematocrit values to <45 (Table 1).

Patient 4. Patient 4 had MF secondary to PV, with a pretreat-
ment bone marrow biopsy revealing densely fibrotic bone mar-
row (MF grade 3) and hypercellularity (60%; Table 1). The
baseline image of the bone marrow FF shows ~400 fat predom-
inantly in both femoral heads, with additional scattered foci of
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. Readers can visualize a 4D display of the anatomic PRM display over the course of therapy for pa-

detectable fat throughout the pelvis (Figure 5). The FF maps
show minimal changes in this distribution over the treatment
course, with detectable increases in both femoral heads and loss
of FF in the acetabula (right > left). The PRM anatomic color
displays and scatterplots clearly depict marked heterogeneity of
responses to treatment. The treatment increased the bone mar-
row fat in both femoral heads and proximal femurs, whereas fat
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WBC (K/puL) RBC
Count (M/ L),
Hemoglobin (g/dL),
Hematocrit (%), and

Patient Age (y), Sex MF Grade Preceding Disease Platelets (K/ul)
Baseline Treatment *Baseline *Treatment
1 63, M 2-3 (90% 3 (40%-50% cellularity, Essential thrombocythemia 12.11 3.5
cellularity) high megakaryocytes) 4.44 2981
13.1 8.5
41.2 257
288 172
2 62, M 1 with limited 2 2 (variable with average 50%  Polycythemia vera 20.61 8.9
(hypercellular; 100%) cellularity) 6.861 597
134 15.1
46.7 44.0
I35 178
3 51, M 1-2 (hypercellular, NA Polycythemia vera 18.81 10.81
100%) 6781 7.091
13.2 ] 12.9]
48.3 44.0**
208 238
4 59, F 3 (60% NA Polycythemia vera 8.7 7.0
cellularity) 473 3.95
11.2 9.71]
35.6| 30.3 )
101 86

* Normal values provided for comparison:
Normal (male):
WBC count: 4.0-10.0 k/uL.
RBC count: 4.40-5.70 M/uL.
Hemoglobin level: 13.5-17.0 g/dL.
Hematocrit value: 40.0%-50.0%.
Platelet count: 150-400 k/uL.
Normal (female):
WBC count: 4.0-10.0 k/uL.
RBC count: 3.9-5.0 M/uL.
Hemoglobin level: 12.0-16.0 g/dL.
Hematocrit value: 36%-48%.
Platelet count: 150-400 k/uL.

** Patient 3 still exhibited a polycythemia vera (PV) phenotype with intermittent polycythemia, so he underwent periodic phlebotomy to keep hematocrit
value <45. Therefore, the hemoglobin level and hematocrit values are artificial.

decreased in both pubic rami and particularly the right acetab-
ulum. Spatial and temporal changes in the PRM for patient 4 can
be viewed in 4 dimensions via a link in Figure 5 legend. PRM
data graphs show greater increases in fat in both femurs relative
to the pelvis.

Anatomic imaging showed that spleen volume decreased by
35% in this patient over ~5 months of treatment (Figure 6), which
meets the existing clinical imaging standard for response to rux-
olitinibh. WBC and RBC counts were normal both before and after
therapy, although both values decreased slightly toward the lower
range of normal. Hemoglobin level, hematocrit values, and platelet
count were all below the normal range before treatment and re-
mained below normal after 5 months of therapy; however, all these
parameters decreased slightly with treatment (Table 1).
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DISCUSSION

Although established clinical and pathologic staging systems
define prognosis for patients with MF, monitoring the response
to therapy remains an unmet clinical need in this disease. Be-
cause marked splenomegaly from extramedullary hematopoiesis
is a hallmark feature of MF, reductions in spleen volume deter-
mined by either anatomic MRI or physical examination are
standard metrics for treatment efficacy in MF. However,
changes in spleen volume only indirectly assess the bone mar-
row fibrosis and do not predict durable responses to ruxolitinib
or other drugs used for treating MF. A biopsy directly samples
the bone marrow environment, but a blind biopsy of a single site
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in the iliac crest fails to account for heterogeneity of disease
extent and treatment response throughout the skeleton. Bone
marrow biopsy is also an invasive, uncomfortable procedure,
limiting the frequency with which it is typically performed on a
single patient in clinical practice. In addition, peripheral blood
counts have limitations for assessing treatment response, in
part, because off-target inhibition of the related kinase JAK1
can impair erythropoiesis (22).

The MRI method described in this study establishes the
framework for a noninvasive, quantitative imaging test to more
globally asses the bone marrow environment in patients with
MF and monitor effects of therapy. The Dixon quantitative
imaging technique we used to previously determine the fraction
of the bone marrow fat has been shown to generate highly
reproducible measurements in human subjects (23). MRI with
the Dixon technique can detect increases in the bone marrow fat
following systemic cancer chemotherapy or localized radiation
therapy, a known complication of these treatments (24, 25).
These data validate the Dixon technique for monitoring longi-
tudinal changes in the bone marrow composition during ther-
apy. Because vendors of clinical MRI scanners provide soft-
ware for quantitative Dixon scan techniques, this imaging
method can be implemented broadly in clinical research and
patient care.

To track spatial and temporal changes in the bone marrow
fat during therapy with ruxolitinib, we used PRM, a voxel-wise
image analysis technique that quantifies and displays spatially
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varying alterations in FF longitudinally between pre- and post-
treatment imaging examinations. Although PRM has been
broadly used for imaging of cancer therapeutic response and
other clinical diagnostic purposes, this study marks the first
application of PRM for fat imaging and the bone marrow envi-
ronment imaging (13, 26-42). In addition to the quantitative
PRM metrics that condense response readouts into numerical
values, a display of the PRM map allows for individual assess-
ment of the spatial distribution of response. In the assessment of
heterogeneous disease, the spatial context of response metrics is
critical, particularly when evaluating against spatially limited
readouts such as biopsies. Relative to images displaying the FF
percent, the PRM color display enhanced conspicuity of regions
with either increased or decreased bone marrow fat over the
course of treatment. The PRM displays and associated graphs
also provide quantitative metrics for voxels with changes in FF
that exceed established confidence intervals for variability be-
tween MRI studies. The combination of quantitative Dixon MRI
and PRM provides a powerful new approach to detect and
quantify spatially heterogeneous changes in the bone marrow
composition during therapy.

Our initial imaging results for patients with MF treated with
ruxolitinib over ~5-10 months reveal several new, provocative
observations. We observed substantial heterogeneity of re-
sponses among patients, with 2 patients (1 and 2) showing a
pronounced increase in the bone marrow fat throughout the
pelvis and proximal femurs, whereas another patient (3) had
essentially no change in the bone marrow FF. Within a single
patient, we identified heterogeneous responses of the marrow in
different bones and even within the same bone. For example, the
PRM of acetabula in patient 4 showed increased and decreased
bone marrow fat in almost immediately adjacent voxels. In
general, we also found that bone marrow FF increased to a
greater extent in femurs relative to the pelvis. Finally, we
observed a striking disconnect between effects of ruxolitinib
on bone marrow FF versus spleen volume. Patient 1, with the
most pronounced increase in bone marrow fat, had <59%
reduction in spleen volume (Figure 6), the standard imaging
parameter used for treatment efficacy. By comparison, pa-
tient 3 had negligible increases in bone marrow FF in the
femur or pelvis but had >300% reduction in spleen volume
(Figure 6). We are currently continuing to accrue additional
patients into this study to correlate imaging data with clinical
parameters and outcomes. Additional data from these pa-
tients will help to further elucidate how quantitative analysis
of the bone marrow fat by MRI integrates with the current
clinical metrics and potentially expands capabilities for as-
sessing disease status for patient care.

Our study builds on a limited number of promising research
for applications of MRI to MF. In clinical trials, measurements of
spleen volume by anatomic MRI have been used to define
response to therapy, with some trials using >35% reduction as
the primary endpoint (5). Although bone marrow imaging has
not been used to measure drug efficacy in MF, standard MRI
techniques have been used to detect bone marrow abnormalities
in patients with this disease. In a study of 35 patients with MF
treated with hematopoietic stem cell transplant, qualitative
evaluation of T1-weighted and short tau inversion recovery
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images showed good correlation with the results of bone marrow
biopsies (43). Resolution of bone marrow fibrosis and osteoscle-
rosis by MRI also correlated with successful outcomes of stem
cell transplants. In addition, dynamic contrast-enhanced MRI of
the lumbosacral spine distinguished patients with MF from
those with PV and ET on the basis of greater perfusion of bone
marrow in patients with MF, which was attributed to neoan-
giogenesis (44).

Although the current study establishes feasibility of using
quantitative MRI to analyze the bone marrow response to ther-
apy in MF, technical improvements are needed to improve the
use of this technique for clinical trials and possible patient
management. Because test-retest imaging data were not avail-
able, a true assessment of the 95% confidence interval could not
be used for the PRM threshold. This threshold will account for
variation in the quantitative readout including image and Dixon
modeling noise, image coregistration, and voxel geometry. Lim-
itations in the spatial resolution of acquired images are prob-
lematic for delineation and analysis of narrow regions of inter-
est, including the marrow space of the ilium, which is why the
display for some patients (2 and 4, in Figures 3 and 5, respec-
tively) appears to have a hole in the VOI. The data analysis
methods used for this research required manual segmentation of
bones on the baseline MRI as part of the PRM, which is a
time-intensive process. Adding a high-resolution MRI sequence
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