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Purpose: Peripheral cytopenias are typical of blood test abnormalities asso-
ciated with a variety of conditions, including aplastic anemia (AA) and my-
elodysplastic syndromes (MDSs). We prospectively investigated the feasi-
bility of quantitative analysis of whole-body bone marrow activity using
PET with 3’-deoxy-3’-'®F-fluorothymidine (‘*F-FLT) in AA and MDS.
Patients and Methods: Sixty-eight patients with cytopenia underwent
8E_FLT PET/MRI scan, with simultaneous bone marrow aspiration and bi-
opsy for hematopoiesis evaluation. SUVs were measured in the vertebrae
(Th3, 6, and 9 and L3), bilateral iliac crests, and extremities. SUV and bone
marrow pathology were compared between AA and MDS and analyzed in
relation to severity of AA and prognosis of MDS.

Results: Of the 68 patients with cytopenia, 12 were diagnosed with AA, 27
with MDS, 12 with bone marrow neoplasia, 2 with myelofibrosis, and 15
with other conditions. Iliac '3F-FLT SUVs were significantly correlated
with bone marrow cell numbers and cell density (» = 0.47, P < 0.001 and
p =0.65, P <0.001, respectively). There was a significant positive correla-
tion between iliac and vertebral SUVs in AA and MDS (r = 0.65, P <0.05
and r = 0.70, P < 0.001, respectively), and the slope of the regression line
was significantly steeper in AA than in MDS (P < 0.05). In AA patients,
vertebral '®F-FLT SUVs significantly decreased with disease progression,
and in MDS patients, higher whole-body '*F-FLT uptake was associated
with shorter overall survival (hazards ratio, 3.18; 95% confidence interval,
1.07-9.47; P = 0.037).

Conclusions: Quantitative whole-body bone marrow imaging using
E_FLT PET helps distinguish AA from MDS and assess the severity of
AA and prognosis of MDS.
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P eripheral cytopenia is often encountered in clinical practice and
may be associated with a serious disease and requires further
evaluation.' In particular, if cytopenia involves 2 or 3 cell lineage
hematopoietic systems, it may be associated with hematological
malignancy or bone marrow metastasis of the cancers and requires
immediate diagnosis and treatment. Bone marrow failure syn-
dromes, such as aplastic anemia (AA) and myelodysplastic syn-
dromes (MDSs), are diseases clinically characterized by cytopenia
of 1 or more blood cell lines (anemia, neutropenia, and/or thrombo-
cytopenia). Although MDS and AA present similar peripheral
blood findings, they are distinct diseases in etiology (neoplastic or
autoimmune mechanisms), treatment (methylation inhibitors or im-
munosuppressive agents), and prognosis, which can sometimes be
difficult to distinguish.® >

Bone marrow aspiration and biopsy is performed to deter-
mine the cause of cytopenia, but due to its safety, the collection site
is limited to the iliac bone and only reflects hematopoiesis of the il-
iac bone marrow. However, hematopoiesis at the iliac site is hetero-
geneous, and these approaches may not adequately reflect the entire
hematopoietic status of the whole bone marrow. Evaluation of the
bone marrow of the axial skeleton using MRI is one the useful ap-
proaches for diagnosis of AA,” but no method has been established
to evaluate the systemic hematopoiesis of the whole body.

The thymidine analog 3’-deoxy-3’-'*F-fluorothymidine (‘*F-
FLT) is a radiopharmaceutical for PET that has been shown to be use-
ful for assessing cell proliferation.'® "*F-FLT is trapped after phosphor-
ylation by thymidine kinase 1, whose expression is increased in repli-
cating cells; therefore, BE_FLT uptake can be used as a surrogate
marker of DNA synthesis, reflecting cell proliferation. 'SF-FLT PET
enables the evaluation of whole-body bone marrow proliferative activ-
ity and has been used for the diagnosis and monitoring of bone marrow
disorders.'"'® We previously reported that bone marrow 8E_FLT PET
imaging is useful for the diagnosis and monitoring of bone marrow
failure syndrome and the prediction of hematological toxicity af-
ter systemic chemotherapy.'*:

Based on these findings, we hypothesized that it would be
useful to evaluate systemic hematopoiesis using '*F-FLT PET im-
aging in individuals with cytopenia. In this study, we investigated
the feasibility of quantitative analysis of whole-body bone marrow
activity using '*F-FLT PET for the differential diagnosis and
the assessment of disease severity and prognosis in AA and
MDS patients.

PATIENTS AND METHODS

Patients and Characteristics

Sixty-nine patients with cytopenia from July 2016 to March
2021 were eligible for this prospective observational study. Cytopenia
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68 consecutive patients with cytopenia who
performed bone marrow aspiration and or
biopsy between July 2016 and March 2021

BFLT-PET MRI scan (N=68) \

Other condition (N=29)
- acute leukemia(n=8)

- bone marrow infiltration (n=4)
- myelofibrosis (n=2)

Bone marrow failure disease (N=39)
- aplastic anemia (n=12)
- myelodysplastic syndromes (n=27)

- miscellaneous (n=15)

FIGURE 1. Flowchart summarizes patient selection and evaluation.

was defined according to the reference standards published by the
World Health Organization, hemoglobin <12 g/dL for nonpregnant
women and <13 g/dL for men, absolute neutrophil count <1800/uL,
or platelet count <150,000/uL. Written informed consent was obtained
from all individual participants. Figure 1 shows a flowchart that sum-
marizes patient selection and evaluation. This study was approved by
the local Medical Ethics Committee.

Bone Marrow Aspiration and Biopsy

Bone marrow aspiration and biopsy were performed from the
unilateral posterior iliac crest before '*F-FLT PET. Bone marrow as-
piration was performed in all patients, and biopsy was performed in
51 patients (74%). Nucleated cell counts (NCCs, /uL) of the bone
marrow aspiration specimens were determined by automated hema-
tology analyses. The cell densities of the bone marrow biopsy spec-
imens were determined as follows: hypocellular bone marrow was

defined as <30% hematopoietic cells, normocellular bone marrow
as 30% to 70%, and hypercellular bone marrow as more than 70%.

"8C_FLT PET/MRI Protocol

"F_FLT was prepared as previously reported.'”** After at
least 4 hours of fasting, patients received an IV injection of
200 MBq of '®F-FLT. Fifty minutes after the injection, the patients
were transferred to the whole-body simultaneous 3.0 T PET/MR
scanner (Signa PET/MR; GE Healthcare, Waukesha, WI). Ana-
tomic coverage was from the vertex to midthigh. PET acquisition
was performed in 3D mode at a 5.5 min/bed position (89 slices/
bed) in 5 to 6 beds with a 24-slice overlap. A 2-point Dixon 3D vol-
umetric interpolated T1-weighted fast spoiled gradient echo se-
quence (TR/TE1/TE2, 4.0/1.1/2.2 milliseconds; field of view,
50 x 37.5 cm; matrix, 256 x 128; slice thickness/overlap, 5.2/
2.6 mm; 120 images/slab; imaging time, 18 seconds) was acquired
at each table position and used to generate MR attenuation

FIGURE 2. A, Ten measurement sites for quantitative analysis on
images.

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

whole-body '8F-FLT PET. B, ROI placement on PET/MR fused
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TABLE 1. Patients Characteristics

Patients Characteristics N=68
Age, median (value) 70.5 (18-91)
Sex
Male 40 (59%)
Female 28 (41%)
Cytopenia
1 10 (15%)
2 24 (35%)
3 33 (49%)
Neutropenia 41 (60%)
Anemia 62 (91%)
Thrombocytopenia 55 (81%)
Final diagnosis
MDS 27 (40%)
AA 12 (18%)
Bone marrow neoplasia 12 (18%)
Myelofibrosis 2 (3%)
Other 15 (22%)

correction (MR-AC) maps. Additional MR sequences were ac-
quired in the axial plane with the parameters shown in Supplemen-
tary Table 1 (Supplemental Digital Content, http://links.lww.com/
CNM/A387). The PET data were reconstructed with ordered subset
expectation maximization, selecting 14 subsets and 3 iterations, and
postsmoothed with a 3-mm Gaussian filter. Reconstructed images
were converted to semiquantitative images corrected by the injec-
tion dose and subject’s body weight (SUV).

Quantitative Image Analysis

PET and MR images were transferred to a GE workstation
(Advantage Workstation 4.6) and evaluated with matched spatial
registration. A total of 10 circular regions of interest (ROIs) with
a fixed diameter of 15 mm were placed on thoracic vertebrae
(Th3, 6, and 9), lumbar vertebrae (L3), bilateral iliac crests, caput
femorises, and caput humeruses (Fig. 2). The mean '*F-FLT SUV
(SUV) was measured for each ROI using PET/MRI fusion images.

A
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lliac "8 F-FLT SuV

r=0.47, p<0.001
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Tiac '"®F-FLT SUV was defined as the average '*F-FLT SUVs of the
right and left ilia. Vertebral 'SF-FLT SUV was defined as the aver-
age of '"*F-FLT SUVs of thoracic and lumbar vertebrae (Th3, 6, and
9 and L3). Whole-body '*F-FLT SUV was defined as the average of
'SF-FLT SUVs of the 10 ROIs.

Statistical Analysis

Regression analyses between SUVs, bone marrow pathology,
and characteristics were performed using Pearson and Spearman
correlation coefficients for continuous and ordinal variables, re-
spectively. In group comparisons, differences were assessed using
one-way analysis of variance with a post hoc Bonferroni test. For
comparing the slopes of regression lines, differences were assessed
using a factorial analysis of covariance. Overall survival (OS) was
evaluated using Kaplan-Meier survival curves and the log-rank test.
All statistical analyses were performed using SPSS statistics version
22, and P < 0.05 was considered to be significant.

RESULTS

Patients and Characteristics

Of'the 68 patients with cytopenia, 10 patients (14.7%) exhib-
ited 1 lineage cytopenia (anemia: n = 9 and thrombocytopenia:
n = 2), 24 patients (36.2%) had bicytopenia (neutropenia and ane-
mia: n = 4, neutropenia and thrombocytopenia: n = 4, and anemia
and thrombocytopenia: n = 16), and 33 patients (48.5%) had pancy-
topenia. The median values in the cytopenia patients were as fol-
lows: absolute neutrophil count 775/uL (54—1512/uL), hemoglobin
8.1 g/dL (5.2-13.3 g/dL), and platelet 37,000/uL (1300-146,000/
pL). The final diagnosis was based on standard medical evaluation,
including blood tests, laboratory findings, bone marrow aspiration/
biopsy, and imaging findings, resulting in 12 patients with AA, 27
with MDS, 12 with bone marrow neoplasia (8 with acute leukemia,
and 4 with bone marrow involvement of hematological malig-
nancy), 2 with myelofibrosis, and 15 with cytopenia without he-
matological malignancy (Fig. 1, Table 1, Supplementary Table 2,
Supplemental Digital Content, http://links.lww.com/CNM/A387).

lliac '®F-FLT Uptake and Bone Marrow Cellularity

Uptake of iliac '®F-FLT was evaluated by comparing the cel-
lularity assessment by bone marrow aspiration/biopsy of the ilium.
The iliac '®F-FLT SUV was significantly correlated with the NCC
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FIGURE 3. A, Correlation between NCC of the aspiration specimens and iliac '8F-FLT SUV. A regression line is shown with
Pearson correlation coefficients (r) and the associated P value. B, Column scatter plots of cell density of the biopsy specimens
and iliac "8F-FLT SUV. Significance for group comparisons is shown with associated P values. NS, not significant.
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'8EFLT PET Imaging in AA and MDS
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FIGURE 4. A, Correlation between iliac and vertebral '8F-FLT SUVs in AA and MDS. Regression lines are shown with Pearson
correlation coefficients (r) and associated Pvalues. B, Column scatter plots of vertebral 'F-FLT SUV for disease severity in AA.
Significance for group comparisons is shown with associated P values. NS, not significant. C, Representative cases of AA. '8F-FLT
uptake remained in the vertebrae in a mild case and decreased with disease progression.

of'the aspiration specimen (» = 0.47, P < 0.001) and the cell density
of the biopsy specimen (p = 0.65, P <0.001) (Figs. 3A, B, respec-
tively). In group comparisons, iliac '*F-FLT SUVs in the
normocellular and hypercellular groups were significantly higher
than those in the hypocellular group (P <0.001 and P <0.001, re-
spectively) (Fig. 3B).

Differentiation Between AA and MDS

Tliac and vertebral '*F-FLT SUVs had significant positive
correlations with each other in both AA and MDS (» = 0.65,
P <0.05 and = 0.70, P < 0.001, respectively) (Fig. 4A). Overall,
the SUVs were low in AA, and the iliac SUVs were significantly
lower in AA (1.07 £ 0.27) than in MDS (5.19 £ 0.67, P < 0.001).
Comparison of the slopes of the regression lines of the '*F-FLT
SUVs of the iliac and vertebral showed a significantly steeper slope
in AA than in MDS (P < 0.05).

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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Severity Assessment in AA

The utility of "®F-FLT PET was further investigated in AA.
The vertebral '*F-FLT SUV was significantly lower in AA patients
with stage 4/5 disease than in those with stage 1/2 and stage 3 dis-
ease (P <0.01 and P <0.05, respectively) (Fig. 4B). Representative
images of AA are shown in Figure 4C. Vertebral '*F-FLT uptake re-
mained in a mild AA patient and decreased with disease progression.

Prognosis Assessment in MDS

Twenty-seven patients with MDS were clinically followed up
for periods ranging from 3.5 to 51.3 months (median, 19.0 months),
and MDS classification according to World Health Organization
2018 is shown in Supplementary Table 3, (Supplemental Digital
Content, http:/links.lww.com/CNM/A387). Of the 27 patients, 14
died during the study period. Kaplan-Meier curves of OS stratified
by the median value for whole-body '*F-FLT SUVs are shown in
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FIGURE 5. Overall survival of MDS patients according to whole-body '8F-FLT SUV and clinical characteristics. Kaplan-Meier
curves of OS stratified by the median value for whole-body '8F-FLT SUV (A), IPSS-R (B), the optimal cutoff values for WT1 mRNA

level (C), and blast percentage (D).

Figure SA. The median OS was si%nificantly shorter for the patient
group with a high whole-body '®F-FLT SUV (n = 14f range,
5.8-12.7) than for the group with a low whole-body '*F-FLT
SUV (n = 13; range, 0.6-5.2) (19.0 vs 42.4 months; hazards ratio
[HR], 3.18; 95% confidence interval [CI], 1.07-9.47; P < 0.05).

Kaplan-Meier curves of OS stratified by the optimal cutoffs
for the revised International Prognostic Scoring System (IPSS-R)
3.5,2! the expression of peripheral Wilms’ tumor 1 (WT1) mRNA
(200 copies/ugRNA),>** and the proportion of blast cells in the
bone marrow (5%) are shown in Figures 5B, C, and D, respectively.
The median OS was significantly shorter in the patient group with
high IPSS-R (n = 14; range, 3.5-49.9) than in the group with low
IPSS-R (n = 13; range, 13.1-51.3) (15.7 months vs not reached;
HR, 5.99; 95% CI, 1.55-12.6; P < 0.01) and in the patient group
with high WT1 mRNA levels (n = 15; range, 3.5-49.9) than in
the patient group with low WT1 mRNA levels (n = 11; range,
11.3-51.3) (19.7 months vs not reached; HR, 4.06; 95% ClI,
1.05-8.87; P < 0.05). Although a high blast percentage showed
shorter OS than a low blast percentage, the differences were
not significant.

Assessment of Therapeutic Response

Posttreatment '*F-FLT PET imaging was performed in 3 AA
patients and 3 MDS patients to evaluate treatment responsiveness.
AA patients successfully treated with immunosuppressive agents
showed improved 'F-FLT uptake in the vertebrae and ilium
(Fig. 6A). Conversely, whole-body '"®F-FLT SUV was reduced in
MDS patients who achieved hematological responses using
hypomethylating agents compared with pretreatment (Fig. 6B).

DISCUSSION

We conducted a prospective observational study to investi-
gate the usefulness of the quantitation of bone marrow activity using

1052 | www.nuclearmed.com

'E_FLT PET in patients with peripheral cytopenia, including AA
and MDS. "F-FLT SUVs in the ilium, vertebra, and whole body
were evaluated quantitatively. We confirmed that iliac '*F-FLT
SUV is correlated with bone marrow cellularity of the ilium
(Figs. 3A, B; NCC of the aspiration specimen and cell density of
the biopsy specimen), indicating that bone marrow proliferative ac-
tivity may be quantified by '*F-FLT PET. The differential diagnosis
of cytopenia is generally assessed using peripheral blood smears
and bone marrow specimens, but the appropriate site for bone mar-
row examination is limited and can only be performed on the ilium
or sternum. However, discrepancies between 'SF-FLT uptake and
NCC were observed in some cases, such as high I8E_FLT SUV
and low NCC (Fig. 3A), probably due to an inappropriate bone
marrow puncture site.

There have always been concerns about whether the local
bone marrow findings reflect systemic hematopoiesis, and
"E.FLT PET allows the quantitative assessment of whole-body
bone marrow activity noninvasively. Focusing on '*F-FLT uptake
in the ilium, we found that iliac hematopoiesis was heterogeneous,
with laterality and patchy hematopoiesis in some cases (Fig. 4C).
Without this information, correct bone marrow aspiration for diag-
nosis might be difficult. '"*F-FLT PET distinguishes cellular bone
marrow from fatty bone marrow and visualizes its distributions
and heterogeneity.'® Similarly in recent years, evaluation of hema-
topoietic function by '®F-FLT PET has suggested that it may be use-
ful in assessing extramedullary hematopoiesis'’ and in planning
“marrow-sparing” radiation therapy.'"® MRIs acquired simulta-
neously with our PET/MRI scanner detected fatty bone marrow in
cases of low '®F-FLT uptake (Figs. 7A—C). This inverse correlation
between fat fraction on MRI and '®F-FLT PET accumulation was
also reported in the previous '®F-FDG study.*® Before performing
bone marrow aspiration and/or biopsy, '*F-FLT PET might provide
information about appropriate sites for examinations.

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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'8EFLT PET Imaging in AA and MDS

A AA case 1: stage3d

AA case 2: stage4

Post IST

Vertebral SUV=6.0

Diagnosis

Vertebral SUV=3.1

B MDS case 1

Post IST

Vertebral SUV=2.8 Vertebral SUV=5.8

Diagnosis

MDS case 2

Diagnosis HMA 2 cycle

marrow CR

Whole-body SUV=4.8.

Whole-body SUV=1.3

HMA 3 cycle
marrow CR

Diagnosis

Whole-body SUV=7.6 Whole-body SUV=1.1

FIGURE 6. A, Representative cases of AA during treatment. Both cases underwent '8F-FLT PET scans before and 8-13 months
after immunosuppressive therapy gIST). Vertebral '8F-FLT uptake recovered after IST. B, Representative cases of MDS during

treatment. Both cases underwent

8F-FLT PET scans before and after receiving hypomethylating agents (HMAs). Whole-body

'8E_FLT uptake decreased after the indicated cycles of HMA. Both cases achieved marrow complete remission (CR) according

to the revised IWG 2018 hematological response criteria.

It was also suggested that '*F-FLT PET could be used for dif-
ferential diagnosis of AA and MDS presenting with pancytopenia.
The scatter plots of iliac and vertebral '*F-FLT SUVs showed re-
gression lines with significantly different slopes between AA and
MDS (Fig. 4A). Intense '*F-FLT uptake in the ilium and vertebrae
was observed in MDS, and vertebral '*F-FLT uptake was relatively
maintained even in hypoplastic MDS. On the other hand, in AA pa-
tients, vertebral '®F-FLT uptake decreased as the disease progressed
with substantially low '®F-FLT uptake in the ilium. Vertebral
"F_FLT SUVs were correlated with clinical severity in AA
(Fig. 4B). Although the degree of '*F-FLT uptake overlaps in some
cases, the iliac accumulation may distinguish the 2 diseases. These
results were similar to the previously reported changes in vertebral
body hematopoiesis in AA and MDS using MRI,*® which was also
observed in the present study on MRI (data not shown). In addition,
AA patients successfully treated with immunosuppressive agents

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

showed improved '®F-FLT uptake in the vertebrae and ilium
(Fig. 6A). Therefore, the evaluation of vertebral and iliac hemato-
poiesis using '®F-FLT PET is very important in AA at the time of
diagnosis and in observing the course of treatment.

In this prospective cohort study, whole-body '*F-FLT uptake,
IPSS-R, and WT1 mRNA levels were significantly associated with
}l)rognosis in patients with MDS (Figs. SA—C, respectively). For

S8E-FLT PET, patients with higher whole-body '*F-FLT SUV had
worse OS rates than those with lower whole-body '*F-FLT SUV.
In particular, there were several cases in which '®F-FLT uptake
was observed not only in the ilium and vertebra but also in the
femorises and humeruses. Han et al recently reported that high
'"®F_FLT uptake in bone marrow after chemotherapy El)redicted early
relapse in acute myeloid leukemia'* and that high "*F-FLT SUV
might reflect neoplastic hematopoiesis. Unlike acute myeloid
leukemia, bone marrow '®F-FLT uptake reflects the diversity of
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FIGURE 7. Representative '8F-FLT PET and MR images of an AA case simultaneously acquired with PET/MRI. Bone marrow
consists largely of fat components except for '8F-FLT foci. A, '8F-FLT PET. B, PET/MR fusion. C, Fat fraction images.

hematopoiesis and neoplastic proliferation in MDS, making it
difficult to accurately distinguish immature hematopoiesis and
neoplastic growth by '*F-FLT PET alone. Bone marrow prolifer-
ative activity assessed by 'SF-FLT PET, when combined with
clinical and genetic risk factors, may better predict outcomes
for patients with MDS, including progression to acute
myeloid leukemia.

There were several limitations in this study, one of which
would be the effect of MR-AC on SUV values. Dixon images were
used for MR-AC in the PET reconstruction, which does not include
bone attenuation. In the present study, SUV values were compared
for quantitative evaluation, but bone marrow values are usually
slightly underestimated on PET/MRI even when time-of-flight acqui-
sition is applied.*” Although under those conditions, the accumulation
trend and distribution of “°F-FLT should be reliable since all patients
were imaged with the same scanner and SUVs were compared only
between the 2 patient groups. Other limitations were due to the small
number of patients. The total numbers of AA (n = 12) and MDS
(n = 27) patients were not sufficient to perform multivariate tests. A
larger number of patients and multiregression analysis are needed to
validate our findings in further prospective studies.

In conclusion, '®F-FLT PET can be used for the noninvasive
quantitative assessment of whole-body bone marrow proliferative
activity in patients with cytopenia. Quantitative '*F-FLT PET imag-
ing helps distinguish AA from MDS and reflects the disease sever-
ity in AA and patient prognosis in MDS.
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