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Abstract
Objectives: This study aims to assess the value of FLT-PET as a non-invasive tool to differentiate between patients with ET and

Pre-PMF. This study is a pilot study to have a proof of concept only. Methods: This is a prospective, interventional study where a
total of 12 patients were included. Each patient underwent FLT PET imaging as well as bone marrow examination (gold standard).

In addition, semi-quantitative (SUVmax and SUVmean) measurements of FLTuptake in the liver, spleen, and Lspine, SUVmean, as

well as the Total Lesion Glycolysis (TLG) of the Lspine were performed. Results from the two patient cohorts were compared

using = Kruskal-Wallis statistical test. A P-value of <.05 is considered to be statistically significant. Results: The differences in FLT
SUVmax and SUVmean measurements in the three organs (liver, spleen, and LSpine) between the ET and Pre-PMF patients were

not statistically significant (P> .05). In contrast, TLG measurements in the LSpine were statistically different (P= .013), and there-

fore, compared to gold standard bone marrow results, TLG can separate ET and Pre-PMF patients. Conclusion: This study is a
proof of concept about the potential to discriminate between ETand pre-PMF patients in a non-invasive way. TLG of the LSpine in

FLT PET images is a potential quantitative parameter to distinguish between ET and pre-PMF patients.
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Introduction
3′-18Fluoro-3′-deoxy-L-thymidine (18F-FLT) with PET is a
non-invasive technique to image tumor cell proliferation in
various cancers.1,2

Myeloproliferative Neoplasms (MPNs) are clonal hemato-
poietic stem cell disorders characterized by the high rate of
effective proliferation of one or more cell lineage. MPNs are
overlapping syndromes that can progress to the fibrotic stage
or evolve into acute leukemia.2 Preliminary results of a pilot
study1 suggested that this technique could be useful to assess
bone marrow (BM) activity and extramedullary hematopoiesis
in patients with Myelofibrosis (MF).

The current standard for follow-up of these patients is based
on pathological markers (peripheral blood counts and/ bone
marrow histomorphology) and molecular markers. Bone
marrow examination is the gold standard method to assess the
disease’s extent; it offers detailed information about cellularity,
the morphology of each lineage, the degree of fibrosis, and the
transformation and dysplastic features. However, many patients
are reluctant to go for this invasive technique which precludes
precise disease activity assessment at the desirable frequencies.
A non-invasive technique that can offer reliable prognostic and
predictive information about the disease is lacking.

The objective of this study is to explore the diagnostic value
of FLT-PET in malignant hematopoiesis of Pre-PMF and ET.
The potential to use FLT-PET metrics to differentiate between
Pre-PMF and ET is assessed3 since this differentiation will opti-
mize the therapeutic interventions (eg, anti-platelets and anti-
coagulants) as thrombosis is related to ET while hemorrhage is
more associated with pre-PMF.

Materials and Methods

Patients
This is a prospective, interventional study where a total of 13
patients (mean age of 43.23± 14.42 years, 7 males and 6

females) with Essential Thrombocythemia (ET) and/or
Prefibrotic myelofibrosis were included in this study. One
male subject was excluded due to an inconclusive diagnosis.
The PET scan was done within three months from diagnoses
and none of the patients treated with cytoreductive therapy at
the time of performing the PET. The study was approved by the
institutional review board. Written informed consents were
obtained from all subjects. [clinicaltrials.gov identifier:
NCT03116542]. Table 1 shows the patient demographics, includ-
ing age, gender, diagnosis, and blood tests upon diagnosis.

Bone Marrow Histopathology
Bone marrow aspirate and biopsy were performed from the pos-
terior iliac crest and examined by an experienced hematopatholo-
gist. The morphologic study was made by examination of
Wright-Giemsa stained bone marrow aspirate as well as of hema-
toxylin and eosin-stained bone marrow core biopsy sections.

In the case of Pre-PMF, bone marrow biopsy shows mega-
karyocytic and granulocytic proliferation. Megakaryocytic
abnormalities (including extensive clustering, megakaryocytic
atypia, and abnormal chromatin clumping with hyperchromatic
nuclei) are the key findings in diagnosing PMF and its distinc-
tive form from other MPN, including ET.4

ET bone marrow biopsy shows proliferation mainly of the
megakaryocytic lineage with increased numbers of enlarged
mature megakaryocytes with hyperlobulated nuclei with no sig-
nificant increase or left shift in neutrophil granulopoiesis or
erythropoiesis and no increase in reticulin fibers.5

Bone marrow fibrosis (MF) grading was determined in silver-
stained bone marrow biopsy sections using semiquantitative
bone marrow fibrosis (MF) grading system previously proposed
by Thiele et al.6 (European Consensus on the grading of bone
marrow fibrosis [MF 0-3] with minor modifications concerning
collagen and osteosclerosis and defined as follows: MF-0, with
no increase in reticulin, MF-1 with a very loose network of retic-
ulin fibers, MF-2 with more diffuse and more dense increase in

Table 1. Patient characteristics.

Patient no. Age (y) Gender

Upon Dx Upon 18F-FLT imaging

Dx
Hemoglobulin
(g/dL)

Leukocytes
(109/L)

Thrombocytes
(109/L)

Hemoglobulin
(g/dL)

Leukocytes
(109/L)

Thrombocytes
(109/L)

1 37 M 13.8 7.6 680 14 8 581 ET
2 24 F 12.5 8.4 1197 12.2 11.3 1217 ET
3 30 M 14.6 7.2 1880 14.2 4.9 399 ET
4 51 F 14.1 18 788 14.8 7.8 517 pre-PMF, (MF 1-2)
5 42 F 13.4 6.6 570 13.3 4.4 591 ET
6 31 F 11.2 17.2 940 10.1 5.4 561 pre-PMF, (MF 1-2)
7 56 M 13.6 9.6 726 14.3 8.8 679 ET
8 34 F 11.3 5.7 651 8.5 5.6 353 ET
9 35 M 15.7 16.5 804 14.8 8.7 656 pre-PMF
10 65 M 13.1 8.1 1121 11.5 3 264 ET
11 32 F 12.7 8.3 700 11.2 6.1 399 ET
12 58 M 16.3 9.9 968 13.1 5.3 374 ET
13 67 M 13.1 7.3 566 14.4 7.2 72 ET/ pre-PMF

Abbreviations: M, Male; F, Female; ET, Essential Thrombocythemia; pre-PMF, Prefibrotic myelofibrosis; Dx, Diagnosis.
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reticulin fibers and some course collagen fibers. MF-3, with
course bundles of collagen fibers intermingled with dense retic-
ulin accompanied by initial osteonecrosis.

[18F] FLT PET Acquisition
[18F] FLT PET was performed within three months post-
inclusion. PET/CT images of the Total-body were acquired
on a Siemens mCT scanner in 3D static mode for 3 min per
bed position and at 60 min± 10 min post-injection of 280
MBq± 1% of [18F] FLT. CT images were acquired using the
Care Dose and Care VK modules from Siemens. 18F-FLT
PET Images were reconstructed using the Ultra HD PET algo-
rithm provided by the manufacturer.

PET/CT Image Segmentation
The Lumbar spine (Lspine),7 was segmented on the CT images,
as well as on the PET images, and then the corresponding PET
SUVmean’s were measured and compared. For both methods,
the section encompassing L1 to L5 of the Lspine was labeled
as shown in Figure 1A.

Figure 1B shows the steps for the first method. In the CT-based
segmentation method, bones were segmented using a threshold
>150 HU (Hounsfield Unit). The corresponding volume of inter-
est was then overlaid on the FLT PET for quantitation purposes.

Figure 1C shows the steps for the second method. For the
PET-based segmentation method, the bony anatomy within

the L1 to L5 segment was segmented using the fuzzy locally
adaptive Bayesian (FLAB) segmentation method, an automatic
delineation algorithm used to delineate an area to be identified
from the background.8 The PET metrics deduced from the two
methods were compared.

Image Analysis
An experienced nuclear physician unaware of the patients’
medical histories conducted the visual and quantitative analysis
of all PET FLT images for all the 12 patients.

A 5-point scale (value from 0 to 4) was used to assess the
extension of the bone marrow humerus/femur. A score of 0
for humerus indicates that the humerus cannot be seen, and a
score of 4 indicates that the whole humerus could be identified.
A similar analysis was performed to the femur. SUVmax in the
liver, spleen, and L-spine were reported.

After L-spine segmentation as described in the previous
section, other measurements were done, including L-spine
SUVmean and volume. Moreover, the total lesion glycolysis
(TLG) of the L-spine, defined as

TLG = SUVmeantimesVolume (1)

Were SUVmean is the average SUV within the L-spine volume
defined using the CT segmentation approach described earlier.

Figure 1. Labelling of L1 to L5 on CT and PET/CT images (B) Steps for the CT segmentation method (C) Steps for the PET segmentation
method.
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Statistical Analyses
The primary aim of this project was to study the ability of FLT-PET
in differentiating between Pre-PMF and ET. The focus of the data

analysis was to determine the predictive value and accuracy of

FLT-PET uptake in predicting diagnosis. For this purpose, we

used receiver-operating-characteristic (ROC) curves and computed

areas under curves (AUCs) for each parameter for its robustness in

predicting the diagnosis. Kruskal-Wallis test was used to assess

whether if the PET metrics can discriminate between ET and Pre

PMF patients. A P-value of <.05 was considered to be statistically

significant. All statistical tests were done using the MedCalc soft-
ware (MedCalc, Ostend, Belgium).

Results
CT-based segmentation method (Figure 1B) was compared to the
FLAB PET-based segmentation method. Obtained PET metrics
(Voluma, SUVmean, and TLG) deduced from the two methods
were compared. Differences between the two segmentations were
not significant, with a P-value of .39, so the first method was used.

Figure 2 shows an example of 3 PET FLT patients with differ-
ent bone marrow humerus/femur extension levels. The

Figure 2. Example of 3 PET FLT patients with different bone marrow humerus / femur extension levels (A) 4/4 (B) 1/4 (C) 0/1
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corresponding scores as indicated by the nuclear physicians were
4/4 (humerus/Femur, Figure 2A), 1/4 (Figure 2B) and 0/4
(Figure 2C). A total of 2 patients had an extension level of 0, 6
patients with a 1 extension level, 2 patients with 2 extension
level and one patient on each 3 and 4 extension levels.
Applying the Kruskal-Wallis test on all 12 patients’ data in
order two separate ET and Pre PMF patients while using exten-
sions level criteria led to an insignificant separation with the cor-
responding P-value of .36 and .55 for the humerus and femur
extension, respectively. Regarding SUVmean calculation, the
mean± standard deviation for the liver, spleen, and L-spine
were 7.17± 1.77, 3.23± 0.79 and 21.56± 5.27, respectively.
Similarly, no separation was obtained for ET and PrePMF patients
with corresponding P-values of .4, .52 and .52. An example of

patient separation when using the L-spine SUVmean is shown
in Figure 3. As noticed ET patients had L-spine SUVmean
values ranging from 14.79 to 30.96 while PrePMF patients had
L-spine SUVmean values ranging from 20.33 to 24.87.

The L-spine SUVmean, volume and TLG were 16.66± 3.14,
3705± 284, and 61 416± 10 997, respectively. The difference
in L-spine SUVmean between ET and PrePMF patients was
statistically insignificant (P-value= .31) as shown in
Figure 4A. ET patients had L-spine SUVmean values ranging
from 11.92 to 20.49 while PrePMF patients had L-spine
SUVmean values ranging from 17.54 to 19.93. When using
the L-spine volume, although the P-value was >.05 (.079),
the separation seems to be better but still non-significant
(Figure 4B). Two ET outlier was noticed having L-spine
volume of 3929 and 4129. Finally, Figure 5 shows the
Kruskal-Wallis test plot for the L-spine TLG. As shown in
Figure 5, a significant separation can be noticed with a
P-value of .013 (P-value <.05). A TLG value of 70 000
seems to separate both groups. Finally, ROC curve analysis
for the L-spine TLG is shown in Figure 6. ROC was 1 and
no false positive or false negative was obtained.

Discussion
Pre-PMF and ET exhibited different features of bone marrow;
however, this is not always easy to judge objectively, making
pathologists’ distinction often suboptimal. And in another sce-
nario, bone marrow which is mandated for diagnosis, cannot
be obtained due to technical issues or patient-related factors.
In the 2016 revised classification,9,10 MN pre-PMF was recog-
nized as a separate entity, distinct from ET. Thrombosis and
hemorrhage represent two of the main causes of morbidity
and mortality in patients with ET. Incidence of arterial and
venous thrombosis prior to diagnosis revealed no significant

Figure 3. Kruscal Wallis test results when using the Lspine SUVmax
to separate the ET and pre PMF groups. 0 value in the Diagnosis x-axis
corresponds to ET and 1 value in the Diagnosis x-axis corresponds to
PMF group. The Y axis corerponds to the SUVmax of the Lspine.

Figure 4. Kruscal Wallis test results when using the (A) Lspine SUVmean to separate the ET and pre PMF groups (B) Lspine volume to separate
the ET and pre PMF groups. 0 value in the Diagnosis x-axis corresponds to ET and 1 value in the Diagnosis x-axis corresponds to PMF group. The
Y axis corerponds to the SUVmean of the Lspine in A and to the Volume of the Lspine in B.
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differences (23% /20 and 9/8%) in WHO-defined ET com-
pared with pre-PMF; thrombotic complications were also
similar during the follow-thrombosis is not significantly

different, whereas bleeding is more frequent in pre-PMF.
Concerning the history of major bleeding (mostly gastrointes-
tinal) at diagnosis according to the largest cohort of

Figure 5. Kruscal Wallis test results when using the Lspine TLG to separate the ET and pre PMF groups. 0 value in the Diagnosis x-axis
corresponds to ET and 1 value in the Diagnosis x-axis corresponds to PMF group. The Y axis corerponds to the TLG of the Lspine.

Figure 6. ROC curve analysis when using the Lspine TLG to separate the ET and pre-PMF groups.
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WHO-diagnosed patients, until now reported (891 ET and 180
pre-PMF), frequencies were relatively rare (4% vs7%) and not
significantly different. Contrasting these incidences, major
hemorrhage during follow-up occurred only in 6% of ET but
in 12% of the pre-PMF patients (P= .009), consistent with a
rate of 0.79 and 1.39% patient-years, respectively (P=.039).
Median survival is significantly shorter in pre-PMF, and
10-year cumulative rates progression to overt myelofibrosis
is 0–1% versus 10–12%, and leukemic transformation is 1–
2% versus 2–6%, in ET and pre-fibrotic-PMF, and this reflects
the importance of differentiating between the two
conditions.11

The initial measurement of different PET FLT images showed
no correlation between basic measurements such as SUVmean
and, ET/ Pre-PMF patients’ separation. All P-values were insig-
nificant as per the Kruskal-Wallis test. L-spine volume and TLG
were then calculated. ET and Pre-PMF patients’ separation was
not possible while using volume and SUVmean (P-values of
.079 and .31 respectively) but feasible when using TLG
(P-value of .013). A TLG L-spine value of 70 000 seems to sep-
arate both groups in a significant way.

In France, a study was conducted to assess the diagnostic
efficacy of FLT PET imaging in 15 patients with myelofibrosis,
the results of were compared to the bone marrow. The study
revealed that FLT/PET appears to be a reliable and practical
tool for assessing hematopoietic activity in bone marrow, mea-
suring the severity of myelofibrosis, and monitoring noninva-
sively the patients’ outcomes.12

One of the most important aspects of this study is to avoid
invasive techniques such as biopsy especially since many patients
are reluctant to go to a biopsy which precludes precise assessment
of disease activity at the desirable frequencies. FLT/PET will
offer a good alternative as a non-invasive technique that can
offer reliable prognostic and predictive information.

The major limitation of our study is the number of patients,
which is limited to 12 patients. However, our main goal is to
have a pilot study and, therefore, a proof of concept. Future
work will concentrate on recruiting more patients and consoli-
dating our results.

Conclusion
In conclusion, TLG of Lspine extracted from FLT/PET can be a
potential factor that can separate ET and Pre PMF patients
without the need for any invasive procedure such as biopsy.
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