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Abstract

Background: Bone marrow failure syndrome (BMFS) is a heterogeneous group of disorders associated with single- or
multiple-lineage cytopenia and failure of normal hematopoiesis. We assessed the feasibility of integrated PET/MRI with 3™
deoxy-3-"®F-fluorothymidine ("®F-FLT) to assess the pathophysiology of whole-body bone marrow for the diagnosis and
monitoring of BMFS. Twenty-five consecutive patients with BMFS underwent a pre-treatment '°F-FLT PET/MRI scan. They
included 7 patients with aplastic anemia (AA), 16 with myelodysplastic syndrome (MDS), and 2 with myeloproliferative
neoplasms (MPNSs), primary myelofibrosis (MF), and secondary [post-essential thrombocythemia (post-ET)] MF. Two of the
seven AA patients underwent a post-treatment scan. Eight of the 16 MDS patients who exhibited decreased '®F-FLT
uptake in the pelvis were considered to have hypoplastic MDS (hypo-MDS). "®F-FLT PET and diffusion-weighted imaging
(DWI) were visually and quantitatively evaluated.

Results: The '®F-FLT uptake in the ilium was strongly correlated with bone marrow cellularity based on biopsy samples
(0 =0.85). AA patients exhibited heterogeneously decreased uptake of '®F-FLT according to disease severity. Multiple
"8E_FLT foci were observed in the proximal extremities, and they were in the central skeleton in severe AA patients.
Post-treatment '"8F-FLT PET scans of severe AA patients reflected the response of hematopoietic activity to treatment.
MDS patients had marked '8F-FLT uptake in the central skeleton and proximal extremities, whereas hypo-MDS patients
had heterogeneously decreased uptake, similar to that of non-severe AA patients. '®F-FLT PET and DWI were unable to
predict the progression to leukemia for both MDS and hypo-MDS patients. A primary MF patient had slightly decreased
"8F-FLT uptake in the central skeleton, but marked expansion of bone marrow activity to the distal extremities and high
uptake of tracer in the extremely enlarged spleen (extramedullary hematopoiesis). In contrast, a secondary (post-ET) MF
patient demonstrated marked bone marrow uptake, reflecting the hypercellular marrow with fibrosis. DWI revealed
diffusely high signal intensities in both the primary and secondary MF patients.

Conclusion: '®F-FLT PET can be used to noninvasively assess whole-body bone marrow proliferative activity and DWI may
reflect the different aspects of bone marrow pathophysiology from ' F-FLT PET. "F-FLT PET/MRI is useful for the diagnosis
and monitoring of BMFS, except for the differentiation between non-severe AA and hypo-MDS, and the prediction of
progression to leukemia.
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Background

Bone marrow failure syndrome (BMFS) is a heterogeneous
group of disorders associated with single- or multiple-lineage
cytopenia and failure of normal hematopoiesis that can be
either inherited or acquired [1]. BMFS includes aplastic
anemia (AA), myelodysplastic syndrome (MDS), inherited
BMFS (IBMES), large granular lymphocytosis (LGL), pure
red cell aplasia (PRCA), paroxysmal nocturnal
hemoglobinuria (PNH), and myeloproliferative neoplasms
(MPNSs) such as primary myelofibrosis (primary MF) (Fig. 1).
There is some degree of overlap among these syndromes as
two disorders can coexist in the same patient, and some of
these disorders can evolve to acute myeloid leukemia
(AML). Differential diagnosis can be difficult because these
syndromes are primarily defined by the cell morphology
based on limited bone marrow biopsy samples obtained
from limited areas. However, misdiagnosis leads to inappro-
priate therapy and delayed treatment. Moreover, therapeutic
monitoring can also be difficult because the evaluation is
based on the limited biopsy samples, which do not reflect
the response of whole-body bone marrow.

The thymidine analog 3’-deoxy-3'-'*F-fluorothymi-
dine (*®F-FLT) is a radiopharmaceutical for positron
emission tomography (PET) and a surrogate marker of
DNA synthesis. '®F-FLT PET enables the evaluation of
whole-body bone marrow proliferative activity, and has
been used for the diagnosis and monitoring of bone
marrow disorders [2-6]. Diffusion-weighted imaging
(DWI) is a quantitative functional magnetic resonance
imaging (MRI) technique that detects the random move-
ment of water protons. Whole-body DWT is currently
used for cancer staging and assessment of treatment re-
sponse in malignancies involving bone marrow [7-10].
The recent introduction of integrated PET/MRI has
enabled simultaneous PET and MR functional imaging

Fig. 1 Overlap of bone marrow failure syndrome and progression to
leukemia [1]. AA aplastic anemia, MDS myelodysplastic syndromes,
IBMFS inherited bone marrow failure syndrome, LGL large granular
lymphocytosis, PRCA pure red cell aplasia, PNH paroxysmal nocturnal
hemoglobinuria, MPN myeloproliferative neoplasm, AML acute
myeloid leukemia
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with matched spatial registration and high soft tissue
contrast [11].

In this study, we assessed the feasibility of whole-body
"E_FLT PET/MRI as a two-way imaging system com-
prising PET and DWI for the differential diagnosis and
therapeutic monitoring of BMEFS.

Methods

Healthy subjects

Before starting "*F-FLT PET/MR scans for patients, three
healthy subjects underwent '*F-FLT PET/MRI to set the
parameters for PET and MR sequences and to confirm the
normal distribution of **F-FLT and DWI signals.

Patient population

Twenty-five patients (19 males and 6 females; 68.5 +
16.3 years of age) with biopsy-confirmed BMFS, com-
prising 7 with AA, 16 with MDS, and 2 with MPNs con-
sisting of primary MF and secondary (post-essential
thrombocythemia; post-ET) MEF, were enrolled in this
feasibility study (Table 1). Bone marrow biopsy samples
were obtained from the unilateral posterior iliac crest.
AA patients were classified as having severe AA or
non-severe AA according to the modified Camitta’s cri-
teria [12, 13]. All patients underwent a pretreatment
E_FLT PET/MRI scan, and two patients with severe
AA underwent a post-treatment scan to assess the treat-
ment response of bone marrow compartments between
August 2016 and June 2018. This retrospective study
was approved by the ethics committee of the Faculty of
Medical Sciences, University of Fukui (No. 20160030).
Written informed consent was obtained from all individ-
ual participants including healthy subjects in this study.

Whole-body PET/MRI

"8F-FLT synthesis

"E_FLT was synthesized in a TRACERIab MXFDG (GE
Healthcare) using an ABX-FLT kit (ABX) [14].
No-carrier-added '®F-fluoride was produced via the
BO(p,n)'®F reaction from >98% enriched '*O-water
(Cambridge Isotope Laboratories) on an RDS eclipse
RD/HP medical cyclotron (Siemens/CTI). The radio-
chemical purity of the final product was >99%, and the
yield was 12.3 + 4.6% (end of synthesis, n =17).

PET scan and Dixon-based MR-AC

Patients fasted for at least 4 h prior to an intravenous in-
jection of 200 MBq of '®F-FLT. Fifty minutes after the
injection, patients were transferred to the whole-body
simultaneous 3.0 T PET/MR scanner (Signa PET/MR,
GE Healthcare, Waukesha, WI, USA). Anatomic cover-
age was from the vertex to the mid-thigh. PET acquisi-
tion was performed in 3D mode with 5.5 min/bed
position (89 slices/bed) in 5-6 beds with a 24-slice
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Table 1 BMFS patient characteristics
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Patient Age Sex  Diagnosis WBC Hb Plt Bone marrow  FLT-SUV DWI Progress
(x10°%ul)  (g/dL)  (x10%/ul)  biopsy llium  Lumbar  Sternum  Score

1 88 M Non-severe AA 5 7.1 113 Hypocellular 37 89 6.5 1

2 63 F Non-severe AA 24 12 64 Hypocellular 16 78 8.2 1

3 81 M Non-severe AA 19 5.1 117 Hypocellular 04 49 1.2 1

4 24 F Non-severe AA 2 11 12 Hypocellular 0.2 14.2 13.7 1

5 79 M Non-severe AA 2.7 103 35 Hypocellular 1 78 14.7 2

6 66 F Severe AA 1 52 25 Hypocellular 09 4. 39 1

7 67 M Severe AA 3.1 56 4 Hypocellular 03 0.5 32 1

8 70 M MDS 13 58 34 Normocellular 7.9 114 139 1

9 66 M MDS 1.6 84 47 Normocellular 7.8 121 10.1 1

10 80 M MDS 3 6.8 105 Hypercellular 86 11.5 9.2 2 AML
11 68 F MDS 7 6 13 Hypercellular 94 95 9.7 1 AML
12 68 M MDS 1 72 26 Normocellular 5.1 53 7.1 1 AML
13 66 M MDS 86 1.1 112 Normocellular 5 64 6.5 2

14 65 F MDS 2.5 7.1 37 Hypercellular 115 13 16.5 1

15 81 F MDS 6.3 10 74 Hypercellular 74 99 9.8 3

16 18 M hypo-MDS 0.8 75 121 Hypocellular 29 9.7 83 1

17 77 M hypo-MDS 1.7 83 20 Hypocellular 2.1 7.8 13 1 AML
18 68 M hypo-MDS 3 10 133 Hypocellular 1.2 3 6.2 2

19 72 M hypo-MDS 1.5 9.9 5 Hypocellular 1 33 46 2

20 60 M hypo-MDS 13 83 154 Hypocellular 3.1 35 4.7 1 AML
21 75 M hypo-MDS 25 12 36 Hypocellular 16 28 88 1

22 81 M hypo-MDS 25 83 39 Hypocellular 1.7 56 35 2 AML
23 90 M hypo-MDS 2.7 79 319 Normocellular 3.1 6.1 75 2

24 69 M MPN (primary MF) 7 116 14 Normocellular 2.7 47 4 3

25 70 M MPN (secondary MF) 195 11.2 438 Hypercellular 9.5 16 15.1 3

M male, F female, AA aplastic anemia, MPN myeloproliferative neoplasms, MF myelofibrosis, MDS myelodysplastic syndrome, AML acute myeloid leukemia, WBC

white blood cell, Hb hemoglobin, and PIt platelet count

overlap. The 5.5 min/bed rate was selected to accommo-
date the MRI sequences acquired at each bed. A 2-point
Dixon 3D volumetric interpolated T1-weighted fast
spoiled gradient echo sequence (TR/TE1/TE2: 4.0/1.1/
2.2 ms; FOV 50 x 37.5 ¢cm; matrix 256 x 128; slice thick-
ness/overlap: 5.2/2.6 mm; 120 images/slab; imaging time:
18 s) was acquired at each table position and used to
generate MR attenuation correction (MR-AC) maps.
The PET data were reconstructed using ordered subset
expectation maximization (OSEM) selecting 14 subsets
and 3 iterations, and post-smoothed with a 3-mm
Gaussian filter. Reconstructed images were then con-
verted to a semi-quantitative image corrected by the
injection dose and subject’s body weight (= standardized
uptake value: SUV).

DWI sequence parameters
DWI was performed using a single shot echoplanar
imaging (EPI) sequence under free breathing (TR/TE:

5000/61 ms; b values: 0, 800 s/mm* FOV 576 x 345 mm;
matrix 128 x 128; slice thickness/overlap: 6/0 mm; 40 im-
ages/bed; imaging time: 2 min 30 s).

Visual and quantitative image assessment

Maximum intensity projection (MIP) images of ‘*F-FLT
PET and DWI with b =800 were used for the visual as-
sessment of bone marrow. Eight of the 16 MDS patients
who exhibited decreased '®*F-FLT uptake in pelvic bones
were considered to have hypoplastic MDS (hypo-MDS).
"E_FLT PET and DWI were visually compared among
AA, MDS, hypo-MDS, and MPN (primary and second-
ary MF) patients.

For "8F-FLT PET quantitative assessment, circular re-
gions of interest (ROIs) with a fixed diameter of 15 mm
were placed on the bilateral posterior iliac crest and
lumbar vertebrae (L3-5). Elliptical ROIs were placed on
the manubrium and body of the sternum. *F-FLT-SUVs
were measured and averaged in the ilium, L3-5, and
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sternum by the agreement of an experienced radiologist
and hematologist. For DWI, three-point visual scoring
was used to evaluate whole-body bone marrow signals.
A score of 1 was assigned to images in which bone mar-
row was invisible, a score of 2 to images in which bone
marrow was partially visible, and a score of 3 to images
in which bone marrow was fully visible. Regression
analysis between bone marrow cellularity based on bi-
opsy samples and 'F-FLT uptake in the ilium was
performed using Spearman’s rank correlation coefficient
(p). The SUVs and DWTI visual scores were compared
among diseases by analysis of variance with the post-hoc
Games-Howell test and Kruskal-Wallis test, respectively.
Statistical analysis was performed using a software
package (SPSS statistics version 22) and p<0.05 was
considered to be significant.

Results

Normal '®F-FLT PET and DWI

"SE-FLT PET clearly visualized whole-body bone marrow
activity consistent with red bone marrow distribution
(Fig. 2a). Whole-body DWI visualized some organs, such
as the spleen, kidneys, spinal cord, and lymph nodes
(Fig. 2b), whereas red bone marrow was invisible or par-
tially visible in healthy subjects.

Bone marrow cellularity and '8F-FLT uptake

Bone marrow cellularity based on biopsy samples was clas-
sified into three categories: hypocellular, normocellular, and
hypercellular (Table 1). All patients with AA (1 =7) exhib-
ited hypocellular marrow, four of eight MDS patients were
hypercellular, and the others had normocellular marrow.
Seven of eight patients with hypo-MDS were hypocellular,
and one patient had normocellular marrow. The primary
MEF patient was normocellular and the secondary MF pa-
tient had markedly hypercellular marrow. The '®E-FLT
SUV of the ilium was strongly correlated with the bone
marrow cellularity (p = 0.85).

Aplastic anemia

Non-severe AA patients exhibited heterogeneously de-
creased '®F-FLT uptake in pelvic bones (Fig. 3a, b), and
this reduced uptake extended to the vertebrae and ribs
in a severe patient (Fig. 3c). Multiple *F-FLT foci were
observed in the proximal extremities, and they were in
the central skeleton in severe cases. In a patient with
severe AA, post-treatment '*F-FLT PET demonstrated
the recovery of hematopoietic activity in vertebrae
(Fig. 3d), consistent with recovery of the blood count on
blood testing. On the other hand, whole-body DW1I did
not provide any specific bone marrow findings for AA
patients (Fig. 4).
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Myelodysplastic syndrome

MDS patients exhibited marked '®F-FLT uptake in the
central skeleton and proximal extremities (Fig. 5a, b).
On the other hand, patients with hypo-MDS had
slightly-moderately decreased '®E-FLT uptake in the
vertebrae, ribs, and pelvis (Fig. 5c). "*F-FLT uptake in
the central skeleton and proximal extremities was sig-
nificantly higher in MDS patients than in hypo-MDS
patients. The 'F-FLT PET findings in hypo-MDS
patients were similar to those in non-severe AA patients
(Figs. 3a, b and 5¢, d). MDS patients had a significantly
higher '®F-FLT SUV of the ilium than AA and hypo-
MDS patients (p <0.0001 and p < 0.0005, respectively)
(Fig. 6). Whole-body DWI did not reveal any significant
differences in bone marrow signals between MDS and
hypo-MDS patients (Fig. 7). During the course of a dis-
ease, three of eight MDS patients (38%) and three of
eight hypo-MDS patients (38%) developed AML.
However, neither '*F-FLT PET nor DWI demonstrated
any significant differences between patients with sus-
tained MDS/hypo-MDS or overt AML (Figs. 5 and 7).

18F-FLT PET

Fig. 2 Maximum intensity projection 8E_FLT PET (@) and DWI (b)
images of a healthy subject. '8F-FLT PET clearly visualizes whole-
body hematopoietic activity consistent with red bone marrow
distribution (a). Whole-body DWI visualizes some organs, such as the
spleen, kidneys, spinal cord, and lymph nodes, whereas red bone
marrow is invisible or partially visible in normal subjects (b)

DWI
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Non-severe AA Non-severe AA

Fig. 3 Maximum intensity projection '8F-FLT PET images of AA patients (a-d). Non-severe AA patients exhibited heterogeneously decreased '°F-
FLT uptake in pelvic bones (a, b), and this reduced uptake extended to the vertebrae and ribs with multiple 18F-FLT foci in a severe patient (c).
Whole-body "®F-FLT PET clearly visualized the recovery of bone marrow hematopoietic activity in the severe AA patient after treatment (d)

Severe AA —>  Post-treatment

Myelofibrosis

In a primary MF patient, slightly decreased '*F-FLT up-
take was observed in the central skeleton, possibly due
to mild fibrosis confirmed by biopsy, but he had marked
expansion of bone marrow activity to the distal extrem-
ities (Fig. 8a). In addition, high uptake of the tracer was
observed in the enlarged spleen due to extramedullary
hematopoiesis. In contrast to the primary MF patient, a
secondary (post-ET) MF patient exhibited marked
'SE_FLT uptake in the central skeleton and extremities

(Fig. 8c). The biopsy samples from this post-ET MF
patient exhibited significant fibrosis and markedly
hypercellular bone marrow. High uptake of the tracer
was also observed in the enlarged spleen in the sec-
ondary MF patient. Homogenously high signal inten-
sities in bone marrow and splenomegaly in primary
and secondary MF patients were noted on whole-body
DWI (Fig. 8b, d). By group comparison, a significant
difference in the DWI score was observed between
AA and MF patients (p < 0.05).

Non-severe AA

Non-severe AA

Severe AA —>  Post-treatment

Fig. 4 Maximum intensity projection DWI images of AA patients (a-d). a—d in Fig. 4 are identical to a-d in Fig. 3, respectively. Whole-body DWI
did not demonstrate any significant differences in bone marrow signals between non-severe AA and severe AA patients, or between pre- and
post-treatment scans
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hypo-MDS
overt AML

Sustained
hypo-MDS
Fig. 5 Maximum intensity projection "®F-FLT PET images of MDS patients (a-d). MDS patients exhibited marked "8F-FLT uptake in the central

skeleton and proximal extremities (a, b). On the other hand, hypo-MDS patients who were defined by having decreased '®F-FLT uptake in the
pelvis exhibited a slightly decreased uptake of the tracer in the vertebrae and ribs (c, d). '®F-FLT PET did not reveal any significant differences

MDS
overt AML

Sustained
MDS

between patients with sustained MDS or overt AML

Discussion

In this feasibility study, we demonstrated the usefulness
of "®F-FLT PET/MRI for the differential diagnosis and
therapeutic monitoring of BMFS. '®F-FLT uptake in the
ilium was strongly correlated with the bone marrow cel-
lularity based on the biopsy samples in this patient
population. AA patients exhibited heterogeneously de-
creased uptake of ®F-FLT according to disease severity
and the response of hematopoietic activity to treatment
(Fig. 3) [3]. In contrast to AA patients, MDS patients
had homogeneous marked '®F-FLT uptake reflecting

P <0.0001 P <0.0005

157 | | |

e

=
o
1

w
1

T
AA MDS  hypo-MDS  MPN

Fig. 6 '°F-FLT uptake in the ilium among AA, MDS, hypo-MDS, and
MPN patients. Data are shown as the mean and 95% confidence
interval for AA, MDS, and hypo-MDS patients, and as the mean and
standard deviation for MPN patients. Significant differences in '®F-
FLT uptake were observed between MDS and AA (P < 0.0001) or

e FIT SUV (ilium)

hypo-MDS patients (P < 0.0005)

neoplastic proliferation (Fig. 5a, b) [2]. MF patients had
marked expansion of bone marrow activity to the distal
extremities and high uptake of the tracer in the enlarged
spleen, reflecting peripheral hematopoietic expansion
and extramedullary hematopoiesis, respectively (Fig. 8)
[4]. The primary MF patient exhibited slightly decreased
bone marrow activity, whereas the secondary MF patient
had marked "®F-FLT uptake in bone marrow. The differ-
ence in bone marrow '®F-FLT uptake between the pri-
mary and secondary (post-ET) MF patients was probably
due to the different histopathologies of the bone mar-
row. Although bone marrow biopsy demonstrated differ-
ent degrees of fibrosis in the primary and secondary MF
patients, markedly hypercellular marrow including
megakaryocytes was observed in the secondary
(post-ET) MF patient. Whole-body "*F-FLT PET can be
used for non-invasive assessment of bone marrow
hematopoietic/neoplastic activity and therapeutic moni-
toring for patients with bone marrow disorders [3-6].
Furthermore, if possible, whole-body imaging including
the lower limbs is preferable for the accurate evaluation
of peripheral bone marrow expansion.

The signal intensities of bone marrow on DWI are
dependent on the cell density, the relative content of fat
and marrow cells, water content, and bone marrow perfu-
sion [15, 16]. Although whole-body bone marrow DWI
has been used for assessing treatment response in patients
with multiple myeloma [10, 17], to the best of our know-
ledge, no previous investigation has focused on bone mar-
row DWI in patients with BMFS. The MF patients
exhibited characteristic diffuse high signal intensity on



Tsujikawa et al. EJINMMI Research (2019) 9:16

Page 7 of 9

MDS
overt AML

Sustained
MDS

\

Fig. 7 Maximum intensity projection DWI images of MDS patients (a-d). a-d in Fig. 7 are identical to a-d in Fig. 5, respectively. Whole-body DWI
did not demonstrate any significant differences in bone marrow signals between MDS and hypo-MDS patients. DWI did not demonstrate any
significant differences between patients with sustained MDS or overt AML

hypo-MDS
overt AML

Sustained
hypo-MDS

DWI (Fig. 8b, d), and had significantly higher DWT scores
than AA patients. However, the other patients (AA, MDS,
and hypo-MDS) did not exhibit any specific bone marrow
signals on DWI. Among seven patients with AA, six pa-
tients had a DWI visual score of 1 (invisible) and one
patient had a score of 2 (partially visible) (Table 1, Fig. 4).
Although the low signal intensity of bone marrow on
DWI can be explained by fatty degeneration, further stud-
ies are needed to identify the reason why the DWI signal

intensity is low even in the areas of multiple '*F-FLT foci.
Although '8F-FLT uptake patterns were significantly
different between MDS and hypo-MDS patients, further
analysis is needed to identify why their DWI signals were
similar (Table 1, Figs. 5, 6, and 7). Differences in effects of
cell/fat density, water content, and bone marrow perfusion
should be clarified among AA (fatty bone marrow), MDS
(neoplastic proliferation), and primary/secondary MF
(fibrosis) in future studies. Whole-body DWI may reflect

Primary MF Primary MF
PET DWI

Fig. 8 Maximum intensity projection '8F-FLT PET (a, ¢) and DWI (b, d) images of MF patients. A primary MF patient exhibited normal or slightly
decreased bone marrow activity in the central skeleton, but they had marked expansion to the distal extremities and high uptake of the tracer in
the enlarged spleen (a). On the other hand, a secondary (post-ET) MF patient had marked "8F-FLT uptake in bone marrow (c). Whole-body DWI
displayed homogenously high signal intensities in bone marrow of primary and secondary MF patients (b, d, respectively)

Secondary MF
PET DWI

Secondary MF
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the different aspects of the bone marrow pathophysiology
from '®F-FLT PET in patients with BMFS.

To our knowledge, no previous report of **F-FLT PET
for MDS has included hypoplastic MDS (hypo-MDS)
[2], which presents reduced '®F-FLT uptake in pelvic
bones, vertebrae, and ribs. Nakao et al. recently noted
the similarity between mild/moderate AA and low-risk
MDS, and that it is impossible to definitively distinguish
these conditions [18, 19]. However, accurate differenti-
ation is required because patients diagnosed with mild/
moderate AA often receive immunosuppressive drugs,
whereas those diagnosed with low-risk MDS often re-
ceive hypo-methylating drugs. Although hypo-MDS de-
fined by reduced "®F-FLT uptake in pelvic bones is not
strictly identical to low-risk MDS, hypo-MDS demon-
strated similar '®F-FLT PET uptake patterns with
non-severe AA in this study. Although the multiple
E_FLT foci in the proximal extremities in AA patients
may aid in the differentiation between non-severe AA
and hypo-MDS, differentiation is sometimes difficult
(see Figs. 3b and 5c¢, d). Moreover, I8E_FLT PET and
DWI were unable to predict the progression to AML in
both MDS and hypo-MDS patients (Figs. 5 and 7). Inte-
grated PET/MRI that can extract mineable PET and MR
radiomic features, and subsequent radiomics approaches
may enable the differentiation of mild/moderate AAs
from hypo-MDS, as well as the prediction of progression
to AML in the near future [20].

Conclusions

"SE-FLT PET can be used to noninvasively assess
whole-body bone marrow proliferative activity and DWI
may reflect the different aspects of bone marrow patho-
physiology from '®F-FLT PET. Whole-body '*F-FLT
PET/MRI is useful for the diagnosis and monitoring of
BMES, except for the differentiation between non-severe
AA and hypo-MDS, and the prediction of progression to
leukemia. Further studies will be required to establish
non-invasive pathophysiological imaging of whole-body
bone marrow by integrated '*F-FLT PET/MRL

Abbreviations

'8F-FLT: 3"Deoxy-3"'®F-fluorothymidine; AA: Aplastic anemia; BMFS: Bone
marrow failure syndrome; DWI: Diffusion-weighted imaging; EPI: Echoplanar
imaging; ET: Essential thrombocythemia; hypo-MDS: Hypoplastic
myelodysplastic syndrome; LGL: Large granular lymphocytosis;

MDS: Myelodysplastic syndrome; MF: Myelofibrosis; MIP: Maximum intensity
projection; MPNs: Myeloproliferative neoplasms; MR-AC: MR attenuation
correction; MRI: Magnetic resonance imaging; OSEM: Ordered subset
expectation maximization; PET: Positron emission tomography;

PNH: Paroxysmal nocturnal hemoglobinuria; PRCA: Pure red cell aplasia;
SUV: Standardized uptake value

Acknowledgements

The authors thank the staff of the Department of Hematology and Oncology
and Biological Imaging Research Center, University of Fukui, for their clinical
and technical support.

Page 8 of 9

Funding
This study was partly funded by the Takeda Science Foundation.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Authors’ contributions

TY and HO created the design of the study and supervised the project. TeT
collected and analyzed the data and contributed to the manuscript preparation.
ToT, NH, and TY conducted patient recruit and follow-up. TM, AM, and YK
contributed to '8F-FLT synthesis. PZF contributed to the manuscript revision
and editing. All authors read and approved the final manuscript.

Ethics approval and consent to participate

All procedures performed in studies involving human tissue were in accordance
with the ethical standards of the institutional and/or national research
committee and with the principles of the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards. This retrospective study was
approved by the ethics committee of the Faculty of Medical Sciences, University
of Fukui (No. 20160030).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Biomedical Imaging Research Center, University of Fukui, 23-3
Matsuoka-Shimoaizuki, Eiheiji-cho, Fukui 910-1193, Japan. “Department of
Hematology and Oncology, Faculty of Medical Sciences, University of Fukui,
23-3 Matsuoka-Shimoaizuki, Eiheiji-cho, Fukui 910-1193, Japan. *Houston
Methodist Research Institute, Weill Cornell Medicine, 6670 Bertner Ave,
Houston, TX 77030, USA.

Received: 4 December 2018 Accepted: 8 February 2019
Published online: 15 February 2019

References

1. DeZern AE, Sekeres MA. The challenging world of cytopenias: distinguishing
myelodysplastic syndromes from other disorders of marrow failure.
Oncologist. 2014;19:735-45.

2. Agool A, Schot BW, Jager PL, Vellenga E. '®F-FLT PET in hematologic
disorders: a novel technique to analyze the bone marrow compartment. J
Nucl Med. 2006;47:1592-8.

3. Agool A, Slart RHJA, Kluin PM, de Wolf JTM, Dierckx RAJO, Vellenga E. F-18
FLT PET: a noninvasive diagnostic tool for visualization of the bone marrow
compartment in patients with aplastic anemia a pilot study. Clin Nucl Med.
2011,36:286-9.

4. Vercellino L, Ouvrier MJ, Barre E, Cassinat B, de Beco V, Dosquet C, et al.
Assessing bone marrow activity in patients with myelofibrosis: results of a
pilot study of (18)F-FLT PET. J Nucl Med. 2017,58:1603-8.

5. Han BJ, Lee BH, Kim JA, Park YH, Choi WH. Early assessment of response to
induction therapy in acute myeloid leukemia using (18)F-FLT PET/CT.
EJNMMI Res. 2017;7:75.

6. Williams KM, Holter-Chakrabarty J, Lindenberg L, Duong Q, Vesely SK,
Nguyen CT, et al. Imaging of subclinical haemopoiesis after stem-cell
transplantation in patients with haematological malignancies: a prospective
pilot study. Lancet Haematol. 2018;5:e44-52.

7. Padhani AR, Koh DM, Collins DJ. Whole-body diffusion-weighted MR
imaging in cancer: current status and research directions. Radiology. 2011;
261:700-18.

8. Lin C Luciani A, Itti E, E-Gnaoui T, Vignaud A, Beaussart P, et al. Whole-body
diffusion-weighted magnetic resonance imaging with apparent diffusion
coefficient mapping for staging patients with diffuse large B-cell lymphoma.
Eur Radiol. 2010;20:2027-38.



Tsujikawa et al. EJINMMI Research

20.

(2019) 9:16

Padhani AR, Makris A, Gall P, Collins DJ, Tunariu N, de Bono JS. Therapy
monitoring of skeletal metastases with whole-body diffusion MRI. J Magn
Reson Imaging. 2014;39:1049-78.

Giles SL, Messiou C, Collins DJ, Morgan VA, Simpkin CJ, West S, et al.
Whole-body diffusion-weighted MR imaging for assessment of treatment
response in myeloma. Radiology. 2014;271:785-94.

Beiderwellen K, Grueneisen J, Ruhimann V, Buderath P, Aktas B, Heusch P,
et al. [F-18]FDG PET/MRI vs. PET/CT for whole-body staging in patients with
recurrent malignancies of the female pelvis: initial results. Eur J Nucl Med
Mol 1. 2015;42:56-65.

Camitta BM, Rappeport JM, Parkman R, Nathan DG. Selection of
patients for bone marrow transplantation in severe aplastic anemia.
Blood. 1975;45:355-63.

Bacigalupo A, Hows J, Gluckman E, Nissen C, Marsh J, Van Lint MT, et al.
Bone marrow transplantation (BMT) versus immunosuppression for the
treatment of severe aplastic anaemia (SAA): a report of the EBMT SAA
working party. Br J Haematol. 1988;70:177-82.

Lin C, Kume K, Mori T, Martinez ME, Okazawa H, Kiyono Y. Predictive value
of early-stage uptake of 3"-deoxy-3'-18F-fluorothymidine in cancer cells
treated with charged particle irradiation. J Nucl Med. 2015;56:945-50.

Biffar A, Dietrich O, Sourbron S, Duerr HR, Reiser MF, Baur-Melnyk A. Diffusion
and perfusion imaging of bone marrow. Eur J Radiol. 2010,76:323-8.

Messiou C, deSouza NM. Diffusion weighted magnetic resonance imaging
of metastatic bone disease: a biomarker for treatment response monitoring.
Cancer Biomark. 2010,6:21-32.

Bonaffini PA, Ippolito D, Casiraghi A, Besostri V, Franzesi CT, Sironi S.
Apparent diffusion coefficient maps integrated in whole-body MRI
examination for the evaluation of tumor response to chemotherapy in
patients with multiple myeloma. Acad Radiol. 2015;22:1163-71.

Yamazaki H, Nakao S. Border between aplastic anemia and myelodysplastic
syndrome. Int J Hematol. 2013,97:558-63.

Nakao S, Gale RP. Are mild/moderate acquired idiopathic aplastic anaemia
and low-risk myelodysplastic syndrome one or two diseases or both and
how should it/they be treated? Leukemia. 2016;30:2127-30.

Filograna L, Lenkowicz J, Cellini F, Dinapoli N, Manfrida S, Magarelli N, et al.
Identification of the most significant magnetic resonance imaging (MRI)
radiomic features in oncological patients with vertebral bone marrow
metastatic disease: a feasibility study. Radiol Med. 2019;124:50-7.

Page 9 of 9

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Healthy subjects
	Patient population
	Whole-body PET/MRI
	18F-FLT synthesis
	PET scan and Dixon-based MR-AC
	DWI sequence parameters
	Visual and quantitative image assessment


	Results
	Normal 18F-FLT PET and DWI
	Bone marrow cellularity and 18F-FLT uptake
	Aplastic anemia
	Myelodysplastic syndrome
	Myelofibrosis


	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

