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Myelofibrosis

Clinical presentation
Myelofibrosis (mf) is one of the chronic myeloproliferative neoplasms 

(mpn), in which a clonal disease of the hematopoietic stem cell leads to a 
series of processes, culminating in bone marrow (bm) fibrosis. This can 
occur primarily (pmf) or secondary to essential thrombocythemia (et) 
or polycythemia vera (pv). mf mainly affects the elderly, with a mean 
age at diagnosis of 67 years. Depending on the disease stage, patients 
can present with anemia, fatigue, constitutional symptoms (i.e. fever, 
night sweats, weight loss) and symptoms related to extramedullary 
hematopoiesis, including severe splenomegaly. Moreover, mf patients are 
at increased risk of arterial and venous thrombosis, which occur in up to 
12% within 10 years after diagnosis(1). Eventually, mf can transform into 
acute myeloid leukemia (aml), which carries a poor prognosis(1). Given 
the broad spectrum of clinical manifestations of the disease, real-world 
epidemiological data are heterogeneous. Age-standardized incidence 
rates reported by previous population-based studies range from 0.07-
1.46/100,000 person-years(2-5).

Pathophysiology
The term myeloproliferative disorders - which listed mf, et, and pv as 

related diseases caused by an undiscovered stimulus -, was introduced by 
William Dameshek in 1951(6). Decades later, this ‘stimulus’ was thought 

Chapter 1

Introduction and outline 
of the thesis



Figure 1 Pathophysiology 
of myelofibrosis 

to be found with the discovery of mutations in the Janus kinase 2 (jak2) 
gene, including jak2v617f(7-10). This mutation causes cytokine-inde-
pendent, constitutive activation of the jak-stat signaling pathway, and 
has been identified in up to 70% of mf patients, and in 99% and 50-60% of 
pv and et patients, respectively(11). In subsequent years, other jak-stat 
activating mutations have been discovered in mf and et patients, includ-
ing those in the thrombopoietin receptor (mpl) and calreticulin (calr) 
genes(12-14). In addition to these so-called ‘driver mutations’, additional 
mutations in a wide range of cancer genes have been discovered in 
mpn patients, including those in tet2, asxl1, srsf2, and many others. 
Although both the driver mutations and mutational order have been 
correlated with the mpn phenotype, the complex genetic landscape likely 
contributes to the heterogeneity in disease features(11, 15). 

In mf, constitutive activation of the jak-stat pathway leads to chronic 
proliferation of predominantly the megakaryocytic cell line, producing 
atypical megakaryocytic hyperplasia. Parallel to this process, an in-
creased production of cytokines leads to inflammation. More specifically, 
elevated levels of platelet-derived growth factor (pdgf), fibroblast growth 
factor basic (fgfb), and vascular endothelial growth factor (vegf) have 
been implicated in the development of specific mf-related bm abnormal-
ities, including fibrosis, neoangiogenesis, and osteosclerosis(16, 17). A 
summary of these processes is presented in figure 1. 
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Diagnosis and evaluation of disease activity in myelofibrosis

Diagnostic criteria
Whilst the first World Health Organization (who) classification for the 

chronic myeloproliferative diseases was solely based on clinical, labora-
tory, and morphological criteria(18, 19), the presence of driver mutations 
has been incorporated into the 2008 and 2016 updates(1, 19). The latest 
edition distinguishes between prefibrotic and fibrotic stages of mf, which 
both require the presence of three major criteria and at least one minor 
criterium (table 1).

Bone marrow biopsies
The central part of the who criteria involves the histopathological 

evaluation of a bm sample, which is usually taken from the iliac crest. 
Unfortunately, these biopsies have multiple limitations. Firstly, sam-
ples can be difficult to obtain due to hard bone structures (in case of 
osteosclerosis), and ‘crush artefacts’ can limit evaluability(1). Even in 
assessable samples, overlapping histopathological features are known 
to complicate discrimination between et and prefibrotic stages of mf, 
and large interobserver variability regarding fibrosis grading exists(1). 
Moreover, in contrast to former beliefs, disease activity in mf is probably 
not distributed equally throughout the bm, which can lead to sampling 
errors(20). Currently, the extent of these problems is largely unclear since 
no alternative method is being used in clinical practice. Specifically, the 
role of imaging in mf has not been systematically evaluated, despite its 
successful use in other hematological malignancies(21, 22), 

Prefibrotic mf Fibrotic mf
Major criteria Major criteria
1. Megakaryocytic proliferation and atypia, without reticulin fibrosis 

>grade 1, but accompanied by increased age-adjusted bm cellularity, 
granulocytic proliferation and often decreased erythropoiesis

1. Megakaryocyte proliferation and atypia accompanied by either reticulin 
and/or collagen fibrosis (grade 2 or 3)

2. Not meeting who criteria for cMl, pv, et, Mds, or other myeloid 
neoplasm

2. Not meeting who criteria for cMl, pv, et, Mds, or other myeloid 
neoplasm

3. presence of jak2, calr, or Mpl mutation or in the absence of these 
mutations, presence of another clonal marker1 or absence of minor 
reactive bM reticulin fibrosis2

3. presence of jak2, calr, or Mpl mutation or in the absence, the 
presence of another clonal marker1 or absence of evidence for reactive 
bm fibrosis2

Minor criteria Minor criteria
	 anemia not attributed to a comorbid condition 	 anemia not attributed to a comorbid condition
	 leukocytosis ≥11 × 109/l 	 leukocytosis ≥11 × 109/l
	 palpable splenomegaly 	 palpable splenomegaly
	 ldh level above the upper limit of the institutional reference range 	 ldh level above the upper limit of the institutional reference range

	 leukoerythroblastosis

Table 1 Current who criteria for 
myelofibrosis

table adjusted from barbui et al, blood cancer 
journal 2018(1).
cMl, chronic myeloid leukemia; Mds, 
myelodysplastic syndrome; ldh, serum 
lactate dehydrogenase

1 Mutations in asxl1, ezh2, tet2, idh1/idh2, 
srsf2, or sf3b1 

2 secondary to infection, autoimmune disorder 
or other chronic inflammatory conditions, 
hairy cell leukemia or other lymphoid 
neoplasm, metastatic malignancy, or toxic 
(chronic) myelopathies
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Prognostic criteria

Over the years, many prognostic models have been developed based on 
large clinical cohorts. Early models, including the Lille score and the 
International Prognostic Scoring System (ipss), incorporated clinical and/
or laboratory variables(23, 24). According to the ipss, patients with low, 
intermediate-1, intermediate-2, and high risk categories showed associat-
ed median survival times of 11.3, 7.9, 4, and 2.3 years, respectively. Later, 
the ipss evolved into the dynamic ipss (dipss, to be applied at any time 
during the disease course) and the dipss-plus (which incorporated three 
additional risk factors, including unfavorable karyotype). The three most 
recent prognostic models also consider the prognostic impact of (driver) 
mutations: the mutation-enhanced ipss for transplant-age patients 
(mipss70), the karyotype-enhanced mipss70 (mipss70+), and the genet-
ically-inspired ipss (gipss)(15, 25). These models are currently used to 
guide treatment strategies, especially allogeneic stem cell transplantation 
(allo sct)(table 2)(15). 

Treatment 

Conventional therapies
For many mf patients, treatment decisions are based on symptom bur-

den, as conventional drug therapies do not prolong survival and seldom 
lead to the disappearance of bm abnormalities. Hydroxyurea, and to a 
lesser extent interferon, can be used to treat symptomatic splenomegaly, 
whilst androgens, corticosteroids, danazol, thalidomide, and lenalido-
mide are aimed at controlling anemia(15). As the latter therapies have 
limited efficacy, many patients with advanced disease require regular 
blood transfusions. 

MiPss70 MiPss70+
hemoglobin <100g/l (1 point) hemoglobin <100g/l (1 point)
constitutional symptoms (1 point) constitutional symptoms (1 point)
circulating blasts ≥2% (1 point) circulating blasts ≥2% (1 point)
hMr category (1 point) hMr category (1 point)
≥2 hMr mutations (2 points) ≥2 hMr mutations (2 points)
absence of type 1-like calr mutation (1 point) absence of type 1-like calr mutation (2 points)
fibrosis grade ≥2 (1 point) Unfavorable karyotype (3 points)
platelet count <100x109/l (2 points)
leukocyte count >25x109/l (2 points)

low risk
intermediate risk  

high risk                 

0 - 1 points
2 - 4 points
≥ 5 points

low risk
intermediate risk

high risk
very high risk         

0 - 2 points
3 points
4 - 6 points
≥7 points

Table 2 
Mipss70 and Mipss70+ (26)

hMr, high molecular risk mutations; 
these include asxl1, srsf2, ezh2, 
idh1, idh2. 
Unfavorable karyotype indicates any 
abnormal karyotype other than normal 
karyotype or or sole abnormalities of 
+9, 13q-, 20q-, chromosome 1 
translocation/duplication, or sex 
chromosome abnormality including –Y)
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Allogeneic stem cell transplantation 
The only treatment that has been proven capable of potential cure 

is allo sct. However, allo sct is associated with high treatment-related 
mortality (trm), and is thus reserved for a selected patient population(15). 
According to the 2015 guidelines by the European Society for Blood and 
Marrow Transplantation and the European LeukemiaNet (ebmt/eln), 
allo sct should be considered in patients aged <70 years with intermedi-
ate-2 or high risk disease according to the (d)ipss(plus), and in patients 
aged <65 with intermediate-1 risk disease if they present with severe re-
fractory anemia, peripheral blood blasts >2%, or adverse cytogenetics(27). 
The more recently published Dutch pmf guideline (2018) recommends 
considering allo sct in patients with high risk according to the mipss70, 
and those with high or very high risk according to the mipss70+(15, 25).

Apart from patient characteristics, trm is related to the intensity 
of the chemotherapy and/or radiotherapy given pre-allo sct (i.e. con-
ditioning regimen). Traditional myeloablative conditioning regimens 
cause profound cytopenia, and do not allow for autologous hematologic 
recovery(28). Since many mf patients are ineligible for such myeloabla-
tive regimes, because of age or comorbidities, non-myeloablative (nma) 
and reduced-intensity conditioning (ric) regimens are often used(28). 
nma regimens cause little or no cytopenia, and do not require stem cell 
support. The term ric is used for regimens that cannot be classified as 
myeloablative or nma. Hitherto, no randomized clinical trials comparing 
conditioning regimens have been performed in mf patients. Retrospective 
studies comparing ric/nma to myeloablative regimens indicated no 
significant differences in overall survival, but a trend towards lower trm/
non-relapse mortality was seen after ric(29-32). In contrast, an increased 
risk of graft failure or relapse following lower conditioning intensities was 
suspected(30-32). These data provide insufficient evidence to support the 
use of one conditioning regimen over the other.

Ruxolitinib
The discovery of the jak2v617f mutation led to the development of jak 

inhibitors, including ruxolitinib. Ruxolitinib is a selective inhibitor of 
jak1 and jak2 that causes deactivation of the jak-stat pathway, without 
being mutation specific. Clinical trials (e.g. comfort-1 and -2) have 
shown dramatic reductions in symptom burden and splenomegaly in mf 
patients following this treatment(33-36), both in patients with and with-
out jak2 mutations. However, initial trial results did not show a survival 
benefit or reversal of bm fibrosis, thereby questioning the drugs’ potential 
to modify the biology of the disease. As a result, ruxolitinib was not 
directly covered by Dutch insurance companies. Instead, between 2011-
2015, it was made available in the Netherlands via a compassionate-use 
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program. Eventually, the indisputable beneficial effect on quality of life 
led to the registration of ruxolitinib. In recent years, long-term follow-up 
data from clinical trials did indicate a potential survival benefit(37, 38), as 
well as bm fibrosis reversal and/or decreases in jak2v617f allelic burden 
in a subset of patients(37, 39). However, high treatment discontinuation 
rates were also observed(37), and the effect of ruxolitinib on survival of 
patients treated outside of clinical trials is unknown.

In addition, the optimal use of ruxolitinib for certain subgroups is 
unclear. For example, with thrombocytopenia being the most common 
side-effect, patients with a baseline platelet count <100x109/l have been 
excluded from the comfort trials. Therefore, current dosing advices for 
this subgroup are based on data derived from patients with treatment-re-
lated thrombocytopenia, despite the differences in pathophysiological 
background. These advised starting doses are very low, namely 5mg 
bid instead of 20mg bid. Given known dose-response relationships, 
this might lead to decreased treatment efficacy in patients with baseline 
thrombocytopenia, who constitute approximately one-quarter of re-
al-world mf patients(40). 

New drugs under investigation
Apart from ruxolitinib, three other protein kinase inhibitors have 

undergone phase III clinical trials, including fedratinib, pacritinib and 
momelotinib. So far, only fedratinib has recently been approved for use 
in patients intolerant or resistant to ruxolitinib. This drug - which causes 
selective inhibition of jak2 and fms-like tyrosine kinase 3 (flt3) – led 
to significant reductions in splenomegaly and symptom burden, but no 
major changes in jak2 allelic burden were demonstrated in the first 24 
weeks of treatment(41). Other new agents which are currently under 
investigation, alone or in combination with ruxolitinib, include cd123 
(il3ra)-directed cytotoxin and inhibitors of pi3/akt, lsd1, bet, telomer-
ase, aurora kinase, and bcl-2/bcl-x. However, preliminary results do not 
suggest major single-agent activity for either anemia or splenomegaly(15). 

Response monitoring

Treatment response criteria
With the use of conventional drug therapies in mf, follow-up moni-

toring mainly focuses on blood counts, spleen size, and the presence of 
constitutional symptoms. Repeated bm biopsies are often reserved for 
selected cases, including those with suspected disease progression or to 
monitor the effect of allo sct. In case of cytogenetic and molecular abnor-
malities, repeated measurements thereof have been suggested to monitor 
the selective suppression of clonal myeloproliferation. However, to date, 
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no drug has been shown to lead to a complete molecular remission. Also, 
the prognostic significance of minor improvements in jak2v617f allele 
burden, as observed in a small subset of patients after ruxolitinib treat-
ment, is unclear(37). Instead, a common goal of current treatments is to 
improve quality of life. This can be monitored using the mpn Symptom 
Assessment Form (mpn-saf) or the mpn-saf total symptom score (mpn-
saf tss)(42), which have become available for use in Dutch patients after 
our validation project in 2011(43, 44). For research purposes, the items 
listed above have been incorporated into treatment response criteria 
designed by the International Working Group on Myeloproliferative 
Neoplasms Research and Treatment (iwg-mrt) and eln(45). As shown in 
Table 3, these criteria distinguish many response categories and require 
a multitude of investigations. This limits their usefulness in clinical 
practice and monitoring of real-world outcomes. 

Table 3. iwg-mrt/eln treatment response criteria

Complete
response 

bone marrow: age-adjusted normocellularity; <5% blasts; ≤grade 1 fibrosis; aNd
peripheral blood: hemoglobin ≥100 g/l and <UNl; neutrophil count ≥1x109/l and <UNl; platelet count ≥100x109/l and
<UNl; <2% immature myeloid cells; aNd
clinical: resolution of disease symptoms; spleen and liver not palpable; no evidence of extramedullary hematopoiesis

Partial response peripheral blood: hemoglobin ≥100 g/l and <UNl; neutrophil count ≥1x109/l and <UNl; platelet count ≥100x109/l and <UNl; 
<2% immature myeloid cells; aNd
clinical: resolution of disease symptoms; spleen and liver not palpable; no evidence of extramedullary hematopoiesis, or
bone marrow: age-adjusted normocellularity; <5% blasts; ≤grade 1 fibrosis; aNd peripheral blood: hemoglobin ≥85 but <100 
g/l; neutrophil count ≥1x109/l and <UNl; platelet count ≥50, but <100x109/l; <2% immature myeloid cells; aNd
clinical: resolution of disease symptoms; spleen and liver not palpable; no evidence of extramedullary hematopoiesis

Clinical
improvement 

the achievement of anemia, spleen or symptoms response without progressive disease or increase in severity of anemia, 
thrombocytopenia, or neutropenia

Anemia response transfusion-independent patients: a ≥20 g/l increase in hemoglobin level
transfusion-dependent patients: becoming transfusion-independent

spleen response a baseline splenomegaly that is palpable at 5-10 cm, below the lcM, becomes not palpable or a baseline splenomegaly that is 
palpable at >10 cm below the lcM decreases by ≥50%
a spleen response requires confirmation by Mri or computed tomography showing ≥35% spleen volume reduction

symptoms
response

a ≥50% reduction in the mpn-saf tss

Progressive
disease

appearance of a new splenomegaly that is palpable at least 5 cm below the lcM or
a ≥100% increase in palpable distance below lcM for baseline splenomegaly of 5-10 cm or
a 50% increase in palpable distance below lcM for baseline splenomegaly of >10 cm or
leukemic transformation confirmed by a bone marrow blast count of ≥20% or a peripheral blood blast content of ≥20% associated 
with an absolute blast count of ≥1x109/l

stable disease belonging to none of the above listed response categories

Cytogenetic
remission

at least 10 metaphases must be analyzed for cytogenetic response evaluation and requires confirmation by repeat testing within 6 
months window
cr: eradication of a preexisting abnormality
pr: ≥50% reduction in abnormal metaphases (partial response applies only to patients with at least ten abnormal metaphases at 
baseline)

Molecular
remission

Molecular response evaluation must be analyzed in peripheral blood granulocytes and requires confirmation by repeat testing 
within 6 months window
cr: eradication of a pre-existing abnormality
pr: ≥50% decrease in allele burden (partial response applies only to patients with at least 20% mutant allele burden at baseline)

table adjusted from tefferi et al, blood 2013(45)
iWG-Mrt/elN, international Working Group on 
Myeloproliferative Neoplasms research and 
treatment/european leukemiaNet; lcM, left 
costal margin; UNl, upper normal limit.
for all response categories, benefit must last for 
≥12 weeks to qualify as a response. the criteria 
for disease relapse were omitted from this 
version. 
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Imaging
As an alternative to physical examinations, imaging studies can be 

used for more accurate spleen size measurements during follow-up. 
Conventional ultrasound is regularly performed in clinical practice, 
whilst magnetic resonance imaging (mri) is more often used in clinical 
trials(34). Apart from these quantitative evaluations, imaging is not 
routinely used in mf. Nevertheless, we hypothesize that imaging might be 
of additional value, since it can overcome some of the current diagnostic 
challenges (see the section on ‘Bone marrow biopsies’).

Real-world outcome
The effect of new therapies is generally tested in clinical trials, which 

use strict in- and exclusion criteria. Therefore, the generalizability of 
results to a substantial part of real-world patients is often limited. For 
example, in the case of ruxolitinib, little is known on the treatment effi-
cacy and safety in patients with baseline thrombocytopenia or the effect 
on survival in patients with ipss intermediate-1 risk disease. Moreover, 
many clinical trials and observational studies are performed in academic 
centers, which can lead to inclusion bias and might not reflect treatment 
as performed in smaller hospitals. Currently, the effect of treatment on 
prognosis in the real-world mf population is largely unknown. The eval-
uation of survival is further complicated by a relatively high background 
mortality, due to the high median age at diagnosis of mf. Correction for 
this background mortality can be done by calculating relative survival, 
which is a net survival measure representing mf survival in the absence 
of other causes of death. To date, only few population-based survival 
data have been published, which reported 5-year relative survival rates 
of 35-58%(3, 4, 46-49). Most of these data stem from the era before the 
discovery of the jak inhibitors, and prognostic variables or treatment 
details were not reported.
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Outline and scope of this thesis

PART I of this thesis focuses on current challenges 
in diagnosis and response monitoring in mf. The 
objective was to explore the potential role of imaging 
for the evaluation of disease activity.

Chapter 2 describes the outcomes of our systematic 
review concerning the value of different diagnostic 
imaging techniques for diagnosis, prognostication, 
and response monitoring of mpns. 

Chapter 3 outlines the results of our diagnostic pilot 
study, in which we aimed to visualize the whole 
spectrum of bm abnormalities in mf, at baseline and 
during ruxolitinib treatment, by using a multimodal-
ity imaging protocol.

PART II of this thesis concerns the epidemiology of 
mf and real-world outcomes of mf patients in the 
Netherlands over time, including analyses of prob-
lems associated with common treatment modalities.

In Chapter 4, we used data from a population-based 
registry to investigate the incidence of pmf and the 
relative survival of pmf patients in the Netherlands 
over time. Furthermore, this chapter describes how 
early treatment regimens changed over the last two 
decades. 

In Chapter 5, we discuss the optimal ruxolitinib 
dose for real-life mf patients with baseline throm-
bocytopenia, based on a retrospective analysis of a 
nationwide compassionate-use program and a review 
of available literature. 

Chapter 6 outlines the results of our multi-center 
retrospective cohort study, in which we evaluated the 
effect of non-myeloablative conditioning regimens on 
engraftment after allogeneic stem cell transplantation 
in mf.

In the general discussion in Chapter 7, we discuss 
the major findings of this thesis and their importance 
in the context of current literature. 
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Abstract

Background Diagnostic and treatment response criteria for the jak2/
calr/mpl mutation-related myeloproliferative neoplasms (mpns) 
are largely based on bone marrow (bm) biopsy results. However, 
these biopsies have several limitations, such as the risk of sampling 
error. Also, the prognostic impact of bm abnormalities is largely 
unclear. Although not currently used in clinical practice, imaging 
techniques might offer additional information. In this review, we 
investigated the value of bm, liver, and spleen imaging for diagnosis, 
prognostication, and response monitoring of the jak2/calr/
mpl mutation-related mpns (i.e. essential thrombocythemia (et), 
polycythemia vera (pv), and myelofibrosis (mf)). 

Methods A systematic literature search was performed via PubMed, 
Embase and the Cochrane Library up to 2020 March 26th. Of 5505 
identified records, 55 publications met the eligibility criteria (i.e. 
containing original data on the imaging appearance of bm, spleen, 
or liver in adult et, pv, or mf patients, published in a peer-reviewed 
journal, written in English). 

Results Many explorative studies described imaging features, 
sometimes with comparisons to clinical characteristics. Studies 
reporting measures of diagnostic accuracy included 1) splenic 
transient elastography to predict bm fibrosis grade in mf, 2) 
dynamic contrast-enhanced mri to discern mf patients from et 
patients and healthy controls, and 3) 18-fluorodeoxyglucose pet to 
detect residual disease after stem cell transplantation in mf. The 
diagnostic accuracies of radiography and 99mTc-colloid scintigraphy 
were derived from several other articles. Except for the study on 
18-fluorodeoxyglucose pet, we established substantial concerns 
regarding risk of bias and applicability across these studies, using 
the quadas-2 tool. Three publications described a correlation 
between imaging results and prognosis, of which one quantified the 
effect.

Conclusions Based on current data, mri (T1-weighted/stir, Dixon) 
seems especially promising for the evaluation of bm fat content 
- and indirectly cellularity/fibrosis - in mf, and possibly for 
estimating bm cellularity in et/pv. 18-fluorodeoxyglucose and 
18-fluorothymidine pet/ct might be useful for evaluating bm 
fibrosis, with good reported accuracy of the former for the diagnosis 
of residual disease. Further research on these and other techniques 
is warranted to determine their exact value. Future researchers 
should improve methodology and focus on evaluation of diagnostic 
accuracy and prognostic implications of results.

Chapter 2
The value of bone

marrow, liver, and spleen 
imaging in diagnosis, 
prognostication, and 

follow-up 
of myeloproliferative 

neoplasms: 
a systematic review

Slot, S.
van de Donk, N.W.C.J. 

Otten, R.H.J. 
Boden, B.J.H. Boden 

Zijlstra, J.M.
Raijmakers, P.G.H.M. 

Zweegman, S. 

Cancer Imaging. 2021;21(1):36



22

Background

Essential thrombocythemia (et), polycythemia vera (pv), and myelofi-
brosis (mf) are relatively rare diseases that belong to the group of myelo-
proliferative neoplasms (mpns). These diseases - with age-standardized 
incidence rates of 1.6, 1.48, and 0.52/100,000 person-years, respectively 
- greatly affect hematopoiesis(1). Normally, hematopoiesis occurs in the 
liver and spleen in the fetus, occupies most of the bone marrow (bm) at 
birth, and is confined to the axial skeleton in adulthood(2). Conversion 
from cellular to fatty marrow during childhood starts in the distal 
extremities and proceeds proximally. In adults, fatty marrow contains 
80% fat, compared with 40-60% in cellular marrow. High hematopoietic 
demand can cause reconversion to cellular marrow. The marrow frame-
work is formed by cancellous bone, composed of primary and secondary 
trabeculae. Blood supply comes from periosteal and nutrient arteries, the 
latter forming a sinusoidal network(3). In mpns, various alterations in bm 
composition develop over time, presumably caused by driving mutations 
and inflammatory cytokines. et, pv, and mf share similar driving mu-
tations and are therefore grouped together as the jak2/calr/mpl muta-
tion-related mpns(4). Although these mpn subtypes form distinct disease 
entities, they share morphologic features and have the ability to transform 
into each other. Classically, et and pv are characterized by megakaryo-
cytic- and trilinear hypercellularity, respectively. Myeloid hypercellularity 
can occur in early mf, progressing to atrophy with fibrosis and osteo-
sclerosis in later stages(2). Neoangiogenesis is found in all three diseases, 
albeit most pronounced in mf(5, 6). bm alterations can coincide with 
constitutional symptoms and hepatosplenomegaly, due to a shift of he-
matopoiesis to the liver and spleen. Apart from spleen size measurements, 
imaging is currently not routinely used in the management of et, pv, and 
mf. However, several challenges regarding diagnosis, prognostication, and 
response monitoring exist, for which imaging might form a solution. 

Diagnostic criteria in et, pv, and mf are largely based on bm biopsy re-
sults(4, 7). However, overlapping histopathological features are known to 
complicate discrimination of these mpn subtypes. Also, bm biopsies yield 
limited information on functional processes - such as osteoblast activity 
and bm blood flow -, and offer no information on other hematopoietic 
compartments including the liver and spleen. Lastly, the reliability of 
single bm samples is questionable given the occurrence of crush arte-
facts(4), ‘sampling error’ in case of non-homogeneous disease distribu-
tion(8), and large interobserver variability regarding fibrosis grading(4). 
Imaging might aid in diagnosis of mpn subtypes and abnormalities in the 
hematopoietic compartment, through increased spatial resolution and/or 
visualization of dynamic processes. 
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Apart from allogeneic stem cell transplantation (allo-sct) – which is 
associated with high treatment-related morbidity and mortality -, no 
curative treatments exist for the jak2/calr/mpl mutation-related mpns. 
Current treatment response criteria mainly assess clinical and laboratory 
parameters, but a complete response also requires a total reversal of bm 
abnormalities(7, 9). However, significant bm changes are not often found 
on the short term and the invasive nature of the bm biopsy limits serial 
monitoring. Given the ongoing development of novel – often expensive 
- drugs, alternative techniques for (early) assessment of changes to the 
hematopoietic compartment during treatment are desirable. 

Lastly, prognosis in the jak2/calr/mpl mutation-related mpns varies 
greatly. Whilst most et patients have a normal life expectancy, median 
overall survival in mf is approximately six years. Prognostic scoring 
models in et and pv are largely based on clinical parameters, whereas 
mutational analyses play a larger role in mf(10). Interestingly, the prog-
nostic impact of the various bm abnormalities is largely unclear(9, 11-14), 
even though normalization hereof is pursued during treatment. Imaging 
might offer additional insight into prognostic relevance of bm abnormal-
ities, since it can provide information on both focal disease severity and 
distribution throughout the hematopoietic compartment. 

Hitherto, several reviews have described common imaging findings 
of bm and disease-related complications in mf(15, 16). However, to our 
knowledge the value of imaging for diagnosis, prognostication and 
follow-up monitoring in the jak2/calr/mpl mutation-related mpns has 
not been systematically evaluated. This was the purpose of our systematic 
review.

Methods

We followed the Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (prisma) statement(17). Pre-specified and documented 
inclusion criteria were 1) publications describing the imaging appearance 
of bm, liver and/or spleen in human et, pv, or mf patients aged ≥18 years, 
and 2) original data. Publications were excluded if they only contained 
(spleen) size measurements and/or descriptions of mpn-related complica-
tions (e.g. focal extramedullary hematopoiesis, thrombosis). For the final 
review, only peer-reviewed published articles written in English were 
included and case reports were omitted. No restrictions on publication 
date or population size were imposed. 

ss and ro systematically searched the databases PubMed, embase.com 
and The Cochrane Library (via Wiley) from inception to 2020 March 
26th, using search terms expressing an equivalent of ‘myeloproliferative 
neoplasm’ and terms comprising different imaging techniques. The full 
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search strategies are listed in the Supplemental Material. Reference lists 
of eligible studies were searched for additional publications. Results were 
collected in EndNote. Records were screened by ss to identify potentially 
relevant publications. Review was then independently performed by 
two authors (ss plus either nd or sz) to identify studies that met the 
eligibility criteria, with disagreements resolved by a third reviewer (sz 
or nd). Extracted data from eligible studies were entered into an Excel 
spreadsheet, including: study aims and design, inclusion criteria, patient 
number, mpn subtype, modality and timing of imaging, major imaging 
findings and correlations with histopathology or prognosis. We checked 
for duplicate publications by juxtaposing author names. All reports on 
a study were considered and data were pieced together if possible. Data 
from the report with the largest population were included in case of 
inconsistent patient numbers. Other relevant inconsistencies are men-
tioned in the text. Outcome measures of primary interest were diagnostic 
accuracy (e.g. sensitivity, specificity, positive and negative predictive 
values, area under the receiver operating characteristics (auroc) curve), 
reliability (e.g. Cohen’s k) and prognosis (e.g. median survival). 

ss and sz assessed diagnostic accuracy studies for risk of bias and 
applicability, using the quadas-2 tool(18). The review question was: 
what is the accuracy of imaging techniques that visualize (components 
of) the bm, spleen and/or liver in et, pv, or mf patients (according to 
conventional criteria, i.e. who or equivalent), regarding determination of 
disease type and/or characteristics (compared to diagnostic criteria  and/
or histopathological examination) or monitoring of therapy response 
(compared to conventional response criteria)?

Results

Study selection
Figure 1 depicts details of the selection process. 

Study characteristics
Out of 5505 records, 55 publications were eligible for inclusion. Many 

different techniques were used, including forms of ultrasonography 
(four studies, n= 176 mf) and quantitative computed tomography (qct) 
(three studies, n= 24 mf/31 pv/14 et), dual-energy x-ray absorptiometry 
(dxa) (four studies, n= 33mf/31 pv/14 et), radiography (seven studies, 
n=223 mf/41 pv), magnetic resonance imaging (mri) (15 studies, n= 115 
mf/33 pv/27 et), scintigraphy (17 studies, n= 273mf/158pv), single photon 
emission ct (spect) (one study, n= 6 mf), positron-emission tomography 
(Pet) (six studies, n= 60mf/6pv) and thermography (one study, n=6 mf).
Below we present a general summary of imaging findings, followed by a 



25

synthesis of evidence regarding the use of imaging in diagnosis, prog-
nostication, and follow-up monitoring. Concluding remarks concerning 
separate imaging modalities are listed in Table 3. Study details can be 
found in the Supplemental material.

General summary of imaging findings
Bone marrow – hematopoietic compartment
Evaluation of the hematopoietic compartment was done using mri, 

scintigraphy, spect, or pet scanning. Table 1 lists commonly used mri 
sequences and their corresponding tissue signal intensities. Table 2 
provides an overview of used radiopharmaceuticals.

Figure 1 Flow of studies through the 
selection process
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On T1-weighted imaging, a low signal in the axial bm was reported in 
only a few et patients(33, 34), whilst low T1 signals/prolonged vertebral T1 
relaxation times were more common in pv(34-38). mr spectroscopy (mrs) 
indicated normal T1 values of the water resonance in a few pv patients, 
suggesting an increased bm water content underlying the low T1 signals. 
Indeed, 18f-fdg pet/ct and bm scintigraphy with 111In-Cl3, 99mTc-colloid 
or 198Au-colloid (i.e. ‘reticuloendothelial scanning’) showed increased 
or normal axial uptake in pv with varying peripheral bm expansion, 
implying increased cellularity / cellular activity(23, 39-42). In advanced 
(or ‘spent phase’) pv, reported axial 111In-Cl3 uptake remained normal 
or high, whilst 99mTc-colloid uptake was more often decreased(40, 43). 
Normal uptake on reticuloendothelial scanning was seen in patients after 
chemotherapeutic treatment(40, 41).

In mf, a low T1 signal in the axial bm was seen in all patients, indi-
cating a decrease in fatty marrow(8, 33, 34, 37, 38, 44-46). This signal 
distribution was homogeneous or patchy and sometimes extended 
into the appendicular skeleton(33, 37). Dixon quantitatively confirmed 

T1-weighted spin-echo
(representing the sum of in-phase 
signals of fat and water)

STIR
(enhances the difference in longitudinal 
relaxation of fat and water)

Chemical shift imaging
(out-of-phase images visualizing 
the absolute difference between 
water and fat signals)

Fat High Low High
Water Low High High
Cellular marrow
(≈ 40% fat, 40% water, 20% protein)

Intermediate
(higher than muscle)

Intermediate
(higher than muscle)

Low

Fatty marrow
(≈ 80% fat, 15% water, 5% protein)

High Low High

Fibrosis Low Low Low

MRI = magnetic resonance imaging, 
STIR = short tau inversion recovery
In general, marrow characteristics are mainly 
based on its fat and water content, since bone 
lacks mobile protons(19). Description of 
brightness is relative, as compared to the 
signal intensity of adjacent muscle or 
intervertebral disc. 

Table 1 mri sequences and tissue signal 
intensities(3, 8)

Table 2 Overview of radiopharmaceuticals 

Tracer Intended use*
18F-fluorodeoxyglucose (18F-FDG) Visualization of increased glucose metabolism  / inflammatory activity(20)
18F-3’-fluoro-3’-deoxy-L-thymidine (18F-FLT) Visualization of DNA-synthesis / cellular proliferation(21)

Labeled colloids 99mTc, 198Au, 113mIn Visualization of reticuloendothelial system / medullary stroma(22, 23)
111In-Chloride (111In-Cl3) Visualization of erythropoietic activity(22)

Labeled iron 59Fe, 52Fe Visualization of erythropoietic marrow(24, 25)

Labeled red blood cells (RBC’s) 99mTc or 113mIn Visualization of RBC pools; heat-damaged RBC’s for assessment of spleen volume(26)
99mTc-leukocytes Visualization of hematopoiesis(27) (standard use for detection of inflammation)
99mTc-antigranulocyte antibodies (99mTc-AGAb) Visualization of granulocyte (precursors) / granulopoeisis(28) 
99mTc-low density lipoprotein (99mTc-LDL) Visualization of LDL biodistribution / catabolism(29)
99mTc-methylene-diphosphonate (99mTc-MDP) Visualization of bone matrix turnover and/or blood flow(30)
133Xe Evaluation of blood flow(31) (standard use for ventilation studies)
15O-carbon dioxide (15O-CO2) Evaluation of blood flow(32)

* Concerns the intended use of the tracer as reported by the articles under review. A random choice of relevant references were appended for  
   background reading.
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markedly decreased fat fractions in a few patients(46, 47). Diffusion-weighted 
mri showed increased bm signals in two patients(48). On short-tau inversion 
recovery (stir) images, skeletal signals ranged from high tot low(8, 44, 45), 
and were presumed to reflect the degree of cellularity(44). In analogy to pv, 
18f-fdg pet/ct showed high axial bm uptake with variable degrees of periph-
eral bm uptake in mf patients(20). In contrast, distribution patterns on 18f-flt 
pet/ct ranged from near-normal to decreased axial uptake with peripheral 
bm expansion(21, 48, 49). Axial uptake of 111In-Cl3 and 99mTc-colloid as 
detected by scintigraphy were mostly normal or low(22, 24, 27, 30, 40, 41, 43, 
49-51), whilst high peripheral bm uptake was common(22, 24, 27, 30, 40, 41, 43, 
49). 52Fe scintigraphy demonstrated increased peripheral and axial bm uptake 
in 37% of mf patients(25). Varying distribution patterns of 99mTc-leukocytes, 
99mTc-ldl, and 99mTc-agab were reported in small patient numbers(27-29).

Bone marrow – bone density
In pv, only non-specific skeletal changes on conventional radiography were 

reported, including an osteoporotic appearance and hypertrophic osteoar-
thritic changes(52). On dxa and high resolution peripheral qct (hr-pqct), 
no significant differences in spinal/femoral bone mineral density (bmd) and 
bone geometry, microarchitecture, or strength were found between et/pv 
patients and healthy controls(53). 

In mf, skeletal abnormalities on radiography were seen more often, 
with a prevalence of increased radiodensity of 23-100% in overall popula-
tions(54-59). Skeletal distribution was diffuse or patchy, with a predominance 
for the axial skeleton and proximal extremities(54-56, 58). A decreased 
skeletal radiodensity was noted in 7.5-43% of patients(54, 55). Studies on 
dxa yielded conflicting results. Whilst a larger case-control study found 
normal femoral bmds and non-significantly increased spinal bmds in mf 
patients compared with controls(60), two smaller studies did describe 
increased femoral bmds in the majority of patients(59, 61). Increased lumbar 
bmd was confirmed on qct in four of the latter patients(59). On hr-pqct, 
high trabecular numbers and bone mass were described in mf compared 
with healthy controls, albeit not statistically significant(60). Other clues for 
increased bone formation in a few mf patients were found on fat-suppressed 
T2-weighted mri (high signals of the metaphyses)(59) and 99mTc-mdp scintig-
raphy (increased uptake)(30). 

Bone marrow – vascularity
dce-mri demonstrated no significant differences in perfusion parameters 

between a group of et/pv patients and controls(62). However, increased peak 
contrast enhancement (ce) ratios in water+fat fractions were demonstrated in 
two other pv patients, with normal peak ce ratios in the water fraction, thus 
suggesting decreased fat fractions with normal vascular density(63). 
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In mf, a significant increase in mr signal ratio between bm and inter-
vertebral disk was demonstrated in several patients after intravenous 
contrast administration, in accordance with increased microvessel 
density on bm biopsies(45). On dce-mri, significantly increased contrast 
wash-in (win), maximum ce (cemax) and win/time-to-maximum slope 
were reported(62). Infrared thermography indicated a 1.5-4°C temperature 
difference between skin overlying bone and adjacent skin in mf patients 
with histopathological evidence of increased blood vessel endothelium, 
but not in controls(30). Additional evidence for increased skeletal blood 
flow in a small number of pv and mf patients came from studies that 
used pet (with 15O-co2) or scintigraphy (with 99mTc-mdp, 18F, or 133Xe)(30-
32, 64, 65). Conflicting results regarding the correlation between blood 
flow and bm cellularity were reported(31, 32).  

 
Liver and spleen
On conventional ultrasound, the reported echotexture of (enlarged) 

livers and spleens in mf patients was usually normal, despite proven 
myeloid metaplasia in a few cases(66, 67). Focal splenic and hepatic 
lesions (hypo-/anechoic or hyperechoic) were reported in 16% and 23% 
of patients during follow-up, respectively. Both myeloid metaplasia and 
metastases were described underlying these lesions(66). On transient 
elastography, slightly elevated median and mean hepatic stiffness 
values were reported in mf patients compared with known reference 
values, albeit with a wide range(67-69). Splenic stiffness values were 
markedly higher compared with a group of healthy controls(67, 68). 
Shear wave elastography results were slightly different compared 
to transient elastography, with correlation coefficients of 0.78 and 
0.21 for splenic and hepatic imaging, respectively(67). Splenic tissue 
characterization via sound speed measurements and attenuation 
studies indicated no significant differences between mf patients and 
healthy controls(70-72), although sound speed was significantly lower 
in patients with higher bm fibrosis grades(71). Regarding the etiology 
of splenomegaly, a study using 99mTc-red blood cell (rbc) and 113mIn-
heat-damaged rbc scintigraphy demonstrated a significant correlation 
between splenic size and hypervascularization in both mf and pv,  
whilst a correlation with hypercellularity was only seen in mf(26). In 
line with these findings, variably increased splenic uptake of 18f-fdg, 
18f-flt and 111In-Cl3 has been demonstrated in mf, often combined 
with low axial and/or high peripheral bm uptake(20-22, 40, 41, 43, 48, 
49). Lastly, increased splenic membrane metabolism was suspected in 
one pv and three mf patients because of increased phosphomonoester/
Pi and phosphomonoester/B-atp ratios as measured by splenic 
31-phosphor mrs(73). 
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The value of imaging in diagnosis 
Abnormalities in the hematopoietic compartment
Five studies described general correlations between imaging results 

and histopathological findings. Measures of diagnostic accuracy were re-
ported by one study, and could be derived from three additional studies. 

In a case-control study including 20 mf and 18 et patients, the 
vertebral T1 signal correlated significantly with the histopathological fat 
fraction(33), but cut-off values were not defined. Another study including 
one pv and three et patients demonstrated that the vertebral/spinal cord 
T1 signal ratio can estimate bm cellularity in patients with homogeneous 
disease distribution and reciprocity between cellular and adipose 
fractions. For the formula ‘bm cellularity(%) = 131.2–(79.6xmr ratio)’, the 
mean difference between observed and predicted bm cellularity was 5.6% 
(sd 4.0)(34). Since such reciprocity is not present in mf, other studies have 
added stir to T1-weighted imaging to differentiate between fibrosis and 
hypercellularity. However, in a series of 13 mf patients, T1-weighted mri/
stir patterns did not correlate with bm biopsy results(44). Of note, both 
scan results and bm histopathology were evaluated on 3-point scale, thus 
nuances may have been lost. 

In three separate studies including 35, 15 and 55 mf patients, bm fibrosis 
grade inversely correlated to axial 18f-fdg suvmax, spinal/proximal 
limb 18f-flt suvmax and skeletal 111In-Cl3 uptake, respectively(20, 49, 
50). However, specific values per fibrosis grade were not reported and the 
degree of bm cellularity was not evaluated in the first two studies. The 
study using 111In-Cl3 did report a significant correlation between skeletal 
uptake and bm cellularity (50), which was endorsed by three smaller 
studies(24, 27, 51) but refuted in another(43). The correlation between 
99mTc-colloid uptake and bm findings was weaker(50). Since 99mTc-colloid 
uptake was generally lower than 111In-Cl3 uptake, and often decreased 
earlier in advanced disease, this tracer was presumed to reflect changes in 
stromal architecture in addition to hematopoietic cells(22, 40, 43, 49, 50). 
Of note, reproducibility testing of the rating of peripheral bm uptake has 
only been performed for 18f-fdg pet/ct, which results in an interobserver 
and intraobserver Cohen’s k of 0.95 and 1.0, respectively(20).

One consecutive case series found a significant correlation between 
bmd as measured by dxa and both the histopathologic stadium and 
histomorphometric bone volume(61). Of note, the sample size was small, 
including only three patients with histopathological osteosclerosis.

In a series of 108 consecutive mf patients, splenic stiffness correlated 
with bm fibrosis, with an auroc of 0.79 for diagnosis of mf grades 2-3(68). 
Diagnostic performance improved by combining splenic stiffness with 
additional variables (ldh plus ipss score) into a diagnostic model. At 
the optimal cut-off points, the reported accuracy hereof was 97% for 
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identifying mf grades 0-1 and 95% for mf grades 2-3. Remarkably, this 
final model differed from a previous version which was presented as a 
conference abstract, due to different outcomes from multivariate anal-
yses(74). Also, it was unclear how many patients had been excluded and 
whether index and reference tests were evaluated in a blinded manner. No 
threshold was pre-specified and te results were indeterminate in 18.5% of 
patients. The risk of bias was deemed high (table 4)(68).

Three studies compared radiography with histopathological results. 
Sclerosis was described in 60-100% of patients with histopathological 
osteo(myelo)sclerosis (n=59)(54, 56, 57), in 39-57% of patients with 
myelofibrosis without osteosclerosis (n=24)(54, 56), and in none of 
the six reported patients with hypercellular disease(54). In one study, 
radiological sclerosis correlated with the histopathological percentage 
of bone, but not fibrous tissue(54). Based on these studies, we derived 
a sensitivity of 60-100% and a specificity of 43-61% for the detection of 
histopathological osteosclerosis. Of note, biopsies were not necessarily 
taken from depicted areas, which might have influenced results. Also, risk 
of bias and applicability concerns across these studies were high (table 4), 
due to outdated diagnostic criteria and uncertainties in patient inclusion, 
the intended use for the index test, and the time interval between index 
and reference tests (>1 year in one study). In two studies it was unclear 
whether index and reference tests were evaluated in a blinded manner. 
Lastly, one study reported multiple observations in 5/23 patients, which 
we treated as independent measurements(54).

Differentiation of et, pv, and mf
Two studies compared imaging results in the mpn subtypes without 

calculating diagnostic accuracy. One study did report measures of diag-
nostic accuracy, and we were able to derive them from another. 

One case-control study demonstrated a significantly decreased 
vertebral T1 signal and histopathological fat fraction in 20 mf patients, 
whereas in 18 et patients both parameters were near-normal. The 
femoral signal intensity was also significantly lower in mf(33). Of 
note, disease severity and degree of bm cellularity were not reported. 
Another study found similar axial 111In-Cl3 uptake amongst 55 mf and 
15 pv patients, with only slightly lower 99mTc-colloid uptake in mf(50). 
mf patients did show higher splenic 111In-Cl3 uptake, but cut-off values 
were not defined.
In a case-control study including 12 mf, 6 et and 6 pv patients, dce-mri 
was used to determine bm perfusion parameters (as described above). 
cemax appeared most accurate in distinguishing mf from et/pv patients 
and healthy controls, with respective positive and negative predictive 
values of 83-85% and 87%(62). Of note, the threshold was not pre-specified 
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and disease stages were unclear. Also, patient selection was not clearly 
described and it was unknown whether interpretation of the index test 
was done without knowledge of the reference test. Combined, this results 
in a considerable risk of bias (table 4).

Lastly, one study performed 99mTc-albumin scintigraphy in 37 patients 
with polycythemia. High pelvic 99mTc-albumin fixation was shown to 
discern 19 pv patients from those with secondary polycythemia(42). 
Although not primarily reported, we derived a sensitivity and specific-
ity of 84% and 100% at the pre-specified cut-off value of 150kcnt/180s. 
However, diagnostic criteria were outdated and patient inclusion was 
not clearly described. It was unclear whether interpretation of index and 
reference tests were done without knowledge of the other. Therefore, the 
risk of bias is largely unclear and applicability concerns exist (table 4). 

The value of imaging in prognostication
Three studies described a correlation between of imaging results and 

prognosis in mf, of which only one quantified the extent. 
In an explorative study including 13 mf patients, patterns on combined 

T1-weighted mri and stir imaging correlated significantly with prog-
nostic staging(44), with the lowest femoral and axial T1 and stir signals 
occurring in high risk patients. Of note, this prognostic staging was 
based on part of an old scoring system and actual survival data were not 
provided. Another study including 50 mf patients stated that death was 
more frequent when axial 99mTc-colloid and 111In-Cl3 bm uptake were very 
poor and peripheral extension was weak, but no quantification hereof was 
provided(43). Lastly, a study including 59 mf patients described a higher 
probability of 3-year survival in mf patients without increased peripheral 
52Fe bm uptake versus those with increased uptake (66% vs 33%), but this 
difference was not statistically significant(25). Mean duration of follow-up 
and number of events were not reported. 

The value of imaging in follow-up monitoring
Seven studies described results of repeated imaging during follow-up 

and/or treatment of mf, of which only one presented diagnostic accuracy 
results.

One study evaluated splenic transient elastography before and after 
treatment with ruxolitinib in a subgroup of three mf patients(68). All 
three patients showed a decrease in splenic stiffness (mean decrease 
13kPa), along with a decrease in spleen size. Of note, the reason for 
follow-up evaluations in these patients and therapy duration were 
not reported(68). In another study, a subgroup of nine mf patients 
underwent repeated splenic sound speed measurements. An increase in 
sound speed was found in eight mf patients treated with chemotherapy 
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(at 5-80 weeks after start of bulsulphan or 6-thioguanine), which 
correlated with a decrease in bm fibrosis and splenomegaly(71). In 
contrast, the one mf patient who did not receive chemotherapy showed 
stable splenic sound speed after 10 months. Again, the reason for 
follow-up evaluations in these specific patients was unclear. One study 
described results of repeated dxa scans in two out of four included mf 
patients with known osteosclerosis. Both patients showed a further 
increase in lumbar bmd after 2-4 years, whilst femoral bmd increased in 
only one out of two(59). No clinical follow-up details were provided. 

One study performed sequential T1-weighted mri/stir and bm 
biopsies before allo-sct in 35 mf patients, with planned repeated 
measurements at two later time points(8). Since many patients 
declined repeat examinations, follow-up scans were available for 21 
and 10 patients after 3 months and 1-2 years, respectively. A (partial) 
normalization of the T1 and stir signals occurred in 19/21 patients. 
Changes usually started in the femora, and later progressed to the 
pelvis and vertebrae. The most pronounced changes were seen after 
more than one year post-allo-sct. Histopathological fibrosis reduction 
was also seen in 18/19 patients, but discrepancies regarding the degree 
of reduction often existed compared to mri results. These discrepancies 
were attributed to the effects of inhomogeneous disease, since mri 
demonstrated biopsy needle tracks in non-representative areas (i.e. 
‘sampling error’). Of note, the mri scoring system for fibrosis was 
not explained in detail, thus limiting its external use. Also, selection 
bias might have occurred due to the high study drop-out rate. In a 
study using Dixon, four mf patients were evaluated before start of 
ruxolitinib treatment, and after 1-2 months, 3-5 months, and 6-10 
months of treatment, respectively. Two out of four patients showed 
increasing pelvic and femoral fat fractions over time, along with a 
normalization of bm cellularity but with stable splenomegaly(47). The 
most pronounced increases in fat fractions occurred after 5 months 
or longer. Interestingly, the two patients with stable fat fractions did 
show a significant decrease in splenomegaly. Unfortunately, no follow-
up bm biopsies were available in these cases. One study performed 
repeated 99mTc-colloid and 111In-Cl3 scintigraphy in a subgroup of 
six mf patients(50). Three untreated patients showed a decrease in 
axial uptake with an increase of splenic 111In-Cl3 uptake, whilst two 
patients treated with hydroxyurea showed a reversed pattern. However, 
the reasons for follow-up examinations, duration of follow-up and 
baseline results were not provided. One pilot study retrospectively 
evaluated 12 mf patients in whom 18f-fdg pet scans and bm biopsies 
were available both before and after allo-sct (range: 100-442 days). A 
decrease in suvmax_bm post-transplantation was found to correspond 
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to a decrease in fibrosis grade(75). Using the iwg-mrt criteria as 
the reference standard, the sensitivity of 18f-fdg pet for detecting 
residual disease was 100%, with a specificity of 83% and negative and 
positive predictive values of 100% and 86%, respectively(75). Risk of 
bias seems low, although the initial indication for imaging and patient 
inclusion criteria were unclear, and uncertainty regarding the blinded 
interpretation of the reference test exists (table 4). Table 3 Summary of findings

Modality Main findings
Ultrasound 	 Normal echotexture does not rule out splenic or hepatic myeloid metaplasia in MF (da-)

	 Focal splenic myeloid metaplasia and solid tumor metastases can show a similar appearance (da-)

Elastography 	 Increased hepatic stiffness in MF possibly reflects myeloid metaplasia (da-)
	 Splenic elastography might aid in differentiating MF patients from healthy controls (da-)
	 Splenic stiffness combined with clinical parameters might be able to identify MF patients with 

grades 0-1 or grades   2-3 fibrosis (accuracy of 97% and 94-95% at best cut-off values; Iurlo et al.)
	 Changes in splenic stiffness have been observed during cytoreductive treatment 

Splenic sound speed measurement 	 Was not found to differentiate all MF patients from healthy controls or patients with other causes of 
splenomegaly (da-)

	 Splenic sound speed might indirectly reflect bm fibrosis grade in MF, as well as changes herein 
during treatment (da-)

Splenic attenuation 	 Was not found to differentiate MF patients from healthy controls (da-)

dxa 	 Was not found to differentiate et and PV patients from healthy controls (da-)
	 An increased Z-score probably reflects osteosclerosis in MF (da-)

Radiography 	 Is probably insufficient in detecting or excluding the presence of osteosclerosis in MF (derived 
sensitivities 60-100%, derived specificities 43-61%; Pettigrew/Hickling/Pawelski et al.)*

	 The presence of sclerosis probably rules out pure hypercellular disease (da-)

ct 	 HR-pQCT was not found to differentiate et and PV patients from healthy controls (da-)
	 HR-pQCT might be able to identify MF patients with advanced osteosclerosis (da-)
	 qCT might reflect the degree of osteosclerosis in MF (da-)

mri - T1-weighted imaging and stir 	 The skeletal T1 signal reflects bm fat content, and thereby probably indirectly reflects bm cellularity 
in ET/PV and cellularity and/or fibrosis in MF (da-)

	 Skeletal T1 and STIR signals might reflect the presence of fibrosis in MF and changes herein during 
treatment (da-), but the correlation with histopathology was not unequivocal

	 T1-weighted imaging of the axial and femoral bm might aid in differentiating MF patients from both 
healthy controls and et patients (da-), but a decreased signal does not exclude ET/PV

	 T1+STIR signal distribution in the axial and femoral bm possibly corresponds to disease severity 
and prognosis in MF

mri-csi 	 Skeletal CSI can theoretically indirectly quantify bm cellularity in PV and cellularity and/or fibrosis in 
MF (da-) and was shown to reflect changes herein during treatment (da-)

	 Skeletal CSI might aid in differentiating PV and MF patients from healthy controls (da-)

(d)ce-mri 	 The CE T1 signal possibly reflects bm perfusion in MF (da-)
	 CEmax as measured by DCE-MRI might aid in discerning MF patients from both ET/PV patients and 

healthy controls (PPV 83-85%, NPV 87%, sensitivity 88%, specificity 83-84%; Courcoutsakis et al.)
	 Changes in contrast amplitude on DCE-MRI have been observed during treatment 

31-p mrs 	 Increased peaks theoretically reflect increased splenic membrane metabolism in PV/MF (da-)
	 Was not found to differentiate between various causes of splenomegaly (da-)

18F-fdg and 18F-FLT pet/ct 	 18F-FLT PET and 18F-FDG PET probably indirectly reflect bm fibrosis in MF and changes herein 
during treatment (da-)

	 18F-FLT PET might aid in differentiating et, PV and MF patients from healthy controls (da-)
	 18F-FDG PET might aid in differentiating PV patients from healthy controls (da-)
	 Axial 18F-FDG uptake might correspond to prognosis in mpn 
	 18F-FDG PET might be able to detect residual disease after stem cell transplantation in MF (NPV 

100%, PPV 86%, sensitivity 100%, specificity 83%; Derlin et al.), with good reproducibility of 
peripheral uptake rating (interobserver and intraobserver Cohen’s k 0.95 and 1.0, respectively)



34

Modality Main findings
99mTc-colloid and 111In-Cl3  
scintigraphy /spect

	 Both tracers have been shown to reflect bm cellularity and indirectly fibrosis in MF (da-)
	 Increased splenic 111In-Cl3 uptake possibly reflects myeloid metaplasia (da-) 
	 Tc99-colloid scintigraphy might aid in differentiating PV from secondary polycythemia (derived 

sensitivity 83%, derived specificity 100%; Rudberg et al)*
	 Both tracers might aid in differentiating early PV from MF (da-), but discriminative power will 

probably decrease in later PV stages given the overlap in described uptake patterns

Labeled rbc scintigraphy 	 Increased fixation theoretically reflects splenic hypervascularization-/cellularity in MF and PV (da-)
	 Was not found to differentiate between various hematological diseases (da-)

Scintigraphy – other 	 Skeletal 52Fe distribution might correspond to prognosis in MF 
	 Axial 99mTc-AGAb uptake might aid in discerning MF patients from controls (da-)
	 Skeletal 99mTc-LDL uptake might reflect hematopoietic/macrophage cellularity in MF and PV (da-)
	 99mTc-MDP might be able to detect bone new formation in MF and PV (da-)

Radionuclide - blood flow» 	 Seemed to indicate bm hypervascularization in PV and MF compared with healthy controls (da-) 

Thermography 	 Possibly indirectly reflects bm vascularization in MF (da-)
	 Might aid in discerning MF patients from healthy controls (da-)

BM = bone marrow, CEmax = maximum contrast 
enhancement, CSI = chemical shift imaging, CT 
= computed tomography, 
(D)CE = (dynamic) contrast enhanced, 
DXA = dual-energy X-ray absorptiometry, 
ET = essential thrombocytosis, 
HR-pQCT = high-resolution peripheral quantitative 
CT, MF = myelofibrosis, 
MRI = magnetic resonance imaging, 

NPV = negative predictive value, OS = overall 
survival, PET = positron-emission tomography, 
PPV = positive predictive value, PV = poly-
cythemia vera, RBC = red blood cell, 
RES = reticuloendothelial system, 
sign. = significant, STIR = short tau inversion 
recovery
It is indicated in brackets whether diagnostic 
accuracy (da) was reported (parameters; author), 

not reported () or derived from published data 
(derived parameters; author)*
» blood flow measurements using radionuclide 
imaging as described in the main text
* diagnostic accuracy was not primarily 
reported by the authors, but was estimated 
from published data

Table 4. Assessment of diagnostic accuracy studies according to quadas-2

Index test Author Risk of bias Applicability concerns
Patient 

selection
Index test Reference 

standard
Flow and 

timing
Patient 

selection
Index test Reference 

standard
Diagnostic accuracy measures reported 
Sono-elastography Iurlo et al(68) ?  ?    
mRI-DCI Courcoutsakis et al(62)    ?   
18F-FDG Pet/CT Derlin et al(75) ?  ?    
Estimates of diagnostic accuracy derived from published data
99mTc-colloid scintigraphy Rudberg et al(42) ? ? ? ?   
Radiography Pettigrew et al(54)  ?     

Hickling et al(57)  ? ?    
Pawelski et al(56)  ? ?    ?


Low risk

 
High risk

?
Unclear risk
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Discussion

A wide variety of imaging methods used in the evaluation of the jak2/
calr/mpl mutation-related mpns was identified via our systematic liter-
ature search. Most studies were explorative, and a minor subset reported 
correlations of imaging results to histopathological findings, disease 
severity, or treatment response. Diagnostic accuracy could be extracted 
or derived from seven studies. Nonetheless, findings can give direction to 
clinical practice and future research. 

Regarding diagnosis of bm cellularity, T1-weighted mri might be 
sufficient in et and pv, although larger studies are required to confirm 
the accuracy of the formula defined by Rozman et al.. In mf, both T1-
weighted mri and Dixon seem to represent bm fat content, but they do 
not differentiate between hypercellularity and fibrosis. The addition of 
stir might facilitate this differentiation, but the value of this technique 
alone could not be concluded based on published data. Nevertheless, 
the potential prognostic value of combined T1-weighted mri/stir 
imaging, along with their seemingly accurate reflection of response 
after allo-sct, warrant further research in this field. Importantly, 
uniform grading of distribution patterns is required. Since Dixon 
offers the possibility of quantifying fat fractions, it forms an attractive 
alternative. 

18f-fdg pet/ct, 18f-flt pet/ct, and bm scintigraphy using 111In-Cl3- 
and 99mTc-colloid form reasonable alternatives for characterization of 
the hematopoietic compartment in pv and/or mf. Interestingly, although 
these techniques are meant to visualize cellularity/cellular activity, a 
correlation between uptake and bm cellularity was only demonstrated for 
111In-Cl3 and 99mTc-colloid (with unclear diagnostic accuracy). However, 
18f-fdg, 18f-flt-, 111In-Cl3-, and 99mTc-colloid uptake were all inversely 
correlated with bm fibrosis grade in mf, providing potential value for 
disease monitoring. Indeed, in the well conducted study by Derlin et al., 
diagnostic accuracy of 18f-fdg pet/ct regarding residual disease after 
treatment of mf was high. Furthermore, reproducibility of this technique 
was demonstrated in a separate study. However, confirmation of these 
results in a second study is necessary before incorporation into clinical 
practice, given the small sample size. Although hybrid imaging with 
111In-Cl3-, and 99mTc-colloid also showed potential value in follow-up 
monitoring and prognostication, this technique has practical drawbacks. 
It requires two imaging acquisitions, 48 hours apart, and 99mTc-colloid 
scintigraphy is not useful for splenic evaluation. Furthermore, quanti-
tative analysis of 18f-flt pet images has proven to be easier(49). Lastly, 
evidence on scintigraphy combined with other tracers (99mTc-ldl, 
99mTc-leukocytes, 99mTc-agab) is scarce.
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Regarding evaluation of osteosclerosis, we found no evidence for a 
standard application of conventional radiography in pv or mf. Despite 
the risk of bias in most studies, the diagnostic accuracy for the diagnosis 
of osteosclerosis is insufficient. dxa might form an interesting alternative 
in mf, since it showed a correlation to histopathological bone volume. 
However, its discriminative ability in early disease stages is questionable. 
Data on hr-pqct, qct and scintigraphy using bone-seeking tracers are 
limited. Theoretically, the sensitivity of hr-pqct could be insufficient in 
early disease stages, given the origination of abnormalities in the axial 
skeleton. Bone scintigraphy might provide more functional information 
on osteoblastic activity. In further evaluation hereof, the effect of bm 
blood flow on  uptake of bone tracers should be taken into account. 
Several methods for evaluation of the latter seem promising, including 
dce-mri, skin thermography, scintigraphy and pet, but more research is 
needed. Although the predictive value of cemax for differentiating mf 
and et/pv patients seemed reasonable, this semi-quantitative outcome 
measure is sensitive to variations between patients and acquisition pro-
tocols, which complicates the definition of cut-off values and comparison 
between patients. Alternatively, quantitative parameters could be used, 
although these require the acquisition of a patient-derived arterial input 
function(76). 

Regarding evaluation of splenomegaly, conventional ultrasound is 
often used in clinical practice. However, beyond size measurements this 
technique will likely not aid in diagnosis of mf, although abnormalities 
might warrant further evaluation. Also, splenic attenuation studies 
seem to be of limited value and data on 31-phosphor mrs are too scarce 
to recommend its use. Splenic transient elastography and sound speed 
measurements might indirectly reflect bm fibrosis grade in mf, and 
changes herein during treatment, but several concerns exist. Firstly, reli-
able measurements were not feasible in a substantial part of patients and 
splenic stiffness might be influenced by concurrent thrombotic disease. 
Furthermore, the study by Iurlo et al. carried a substantial risk of bias. 
Lastly, since the decreases in splenic stiffness and splenic sound speed 
during treatment coincided with a decrease in spleen size, the added 
value of these measurements is unclear.

Conclusions

Apart from the possible use of T1-weighted imaging to estimate bm 
cellularity, no techniques were described to aid in diagnosis, prognostica-
tion or follow-up of et. In pv, 18f-fdg pet/ct and bm scintigraphy using 
111In-Cl3- and 99mTc-colloid might reflect disease activity/severity, but 
diagnostic accuracy hereof is unknown. 
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In mf, T1-weighted mri, stir and Dixon are promising techniques for 
the evaluation and follow-up of bm fat content (and indirectly hyper-
cellularity and fibrosis), but diagnostic accuracy is unknown. Results of 
18f-fdg pet/ct, 18f-flt pet/ct, and bm scintigraphy using 111In-Cl3- and 
99mTc-colloid all correlated to bm fibrosis, thus providing potential 
value for disease monitoring. However, diagnostic accuracy was only 
determined for 18f-fdg pet/ct, which seemed to be high after allo-sct. 
Conventional radiography seems insufficiently accurate for the diagnosis 
of osteosclerosis. Alternative techniques, including dxa, hr-pqct and 
bone scintigraphy require further evaluation. Multiple studies suggest-
ed increased bm blood flow in mf, including dce-mri. Although this 
technique seemed to reasonably distinguish mf patients from et/pv 
patients, it has multiple drawbacks. Finally, splenic transient elastography 
combined with clinical parameters might indirectly reflect bm fibrosis in 
mf, but the added value during follow-up monitoring is questionable. 

Although evaluation of diagnostic accuracy might be complicated 
by imperfections in the reference standard (e.g. sampling error), many 
studies also showed methodological limitations. We hope that future 
investigators will improve study designs, including standardized inter-
pretation of results with blinded interpreters, a clear reference standard, 
inclusion of consecutive patients and a systematic presentation of results 
(preferably using two-by-two tables and pre-specified cut-off values). In 
addition, it is essential to examine the prognostic relevance of imaging 
appearances in different disease stages. This will require studies with 
longer follow-up and/or comparison to existing prognostic scoring 
systems. Lastly, in search for a new diagnostic test, reproducibility, 
safety, availability and costs should be taken into account. We hope that 
our current review can aid future researchers in the choice of imaging 
techniques and study designs. 
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Appendices

Search strategies

PubMed (2020 March 26th)

# Query Results 
#14 #5 OR #7 OR #9 OR #11 OR #13 2306
#13 #3 AND #12 1618
#12 “Ultrasonography”[Mesh] OR “diagnostic imaging” [Subheading] OR ultraso*[tw] OR sonograph*[tw] OR echograph*[tw] OR 

echotomograph*[tw]
1506148

#11 #3 AND #10 544
#10 “Magnetic Resonance Imaging”[Mesh] OR MRI[tw] OR MRIs[tw] OR NMR[tw] OR NMRs[tw] OR fMRI[tw] OR “magnetic 

resonance”[tw] OR “MR imaging”[tw] OR “nuclear magnetic”[tw] OR (tomogra*[tw] AND (MR[tw] OR “proton spin”[tw])) OR 
((“chemical shift”[tw] OR “chemical shifts”[tw]) AND imaging*[tw]) OR “Magnetization Transfer”[tw] OR “Magnetisation 
Transfer”[tw] OR “resonance magnetic”[tw] OR MR imag*[tw]

862888

#9 #3 AND #8 813
#8 “Tomography, X-Ray Computed”[Mesh] OR (compute*[tw] AND tomograph*[tw]) OR ((CAT[tw] OR CT[tw]) AND (scan[tw] OR 

scans[tw] OR scanning[tw] OR X-ray[tw] OR X-rays[tw]))
649787

#7 #3 AND #6 20
#6  (“Whole body imaging”[Mesh] OR “whole body”[tw]) AND (“X-Rays”[Mesh] OR “Radiography”[Mesh] OR “diagnostic imaging” 

[Subheading] OR “x-ray”[tw] OR “x-rays”[tw] OR x-radiation*[tw] OR roentgen*[tw] OR radiography[tw] OR radiographic[tw] OR 
radiology[tw] OR radiogram[tw] OR radioimaging[tw])

14959

#5 #3 AND #4 135
#4 “Tomography, Emission-Computed”[Mesh] OR pet[tw] OR pet/*[tw] OR petscan*[tw] OR (emission[tw] AND (tomograph [tw] OR 

tomographs [tw] OR tomographic*[tw] OR tomography[tw] OR tomographies[tw] OR scan[tw]))
166935

#3 #1 OR #2 35117
#2 Myeloproliferati*[tiab] OR Polycythemia*[tiab] OR Polycythaemia*[tiab] OR Erythremia*[tiab] OR Erythraemia*[tiab] OR 

Myelofibrosis[tiab] OR Myelofibroses[tiab] OR Myelosclerosis[tiab] OR Myeloscleroses[tiab] OR Thrombocythemia*[tiab] OR 
Thrombocythaemia*[tiab] OR Thrombocytosis[tiab] OR Thrombocytoses[tiab] OR Osler-Vaquez[tiab] OR Bone marrow 
fibrosis[tiab] OR Bone marrow fibroses[tiab] OR Myeloid metaplasia*[tiab] OR Nonleukemic myelosis[tiab] OR Nonleukemic 
myeloses[tiab] OR Non-leukemic myelosis[tiab] OR Non-leukemic myeloses[tiab]

29027

#1 “Myeloproliferative Disorders”[Mesh:NoExp] OR “Polycythemia Vera”[Mesh] OR “Primary Myelofibrosis”[Mesh] OR 
“Thrombocythemia, Essential”[Mesh] OR “Polycythemia”[Mesh]

23176

Embase.com (2020 March 26th)

# Query Results 
#14 #5 OR #7 OR #9 OR #11 OR #13 4391
#13 #3 AND #12 2272
#12 ‘echography’/exp OR ultraso*:ab,ti OR sonograph*:ab,ti OR echograph*:ab,ti OR echotomograph*:ab,ti 1080660
#11 #3 AND #10 543
#10 (‘nuclear magnetic resonance’/exp OR ‘nuclear magnetic resonance imaging’/exp OR mri:ab,ti OR mris:ab,ti OR nmr:ab,ti OR 

nmrs:ab,ti OR fmri:ab,ti OR ‘magnetic resonance’:ab,ti OR ‘mr imaging’:ab,ti OR ‘nuclear magnetic’:ab,ti OR (tomogra*:ab,ti AND 
(mr:ab,ti OR ‘proton spin’:ab,ti)) OR ((‘chemical shift’:ab,ti OR ‘chemical shifts’:ab,ti) AND imaging*:ab,ti) OR ‘magnetization 
transfer’:ab,ti OR ‘magnetisation transfer’:ab,ti OR ‘resonance magnetic’:ab,ti OR mr) AND imag*:ab,ti

552626

#9 #3 AND #8 2339
#8 ‘computer assisted tomography’/exp OR (compute*:ab,ti AND tomograph*:ab,ti) OR ((cat:ab,ti OR ct:ab,ti) AND (scan:ab,ti OR 

scans:ab,ti OR scanning:ab,ti OR ‘x ray’:ab,ti OR ‘x rays’:ab,ti))
1155750

#7 #3 AND #6 14
#6 (‘whole body imaging’/exp OR ‘whole body’:ab,ti) AND (‘x-ray’/exp OR ‘radiography’/exp OR ‘x-ray’:ab,ti OR ‘x-rays’:ab,ti OR ‘x 

radiation’:ab,ti OR ‘x radiations’:ab,ti OR roentgen*:ab,ti OR radiography:ab,ti OR radiographic:ab,ti OR radiology:ab,ti OR 
radiogram:ab,ti OR radioimaging:ab,ti)

9940
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# Query Results
#5 #3 AND #4 497
#4 pet:de,ab,ti OR ‘emission tomography’/exp OR (emission:de,ab,ti AND (tomograph:de,ab,ti OR tomographs:de,ab,ti OR 

tomographic*:de,ab,ti OR tomography:de,ab,ti OR tomographies:de,ab,ti OR scan:de,ab,ti))
306507

#3 #1 OR #2 51376
#2 myeloproliferati*:ab,ti OR polycythemia*:ab,ti OR polycythaemia*:ab,ti OR erythremia*:ab,ti OR erythraemia*:ab,ti OR 

myelofibrosis:ab,ti OR myelofibroses:ab,ti OR myelosclerosis:ab,ti OR myeloscleroses:ab,ti OR thrombocythemia*:ab,ti OR 
thrombocythaemia*:ab,ti OR thrombocytosis:ab,ti OR thrombocytoses:ab,ti OR ‘osler-vaquez’:ab,ti OR ‘bone marrow fibrosis’:ab,ti 
OR ‘bone marrow fibroses’:ab,ti OR ((myeloid NEXT/1 metaplasia*):ab,ti) OR ‘nonleukemic myelosis’:ab,ti OR ‘nonleukemic 
myeloses’:ab,ti OR ‘non-leukemic myelosis’:ab,ti OR ‘non-leukemic myeloses’:ab,ti

41548

#1 ‘myeloproliferative disorder’/de OR ‘polycythemia vera’/exp OR ‘myeloid metaplasia’/exp OR ‘thrombocythemia’/exp OR 
‘polycythemia’/exp

33130

Cochrane Library via Wiley (2020 March 26th)

# Query Results 
#12 #3 or #5 or #7 or #9 or #11 138
#11 #1 and #10 21
#10 ultraso*:ti,ab,kw or sonograph*:ti,ab,kw or echograph*:ti,ab,kw or echotomograph*:ti,ab,kw 41453
#9 #1 and #8 84
#8 “Magnetic Resonance Imaging”:ti,ab,kw or MRI:ti,ab,kw or MRIs:ti,ab,kw or NMR:ti,ab,kw or NMRs:ti,ab,kw or fMRI:ti,ab,kw or 

“magnetic resonance”:ti,ab,kw or “MR imaging”:ti,ab,kw or “nuclear magnetic”:ti,ab,kw or (tomogra*:ti,ab,kw and (MR:ti,ab,kw or 
“proton spin”:ti,ab,kw)) or ((“chemical shift”:ti,ab,kw or “chemical shifts”:ti,ab,kw) and imaging*:ti,ab,kw) or “Magnetization 
Transfer”:ti,ab,kw or “Magnetisation Transfer”:ti,ab,kw or “resonance magnetic”:ti,ab,kw or “MR imag*”:ti,ab,kw

33676

#7 #1 and #6 31
#6 (compute*:ti,ab,kw and tomograph*:ti,ab,kw) or ((CAT:ti,ab,kw or CT:ti,ab,kw) and (scan:ti,ab,kw or scans:ti,ab,kw or 

scanning:ti,ab,kw or “X-ray”:ti,ab,kw or “X-rays”:ti,ab,kw))
22842

#5 #1 and #4 0
#4 “whole body”:ti,ab,kw and (“x-ray”:ti,ab,kw or “x-rays”:ti,ab,kw or x-radiation*:ti,ab,kw or roentgen*:ti,ab,kw or 

radiography:ti,ab,kw or radiographic:ti,ab,kw or radiology:ti,ab,kw or radiogram:ti,ab,kw or radioimaging:ti,ab,kw) 
80

#3 #1 and #2 44
#2 pet:ti,ab,kw or (emission:ti,ab,kw and (tomograph:ti,ab,kw or tomographs:ti,ab,kw or tomographic*:ti,ab,kw or 

tomography:ti,ab,kw or tomographies:ti,ab,kw or scan:ti,ab,kw))
9238

#1 Myeloproliferati*:ti,ab,kw or Polycythemia*:ti,ab,kw or Polycythaemia*:ti,ab,kw or Erythremia*:ti,ab,kw or Erythraemia*:ti,ab,kw or 
Myelofibrosis:ti,ab,kw or Myelofibroses:ti,ab,kw or Myelosclerosis:ti,ab,kw or Myeloscleroses:ti,ab,kw or 
Thrombocythemia*:ti,ab,kw or Thrombocythaemia*:ti,ab,kw or Thrombocytosis:ti,ab,kw or Thrombocytoses:ti,ab,kw or “Osler-
Vaquez”:ti,ab,kw or “Bone marrow fibrosis”:ti,ab,kw or “Bone marrow fibroses”:ti,ab,kw or “Myeloid metaplasia*”:ti,ab,kw or 
“Nonleukemic myelosis”:ti,ab,kw or “Nonleukemic myeloses”:ti,ab,kw or “Non-leukemic myelosis”:ti,ab,kw or “Non-leukemic 
myeloses”:ti,ab,kw

1309
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Overview of included articles

First author, year 
of publication

Study design Patient 
inclusion 

Imaging 
technique

No. of mPN 
patients and 
controls

main findings

Siniluoto, 1992 Retrospective, 
cross-sectional

Consecutive pt. 
with available 
ultrasounds

Abdominal 
ultrasound

39 MF Global splenic/hepatic echogenicity usually normal 
(sporadically hypoechoic)
Focal splenic/hepatic lesions in up to 16/23%, 
histopathology reported in a few cases

Iurlo, 2015 Probably 
prospective?, 
cross-sectional, 
diagnostic 
accuracy study

Consecutive pt. Transient 
elastography 
‘ Fibroscan’ (liver, 
spleen)

108 MF Median hepatic stiffness 7.1 kPa (range 3.5-19.6), 
median splenic stiffness 40.1kPa (range 11.8-75). 
Sign. correlation splenic stiffness and BM fibrosis, 
diagnostic model + accuracy measures presented 

Webb, 2015 Probably 
prospective?, 
cross-sectional, 
case-control

Probably 
consecutive 
pt.?

Ultrasound, 
transient 
elastography 
‘ Fibroscan’, shear 
wave elastography
(liver, spleen)

9 MF, 8 healthy 
controls

Homogeneous liver parenchyma in all but one MF 
pt. 
Mean hepatic stiffness on fibroscan/SWE: 
7.8/10.4kPa, splenic stiffness 41.3/32.9kPa. 
Correlation coefficient fibroscan/SWE r=0.71 for 
splenic values

Chen, 1987
Manoharan, 1988

Probably 
prospective?, 
cross-sectional / 
longitudinal

Probably 
consecutive 
pt.?

Sound speed 
measurements 
(spleen)

19 MF, 21 healthy 
controls

Overall no sign. differences in splenic sound speed 
between MF pt. and controls, but sign. lower sound 
speed in higher fibrosis grades. Sound speed 
increased in pt. with fibrosis reduction during 
treatment. 
No measurements possible in 25% of pt.

Wilson, 1987 Prospective, 
longitudinal

Unclear Splenic attenuation 
studies

6 MF, unknown 
number of controls 
(subgroup from 
Chen/Manoharan)

No sign. differences in splenic attenuation between 
MF pt. and controls; no correlation with fibrosis

Farmer, 2017 Prospective, 
cross-sectional, 
case-control

Consecutive pt. 
without known 
osteoporosis

DXA 
(spine, hip)

14 ET, 31 PV, 45 
healthy controls

No significant differences in BMD between ET/PV 
pt. and controls

Farmer, 2015 Prospective, 
cross-sectional, 
case-control

Consecutive pt. 
without known 
osteoporosis

DXA 
(spine, hip)

18 MF (incl. 11 with 
osteo-sclerosis),
17 healthy controls

No significant differences in femoral BMD between 
MF pt. and controls, non-statistically significant 
higher spinal BMD in MF

Diamond, 2002 Prospective, 
cross-sectional / 
longitudinal

Consecutive pt. 
with 
osteosclerosis

Radiography, DXA, 
qCT, MRI

4 MF with 
osteosclerosis

Prevalence of sclerosis on radiography 100%
Lumbar BMD increased in all pt., further increase 
over time in 2/4
High signal intensity in metaphyses on fat-sup-
pressed T2-weighted sequences

Mellibovsky, 2004 Prospective, 
cross-sectional

Consecutive pt. 
without other 
bone 
metabolism 
disorders

DXA 9 MF (incl. 3 with 
osteosclerosis)

Increased BMD in 8/9 patients, correlation with 
histomorphometric bone volume

Pettigrew, 1969 Retrospective, 
cross-sectional

Pt. with 
available 
radiographs 
(probably 
consecutive?)

Radiography ((parts 
of) axial skeleton)

23 AMM Prevalence of skeletal abnormalities 83% 
(osteosclerosis 39%). Normal/porotic appearance in 
all pt. with hypercellular BM; sclerotic appearance 
in 100% of cases with osteosclerosis but also in 
39% of cases with BM fibrosis

Takacsi-Nagy, 1975 Probably 
retrospective, 
cross-sectional?

Unclear Radiography 
(regions unclear)

60 MF Prevalence of skeletal abnormalities ≈ 50% 
(sclerosis 23%, porosis 7.5%, focal abnormalities 
10%, combined abnormalities 7%). No correlation 
between skeletal abnormalities and BM histopathol-
ogy (data not shown)
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First author, year 
of publication

Study design Patient 
inclusion 

Imaging 
technique

No. of mPN 
patients and 
controls

main findings

Pawelski, 1972 Probabaly 
retrospective?
Scans at different 
time points

Unclear Radiography 
(skeleton)

30 
osteo-(myelo)-
sclerosis

Prevalence of skeletal abnormalities 66% (all 
sclerosis)
Sclerosis in 68% of pt. with BM osteosclerosis, but 
also in 57% of pt. with BM fibrosis

Hickling, 1968 Probably 
retrospective, 
cross-sectional?

Pt. with 
available 
radiographs 
(probably 
consecutive?)

Radiography 
(regions unclear)

35 MF with 
osteosclerosis

Prevalence of sclerosis on radiography 60%
Sclerosis in 60% of pt. with BM osteosclerosis

Chelloul, 1976 Retrospective, 
cross-sectional

Pt. with 
available 
radiographys 
(probably 
consecutive?)

Radiography 
(skeleton)

71 MF Prevalence of sclerosis on radiography 34%
No abnormalities in pt. with BM hypercellularity, 
abnormalities in 45% of pt. with stage II-III 
osteosclerosis

Hodgson, 1946 Retrospective, 
cross-sectional, 
observational

Pt. with 
available 
radiographs 
(probably 
selected?)

Radiography 
(pelvis, spine, 
extremities)

41 PV Osteoporotic appearance in 33%, hypertrophic 
osteoarthritic changes in 12%; abnormalities were 
deemed uncorrelated to PV

Amano, 1995 Retrospective, 
cross-sectional, 
case-control

Non-
consecutive

T1- and T2-
weighted MRI 
(mandibular bone)

1 MF, 2 PV, 45 
controls without BM 
disease

Low T1 signal in all pt.

Amano, 1997 Timeline unclear, 
cross-sectional

Unclear Contrast-enhanced 
T1-weighted MRI, 
STIR (spine)

9 MF Low T1 signal and intermediate to high STIR signals 
in all pt.

Sale, 2006 Prospective, 
longitudinal

Unclear T1-weighted MRI, 
STIR (pelvis, spine, 
femora)

35 MF Low T1 signal and intermediate STIR signal in all pt. 
at baseline. 
Follow-up images in 21 pt. after treatment; 
improvement in BM signals plus BM fibrosis in 
19/21 pt, but discrepancies in degree of change. 
Improvement in BM signals but stable BM fibrosis in 
1 pt.
Patchy disease in 14% pre-alloSCT and 67% 
post-alloSCT

Alpdogan, 1998 Timeline unclear, 
cross-sectional

Unclear T1-weighted MRI, 
STIR (pelvis, spine, 
femora)

13 MF 3 imaging patterns: 1A: T1 signal low axial/high 
femur+ STIR signal diffusely high. 1B: T1 signal 
diffusely low, STIR signal diffusely high. 2: 
T1+STIR signals diffusely low
Patterns interpreted as early hypercellular, late 
hypercellular and fibrotic phases, but no sign. 
correlation to 
histopathology 
Sign. correlation to prognostic scoring

Kaplan, 1992 Retrospective, 
cross-sectional

Unclear T1- and T2 
weighted MRI 
(pelvis, spine, 
femora)

10 MF, 4 PV Low T1 signal in all MF patients and most PV 
patients

Guckel, 1990 Prospective, 
cross-sectional, 
case-control

Unclear T1- and T2 
weighted MRI, 
modified Dixon 
(pelvis, spine, 
femora)

2 MF, 9 healthy 
controls

Significantly decreased fat fractions in MF pt. 
compared to controls
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Imaging 
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No. of mPN 
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Rozman, 1997 Probably 
prospective?, 
cross-sectional

Unclear (but 
in- and 
exclusion 
criteria 
defined)

T1-weighted MRI 
(spine)

3 ET, 1 PV (total 25 
pt with hematological 
disease)

Significant inverse correlation between BM 
cellularity and vertebral/spinal cord MR ratio

Rozman, 1999 Timeline unclear, 
cross-sectional, 
case-control

Unclear T1-weighted MRI 20 MF, 18 ET T1 signal significantly lower in MF pt compared to 
ET, and more femoral reconversion in MF
Sign. correlation between BM fat content and 
vertebral T1 signal
Sign. lower T1 signals in MF pt. with BM fibrosis vs 
BM hypercellularity

Luker, 2016 Prospective, 
longitudinal

Consecutive 
patients with 
indication for 
ruxolitinib 
treatment

Multiecho Dixon
(pelvis/hip)

4 MF Decreased fat fractions at baseline in all patients, 
normalization during treatment in 2/4

Jensen, 1988 Timeline unclear, 
cross-sectional

Unclear T1- and T2-
weighted MRI 
(spine)

8 PV Prolonged T1 relaxation times in all patients

Jensen, 1990 Timeline unclear, 
cross-sectional, 
case-control

Unclear MRI (spine; T1 
relaxation times) + 
MRS (pelvis)

9 PV, 21 healthy 
controls

T1 relaxation times significantly prolonged in PV pt. 
compared to controls, with normal water resonance 
on MRS

Courcoutsakis, 
2012 

Prospective, 
cross-sectional, 
case-control, 
diagnostic 
accuracy study

Unclear DCE-MRI (spine) 12 MF, 6 ET, 6 PV, 12 
controls with 
lumbago

Significantly different perfusion parameters in MF 
pt. compared to controls and ET/PV pt.

Katsuya, 2000 Probably 
prospective?, 
cross-sectional

Unclear DCE-MRI
(spine)

2 PV, 30 healthy 
controls

Increased peak CE ratios in water+fat fractions in 
PV pt. compared to controls, with similar peak CE 
ratios in water fractions

Tsujikawa, 2019 Retrospective, 
cross-sectional

Unclear MRI DWI, 18F-FLT 
PET/CT

2 MF Diffusely increased signal on DWI in both pt.
Variable axial 18F-FLT uptake with distinct peripheral 
extension and splenic uptake in both pt.

Smith, 1989 Timeline unclear, 
cross-sectional, 
case-control

Unclear 31P-MRS 3 MF, 1 PV, 6 healthy 
controls

Increased PME/Pi and PME/B-ATP peaks in MF/PV 
pt. compared to controls

Derlin, 2015 Retrospective, 
cross-sectional

Pt. referred for 
allo-SCT with 
available 
scans, 
probably 
consecutive?

18F-FDG PET/CT 30 MF Increased axial SUVmean pre-allo-SCT in all pt. with 
variable peripheral extension. Uptake correlated to 
disease duration, fibrosis grade

Derlin, 2016 Retrospective, 
cross-sectional

Subgroup of pt. 
from Derlin 
2015 with 
available 
follow-up 
scans, 
probably 
selected?

18F-FDG PET/CT 12 MF Pre allo-SCT increased uptake in all pt.
PET normalization in 5/6 pt. with CR post allo-SCT; 
residual disease detected in 6/6 pt. without CR
Sign. correlation between decrease in lumbar 
SUVmax and BM fibrosis grade
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Ayubcha, 2020 Retrospective, 
cross-sectional, 
case-control

Consecutive 
untreated PV 
pt., excl. in 
case of other 
BM activity-
changing 
diseases

18F-FDG PET/CT 6 PV, 6 age- and 
sex- matched 
controls

Significantly higher skeletal SUVmean in PV pt. 
compared to controls

Agool, 2006 Probably 
prospective?, 
cross-sectional, 
case-control

Consecutive pt. 
with 
hematological 
disease

18F-FLT PET 3 MF, 14 controls 
with solid 
malignancies without 
BM involvement

Axial 18F-FLT uptake in MF pt. significantly lower 
compared to controls, splenic uptake significantly 
higher

Vercellino, 2017 Prospective, 
cross-sectional

Consecutive pt. 18F-FLT PET/CT + 
99mTc-nanocolloid 
and 111In-Cl3 
scintigraphy

15 MF 3 uptake patterns:
A (20%): normal axial/spleen uptake with only slight 
peripheral BM expansion. B (60%): normal/slightly 
decreased axial uptake with high splenic/peripheral 
BM uptake. C (20%): low axial uptake with high  
splenic and peripheral BM uptake.
Sign. correlation between 18F-FLT SUVmax and BM 
fibrosis

Ojeda-Uribe, 2016 Retrospective, 
cross-sectional

Unclear 99mTc-nanocolloid 
and 111In-Cl3 
SPECT/CT

6 MF Low axial uptake of both tracers in all pt. with high 
peripheral uptake in 5/6
Splenic 111In-Cl3 uptake correlated to peripheral 
uptake in pt. with advanced fibrosis
99mTc-colloid uptake generally lower than 111In-Cl3 
uptake

Sayle, 1982 Probably 
retrospective?, 
cross-sectional / 
longitudinal

Unclear 99mTc-sulfur colloid, 
111In-Cl3 and 59Fe 
scintigraphy

11 MF (11 111In-Cl3 
and 59Fe, 1 
99mTc-sulfur colloid)

Lower axial 111In-Cl3 uptake in severe disease (no. 
unclear)
High 111In-Cl3 uptake in 9/11 pt.
Similar 99mTc-colloid distribution in 1 pt.
‘Excellent correlation’ between clinical response 
and images during treatment in 6 pt (not quantified)
‘Good correlation’ between 111In-Cl3 uptake and BM 
cellularity (not quantified)
No correlation between scan grade and effective 
erythrocyte index

Fortynova, 1981 Probably 
retrospective?, 
cross-sectional

Unclear 99mTc-sulfur colloid 
and 111In-Cl3 
scintigraphy

8 MF (9 scans: 3/9 
111In-Cl3 and 6/9 
99mTc-sulfur colloid)  

7/8 pt. with decreased BM cellularity had low/absent 
axial tracer uptake; 1 pt. in early phase disease had 
normal 111In-Cl3 uptake

Aburano, 1992 Unclear Unclear 99mTc-leukocyte and 
111In-Cl3 
scintigraphy

5 MF Axial uptake of both tracers low in 3 pt. with 
hypocellular BM and high in 1 pt. with hypercellular 
BM
Axial 111In-Cl3 uptake high but 99mTc-leukocyte low 
in 1 pt. with granulocytic hypoplasia and erytroid 
hyperplasia

Baglin, 1991 Timeline unclear,
cross-sectional, 
case-control

Unclear 99mTc-microcolloid 
and 99mTc-MDP 
scintigraphy 
(skeleton), 
thermography 
(sternum, 
vertebrae, tibiae)

6 MF (5 99mTc-MDP, 
3 99mTc-
microcolloid), 
unknown no. of 
controls

Increased peripheral 99mTc-microcolloid uptake
Increased 99mTc-MDP uptake in MF, both <1 minute 
and on delayed images
Temperature difference between skin overlying 
bone and adjacent skin in MF (not in controls), 
results compared to histopathology

Schreiner, 1974 Timeline unclear, 
cross-sectional

Unclear 99mTc-sulfur colloid 
scintigraphy

3 PV, 2 MF Increased axial, peripheral and splenic uptake in 2 
PV pt, normal uptake in one treated PV pt.
Low axial uptake with increased peripheral and 
splenic uptake in MF pt.
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Arrago, 1985 Timeline unclear, 
cross-sectional / 
longitudinal

Unclear 99mTc-colloid, 
111In-Cl3 and 59Fe 
scintigraphy

55 MF, 15 PV Splenic 111In-Cl3 uptake high in MF pt. (sign. correl-
ation with fibrosis grade), low-/normal in PV pt.
Skeletal 111In-Cl3 uptake comparable in MF and PV 
pt, 99mTc-colloid uptake non-sign. lower in MF
Sign. correlation between uptake of both tracers 
and cellularity; inverse correlation to fibrosis grade
Decrease in axial uptake in 2 untreated pt.; increase 
in 2 pt on hydroxyurea
Sign. correlation between sacral 59Fe and 111In-Cl3 
uptake

Rain, 1996 Probably 
retrospective?, 
cross-sectional

Unclear 99mTc-colloid and 
111In-Cl3 
scintigraphy

34 PV (incl. 19 ‘spent 
phase’), 20 MF

General pattern: increased axial and peripheral 
uptake of both tracers in PV, normal uptake in PV in 
complete remission, often low axial 99mTc-colloid 
uptake followed by low 111In-Cl3 uptake in advanced 
disease (spent phase/MF) 

Rain, 1993 Timeline unclear, 
cross-sectional

Unclear 99mTc-colloid and 
111In-Cl3 
scintigraphy

50 MF, 17 ‘spent 
phase’ PV

99mTc-colloid uptake generally lower than 111In-Cl3 
uptake
Axial 99mTc-colloid uptake low in 11/17 PV and 9/10 
MF pt.
Axial 111In-Cl3 uptake low in 0/17 PV and 2/10 MF.
Peripheral BM extension both in PV and MF, splenic 
111In-Cl3 uptake weak in PV, high in MF 

Engstedt, 1958 Timeline unclear, 
cross-sectional

Unclear 198Au-colloid 
scintigraphy

19 PV, 4 controls 
with solid 
malignancy without 
BM involvement

High hepatic uptake in patients and controls, splenic 
uptake often higher in PV pt.
Axial uptake difficult to compare, often peripheral 
BM extension in PV

Rudberg, 1993 Timeline unclear, 
cross-sectional, 

Probably 
consecutive?, 
scans for 
work-up of 
polycythemia

99mTc-colloid 
scintigraphy

19 PV, 18 patients 
with secondary 
polycythemia

Peripheral BM extension in all PV pt. (vs 11/18 
secondary polycythemia pt) Increased axial uptake 
in 16/19 PV pt (vs 0/18 in secondary polycythemia 
pt)

Huic, 2002 Probably 
prospective?, 
cross-sectional, 
case-control

Unclear 99mTc-AGAb 
scintigraphy

6 MF, 50 historical 
healthy controls

Increased splenic uptake and decreased BM uptake 
in MF, with peripheral extension in 1/6

Ferrant, 1986 Probably 
retrospective?, 
cross-sectional

Probably 
consecutive? 
Pt. with 
available scans

52Fe scintigraphy 7 PV, 59 MF Peripheral BM extension in 29% of PV pt. and 37% 
of MF pt.
Marrow iron uptake in axial and peripheral BM sign. 
correlated in MF

Vallabhajosula, 
1989  

Probably 
prospective?, 
cross-sectional, 
case-control

Unclear 99mTc-LDL and 
99mTc-colloid 
scintigraphy

2 PV, 3 MF, 3 healthy 
controls

High splenic and peripheral BM uptake of both 
tracers in 3 MF and 1 PV pt. with hypercellular BM
Almost normal tracer uptake in 1 PV pt. with 
hypercellular axial BM 

van Dyke, 1971 Timeline unclear, 
cross-sectional, 
case-control

Unclear 18F scintigraphy 
with fluorokinetic 
analysis

11 MF, 4 PV, 27 
controls (with or 
without osseous or 
hematological 
abnormalities)

Faster BM tracer accumulation in MF compared to 
most controls (except for a few specific diseases),  
Minimum blood flow as percentage of cardiac 
output 7.8% in MF pt. versus 3.3% in controls

Martiat, 1987 Timeline unclear, 
cross-sectional, 
case-control

Unclear 15O-CO2 PET 
(pelvis)

6 PV, 4 MF, 5 healthy 
controls

Pelvic blood flow significantly increased in PV and 
MF pt. compared to controls (26.9 and 35.1 versus 
10ml/min/1003, respectively)
No sign. correlation between blood flow and BM 
cellularity for total population (including 18 pt. with 
other hematological malignancies)
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Lahtinen, 1983 Timeline unclear, 
cross-sectional, 
case-control

Unclear Scintigraphy with 

133Xe washout 
method

22 PV, 22 age-
matched controls

Sign. increased fractional flow of hematopoietic 
marrow in all PV pt BM blood flow increased in 
untreated PV pt. compared to controls aged >55 
years 

Lahtinen, 1982 Timeline unclear, 
cross-sectional, 
case-control

Unclear Scintigraphy with 

133Xe washout 
method

7 MF, 7 age-matched 
controls

Sign. increased mean bone blood perfusion in MF 
compared to controls, particularly in ‘non-hemato-
poietic compartment’

Zhang, 1989 Timeline unclear, 
cross-sectional

Unclear 99mTc-RBC and 
113In-heat damaged 
RBC scintigraphy

17 PV, 23 MF Sign. correlation between splenic vascularity and 
spleen size in PV and MF pt, sign. correlation 
between splenic cellularity and spleen size in MF pt. 
(not in PV)
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Abstract

Background Current diagnostic criteria for myelofibrosis are largely 
based on bone marrow (bm) biopsy results. These have several 
limitations, including interobserver variation and sampling errors. 
Imaging might form an alternative for the evaluation of disease 
activity, but the heterogeneity of the disease complicates the choice 
for the optimal technique. We aimed to visualize the whole spectrum 
of bm abnormalities (i.e. fibrosis, osteosclerosis, hypercellularity, 
neovascularization) in myelofibrosis before and during ruxolitinib 
treatment, using pet/ct and mri.

Methods In this prospective diagnostic pilot study, a random sample 
of patients was scheduled for examinations at baseline and after 6 
and 18 months of treatment. These included clinical and laboratory 
examinations, a bm biopsy, mri (T1, stir, Dixon and dynamic 
contrast-enhanced mri) and pet/ct ([15O]water and [18F]NaF)).

Results Three patients completed the study protocol and one died after 
the baseline evaluation. At baseline, T1-weighted mri and Dixon 
indicated low bm fat content in all patients. Moreover, all patients 
showed increased bm blood flow (as measured by [15O]water pet/ct) 
and increased osteoblastic activity (reflected by increased skeletal [18F]
NaF uptake). During treatment, bm fat content increased to various 
degrees. Normalization of bm blood flow (as reflected by [15O]water 
pet/ct and dce-mri) occurred in one patient, who also showed the 
fastest clinical response. Vertebral [18F]NaF uptake remained stable 
in all patients. In evaluable cases, histopathological parameters were 
not accurately reflected by imaging results. However, evaluated bone 
structures did not always match and a case of sampling error was 
suspected.

Conclusions Imaging results provided information on functional 
processes and disease distribution throughout the bm. Differences 
in early treatment responses were especially reflected by T1-weighted 
mri. Limitations in the gold standard hampered the evaluation of 
diagnostic accuracy. Future research should focus on the prognostic 
implications of results, preferably using whole-body techniques (e.g. 
mri, [18F]NaF pet/ct).

Chapter 3
Characterizing 
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environment 

in advanced-stage 
myelofibrosis during 
ruxolitinib treatment 

using pet and mri 
(the beamy study)
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Background

Primary myelofibrosis (mf) is a relatively rare disease that belongs to the 
group of myeloproliferative neoplasms (mpns). The disease mainly affects 
the elderly, with a median age at diagnosis of 67 years[1]. Apart from 
constitutional symptoms and splenomegaly, mf patients show various 
bone marrow (bm) alterations, caused by driving mutations and increased 
cytokine production[2-4]. Typically, early mf is characterized by myeloid 
hypercellularity and abundant atypical megakaryocytes, whilst fibrosis 
and osteosclerosis predominate in later stages[5], often accompanied by 
neoangiogenesis[6,7]. Median survival in mf varies between 16 and 185 
months, and prognosis is commonly estimated using the International 
Prognostic Scoring System (ipss) or the dynamic ipss-plus (dipss-plus) 
score[8,9]. Treatment in mf is largely symptomatic, but several promising 
drugs have been developed following the discovery of driver mutations, 
including the jak1/2 inhibitor ruxolitinib. Interestingly, ruxolitinib often 
reduces clinical symptoms within the first 12 weeks of treatment[10,11], 
but it was only after two and four years that fibrosis reduction was seen 
in 15% and 30% of patients treated in clinical trials, respectively[11,12]. 
Amongst others, this questions whether current diagnostic methods are 
sensitive enough to detect early bm changes during treatment. 

Indeed, the current hallmark of diagnostic and treatment response 
criteria – the bm biopsy[13-15] – has several limitations. Firstly, hard bone 
structures and crushing artifacts can lead to inadequate bm samples. 
Also, inhomogeneous disease distribution can cause ‘sampling error’[16]. 
Even in assessable samples, interobserver variability in fibrosis grading 
can be high[12,14] and small differences in fibrosis may be missed due to 
coarseness in the grading system. Moreover, information on functional 
processes, such as osteoblast activity and blood flow, is limited. Lastly, 
bm biopsies are invasive and, although rare, may cause serious bleeding 
complications[17]. Given these limitations, an alternative diagnostic 
method is desirable.

Although not currently used in clinical practice, imaging might form 
an alternative for the evaluation of mf disease activity. Based on limited 
literature, several techniques seem particularly interesting. T1-weighted 
magnetic resonance imaging (mri) and Dixon imaging have been shown 
to visualize bm fat content in mf[18,19] and thereby might indirectly re-
flect bm cellularity and/or fibrosis[16]. For the evaluation of osteosclerosis, 
conventional radiography is insufficiently accurate, but pet or scintig-
raphy combined with a bone-seeking tracer (e.g. 18F-sodium fluoride 
(18F-NaF) might visualize osteoblastic activity[20-23]. Lastly, bm blood 
flow in mf has sporadically been evaluated via dynamic contrast-en-
hanced mri (dce-mri) and pet[20,24-28]. Although the optimal tracer for 
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this purpose is unknown, 15O-water pet is the established gold standard 
for quantification of blood flow in vivo in various other organs[29]. 

Whilst previous explorative studies have indicated a possible use for 
the above named diagnostic imaging techniques in mf, diagnostic accu-
racy was seldom evaluated. Also, most studies focused on one imaging 
technique, generally reflecting only one biological aspect of the disease 
(i.e. cellularity, vascularization, etc.). To our knowledge, only one study 
evaluated the effect of ruxolitinib on the bm imaging appearance[19]. 
In our current study, we aimed to visualize the whole spectrum of bm 
abnormalities in mf before and during ruxolitinib treatment, using a 
combined imaging protocol with a direct comparison to histopathologi-
cal results.

The primary objective was to compare imaging results with histo-
pathological bm characteristics, regarding fatty, cellular, and fibrotic 
components, bone new formation, and vascularization. Secondary 
objectives were to explore the value of different imaging techniques in 
ruxolitinib response monitoring in mf, as well as the occurrence of bm 
biopsy sampling errors.

Methods

Study design and patient selection
In this prospective diagnostic pilot study we included a random 

sample of mf patients who were scheduled for ruxolitinib treatment. 
Further inclusion criteria were: 1) a diagnosis of primary mf according to 
the who 2008 criteria[13], 2) grade 3 bm fibrosis and 3) an intermediate-1, 
-2 or high risk according to the ipss[8]. Patients were ineligible for partici-
pation in case of 1) current or previous treatment with a jak2 inhibitor, 
2) a previous allogeneic stem cell transplantation (allo-sct), 3) a contra-
indication for used imaging techniques and 4) inability to sign informed 
consent. Patients were recruited via treating physicians in a large teaching 
hospital and an academic hospital in the Netherlands. Central medical 
ethics committee approval was obtained. In addition, we obtained control 
values of nine persons without mf for comparisons. These patients had 
participated in previous trials, and had signed informed consent for study 
participation and/or (re-)use of data.
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Study protocol  
Study procedures Ruxolitinib prescription and (dis)continuation took 

place by the treating physician according to standard care. Study inves-
tigations were done in the academic hospital in the month before start 
of treatment (T0), after six months (T6), and after 18 months (T18). The 
timing of these follow-up evaluations was based on the likelihood of clin-
ical changes and histopathological changes to have occurred, respectively. 
Investigations consisted of a patient history, physical examination, the 
Myeloproliferative Neoplasm Symptom Assessment Form (mpn-saf)[30], 
blood laboratory tests, a bm biopsy, and imaging according to the study 
protocol (Table 1). For the bm biopsy, as many attempts as needed were 
made to obtain a sample of >1cm in length (preferably >2 cm). Adverse 
events were scored according to the nci Common Terminology Criteria 
for Adverse Events, version 3.0.

Conventional evaluation Risk score at T0 was defined according to 
the dipss-plus[9]. Response was graded according to the 2013 iwg-mrt/
eln criteria, which includes the mpn-saf total symptom score (tss)[15,30]. 
Iliac crest bm samples were assessed by a dedicated pathologist from the 
Dutch mpn pathology expert panel. Fibrosis severity and age-adjusted 
cellularity were evaluated according to the 2005 European Consensus 
Criteria[31]. Fat content was visually graded on a 3-point scale (low/
normal/high). Microvessel density (mvd) was quantified as the median 
number of microvessels per high-power field as identified by cd34+ 
staining[6].

Osteosclerosis severity was assessed according to recent consensus 
criteria[32].

Imaging protocol  
A summary of the imaging protocol including regions of interest (rois) 

and outcome measures is provided in Table 1. 

Technique Regions of interesta Outcome measure(s)
T1-weighted MRI Spinal column, pelvis, proximal femora Visual signal intensity (low/normal/high, homo- or heterogeneous distribution)b
Dixon Th 5/7/9, L1/4, pelvis, proximal femora Fat-water signal ratio
DCE-MRI Th 7/9, L1 Ktrans, Ve, Kep
15O-water Pet Th 5/7/9 Blood flow in ml/min/ml
18F-NaF Pet Th 5/7/9, L1/4, pelvis, proximal femora Ki, SUVmean, SUVintegral

(DCE-)MRI = (dynamic contrast-enhanced) 
magnetic resonance imaging, Ktrans = volume 
transfer constant between plasma and EES in 
min-1 (representing blood plasma flow or 
permeability surface area product per unit 
volume of tissue depending on permeability 
conditions), ME = maximum 

contrast-enhancement (in arbitrary units), 
PET = positron emission tomography, SUV 
= standardized uptake value, Ve = volume of 
extravascular extracellular space (EES) per 
unit volume of tissue
a regions of interest were drawn in the 
medullary cavity of selected vertebrae, the 

proximal femora at both the level of the 
femoral head and the subtrochanteric shaft, 
and the posterior iliac bone adjacent to the 
sacroiliac joint (left side only for Dixon, 
bilaterally for 18F-NaF PET)   
b compared with adjacent muscle and/or 
intervertebral disk

Table 1 Imaging protocol
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A pet/mr scanner (Philips Ingenuity tf, 3.0 Tesla) was used for mr 
imaging. A spine coil was connected for sagittal spinal column images. 
Whole-body (skull base-midthigh) T1-weighted spin-echo was performed 
in the coronal plane (four slabs with repetition time (tr) 500-750msec, 
echo time (te) 17.5msec, matrix size 208x280, 36 slices of 6mm per slab). 
A whole-body Dixon sequence was performed in the axial plane (eight 
slabs of matrix size 300x200, 17 slices of 8mm per slab), including T1-in 
phase, T1-opposed phase, water, and fat images. dce-mri was performed 
in the sagittal plane using a 3D T1-weighted (RF spoiled) Fast Field Echo 
sequence with the field of view (fov) covering the thoracolumbar spine 
using the following parameters: tr/te 3.9/1.58msec, flip angle 12 deg, fov 
320x320mm, matrix size 180x147, in plane resolution 1.25mm, 5 slices of 
4.5mm, 70 dynamic scans with a temporal resolution of 4.91sec. The dce-
mri images were acquired before, during and after the intravenous ad-
ministration of a gadolinium-based contrast agent (Dotarem 0.2 ml/Kg) 
with standardized injection speed (3 ml/s). In addition, a set of separate 
fast T1-weighted sequences (with the same scanning parameters as those 
of the dce-mri scans) using five different values of the flip angle (2, 5, 10 
,12 15 deg) were acquired before the contrast agent was injected, in order 
to calculate the native T1 relaxation time of the tissues using the Variable 
Flip Angle (vfa) method[33]. Non-linear fitting was used to obtain the 
T1. Contrast agent concentrations were obtained from the dynamic signal 
enhancement and the pre-contrast T1 values using Equation 1, where tr is 
the repetition time, T10 is the pre-contrast T1 value as measured with the 
vfa method, alpha is the flip angle, r1 is the contrast agent relaxivity, and 
S10(t) is the signal ratio between the signal at time(t) and the pre-contrast 
signal.

pet scanning was performed on a pet/ct scanner (Philips Ingenuity tf), 
with a total acquisition time of approximately 90 minutes. After acquisi-
tion of a topogram of the fov (80kV, 20mAs, thoracic aorta upper mar-
gin-left ventricle lower margin), a standard dose of 370MBq 15O-water was 
administered via the antecubital vein. The dynamic protocol consisted 
of 26 frames in 10 minutes (1x 10sec, 8x 5sec, 4x 10sec, 2x 15sec, 3x 20sec, 
2x 30sec, 6x 60sec). Finally, a low-dose ct (120kV, 30mAs) was obtained. 
After acquisition of another topogram of the fov (thoracic aorta upper 

Equation 1 [33]
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margin-left ventricle lower margin), 2.1MBq 18F-NaF/kg body weight 
was administered intravenously. For the dynamic protocol, a total of 26 
frames was recorded in 45 minutes (1x 10sec, 4x 5sec, 3x 10sec, 3x 20sec, 
2x 30sec, 7x 60sec, 2x 150sec, 2x 300sec, 2x 600sec) and venous blood 
samples were drawn at 20, 30, and 40 minutes scanning time for calibra-
tion of image-derived input function. The static 18F-NaF pet scan extend-
ed from the jugular notch to the groin and scanning was performed with 
3 minute bed positions. Low-dose ct was used for attenuation correction. 

For all scans, the first author determined the placement of rois. The 
analysis of mri results was done by a team of three operators. T1 and 
Dixon images were analyzed by a dedicated radiologist, using endpoints 
as specified in table 1. dce-mri data were quantitatively analyzed by two 
dedicated physicists with the Tofts model[34], using a population-aver-
aged arterial input function (aif) and in-house developed software[35]. 
For the quantitative analysis, we calculated previously described outcome 
measures[34,36] and produced maps of the pharmacokinetic parameters 
Ktrans, Ve, and Kep. The analysis of pet/ct data was performed by a team of 
four operators, including two dedicated nuclear medicine physicians and 
two physicists. For absolute quantification of 18F-NaF uptake, image-de-
rived input functions from the thoracic aorta and tissue 18F-NaF activity 
measurements from the dynamic pet scan were used in a two-com-
partment kinetic model, yielding the Ki. This parameter represents the 
absolute net clearance of 18F-NaF from plasma to bone[23]. Furthermore, 
we obtained standardized uptake values (suv) using in-house developed 
Matlab-based software. For the choice of the optimal suv, we compared 
the absolute value Ki with both suvmean values and suvintegral values 
using simple linear regression.
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Results

Study population
Four patients were enrolled in the study (3 males/1 female, aged 47-75 

years), of whom three completed the entire study protocol. Patient 2 died 
before T6, due to transformation to acute myeloid leukemia. Patient, 
disease, and treatment characteristics are listed in Table 2. 

The control patient for dce-mri was a 66-year old male patient who 
had previously undergone back surgery because of herniated disks (at 
level Th5-6) and lumbar spinal stenosis (at level L4-5). Control patients for 
15O-water pet included 6 males and 2 females, aged 42-87 years, who were 
evaluated for coronary artery disease.

Conventional response evaluations
A summary of histopathological results and clinical evaluations for 

individual patients is given in Table 3. Of note, the final visit for patient 1 
was postponed because of family matters and was termed T24.

All patients showed grade 3 fibrosis with osteosclerosis at baseline, and no 
significant reductions in fibrosis grade were observed during treatment. 
Of note, bm biopsies were not evaluable in two cases due to crushing ar-
tifacts. Despite the absence of major histopathological changes, a signifi-
cant splenic response and a decrease in physician-reported disease-related 
symptoms was noted in all three evaluable patients. Also, a significant 

Patient 1 Patient 2 Patient 3 Patient 4
Sex male female male male
Age at T0, years 75 64 47 65
Time since diagnosis, months 31 2 30 262
Driving mutation jaK2V617F jaK2V617F jaK2V617F calreticulin
Prior treatment - - - -
Comorbidities - atrial fibrillation, hypertension - -
Transfusion history no yes (2 months) no no
Dipss plus risk score at T0 int-1 int-2 int-1 int-2
Main reason for treatment abd. discomfort night sweats, itching night sweats, abd. discomfort night sweats, weight loss
Ruxolitinib starting dose, mg/day 40 40 40 40
Dose adjustments (reason) no Dose decrease to 5mg/day 

(cytopenia)
no Dose decrease to 20mg/day 

(anemia)
Grade ≥3 adverse events no neutropenia no anemia
Blood transfusions since T0 no yes no yes
Follow-up deceased transformation aML alive alive

Table 2 Patient, disease, and treatment characteristics

abd. = abdominal, aML = acute myeloid leukemia, (D)IPSS = (dynamic) international prognostic 
scoring system, MF = myelofibrosis
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decrease in mpn-saf tss was found in one patient (pt4). According to the 
iwg-mrt/eln criteria - which combine the above named and additional 
items - two patients obtained clinical improvement (pt1 and pt3). Patient 
4 did experience a decrease in disease-related symptoms, but required 
dose reductions because of progressive thrombocytopenia and was 
therefore classified as having stable disease.

Imaging results 
Imaging results are graphically shown in Figures 1-6. A comparison of 

imaging results per patient is given in Table 4. Of note, in patient 3 Th8 
was used instead of Th9, because of a hemangioma in Th9. 

Axial and proximal femoral T1-weighted mri (Figure 1)
Abnormal (i.e. hypointense or isointense) vertebral, pelvic, and 

femoral signal intensities were seen in all patients at baseline. During 
treatment, two patients (pt1 and pt3) showed an increase in pelvic and 
femoral signal intensities at T6, followed by an increase in vertebral signal 
intensity at T18/T24. One patient (pt4) showed stable signal intensities in 
all rois during treatment. 
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Cellularity Fibrosis^ Fat MVD
Pt 1
T0 3580ml 19 high 3 (+) low n.e. - int-1
T6 1970ml 22 low 2-3 (+) ↑ 23/HPF CI int-1
T24 1600ml 23 n.e. n.e. (+) n.e. n.e. CI int-2
Pt 2
T0 480ml unknown high 3 (+) low 12/HPF - int-2
Pt 3
T0 2920ml 14 high 3 (+) low 22/HPF - int-1
T6 2140ml 14 normal 3 (+) ↑ 33/HPF SD int-1
T18 1780ml 28 high 3 (+) Low (↓) 32/HPF CI int-1
Pt 4
T0 2490ml 46 low 3 (+) low 33/HPF - int-2
T6 1830ml 26 low 3 (+) ↑ 26/HPF SD int-2
T18 1520ml 22 n.e. n.e. (+) n.e. n.e. SD int-2

	 as measured on MRI: 30 + 0.58 x 
maximum caudocranial dimension x 
maximum size x thickness (measured in 
centimeters in the axial plane)

↑  The fibrosis grade is followed by an 
indication of the presence or absence of 
osteosclerosis (in brackets)

CI = clinical improvement, int = intermediate, 
MVD = microvessel density, pt = patient,
SD = stable disease, n.e. = not evaluable due 
to severe crushing artifacts

Table 3 Conventional response 
evaluation
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Figure 1 T1-weighted mri

Coronal T1-weighted images are shown 
for each individual patient at available 
time points. T1-signal intensity was 
scored based on multiple slices, using 
methods as outlined above. 
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Axial and proximal femoral Dixon (Figure 2)
In all four patients, baseline fat-water fractions were lowest in the 

vertebrae, followed by the pelvis and femoral regions. One patient (pt1) 
showed an increase in fat-water fractions in all rois at both T6 and T24. 
The fastest increase occurred in the femora, followed by the pelvis and 
vertebrae, respectively. In one patient (pt3), vertebral and femoral head 
fat-water fractions at T6 were stable, whilst pelvic and femoral shaft 
values increased slightly. At T18, femoral fat-water fractions increased 
further, whilst vertebral values decreased to below baseline and pelvic 
values remained stable. In one patient (pt4), fat-water fractions in all rois 
increased at T6. At T18, a subsequent decrease in the vertebral fat-water 
fraction was seen, with stable pelvic and femoral values. 

Vertebral dce-mri (Figures 3 and 4)
Two patients (pt1 and pt4) showed an increase in Ve at T6, with a 

further increase at T18/T24. One patient (pt3) showed stable Ve values 
during treatment. 

In patient 1, the Ktrans decreased at T6 and remained stable afterwards. 
In patient 3, the Ktrans remained unchanged during treatment, whilst it 
increased both at T6 and T18 in patient 4.

Regarding Kep, a significant decrease was seen at T6 in patient 1. A 
minor decrease in Kep was found in patient 3. In patient 4, Kep values 
remained stable throughout treatment. 

Figure 2 Fat-water fractions as 
measured by Dixon



61

Figure 3 Example of Ktrans map

Figure 4 Ktrans, Ve and Kep as measured by dce-mri 

Mean values for Ktrans and Ve across three vertebrae (Th7, 
Th9 and L1) of each individual patient are shown in 
Panels a and B, respectively. Vertical dashed lines 
represent the standard deviation based on the 
measurements in the individual vertebrae. NB: values of 
Ve are > 1 in one patient. This is most probably a 
consequence of using a standard (thus not measured) 
arterial Input function
*The healthy control was examinated at baseline only; 
results were extrapolated for later time points.

The figure represents the Ktrans map of patient 
1 at T0. The different colors correspond to 
Ktrans values in min-1, as shown on the right. 
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Figure 5 Blood flow as measured by 
15O-water pet

The mean vertebral blood flow of three vertebrae (Th5, Th7 and Th9) is represented by the 
horizontal lines. Vertical dashed lines represent the standard deviation based on the 
measurements in the individual vertebrae.
Obviously, healthy controls were examinated at baseline only, yielding a mean value across 
controls with a 95% confidence interval. These results were extrapolated for later time points.

Figure 6 SUVintegral as measured by 
18F-NaF pet
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Vertebral blood flow as measured by 15O-water pet (Figure 5)
At baseline, all patients had an increased vertebral blood flow com-

pared with normal control values (mean value 0,426ml/min/ml vs 0.236 
ml/min/ml, p<0.05). Patient 1 showed a normalization of blood flow at T6. 
In patient 3, blood flow increased further at T6 and T18. Patient 4 showed 
a persistently increased blood flow at all measurements. 

Axial and femoral 18F-NaF uptake (Figure 6)
Comparison of suvmean and suvintegral with the gold standard 

Ki showed correlation r values of 0,55 and 0,99, respectively. Therefore, 
suvintegral values are presented for the different predefined rois. In 
addition, we report baseline Ki for comparative interpretation of baseline 
measurements. 

Mean vertebral Ki values ranged from 0,058-0,079 ml/min/ml in 
patients 1-3, and an extreme value of 0,175ml/min/ml was measured 
in patient 4. All three evaluable patients showed more or less stable 
vertebral suvintegral values during treatment. In one patient (pt1), 
femoral and pelvic suvintegral values decreased at T6 and T24. In one 
patient (pt3), only femoral suvintegral values decreased at T6, with stable 
pelvic values. This patient was unable to complete the 18F-NaF pet/ct 
scan on T18, due to severe discomfort. One patient (pt4) showed a small 
further increase in femoral head and pelvic suvintegral values at T6, 
with return to baseline at T18. 
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MRI T1a Dixon fat-water signal 
ratiob

DCE-MRIc

(spine)
15O-water PET 

flowd (spine)

18F-NaF Pet SUVintegrale

Pelvis Spine Pelvis Spine Ve Ktrans Spine

Pt 1

T0 1-2P 1P 0.69
(-)

0.26
(-)

- - 0.33
(-)

0.08
(-)

0.08
(-)

T6 2P 1P 1.48
(+ 114%)

0.32
(+ 23%)

+ 54% - 38% 0.17
(- 48%)

0.05
(- 37%)

0.08
(=)

T24 2P 1-2P 3.37
(+ 388%)

1.32
(+ 407%)

+ 90% - 30% 0.23
(- 30%)

0.05
(- 37%)

0.07
(- 12%)

Pt 2

T0 1H 1H 0.43
(-)

0.26
(-)

- - 0.40
(-)

0.12
(-)

0.11
(-)

Pt 3

T0 1P 1H 0.5
(-)

0.22
(-)

- - 0.37
(-)

0.11
(-)

0.09
(-)

T6 2P 1P 1.14
(+ 128%)

0.28
(+ 27%)

+ 11% + 1% 0.45
(+ 22%)

0.12
(+9%)

0.09
(=)

T18 2P 1P 1.12
(+ 124%)

0.16
(̀- 27%)

- 1% - 13% 0.54
(+ 46%)

- 0.08
(- 11%)

Pt 4

T0 1H 0H 0.77
(-)

0.34
(-)

- - 0.61
(-)

0.14
(-)

0.22
(-)

T6 1H 0H 1.44
(+ 87%)

0.76
(+ 124%)

+ 33% + 34% 0.63
(+ 3%)

0.17
(+ 21%)

0.23
(+ 5%)

T18 1H 0H 1.34
(+ 74%)

0.48
(+ 41%)

+ 153% + 185% 0.66
(+ 8%)

0.13
(- 7%)

0.20
(- 11%)

Table 4 Imaging results a Results are presented on a 3-point scale 
according to the signal intensity compared 
with adjacent muscle or intervertebral disk 
(0= hypointense, 1=isointense, 
2=hyperintense). additionally, the signal 
distribution is labeled as homogeneous (H) 
or patchy (P).

b Results are presented as fat-water fractions 
and (percentage changes) from baseline

c Results are presented as percentage 
changes from baseline

d Results are presented as ml/min/ml and 
(percentage changes) from baseline 
(thoracolumbar spine)

e Results are presented as SUV integral values 
and (percentage changes) from baseline 
(thoracic spine). 

Comparison of histopathology and imaging results
Histopathological results and imaging results are presented in Tables 

3 and 4, respectively. Unless otherwise specified, pelvic imaging results 
were used for comparisons. 

bm fat content was evaluable in five biopsies, and it was low in all. 
This was in accordance with isointense T1-signals in 4/5 cases, whilst 
the T1-signal was inhomogeneously hyperintense in the fifth (pt3 T18). 
Changes in fat content during treatment were evaluable in four biopsies. 
T1-weighted mri and Dixon reflected the direction of these changes in 
2/4 cases and 3/4 cases, respectively. In one case, T1-signals and fat-water 
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fractions were stable despite an observed decrease in bm fat content (pt3 
T18). In one case of increasing bm fat content, fat-water fractions increased 
but the T1-signal remained isointense (pt4 T6).

bm cellularity and fibrosis were evaluable in eight biopsies. In 3/4 
cases with fibrosis and hypercellularity T1-signals were isointense, whilst 
the signal was inhomogenously hyperintense in the fourth (pt3 T18). Of 
the four cases with fibrosis and low/normal bm cellularity, two showed 
isointense signals and two showed hyperintense signals. Changes in bm 
cellularity and fibrosis during treatment were evaluable in four biopsies. 
No significant changes in fibrosis grade were reported. A decrease in bm 
cellularity was seen in two cases, which was reflected by an increase in 
T1-signals and fat-water fractions in 2/2, and by an increase in vertebral Ve 
in 1/2. In a case with stable bm cellularity, the T1-signal was unchanged but 
the fat-water fraction and vertebral Ve increased slightly (pt4 T6). In one 
case, T1 signals, fat-water fractions, and vertebral Ve were stable despite an 
increase in bm cellularity (pt3 T18).

mvd was evaluable in seven biopsies. Vertebral blood flow as measured 
by 15O-water pet/ct was increased in all patients with high mvd (at a 
cut-off value of 0,273ml/min/ml). Of the three cases with normal mvd, 
vertebral blood flow was normal in one and increased in two. Changes 
in mvd during treatment were evaluable in three biopsies. An increase 
in mvd in one case was reflected by vertebral blood flow as measured by 
15O-water pet/ct, but not Ktrans. In one case with persistently increased 
mvd, 15O-water pet/ct indicated a slight increase in blood flow whilst 
Ktrans remained stable. In another case with persistently increased mvd the 
opposite occurred. 

Osteosclerosis was present in all biopsies, but could be quantified 
in none due to fragmentation, crush artefacts, and/or tangentially cut 
samples.

Discussion

At baseline, a similar imaging pattern was seen in all patients, consisting of 
a low bm fat content on T1-weighted mri/Dixon and increased bm perfusion 
and osteoblastic activity as measured by 15O-water pet/ct and 18F-NaF pet/
ct, respectively. Thus, this combination of imaging techniques seemed to 
reflect the various bm abnormalities associated with severe mf. Moreover, 
imaging results provided additional information on disease distribution 
compared with bm biopsies. In accordance with previous studies in mf[16], 
our T1-weighted mri and Dixon results indicate that the bm fat content is 
lowest in the vertebrae, sequentially followed by the pelvis and the prox-
imal femora. In addition, we show that abnormal osteoblastic activity as 
measured by 18F-NaF pet/ct follows a similar distribution pattern. 
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During ruxolitinib treatment, imaging results revealed differences 
between patients, which seemed to be congruent with clinical responses. 
The fastest and most extensive response on all imaging techniques was 
seen in the patient who first obtained clinical improvement according 
to conventional response criteria (pt 1), whilst no significant changes in 
T1-signal intensities, vertebral blood flow or 18F-NaF suvintegral values 
were seen in the patient with stable disease (pt 4). Patient 3, who obtained 
clinical improvement at T18, only showed slight changes in pelvic and/
or femoral T1 signal intensities, fat-water fractions, and 18F-NaF suvin-
tegral values. To our knowledge, we have been the second to evaluate the 
imaging appearance of the bm during ruxolitinib treatment. In line with 
our findings, Luker et al. described heterogeneous response patterns on 
pelvic/femoral quantitative Dixon mri amongst four mf patients treated 
with ruxolitinib[19]. Interestingly, the spleen response – which is often 
used to monitor therapy effect – was not found to correlate with imaging 
findings in either of our studies. 

Comparing imaging results to histopathological parameters, we found 
no relevant correlations. However, these comparisons were complicated by 
several factors. Multiple bm biopsies were not evaluable, which highlights 
the challenges in obtaining assessable samples. Also, we suspected one 
case of bm sampling error – supported by the presence of patchy disease 
on T1-weighted images (pt3 T18) – and the comparison of pelvic bm 
biopsies to vertebral imaging results was suboptimal. These factors, which 
mainly constitute limitations to the gold standard, might also explain why 
no other studies have reported measures of diagnostic accuracy of our 
selected imaging techniques in mf[16,19]. The accuracy of the current gold 
standard (i.e. pelvic bm biopsies) in early treatment monitoring is further 
questioned by our T1-weighted mri and Dixon results, which show that 
the earliest changes during treatment occur in the proximal femora[16]. 

As a single technique, we feel that T1-weighted mri best reflected the 
response to ruxolitinib therapy. This is in line with a study by Sale et 
al., which showed that T1-weighted mri/short-tau inversion recovery 
(stir) reflects treatment response after allo sct in mf[16]. The possibility 
of quantification of bm fat content makes Dixon an attractive alter-
native[19]. However, the optimal quantification method is unknown. 
Fat-water fractions can easily be derived from two-point Dixon images, 
but they do not distinguish increases in fat content from decreases in 
water content. Several other methods require additional software[37]. 
Moreover, although both T1-weighted mri and Dixon seem to reflect bm 
fat content, they cannot distinguish fibrosis and hypercellularity. Future 
studies are needed to evaluate the possible prognostic significance of 
results[38].



67

In order to more specifically assess the osteosclerotic component of the 
disease we used [18F]NaF pet/ct. Extending the findings of one available 
case report(21), we found increased baseline vertebral Ki values in all 
patients compared to non-mf patients from previous literature(39), 
presumably reflecting increased osteoblastic activity. Unfortunately, [18F]
NaF pet/ct results showed no early changes during ruxolitinib treatment 
in our patients. Nevertheless, given the prognostic relevance of fibrosis 
and osteosclerosis, [18F]NaF pet/ct might be an interesting technique 
to monitor the effect of future drugs with greater disease-modifying 
potential. However, it is a time-consuming technique which requires 
extensive facilities.

In contrast to the above, dce-mri seems to be of limited value in the 
follow-up of mf-related bm abnormalities. For example, increases in Ve 
were seen both in the patient with a fast clinical response (pt 1) and in 
the patient with stable disease (pt 4). This might be explained by the fact 
that Ve can be influenced by changes in the number of both hematopoi-
etic cells and fat cells. The interpretation of the parameter Ktrans, which 
reflects permeability and perfusion[34], proved to be equally challenging. 
Combining Ktrans values with 15O-water pet/ct results suggested a de-
crease in bm perfusion and permeability in patient 1, whilst discrepancies 
between these parameters implied an isolated decrease in permeability 
in patient 3 and an increase hereof in patient 4. Although these are new 
findings, with the in vivo effect of ruxolitinib on vascular integrity in mf 
being largely unknown[39], their reliability is unsure. Previous studies 
have reported large repeatability values for Ktrans[40], and it is unknown 
what constitutes a significant change. Moreover, Ktrans and Ve are im-
pacted by inaccuracies in native T1 values (see equation 1). T1 maps are 
sensitive to B1 field inhomogeneities, especially at 3 Tesla. We observed 
systematically high T1 values in patient 2, and a systematic underestima-
tion of T1 values in patient 4 at T18. This might have affected the reliabili-
ty of Ktrans and Ve values in these patients. Of note, true changes in T1 due 
to altered fat ratios can affect Ktrans and Ve through the same route[41]. 
Conversely, the parameter Kep is much less sensitive to errors in T1[42]. 
However, it does not reflect any specific physiologic parameter and the 
clinical meaning of changes in Kep during treatment is unclear. We do not 
exclude a possible prognostic correlation, as has been found in multiple 
myeloma[43,44]. 

In light of the above, 15O-water pet/ct forms a more reliable alternative 
for the determination of bm blood flow. Measurements in our healthy 
controls were fairly constant, albeit slightly higher compared with 
previous studies in which the lower axial skeleton was evaluated[26,45]. 
For future studies, we propose the use of a different fov (i.e. pelvis) 
for the evaluation of early treatment effects. Moreover, the prognostic 
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significance of changes in bm perfusion should be evaluated. The major 
limitation for 15O-water pet is the short tracer half-life, which requires a 
production facility on location. 

To our knowledge, we have been the first to evaluate bm abnormalities 
in mf using a multimodal imaging protocol with direct comparisons to 
bm biopsies. The major limitation of our study was the small sample size. 
Larger studies, preferably including patients with various disease stages, 
are required to validate our results.

Conclusions

In our pilot study, T1-weighted mri and Dixon indicated a decreased bm 
fat content in all patients, with various degrees of reversal during ruxol-
itinib treatment, starting in the proximal extremities and progressing to 
the spine. This illustrates the limitations of pelvic bm biopsies for the de-
tection of early treatment responses. Vertebral bm blood flow as measured 
by 15O-water pet/ct was increased in all patients, but ruxolitinib induced 
a normalization of blood flow in only one patient. Skeletal 18F-NaF uptake 
was also increased in all patients and, whilst a minimal decrease was 
seen in the proximal extremities, vertebral values remained stable during 
treatment. Diagnostic accuracy was difficult to determine, mainly due to 
limitations in the gold standard (i.e. the bm biopsy), including a suspected 
sampling error. However, imaging results, especially T1-weighted mri and 
Dixon, did seem to correspond to clinical responses during treatment. 
Moreover, imaging provided additional information on disease distri-
bution throughout the bm. We feel that future research should focus on 
the prognostic value of imaging results, especially by using whole-body 
techniques (e.g. T1-weighted mri, Dixon and possibly 18F-NaF pet/ct). 
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Therapeutic options for myelofibrosis have changed substantially over 
the last decades, especially following the discovery of driver mutations 
like jak2v617f. Ruxolitinib was the first jak1/2 kinase inhibitor that 
was approved for myelofibrosis management. Besides significant 
symptom reduction, long-term follow-up of randomized clinical trials 
indicated a survival benefit after ruxolitinib treatment in selected 
patients with intermediate-2 or high-risk disease according to the 
International Prognostic Scoring System (ipss)1-4. Currently, limited 
data are available on how the introduction of ruxolitinib has impacted 
the survival of primary myelofibrosis (pmf) patients at the population 
level. 

As the median age at diagnosis of pmf is 67 years, it is essential to 
account for non-disease related mortality. Relative survival (rs) is a 
net survival measure representing mf survival in the absence of other 
causes of death. For (p)mf patients, previous population-based studies 
have reported 5-year rs rates of 35-58%5-10. Unfortunately, treatment 
details and data on disease severity in these studies were lacking. 
Also, follow-up time since the availability of ruxolitinib was generally 
short. In a more recent study, 4-year rs in ruxolitinib-treated patients 
was 52%, but this was not compared to the overall pmf population 
and risk scores were unknown11. Therefore, in our nationwide, pop-
ulation-based study, we aimed to evaluate the rs of pmf patients in 
the Netherlands over time, and more specifically before and after the 
availability of ruxolitinib. 
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We selected all patients diagnosed with pmf between 2001 and 2018 from 
the Netherlands Cancer Registry (ncr), which relies on case notifica-
tion through the Nationwide Histopathology and Cytopathology Data 
Network and Archive and the National Registry of Hospital Discharges. 
Patients with secondary mf - i.e. in case of preceding essential throm-
bocythemia or polycythemia vera - were not included in the study. After 
case notification, registrars of the ncr verify the diagnosis as noted by the 
treating physician and collect basic information on patient and disease 
characteristics, and type of primary treatment (i.e. the initial treatment 
that was started after diagnosis, including a ‘wait-and-see policy’). The 
exact therapeutic regimen and ipss scores were registered for patients 
diagnosed from 2014 onward. Patients were passively followed until the 
date of death or emigration, or end of follow-up (i.e. December 31, 2019). 
Death dates were retrieved from the Nationwide Population Registries 
Network. The ncr Privacy Review Board approved the use of anonymous 
data for this study.

rs was defined as the ratio of the proportion of observed mf survivors 
to the proportion of expected survivors in a comparable set of individ-
uals  assumed to be free of mf (matched to the patients by age, sex, and 
calendar year). rs rates with 95% confidence intervals were calculated 
according to the cohort method. The expected survival was estimated 
according to the Ederer II method from Dutch population life tables. rs 
was calculated for two age categories (18-65 years and >65 years) and two 
calendar periods (2001-2010 and 2011-2018). The age categories were based 
on expected differences in both treatment strategies and prognosis. The 
calendar periods were based on the first availability of ruxolitinib in the 
Netherlands since 2011. Multivariable evaluation using Poisson regression 
was performed to assess linear trends in rs over time and to model the 
effect of calendar period of diagnosis, sex, and prior malignancy on the 
excess mortality ratio within five years after pmf diagnosis. The European 
standard population was used for age-standardization of incidence 
rates. Additional details on the statistical analyses are presented in the 
Supplementary material. 

Incidence rates and the characteristics of 1,913 pmf patients diagnosed 
between 2001-2018 are shown in Supplementary table S1. Our stand-
ardized incidence rate of 0.49/100,000 person-years is comparable to 
recent literature9, 12. Supplementary figures S1 and S2 show an increase in 
incidence over time and with age, respectively. Median age and distribu-
tion of sex were comparable across patients in the two calendar periods 
(Supplementary table S1).

In accordance with previous literature, rs was markedly worse in older 
patients (figure 1)5, 7, 9, 13, 14. In the subgroup of patients with known ipss 
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scores (diagnosed between 2014 and 2018), a clear association between 
rs and the ipss risk category was found (figure 1). Furthermore, the 
multivariable analysis indicated higher excess mortality ratios both in 
males and in patients with a prior malignancy (Supplementary table 
S2). Overall, we found a slight increase in 5-year rs over time, from 51% 
in 2001-2011 to 55% in 2011-2018 (p = 0.04). The increase was most pro-
nounced in patients aged >65 years at diagnosis, namely from 38% to 45% 
(p= 0.01; figure 1). 

Panels A and B show relative survival rates (RSR) according to the 
calendar period of diagnosis for the age categories 18-65 years (A) 
and >65 years (B). The tables below the panels present the 
projected 5- and 10-year RSR with 95% confidence intervals (CI). 
The asterisk indicates the p-value for the likelihood ratio test 
assessing linear trends in 5-year RS from the period 2001-2010 to 
the period 2011-2018. 
Panel C shows the RS as per the International Prognostic Scoring 
System risk groups, among patients diagnosed during 2014-2018. 
The table below the panel presents the projected 2- and 5-year RSR 
with 95% CI. 
Abbreviations: CI, confidence interval; IPSS, International 
Prognostic Scoring System; RS, relative survival; RSR, relative 
survival rates

Figure 1 Relative survival 
of patients with primary 
myelofibrosis in the Netherlands
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Primary treatment details are presented in figure 2 and Supplementary 
tables S3, S5, and S6. 

The majority of patients initially received a wait-and-see policy. Early 
allogeneic stem cell transplantation was mainly performed in patients 
aged <65 years, with only a slight increase over time (from 8% in patients 
diagnosed between 2001-2010, to 11% of those diagnosed between 2011-
2018). Other systemic therapy was increasingly prescribed in all age 
groups (from 3% to 14% in patients diagnosed between 2001-2010 and 
2011-2018, respectively). This mainly concerned jak1/2 inhibitor therapy, 
with a small percentage of other drugs including immunomodulatory 
imide drugs (i.e. thalidomide) and interferon-alpha.

In the subgroup of 711 patients in whom ipss risk scores and exact 
therapeutic regimens were known (i.e. those diagnosed between 2014-
2018), the risk score was low in 9%, intermediate-1 in 31%, intermediate-2 
in 27%, high in 26%, and unknown in 7%. As expected, since age is a risk 
factor in the ipss, risk scores were significantly higher in older patients 
(Supplementary table S4). The main primary treatment strategies in low 
and intermediate-1 risk patients were a wait-and-see policy (applied in 
67% and 59% of patients, respectively) and hydroxyurea (prescribed in 
24% and 30%, respectively). Although these strategies were also common-
ly applied in patients with intermediate-2 and high-risk disease, more 
patients in these subgroups received early allogeneic stem cell transplan-
tation (6% and 7%, respectively) or ruxolitinib (13 and 26%, respectively). 
The variation between age groups is shown in Supplementary table S5. 

Whilst the rs in our cohort is congruent with reports concerning similar 
calendar periods7, 9, we are among the first to present evidence of improv-
ing rs over time. To our knowledge, this finding was described by only 

Panel A shows information on primary therapy 
(i.e. initial therapy started after diagnosis, 
including a ‘wait-and-see policy’) according to 
age and at diagnosis and calendar period of 
diagnosis among patients diagnosed during 
2001-2018. The absolute number and 
proportion of patients within a specific age 
group and period is shown in Supplementary 
Table S3. In this panel, the group of other 
therapy encompasses immunomodulatory imid 
drugs, interferon-alpha, and ruxolitinib (as of 
2011), amongst others. Of note, six patients 
with missing information on therapy were not 
included in this figure. 
Panel B shows the specific type of primary 
therapy as per the International Prognostic 
Scoring System risk group in the two age 
groups among patients diagnosed during 
2014-2018. The absolute number and 
proportion of patients within a specific risk and 
age group is shown in Supplementary Table 
S5. For this panel, the group of other therapy is 
delineated in Supplementary Table S6. 
Abbreviations: alloSCT, allogeneic stem cell 
transplantation; IPSS, International Prognostic 
Scoring System

Figure 2 Primary treatment of patients 
with primary myelofibrosis in the 
Netherlands
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two previous studies, with important uncertainties6, 13. In a Norwegian 
study, 5-year rs increased from 50% to 59.5% between 2003-2007 and 
2008-2012. However, this analysis was performed in male patients only6. 
The 2012 Swedish analysis did show a higher 5-year rs in the most recent 
time period, but statistical significance was not assessed and 10-year rs 
was not significantly altered13. 

The parallel increase in rs and early use of ‘other therapy’ (mainly con-
cerning ruxolitinib) suggests effectiveness of the latter in our real-world 
population. Although the increase in the use of other therapy was similar 
in both age groups, the higher disease severity in patients aged >65 years 
might explain the greater effect size in this group. This is supported by 
the final overall survival analysis from the comfort-1 trial. Although 
hazard ratios were similar amongst intermediate-2 and high-risk patients 
randomized to ruxolitinib2, the greater absolute mortality risk in the lat-
ter group could explain the greater impact on rs. Unfortunately, further 
evaluation in our cohort was complicated by unavailable treatment data 
at later stages during follow-up. Theoretically, an increased identification 
of lower-risk patients over time might form an alternative explanation 
for the observed increase in rs. Since ipss scores were unavailable for 
patients diagnosed before 2014, we could not analyze this in our cohort. 
However, changes in diagnostic criteria are unlikely to have caused an 
increase in the proportion of low-risk patients, mainly since prefibrotic 
mf was described in all versions of the who classification (i.e. 2001, 
2008, and 2016)15, 16. If any effect, an increase in higher-risk patients over 
time would seem more likely, due to reclassification of advanced-phase 
mpn-unclassified patients as mf17. However, since no major changes were 
seen in the annual incidence rates directly following the publication of 
new diagnostic criteria (Supplemental figure S1), a significant effect of 
reclassifications seems improbable. Lastly, risk distribution in the patients 
diagnosed between 2014-2018 was comparable to that in a Spanish cohort 
of patients diagnosed between 2000-201718.

The value of our study lies in the high nationwide coverage (>95% of all 
newly diagnosed malignancies in the Netherlands). Limitations include 
the lack of risk scores and detailed treatment information before 2014, 
and the lack of treatment data during follow-up. Also, like most popula-
tion-based registries, we only identified patients with pmf, since patients 
with essential thrombocythemia and polycythemia vera are registered 
separately in the ncr and transformations to secondary myelofibrosis 
were not standardly registered before 2014. 

In summary, our population-based analysis provides additional evi-
dence for a slight increase in rs in pmf patients over the last decades. We 
also demonstrate increasing early use of other therapy, mainly including 
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Supplementary Figure S2 Age-specific incidence rates of patients with primary myelofibrosis 
in the Netherlands, 2011-2018. 

Supplementary Figure S1 Annual age-specific incidence rates of patients with primary myelofibrosis 
in the Netherlands, 2001-2018. 

Age-specific incidence rates are presented per 
100 000 person-years according to 
quinquennial years of age. The calendar period 
of 2011-2018, which was defined as the most 
recent calendar period for the primary 
analyses described in the current study, was 
chosen in an attempt to represent 
contemporary clinical practice.

Age-specific incidence rates are presented per 
100 000 person-years and shown according 
to the following sexes: (A) males and females 
together, (B) males alone, and (C) females 
alone. The age categories defined for 
incidence analysis (that is, 20-64 and ≥65 
years) differ from the age categories defined 
earlier (that is, 18-65 and >65 years) because 
incidence rates can only be calculated for 
quinquennial years of age. The dots represents 
the point estimates of the incidence rates. The 
line was drawn to emphasize the increase in 
incidence. 

Supplementary figures

Appendices



83

Characteristics Calendar period Total
2001-2010 2011-2018

No. (%) ESRa No. (%) ESRa No. (%) ESRa
Total No. of patients 805 0.41 1 108 0.59 1 913 0.49
Sex
   Male 496 (62) 0.54 703 (63) 0.77 1 199 (63) 0.64
   Female 309 (38) 0.28 405 (37) 0.40 714 (37) 0.33
Age, years
   Median (IQR) 69 

(60-76)
71 

(64-77)
70 

(62-77)
   18-65 294 (37) 0.27 352 (32) 0.38 646 (34) 0.32
   >65 511 (63) 2.36 756 (68) 3.52 1 267 (66) 2.88
Prior malignancy
   No 706 (88) - 945 (85) - 1 651 (86) -
   Yes 99 (12) - 163 (15) - 262 (14) -
Vital status
   Alive 149 (19) - 574 (52) - 723 (38) -
   Death 656 (81) - 534 (48) - 1 190 (62) -

Supplementary Table S1 Patient characteristics, 2001-2018

Supplementary tables

Age at diagnosis Covariate EMRa 95% CI Pb

18-65 years Period of diagnosis
   2001-2010 1 (ref)
   2011-2018 0.91 0.66 - 1.25 0.551
Sex
   Male 1 (ref)
   Female 0.74 0.52 - 1.05 0.094
Prior malignancy
   No 1 (ref)
   Yes 1.85 1.08 - 3.15 0.024

>65 years Period of diagnosis
   2001-2010 1 (ref)
   2011-2018 0.75 0.63 - 0.91 0.003
Sex
   Male 1 (ref)
   Female 0.77 0.64 - 0.93 0.007
Prior malignancy
   No 1 (ref)
   Yes 1.43 1.14 - 1.79 0.002

Supplementary Table S2 Excess mortality ratio during the first five years after 
primary myelofibrosis diagnosis

Abbreviations: EMR, excess mortality ratio; CI, confidence interval
a All covariates are simultaneously adjusted.
b P-values are compared with the reference category.
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  Primary treatment Total
  Chemo-therapy Other therapy AlloSCT No therapy
Age at diagnosis Calendar period No. % (row) No. % (row) No. % (row) No. % (row) No.
18-65 years 2001-2010 56 (19) 10 (3) 23 (8) 202 (69) 291

2011-2018 65 (19) 50 (14) 38 (11) 197 (56) 350

Total 121 (19) 60 (9) 61 (10) 399 (62) 641
>65 years 2001-2010 98 (19) 17 (3) 0 (0) 395 (77) 510

2011-2018 193 (26) 103 (14) 10 (1) 450 (60) 756
Total 291 (23) 120 (9) 10 (1) 845 (67) 1 266

Total 2001-2010 154 (19) 27 (3) 23 (3) 597 (75) 801
2011-2018 258 (23) 153 (14) 48 (4) 647 (58) 1 106
Total 412 (22) 180 (9) 71 (4) 1 244 (65) 1 907

Supplementary Table S3 Early therapy of patients with primary myelofibrosis in 
the Netherlands according to age at diagnosis and calendar period of diagnosis, 
2001-2018

Abbreviation: AlloSCT, allogeneic stem cell transplantation
aSix patients with missing information on therapy were not included in this Table.

Supplementary Table S4 Patient characteristics, 2014 - 2018 Characteristics N (%) IRa
Total no. of patients 711 - 0.58
Sex
   Male 449 (63) 0.75
   Female 262 (37) 0.40
Age at diagnosis
   Median (IQR) 71 (64-78)
   18-65 years 212 (30) 0.36
   >65 years 499 (70) 3.55
Prior malignancy
   No 599 (84) -
   Yes 112 (16) -
Risk parameters
   Age >65 years 499 (70) -
   Constitutional symptomsb 159 (22) -
   Hemoglobin <10 g/dLc 239 (34) -
   Leukocyte count >25 x 109/Ld 91 (13) -
   Circulating peripheral blasts ≥1% 282 (40) -
IPSS risk groupe
   Low 66 (9) -
   Int-1 218 (31) -
   Int-2 191 (27) -
   High 183 (26) -
   Unknown 53 (7) -
Vital status
   Alive 435 (61) -
   Death 276 (39) -

Abbreviations: IQR, interquartile range; and ipss, International Prognostic 
Scoring System.
aIncidence rates are presented per 100 000 person-years. The incidence 
rates are standardized as per the European standard population. Age-
specific incidence rates are calculated as crude rates.
bMissing in 61 (9%) of patients.
cMissing in 2 (<1%) of patients.
dMissing in 5 (<1%) of patients.
eipss risk scores in patients aged 18-65 years at diagnosis were low in 32%, 
intermediate-1 in 34%, intermediate-2 in 18%, high in 9% and unknown in 
8%. In patients aged >65 years at diagnosis, risk scores for these 
categories were 0%, 29%, 31%, 33% and 7%, respectively. 
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Supplementary Table S5 Primary treatment of patients with primary 
myelofibrosis in the Netherlands according to the risk group as per International 
Prognostic Scoring System and age at diagnosis, 2014-2018.

  Primary treatment Total

  Ruxolitinib Hydrea Allosct Other therapy No anti-neoplastic 
therapy

Age at diagnosis IPSS Subgroup No. % (row) No. % (row) No. % (row) No. % (row) No. % (row) No.
18–65 years Low 3 (4) 16 (24) 1 (1) 2 (3) 45 (67) 67

Int-1 6 (8) 13 (18) 4 (6) 6 (8) 43 (60) 72
Int-2 9 (24) 7 (18) 10 (26) 2 (5) 10 (26) 38
High 6 (33) 2 (11) 6 (33) 3 (17) 1 (6) 18
Unknown 4 (24) 2 (12) 2 (12) 2 (12) 7 (41) 17

>65 years Low 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0
Int-1 6 (4) 53 (36) 0 (0) 1 (1) 86 (59) 146
Int-2 16 (10) 31 (20) 1 (1) 9 (6) 96 (63) 153
High 42 (25) 37 (22) 6 (4) 7 (4) 73 (44) 165
Unknown 4 (11) 12 (34) 0 (0) 0 (0) 19 (54) 35

Total  96 (14) 173 (24) 30 (4) 32 (5) 380 (53) 711

Abbreviations: AlloSCT, allogeneic stem cell transplantation; and IPSS, International Prognostic Scoring System.

Supplementary Table S6 Delineation 
of the group of other therapy, 
2014-2018

Primary therapy N (%)

Thalidomide 10 (31.3)

Interferon alpha 8 (25.0)

Lenalidomide 7 (21.9)

Chemotherapy, NOS 3 (9.4)

Momelotinib 2 (6.3)

Melphalan 1 (3.1)

Unknown 1 (3.1)

Total 32 (100)

Abbreviation: NOS, not otherwise specified

Statistical analysis
Incidence rates were calculated per 100 000 person-years for the 

overall study period (i.e. 2001-2018), two calendar periods (2001-2011 and 
2011-2018), and year of diagnosis, using the annual mid-year population 
size as obtained from Statistics Netherlands. Incidence rates were also 
calculated according to sex. The European standard population was 
used for age-standardization. We calculated the age-specific incidence 
for the age categories 18-64 years and ≥65 years. Statistical analyses were 
performed with stata Statistical Software Release 14.1 (College Station, 
tx, u.s.).
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Abstract

Background Ruxolitinib is an approved treatment for 
myelofibrosis patients, but data regarding patients with baseline 
thrombocytopenia is limited. Recently, tolerability of ruxolitinib, 
with a maximum starting dose of 10mg bid, was suggested in the 
expand study. However, the small sample size and vigorous follow-
up in this trial hamper direct translation of these results to routine 
practice.

Patients and Methods We report retrospective data on Dutch 
ruxolitinib-treated myelofibrosis patients, focusing on those with 
baseline thrombocytopenia. Additionally, we reviewed current 
literature regarding ruxolitinib treatment in this subgroup.

Results In our cohort, 12/119 patients had a baseline platelet count 
<100x109/l. Spleen responses at a mean treatment duration of 
25 weeks were documented in 1/6 and 15/47 patients with and 
without baseline thrombocytopenia, respectively. Despite a high 
rate of grade ≥3 thrombocytopenia in thrombocytopenic versus 
non-thrombocytopenic patients (42% versus 15%), no grade ≥3 
hemorrhage was reported. Median doses in thrombocytopenic 
patients were 15mg bid and 10mg bid at the start and after 12 weeks 
of treatment, respectively.  Additionally, 238 thrombocytopenic 
patients were identified in available literature, of whom 59 were 
treated in routine practice. Incidences of severe thrombocytopenia 
reported separately for patients with baseline thrombocytopenia 
were 30-59% (grade ≥3) and 4-60% (grade 4). Severe bleeding, 
pooled across our data and evaluable studies, occurred in 2.4%.

Conclusion Ruxolitinib treatment appears to be safe for patients with 
platelet counts of 50-100x109/l, also in real-life practice. We did not 
find any reason to discourage a starting dose of 10mg bid in this 
subgroup. 

Chapter 5
Ruxolitinib

in myelofibrosis
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thrombocytopenia
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results in Dutch patients 
and

review of the literature
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Background

Ruxolitinib, a jak2 inhibitor, is an approved treatment for disease-re-
lated splenomegaly or symptoms in adult myelofibrosis (mf) patients. 
Considerable improvement in the outcome of intermediate-2 and high 
risk mf patients, regarding spleen size, disease-related symptoms and 
overall survival, was shown in the comfort trials.1-3 Later studies reported 
similar favorable results in patients with intermediate-1 risk disease.4, 5 
However, since cytopenia is the most common side-effect, patients with 
a baseline platelet count (bpc) <100x109/l (‘baseline thrombocytopenia’) 
were excluded from the comfort trials and the safety and toxicity profile 
of ruxolitinib in this subgroup is less clearly defined. Since approximately 
one-quarter of mf patients have a platelet count <100x109/l,6 the translation 
of results to the real-world mf population is hampered. Nevertheless, 
current dosing recommendations are based on the fda-approved dose 
modification schemes derived from these trials. Therein, a low starting 
dose of 5mg bid is advised for patients with a platelet count of 50-100x109/l. 
For those with a platelet count <50x109/l, ruxolitinib is deemed contra-in-
dicated. Two major issues arise with these recommendations. Firstly, while 
a low starting dose might be optimal for safety, the contrary applies for 
efficacy. A dose-response relationship regarding spleen response has been 
demonstrated by multiple groups,5, 6 highlighting the need for the highest 
tolerable dose in each patient. Secondly, the recommendations suggest 
that similar dose modifications are indicated for both drug-induced and 
disease-related thrombocytopenia, whereas for the latter an increased dose 
might be even more appropriate in cases where pronounced splenomegaly 
and an inflammatory state contribute to thrombocytopenia. 

To address this issue, two recent clinical trials included patients solely 
with baseline thrombocytopenia: the phase II study 258 and the phase 
1b expand study.6, 7 Study 258 included 50 patients with a platelet count 
<100x109/l, of whom 16% required a dose interruption due to grade 4 
thrombocytopenia and 2% experienced severe bleeding. The authors 
propose a low starting dose of 5mg bid for this subgroup, with subsequent 
dose escalation. The expand study included patients with a baseline 
platelet count of 75-100x109/l (n=44) and 50-75x109/l (n=25). The reported 
incidences of grade ≥3 thrombocytopenia in these groups were high: 35% 
and 77.8%, respectively. However, this was not deemed clinically signif-
icant as no severe bleeding events were reported. Therefore, the authors 
suggest that a starting dose of 10mg bid in these patients is safe. While 
both studies were well conducted, the recommendations are heterogeneous 
and the sample sizes were relatively small. Also, ruxolitinib treatment was 
performed in the relatively protected setting of clinical trials, hampering 
translation of results to daily clinical practice. 
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The current uncertainty and discrepancies in recommendations regarding 
ruxolitinib dosing in thrombocytopenic patients result in heterogeneous 
use of the drug in routine practice. This was depicted in the article by 
Ellis et al., wherein self-identified ‘myeloproliferative neoplasm-focused’ 
hematologists varied in their approach and in general were less strict 
regarding dose-reductions in case of worsening thrombocytopenia and 
mild bleeding as compared to current recommendations.8 To determine the 
optimal dose for real-life patients with baseline thrombocytopenia and in 
order to prevent sub-optimal treatment as well as unacceptable toxicity, we 
here report our original real-life data from patients treated within a Dutch 
compassionate-use program (cup), specifically focusing on the 12 patients 
with a baseline platelet count <100x109/l. Additionally, we provide a review 
on currently available literature on myelofibrosis patients with baseline 
thrombocytopenia.

Patients and methods

Original data
Before the registration of ruxolitinib, Novartis b.v. provided a cup for 

treatment of adult patients with a diagnosis of primary- or post-polycythemia 
vera (pv) or –essential thrombocytosis (et) mf, according to the 2008 who 
criteria.9 The treating physician was responsible for both the request of par-
ticipation and treatment in this program. In this current study, we performed 
a retrospective chart-review for patients included in six university hospitals 
and three large teaching hospitals in The Netherlands between June 2011 and 
July 2015. Central medical ethics committee approval was obtained. Informed 
consent for use of the data for analysis was obtained if feasible (according to 
the Code of Conduct for the Use of Data in Health Research). Spleen response 
was evaluated by palpation, using the iwg-eln criteria: a baseline palpable 
splenomegaly of 5-10 cm below the lower costal margin (lcm) becomes not 
palpable, or a baseline palpable splenomegaly >10 cm below the lcm decreases 
by ≥50%.10 Patients with baseline palpable splenomegaly <5cm below the lcm 
and/or without documented follow-up measurements were not eligible for 
spleen response evaluation. Clinical and laboratory parameters were collected 
before start of treatment (‘at baseline’) and thereafter at 3-monthly intervals. 
For patients with baseline thrombocytopenia, all laboratory results during the 
first 12 weeks of treatment were collected. Patient histories were checked for 
the presence of (physician reported-) constitutional symptoms (fever, night 
sweats and weight loss). A visit was deemed ineligible for evaluation of symp-
toms in case the complete patient history was left blank. Grade ≥3 adverse 
events were documented (graded according to the Common Toxicity Criteria 
version 3.0). Data collection was discontinued in case of death or treatment 
discontinuation. Analyses were done using spss version 22.
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Literature review
A literature review was performed for studies describing the use of 

ruxolitinib in patients with baseline thrombocytopenia, defined as a 
platelet count <100x109/l. A PubMed search was carried out from incep-
tion to February 2019. Search terms are described in table 1. Studies were 
eligible for the review if they met both inclusion criteria: (i) containing 
primary data (retrospective or prospective) on adult mf patients under-
going ruxolitinib treatment, (ii) including subjects with a documented 
platelet count <100x109/l before start of ruxolitinib treatment (‘baseline 
thrombocytopenia’). Studies were excluded if they were reviews or if 
results of ruxolitinib treatment were not reported separately (e.g. as part 
of a ‘best available treatment’ arm). 

Results

Original data
Baseline- and treatment characteristics of the 119 included patients are 

shown in table 2. Twelve patients had a baseline platelet count <100x109/l. 
For the total population, median duration of follow-up was 70 weeks. 
After a mean treatment duration of 12 weeks, 17/68 evaluable patients 
(25%) had achieved a spleen response, increasing to 16/53 (30%) and 11/32 
(34%) after a mean of 25 weeks and 51 weeks, respectively. Fever, night 
sweats and weight loss were documented in 9%, 49% and 58% of 118 eval-
uable patients at baseline, decreasing to 2%, 18% and 2% of 101 evaluable 
patients after 12 weeks of treatment.

The Kaplan-Meier estimates of overall survival at 48 weeks were 
91% for the total population (95% confidence interval (ci): 85-96%) 
and 89% for the patients with a baseline platelet count <100x109/l 
(95% ci: 68-100%). Of note, all patients with a baseline platelet count 
<100x109/l had an intermediate-2 or high risk score. A total of sixteen 
deaths were reported. Investigator-determined causes of death were 
progression of myelofibrosis (n=6, including the two patients with 
baseline thrombocytopenia), transformation to acute myeloid leukemia 

Table 1 Search terms and strategy on 
PubMed

Search Query Items found
#1 (“Primary Myelofibrosis”[Mesh] OR Primary Myelofibros*[tiab] OR Bone 

Marrow Fibros*[tiab] OR Myelofibros*[tiab] OR Myeloid 
Metaplasia*[tiab] OR Myeloscleros*[tiab])

8626

#2 (“Thrombocytopenia”[Mesh] OR Thrombopenia*[tiab] OR 
Thrombocytopenia*[tiab])

71196

#3 (“INCB018424” [Supplementary Concept] OR INCB-018424[tiab] OR 
INCA24[tiab] OR ruxolitinib[tiab])

1065

#4 ((#1) AND #2) AND #3 81



91

Table 2. Baseline- and 
treatment characteristics 
of patients treated in 
compassionate-use program

eT: essential thrombocytosis. IMiDs: 
immunomodulatory imide drugs. IPSS: International 
Prognostic Scoring System. 
MF: myelofibrosis. Pv: polycythemia vera.
a IPSS was used in order to be able to compare the 

results to those of previous trials. ipss at baseline 
was unknown in n = 1.

b1 A year before inclusion in the CUP, 1 patient received 
ruxolitinib during one month (stopped because of 
lack of response), followed by pacritinib for 2 
months (stopped because of non-hematological 
toxicity). One additional patient had received 

pacritinib for 2 months (stopped because of lack of 
response).

b2 One patient had received fedratinib until 4 months 
before inclusion in the CUP (stopped because of 
non-hematological toxicity)

c Allogeneic stem cell transplantation had been 
performed 2 years before the start of ruxolitinib. 

d1 Phlebotomy (n=7), melphalan (n=8), busulphan 
(n=3), 32-phosphorus (n=3), chlorambucil (n=1), 
danazole (n=2), rituximab (n=1) and 
cyclophosphamide (n=1)

d2 Phlebotomy (n=1), busulphan (n=1), danazole (n=1)

Variable Baseline platelet count 
>100x109/l (n=107)

Baseline platelet count 
<100x109/l (n=12)

Median age at diagnosis, years (range) 64 (34 – 82) 66 (56 – 77)
Male, n (%) 68 (64%) 5 (50%)
Median time since diagnosis, months (range) 22 (0 – 368) 17 (0 – 109)
MF subtype, n (%)
   Primary 
   Secondary (post-eT/-Pv)

48 (45%)
59 (55%)

7 (58%)
5 (42%)

IPSS score at baseline, n (%)a

   Low
   Int-1
   Int-2
   High

8 (8%)
20 (19%)
35 (33%)
43 (40%)

-
-

4 (33%)
8 (67%)

Median hemoglobin level, mmol/l (range) 6.6 (2.9 – 10.9) 6.2 (4.9 – 8.4)
Median platelet count, x109/l (range) 249 (106 – 1405) 78 (12 – 95)
Palpable spleen length below costal margin, cm, n (%)
   Not palpable
   0 - 5cm
   5 - 10cm
   > 10cm
   Not applicable (prior splenectomy)
   Unknown

5 (5%)
17 (16%)
15 (14%)
62 (58%)
4 (3.5%)
4 (3.5%)

-
2 (16.5%)
2 (16.5%)
8 (67%)

-
-

Physician-reported constitutional symptoms
   Fever
   Night sweats
   Weight loss

11 (10%)
51 (48%)
62 (58%)

0 (0%)
7 (58%)
6 (50%)

Prior treatment, n (%)
   Hydroxycarbamide
   IMiDs; tha-/lena-/pomalidomide
   Interferon
   Hematopoietic growth factor (erythropoietin)
   Anagrelide
   JAK2 inhibitor 
   Allogeneic stem cell transplantation 
   Other

87 (81%)
70 (65%)
16 (15%)
14 (13%)
12 (11%)
10 (9%)
2 (2%)b1

1 (1%)c

26 (24%)d1

10 (83%)
8 (67%)
2 (17%)
1 (8%)
1 (8%)

-
1 (8%)b2

-
3 (25%)d2

Ruxolitinib starting dose, median / mean, mg/day 40 / 35 30 / 29
Ruxolitinib dose adjustments during treatment, n (%) 68 (64%) 11 (92%)
Median treatment duration, months (range) 14 (1 – 50) 8 (1 – 35)
Reason of ruxolitinib discontinuation, n (%)
   Lack of response
   Death
   Toxicity
   Switch to different therapy

14 (13%)
8 (8%)
7 (7%)
5 (5%)

2 (17%)
2 (17%)
3 (25%)
1 (8%)
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(n=3), complications of prior allogeneic stem cell transplantation (n=1), 
adenocarcinoma (n=1), thrombosis (n=1), pneumonia (n=1), miliary 
tuberculosis (n=1) and unknown (n=2). 

In the overall population, the median baseline platelet count was 
238x109/l (range: 12-1405x109/l); this decreased to 173x109/l in the first 
three months of treatment (range: 27-987x109/l) and remained relatively 
stable afterwards. Almost half of the patients (48%) received at least one 
blood transfusion at any time within a year of start of treatment. The inci-
dence of grade ≥3 thrombocytopenia was 15% in patients with a baseline 
platelet count >100x109/l, versus 42% in those with baseline thrombocyto-
penia (data representing worst grade events during the study).   

An overview of treatment and outcome in the 12 patients with baseline 
thrombocytopenia is provided in table 3. The fda-advised starting dose 
of 5mg bid was exceeded in 11/12 patients (92%) and subsequent dose 
modifications were performed in 11/12 patients. This included (temporary) 
dose decreases to below the starting dose in 8/12 patients (67%), including 
all patients who started on 20mg bid. (Temporary) dose increases to 
above the starting dose were performed in 25%, including the patient who 
started on 5mg bid. In the patients who started on 10mg bid, (temporary) 
dose increases and decreases to above and below the starting dose were 
performed in 1/3 and 2/3 patients, respectively. The median dose in the 
entire subgroup after 12 weeks of treatment was 10mg bid (range: 0-15mg 
bid). Figure 1. depicts platelet counts in the patients with baseline throm-
bocytopenia during the first 12 weeks of treatment. Grade 4 thrombocy-
topenia occurred in 2/12 patients (16.7%) during this period; both were 
started on 20mg bid. At any time during treatment, an increase in platelet 
count to >100x109/l - with a minimum increase of 27x109/l - was seen in 
9/12 patients (75%). The highest platelet count occurred at a ruxolitinib 
dose ≥10mg bid in 8 of these 9 patients (table 3). Hematological toxicity 
led to treatment discontinuation in 3/12 patients (25%). No grade ≥3 
bleeding events were reported with a median follow-up of 43 weeks.

Table 3 Treatment and outcome 
in patients with baseline 
thrombocytopenia (<100x109/l)

Pt
no

Baseline BPC,
x109/l

Start 
dose 

Treat. 
dur, mo

Dose adjustments and 
reason

Lowest PC 
x109/l

Highest
PC x109/l

Adverse events Response and outcome

1 Spleen >10cm 
below LCM.
Night sweats, 
weight loss.

80 10mg 
BID

7 ↓ 5mg BID (low PC) 
Stop (low PC)
↑ 5mg BID 
↑ 10mg BID 
↓ 10-5mg (low PC)
↓ 5mg BID (low PC)

46 
(at 5mg 
BID)

119 
(at 5mg BID)

Grade 3 low PC Spleen remained >10cm below LCM.
No constitutional symptoms reported 
after 12 weeks.
Treatment discontinued because of 
hematological toxicity.

2 Spleen >10cm 
below LCM.
Night sweats, 
weight loss.

86 10mg 
BID

7 ↑ 15mg BID 
↓ 10mg BID (low PC)
↑ 15mg BID 
↑ 20mg BID 
↓ 5mg BID 

25-50 
(at 15mg 
BID)

300 
(at 10mg BID)

Grade 3 low PC Spleen remained >10cm below LCM.
No constitutional symptoms reported 
after 12 weeks.
Treatment discontinued because of 
hematological toxicity.
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3 Spleen
6-10cm below 
LCM.
Weight loss.

87 20mg 
BID

1.5 ↓ 15mg BID (high WBC)
Stop (high WBC)

106 
(at 15mg 
BID)

126 
(at 20mg BID)

Grade 3 anemia, 
extreme high WBC 

No spleen follow-up.
No constitutional symptoms reported 
after 12 weeks.
Treatment discontinued because of 
high WBC. Rechallenge after 4.5 
months (+hydroxyurea) until death 1 
month later due to PD.

4 Spleen >10cm 
below LCM.
Night sweats, 
weight loss.

12 15mg 
BID

13 ↓ 20-15mg 
↑ 20mg BID 
↓ 20-15mg (low PC)
↓ 15mg BID (low PC)
↑ 20mg BID (PD)
↓ 15mg BID (low PC)

85 
(at 15mg 
BID)

235
(at 15mg BID)

Grade ≥3 anemia, 
low PC

Spleen remained >10cm below LCM,
No constitutional symptoms reported 
after 12 weeks.
Treatment continued until death due to 
PD.

5 Spleen >10cm 
below LCM.

75 20mg 
BID

2 ↓ 15mg BID (dizziness)
↓ 10mg BID (fatigue)
Stop (fatigue) 

UK UK Grade ≥3 anemia, 
dizziness, fatigue

No spleen follow-up.
Treatment discontinued because of 
fatigue.

6 Spleen >10cm 
below LCM.

74 20mg 
BID

22 ↓ 10mg BID 
(pancytopenia)
↑ 20mg BID 

11 
(at 20mg 
BID)

109 
(at 20mg BID)

Grade 4 low PC, 
grade 3 low WBC, 
rash,  diarrhea, 
dyspnea, edema

Spleen remained >10cm below LCM.
Patient remained on treatment.

7 Spleen    0-3cm 
below LCM.

60 20mg 
BID

21 ↓ 15mg BID (low PC)
↑ dose unknown (night 
sweats)

18 
(at 15 or 
20mg BID)

61 
(at 15mg BID)

Grade 4 low PC,
minor bleeding at 
PC’s 32-61: bruising,  
Mallory-Weiss, 
epistaxis

Spleen size increased to 6-10cm below 
LCM.
Patient remained on treatment.

8 Spleen >10cm 
below LCM.
Night sweats.

58 5mg BID7 ↑ 10mg BID 46 
(at 5mg 
BID)

227 
(at 10mg BID)

- Spleen became not palpable within 24 
weeks.
No constitutional symptoms reported 
after 12 weeks.
Treatment continued until death due to 
PD.

9 Spleen >10cm 
below LCM.

77 10mg 
BID

4 ↓ 5mg OD (low PC) 54
(at 10mg 
BID)

66 
(at 5mg QD)

- Spleen remained >10cm below LCM.
Treatment discontinued due to PD (with 
low PC as dose-limiting toxicity).

10 Spleen >10cm 
below LCM.

95 15mg 
BID

35 ↓ 10mg BID (low PC)
↑ 15mg BID 
↓ 10mg BID (low PC)

59 
(at 15mg 
BID) 

122 
(at 15mg BID)

Painful legs, edema, 
chronic diarrhea

Spleen remained >10cm below LCM.
Patient remained on treatment.

11 Spleen    0-3cm 
below LCM.
Night sweats, 
weight loss.

90 15mg 
BID

25 - 82 
(at 15mg 
BID)

158 
(at 15mg BID)

Grade ≥3 anemia, 
diarrhea, nausea / 
vomiting, headache

Spleen became not palpable within 12 
weeks.
No constitutional symptoms reported 
after 12 weeks.
Patient remained on treatment.

12 Spleen >10cm 
below LCM.
Night sweats, 
weight loss.

91 15mg 
BID

9 ↓ 5mg BID (low PC)
↑ 10mg BID 
↓ 5mg BID (low PC)
↑ 10mg BID 
↓ 5mg BID (low PC)
↑ 10mg BID 
↓ 5mg BID (low PC)
↑ 10mg BID 

42 
(at 10mg 
BID)

133 
(at 15mg BID)

Grade ≥3 low WBC, 
erysipelas, fever, 
cough

Spleen remained >10cm below LCM.
Weight loss and night sweats 
diminished, but were reported at ≥1 
follow-up visit.
Treatment discontinued, followed by 
allogeneic stem cell transplantation.

BPC = baseline platelet count, LCM = lower costal margin, mo = months, 
PC = platelet count, PD = progressive disease, Pt no = patient number, 
Treat. dur. = treatment duration, UK = unknown, 
WBC = white blood cell count
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Figure 1 Course of platelet count in patients with baseline thrombocytopenia 
(<100x109/l)

Literature review
Using the search terms listed in table 1, we identified 81 records 

through PubMed. Cross-references led to one additional relevant article 
and one conference abstract. After screening for in- and exclusion criteria 
we included 13 articles and one conference abstract for a descriptive 
review (Figure 2.). The main findings are summarized in table 4.

Published data concerned a total number of 238 ruxolitinib-treated 
patients with a baseline platelet count <100x109/l, including only 9 with 
a documented baseline platelet count <50x109/l. We assumed that the 
patients with baseline thrombocytopenia included in the 2016 publication 
of the jump trial were also part of the more detailed subgroup analysis 
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presented at ash in 2014. Therefore, we decided to report results on the 
latter analysis only. Also, a possible overlap exists between the jump trial 
and the retrospective analysis by Palandri et al.; this would concern a 
maximum of 31 patients.5, 11 The majority of patients (n=179) was treated 
within one of the five prospective clinical trials.5-7, 12, 13  Four retrospective 
analyses included a total of 54 unselected patients from cohorts treated 
in routine practice.11, 14-16 Lastly, information on five selected patients was 
published in four separate case reports.17-20 

Of 233 patients in whom the ruxolitinib starting dose was known, 68% 
was started on 5mg bid (range: 5mg bid – 20mg bid). Five studies report-
ed on dose reductions/-interruptions and/or treatment discontinuation 
separately for the subgroup with baseline thrombocytopenia.6, 7, 14, 16, 21 
In these studies, thrombocytopenia led to dose reductions in 20-24%, 
dose interruptions in 0-16%, reductions/interruptions in 33% (average 
percentage for stratum 1 and 2 in expand study) and discontinuation of 
treatment in 2-20%. Occasionally, ruxolitinib doses were maintained or 
even increased despite persistent or worsening thrombocytopenia. In 
individual cases, ruxolitinib treatment was continued and supportive 
treatment with danazol or platelet transfusions was added. 

In the majority of publications, the incidence of adverse events was 
not reported separately for patients with baseline thrombocytopenia 
(Table 4.). In these studies, in which 1-21% of the population had base-
line thrombocytopenia, the incidence of grade ≥3  thrombocytopenia 
ranged from 4–14.3%. The incidence of severe bleeding (defined as a 

Figure 2 In- and exclusion flowchart of literature search
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serious adverse event / grade ≥3 hemorrhage) ranged from 0-7% for the 
overall population and platelet counts at the time of bleeding were not 
reported. 

In three clinical trials and one real-life cohort, including a total of 
174 patients, data on thrombocytopenia were reported separately for pa-
tients with a baseline platelet count <100x109/l.6, 7, 14, 21 Grade ≥3 throm-
bocytopenia occurred in 30-59% (59% being the average incidence for 
stratum 1 and 2 in the expand study) and grade 4 thrombocytopenia 
in 4-60%. In the expand study, the incidence of grade ≥3 thrombocy-
topenia was highest in patients with baseline platelet counts <75 x109/l 
(Table 4.). Of interest, an increase in platelet counts of ≥15x109/l during 
treatment was observed in 14% of patients in study 258.6 

Four studies reported the bleeding incidence separately for patients 
with baseline thrombocytopenia. Grade ≥3 hemorrhage occurred in 
3/110 patients treated within these studies, including 10 patients treated 
in routine practice. This results in a pooled severe bleeding incidence 
of 2.7%. When combined with our own retrospective data, the pooled 
incidence is 2.4%. Since only bleeding events occurring in ≥15-20% 
of cases (for maximum safe starting dose (mssd) and total cohorts, 
respectively) were specified in the expand study, these patients were 
not included in calculation of the pooled bleeding incidence. 

 The case reports all described patients with an increase in platelet 
counts during ruxolitinib treatment, sometimes even after an initial 
drop.14, 17-20 None of the case reports described significant bleeding 
events, at ruxolitinib starting doses of 5-15mg bid. 

Discussion

The objective of our study was to determine the safety and the optimal 
ruxolitinib dose for real-life patients with baseline thrombocytopenia. 
We systematically searched for published literature and aimed to 
objectively describe patient outcomes. Furthermore, we report our ret-
rospective results on patients treated in a compassionate-use program, 
using uniform outcome measures. To our knowledge, our 12 patients 
form the largest real-life, unselected cohort on which the outcome was 
separately described for patients with baseline thrombocytopenia. 

Combining our own data with available literature leads to a total 
number of 250 known patients with a baseline platelet count <100x109/l 
that have been treated with ruxolitinib. Although data are partly sub-
ject to selection- and publication bias, the absolute number of patients 
is high, allowing for evaluation of safety in this subgroup. Moreover, 
since 71 patients were treated outside of clinical trials, the outcome of 
our analysis can be translated to daily life practice. 
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Table 4 Summary of literature regarding ruxolitinib 
treatment in patients with baseline platelet counts 
<100x109/l

Author, year Study design Population Starting dose in patients with 
BPC <100x109/l

Main findings 

Talpaz, 20136

 
Phase 2, 
open-label, study 
(study 258)

n= 50 with BPC 
50-100x109/l
(n= 37 available for 
dosing analysis at 
week 24)

5mg BID

Dose increases permitted after 
≥4 weeks in 5mg QD increments 
íf PC ≥40x109/l (amongst other 
criteria)

- Mean % change in PC for the study population stable over the 
       24-week treatment period
- 20/37 (62%) received a dose ≥10mg BID by week 24
- Dose interruptions due to grade 4 thrombocytopenia in 8/50 (16%)
- Dose reductions due to PC<35 x109/l but >25 x109/l in 12/50 (24%)
- Treatment discontinuation due to thrombocytopenia in 1/50 (2%)
- Increase in PC of ≥15x109/l from baseline in 7/50 (14%)
- Occurrence of hemorrhage:
o Grade 1 in 12%
o Grade 2 in 6%, at PCs >35x109/l 
o Grade 4 in 2% at PC 71x109/l

Grieshammer, 
201421

Phase 3b 
single-arm, open 
label study
(subgroup analysis 
of JUMP trial5)

n= 50 with BPC 
<100x109/l, lowest 
value 68 x109/l 

5mg BID - Median daily dose in first 6 months of treatment 11.8mg/day 
      (range 5.9–40mg/day)
- Grade ≥3 thrombocytopenia in 30%, grade 4 thrombocytopenia 
       in 4%
- Treatment discontinuation due to thrombocytopenia in n=3 (6%)
- Grade 1/2 hemorrhage in n=4 (8%) 
      (1 conjunctival, 1 gastric, 2 epistaxis) 
- Grade ≥3 hemorrhage in n=2 (4%) 
      (1 intestinal, 1 esophageal varices)

Gowin, 201712 Phase 2 single-arm 
study

n= 3 with BPC 
<100x109/l, lowest 
value 54 x109/l

(Total: n= 14)

10mg BID for BPC 75-100x109/l
5mg BID for BPC 50-75x109/l

(all patients received danazol 
200mg TID)

- None of the patients with a BPC <100x109/l had a platelet
       response (defined as increase of >50x109/l)
Overall population:
- Grade ≥3 thrombocytopenia in 14.3%
- Dose adjustment performed in 57.1%, but unrelated to 
       hematological toxicity
- Grade ≥3 intracranial hemorrhage in n=1 (7%), relation to PC 
       unknown

Komatsu, 
201713

Prospective, 
single-arm, 
open-label study

n= 7 with BPC 
<100x109/l, lowest 
value unknown 

(Total: n= 51)

5mg BID Not separately reported for patients with BPC <100x109/l. Overall 
population:
- Grade ≥3 thrombocytopenia in 7.8%
- Dose reductions in 84%, dose interruptions in 43% (reasons not 
       specified)
- Thrombocytopenia as cause of treatment discontinuation 
       in n=1 (2%)
- Two serious bleeding events (4%): GI- and esophageal variceal 
       hemorrhage, relation to PC unknown

Vannucchi, 
20187

Phase 1b, 
dose-finding study
(eXPAND)

n= 69, including:
n= 44 with BPC 
75-99x109/l (stratum 
1)
n= 25 with BPC 
50-74x109/l (stratum 
2)

(n=48 available for 
analysis at week 48 
(MSDD cohort: n=20 
from S1 and n=18 
from S2))

Stratum 1 (S1):
5mg BID (n=5)
5/10mg (n=3)
10mg BID (n=20)
10/15mg (n=4)
15mg BID (n=12)

Stratum 2 (S2):
5mg BID (n=3)
5/10mg (n=4)
10mg BID (n=18)

 

Overall cohort (n=69)
- Grade ≥3 thrombocytopenia in 50% (S1) and 76% (S2) 
- epistaxis of all grades in 22% (S1) and 4% (S2) Grade ≥3 epistaxis
      in 2.3% (S1) and 0% (S2) (only Ae’s occurring in ≥20% were listed)
      MSSD cohort (n=48)
- Mean dose intensities 17.96mg/day (S1) and 13.27mg/day (S2)
- Grade 4 thrombocytopenia in 5% (S1) and 39% (S2)
- Treatment discontinuation due to thrombocytopenia: 5% (S1), 
      16.7% (S2)
- Dose reductions/-interruptions due to thrombocytopenia: 20% (S1)
       and 66.7% (S2); most dose reductions <12 weeks of treatment 
- Grade 1-2 ecchymosis in 25% (S1) and 11.1% (S2); grade 1-2
       epistaxis in 25% (S1) and 0% (S2) (only Ae’s occurring in ≥15% 
       were listed)

Ae = adverse event. BPC = baseline platelet 
count. GI = gastro-intestinal. MSSD: maximum 
safe starting dose. PC = platelet count
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The main finding of our study is that although grade ≥3 thrombocytope-
nia occurred more often in patients with baseline thrombocytopenia than 
in those with adequate baseline platelet counts (30-59%, versus 12.9% in 
the comfort-1 trial),3 the incidence of severe bleeding was not increased 
(2.4%, versus 3.9% in comfort-1). Understandably, dose reductions/in-
terruptions were frequently indicated and treatment discontinuation due 
to thrombocytopenia was more often performed compared to the com-
fort-1 study (2-20% versus 0.6%). Also, as expected, higher incidences of 
grade ≥3 thrombocytopenia were seen in those with the lowest baseline 
platelet counts (e.g. <75x109/l). 

Geyer, 201316 Retrospective 
cohort analysis 
(routine practice)

n= 5 with BPC 
<100x109/l 

(Total: n=28)

At the discretion of the providing 
physician (not specified)

- PCs dropped with an average of 4% by 10 weeks of treatment
- Thrombocytopenia was managed with platelet transfusions (n=
       1), danazol (n= 1)
- Treatment discontinuation due to thrombocytopenia in n= 1 (20%)
- Dose increases performed in n= 2 
- No unexpected serious bleeding events

Bjørn, 201514 Retrospective 
cohort analysis 
(routine practice)

n= 5 with BPC 
<100x109/l 
(including n = 4 with 
BPC <50x109/l), 
range 29-72x109/l
(Total: n= 12) 

10-20mg BID - Dose reduction due to thrombocytopenia in n=1 (20%)
- Treatment discontinuation due to thrombocytopenia in n=1 (20%)
- Grade 4 thrombocytopenia in n=3 (60%)
- Normalisation of PC in n=1 (20%) at 10mg BID
- Grade 1 epistaxis in 1/5 (20%) 
- No grade ≥3 hemorrhage

Ellis, 201515 Retrospective 
cohort analysis 
(routine practice)

n= 13 with BPC 
<100x109/l, lowest 
value 50 x109/l 

(Total: n= 93)

5mg BID (n=9)
10mg BID (n=2)
15mg BID (n=1)
20mg BID (n=1)

Not separately reported for patients with BPC <100x109/l. Overall 
population:
- Grade ≥3 thrombocytopenia in 12.9%
- Grade 4 thrombocytopenia as cause of treatment discontinuation
       in n=2 (2%)
- Bleeding events not reported

Palandri, 
201811

Retrospective 
cohort analysis 
(treatment both in 
routine practice + 
JUMP trial)

n= 31 with BPC 
<100x109/l, lowest 
value 33x109/l

(Total: n= 291, of 
which 56.7% had been 
included in JUMP trial)

5mg BID Not separately reported for patients with BPC <100x109/l. Overall 
population:
- Grade ≥3 thrombocytopenia in 4-6.4% (equal across age groups)
- Dose reductions performed in 34.7% in the first 12 weeks (reason
      unknown)
- Bleeding and hematological toxicity as cause of treatment
      discontinuation in 3.5% and 9.7%, respectively. 

Armstrong, 
201518

Case report (routine 
practice)

n= 1 with BPC 
<10x109/l (platelet 
transfusion 
dependent)

5mg BID Ruxolitinib dose increased to 10mg BID. PC increased to 20-30x109/l 
during 18 months of treatment. Platelet transfusions only required for 
medical procedures. No bleeding events.

Grunwald, 
201619

Case report (routine 
practice)

n= 2 
Patient 1: BPC 
61x109/l
Patient 2: BPC 
31x109/l

Patient 1: 15mg BID + 
thalidomide 100mg 
Patient 2: 15mg QD

Patient 1: PC decrease to 20x109/l after 3 months. Initial dose 
decrease to 15mg QD, later increase to 10mg BID; PC thereafter stable 
around 49x109/l
Patient 2: PC decrease to 7x109/l, managed with platelet transfusions. 
Nonetheless dose increased: first 15mg BID, later alternating 15mg 
QD/15mg BID and 10mgBID. Gradual rise in PC to 106x109/l after 
9 months.
Both: no bleeding events

Al-Ali, 201717 Case report 
(treatment setting 
unknown) 

n= 1 with BPC 
50x109/l

10mg BID Dose reduction to 5mg BID after 2 months due to PC decrease. Lowest 
PC nadir 36x109/l. Treatment was continued because of a significant 
spleen response and the PC increased to 67x109/l after 2 years.

Ikeda, 201720 Case report (routine 
practice)

n= 1 with BPC  
81x109/l

5mg BID Splenomegaly improved and PC normalized during treatment. Ongoing 
response at 16 months since start of treatment. No significant bleeding 
events.
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An additional interesting observation was the subset of thrombo-
cytopenic patients in which an increase in platelet counts occurred 
during ruxolitinib treatment. An association with a decrease in platelet 
sequestration due to a reduction in splenomegaly was suggested in all 
case reports. However, multiple patients in our own cohort experienced 
an increase in platelet counts without a concurrent spleen response. 
Another potential mechanism is a ruxolitinib-induced decrease in 
inflammatory markers, exemplified by transforming growth factor beta 
(tgf-β): a known inhibitor of thrombopoietin production.22, 23. Since 
an increase in platelet counts was regularly preceded by an initial drop, 
it is difficult to determine which patients are most likely to experience 
a ‘paradoxical response’. In study 258, the patients who showed this 
response more often had primary myelofibrosis, a younger age, shorter 
time since diagnosis, lower dipss score and lower neutrophil count as 
compared to in those in which platelet counts were stable or decreased 
during treatment. For future research, it would be interesting to measure 
tgf-β levels throughout treatment, especially in those with baseline 
thrombocytopenia. 

The main limitation of our own data is the retrospective nature of the 
study. For example, reasons for dose modifications were not always 
specified in patient charts and the approach to worsening thrombo-
cytopenia was physician-dependent. The incidence of constitutional 
symptoms and bleeding events could be an underestimation in case not 
all events were noted by the treating physician. Regarding the literature 
review, the main objection is that many studies including patients with 
a baseline platelet count <100x109/l did not report the outcome 
separately for this subgroup, making direct comparisons difficult. For 
example, the pooled incidence of grade ≥3 hemorrhage could be based 
on 110/238 patients only. However, since hemorrhage is a feared 
complication when treating patients with baseline thrombocytopenia, 
we would expect that severe bleeding incidents would have been 
specifically mentioned. Therefore, we expect our pooled incidence to be 
an accurate estimate of reality. Lastly, since only 10/250 patients had a 
documented platelet count <50x109/l, no conclusions on this subgroup 
could be drawn.

Conclusion
The incidence of grade ≥3 thrombocytopenia during ruxolitinib 

treatment in patients with a baseline platelet count <100x109/l is 
increased as compared to the general population. Dose modifications are 
frequently needed and worsening thrombocytopenia leads to treatment 
discontinuation in 2-20%. However, the incidence of severe bleeding 
in this subgroup is low (pooled incidence of 2.4% across 122 patients, 
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including 22 patients treated in routine practice). Based on the above 
results, we conclude that ruxolitinib treatment in patients with baseline 
thrombocytopenia is safe, also in daily clinical practice. 

Since multiple studies found that a higher starting dose is associated 
with a higher spleen response rate,5-7, 24 the highest tolerable dose in each 
patient should be sought under strict and frequent monitoring of platelet 
counts, especially in the first 12 weeks of treatment. The expand trial 
suggests a starting dose of 10mg bid for patients with platelet counts of 
50-100x109/l. We did not find any arguments to refute this suggestion. 
Treatment in patients with a platelet count <50x109/l can be considered in 
individual cases; however, it is supported by very little evidence. 
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Abstract

In myelofibrosis, the introduction of reduced-intensity conditioning 
(ric) preceding allogeneic stem cell transplantation (sct) resulted in 
lower transplant-related mortality rates compared with myeloabla-
tive conditioning. However, lowering the intensity of conditioning 
may increase the risk of graft failure in myelofibrosis, although 
hitherto this has not been indisputably proven. We here report the 
outcome of 53 patients who underwent allogeneic sct with different 
conditioning regimens (ric and nonmyeloablative (nma)) in three 
transplantation centers in the Netherlands. The cumulative inci-
dence of graft failure within 60 days after sct was high (28%), and 
this was primarily associated with the intensity of the conditioning 
regimen. Cumulative neutrophil engraftment at 60 days was lower 
in patients who received nma conditioning compared with those 
who received ric (56% vs 84%, P = 0.03). Furthermore, of six patients 
who received a second transplantation after graft failure, the three 
patients with ric regimens subsequently engrafted, whereas the 
three patients who received a second nma regimen did not. This 
study indicates that in myelofibrosis, nma regimens result in high 
engraftment failure rates. We propose the use of more intensive 
conditioning regimens, incorporating busulfan or melphalan.
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Background
In myelofibrosis (mf), the only potential curative treatment is allo-

geneic hematopoietic stem cell transplantation (allo sct). Therefore, in 
patients with high-risk disease, this treatment should be considered even 
in the era of Janus kinase (jak) inhibitors. However, it is currently un-
known which type of conditioning leads to the best outcome.1 Although 
myeloablative conditioning resulted in considerable overall survival ( os) 
rates of 47–61% at 5 years, treatment-related mortality (trm)/non-relapse 
mortality rates were high, ranging from 27 to 48% at 1–5 years.2–9 The in-
troduction of non-myeloablative- (nma) and reduced-intensity condition-
ing (ric)10 regimens resulted in a lower trm/non-relapse mortality rate of 
16–30% at 1–5 years, with similar  os rates (31–67% after 3–5 years).2,6,9,11–13 
However, randomized prospective data comparing myeloablative with 
ric/nma conditioning are lacking. 

Furthermore, graft failure is an important issue in allo sct for mf. In 
larger series, the incidence ranges from 2 to 24%.5–7,12,14–16 Data on graft 
failure are not uniform and no definitive predictors for graft failure have 
yet been determined, but factors that have been associated with unsuc-
cessful engraftment include: transplantation from an alternative donor (a 
(mis)matched unrelated donor, cord blood donor or haploidentical sourc-
es), inadequate numbers of cd34+ cells infused, degree of splenomegaly, 
selection of GvHD prophylaxis, degree of fibrosis with osteosclerosis and 
thrombocytopenia pre-transplantation.2,8,14–17

Moreover, the type of conditioning (ric versus nma or myeloablative) 
might affect the occurrence of graft failure. In a retrospective analysis, 
Gupta et al. did recently describe a trend toward superior survival in 
patients who received fludarabine/melphalan compared with those 
who received fludarabine/busulfan or tbi/fludarabine. However, these 
results were not statistically significant. Therefore, data considering the 
superiority of one regimen over the other are still lacking.11 Here we 
report a retrospective analysis of 53 patients who were transplanted for 
myelofibrosis in three transplantation centers in the Netherlands, with an 
emphasis on conditioning regimens and engraftment outcome.

Methods

Data source and patient selection
This study was conducted in three transplantation centers in the 

Netherlands. Patients with primary- or post-essential thrombocythe-
mia/polycythemia vera mf who underwent allogeneic sct with ric or 
nma conditioning were included. Data were retrospectively collected. 
In addition, calreticulin (calr) and myeloproliferative leukemia 
thrombopoietin receptor gene (mpl) sequencing was performed on 
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banked samples. dna was isolated using standard molecular techniques. 
calr exon 9 was amplified as described previously, with minor ad-
aptations.18,19 mpl exon 10 was amplified using either of the following 
primers: forward 5́ -taggggctggctggatg-3́  and reverse 5́ -ggggtca-
cagagcgaac-3́  or forward 5́ -ccgaagtctgaccctttttg-3́  and reverse 
5́ -gacggagatctggggtcac-3́ .

Definitions
The diagnosis was retrospectively confirmed in each patient using the 

2008 who criteria.20 The degree of marrow fibrosis was described by the 
local pathologist (scale: absent–mild–moderate–severe). Prognostic scor-
ing was done using the Dynamic International Prognostic Scoring System

(dipss) and the predictive transplant score devised by Bacigalupo et 
al.21,22 In the latter model, unfavorable prognostic factors are defined as 
a history of >20 rbc transfusions, a spleen size >22 cm and the use of an 
alternative (that is, non-sibling) donor. Patients are categorized as low 
risk (0–1 factors) or high risk (⩾2 factors). Based on hla matching (mo-
lecular typing for hla-A, -B, -C and -drb1 and additionally for hla-dqb1 
in all but 3 cases), sibling and unrelated donors were considered matched 
(10/10 or 8/8) or mismatched (9/10 or 7/8). In cord blood donors, the hla 
matching (molecular typing for hla-A, -B and -drb1) was at least 4/6. 
The intensity of conditioning regimens was categorized as ric or nma, 
according to a recent article by Bacigalupo et al.10 Regimens combining 
fludarabine with low-dose tbi (⩾2 Gy) or cyclophosphamide-based 
regimens with a cumulative dosage <200 mg/kg were considered nma. 
Regimens containing melphalan (140 mg/m2) or tbi in a higher dosage 
(>2 Gy ▯5) were classified as ric. Neutrophil engraftment was defined as 
the first of three consecutive days with an anc >0.5 × 109/L or the first 
day with a count of >1.0 × 109/L. Platelet recovery was defined as the first 
of three consecutive measurements (obtained over at least 7 days) with a 
platelet count >20 × 109/L, without any platelet transfusions at the time 
or in the week before. Both neutrophil and platelet engraftment required 
the presence of a complete (>90%) or partial but rising (at least 10% at 
first measurement) donor chimerism. Primary graft failure was diag-
nosed if neutrophil engraftment was not reached by day +60. Secondary 
graft failure was defined as loss of previous engraftment (that is, loss 
of neutrophil engraftment and/or loss of donor chimerism). Response 
was graded according to the International Working Group consensus 
criteria.23 Relapse was defined as loss of previous best response (that is, 
cr, pr or clinical improvement (ci)) and only patients with successful 
engraftment were considered to be at risk. trm was defined as death due 
to any cause but myelofibrosis.  os was defined as time from sct to death 
from any cause. 
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End points and statistical analysis. 
Primary end points of the study were engraftment and primary graft 

failure. Other end points of interest were  os, trm, gvHD and treatment 
response. Differences between groups were compared using the Mann–
Whitney test in case of continuous variables and the Fisher’s exact test in 
case of proportions. Probabilities of engraftment,  os and trm were cal-
culated using the Kaplan–Meier estimator. For calculation of cumulative 
neutrophil engraftment, patients were censored at time of death or last 
follow-up or at time of a second sct. For calculation of trm, patients were 
censored in case of death related to myelofibrosis, a second sct or at last 
follow-up. For  os, patients were censored at last follow-up. The log-rank 
test was used for univariate comparisons. Hazard ratios were computed 
with the Cox proportional hazards model. All P-values are two-sided 
and considered significant if <0.05. Calculations were performed in spss 
version 22.0.

Results
Patient-, disease- and transplantation-related characteristics
Fifty-three patients were enrolled. Their characteristics are shown in 

Table 1. Median age at sct was 57 years (range 36–69) and median time 
from diagnosis to sct was 28 months (range 1–322). Data on mutational 
status were available in 42 patients. Of these, 22 patients (52%) carried a 
jak2 mutation. Among the jak2- negative patients, mutations in the mpl 
and calreticulin genes were found in 3 and 10 patients, respectively. In 
seven patients (17%) none of these mutations were found (triple negative). 
Risk classification according to dipss was low in 5% (n = 3), intermediate-1 
in 42% (n = 22), intermediate-2 in 42% (n = 22) and high in 2% (n = 1). 
According to the predictive transplant score, equal numbers of patients 
scored a low and high risk (both 45.5%, n = 24). dipss and predictive 
transplant scores could not be evaluated in 9% (n = 5) owing to missing 
data. Owing to the small number of dipss low- and high-risk patients, the 
dipss groups were collapsed into low/intermediate-1 and intermediate-2/
high groups for further analysis. Previous treatment had been prescribed 
in 64% of patients (n = 34), being described in detail in Table 1. 

Table 1 Patient- and disease-
related characteristics
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Characteristic Total riC nma P – value
no. of patients 53 33 20  
Patient age, year (y), median (range) 60 (36-69) 61 (36-69) 56 (45-65) 0.13
age 18-40 y, n (%) 4 (8) 4 (12) 0 (0) 0.08
age 41-60 y, n (%) 25 (47) 12 (36) 13 (65)  
age >60 y, n (%) 24 (45) 17 (52) 7 (35)  
Sex, n (%)    0.56
   Male 37 (70) 24 (73) 13 (65)  
   Female 16 (30) 9 (27) 7 (35)  
Type of myelofibrosis, n (%)    0.34
   Primary 34 (64) 23 (70) 11 (55)  
   Post-Pv 11 (21) 5 (15) 6 (30)  
   Post-ET 5 (9) 4 (12) 1 (5)  
   Post-MPn nos 3 (6) 1 (3)  2 (10)  
mutational status, n (%)a    0.68
   jak2 positive 22 (52) 13 (46) 9 (64)  
   MPl positive 3 (7) 3 (11) 0 (0)  
   CalR positive 10 (24) 7 (25) 3 (21)  
   Triple negative 7 (17) 5 (18) 2 (14)  
Spleen status, n (%)    0.56
   Enlarged 41 (77) 26 (79) 15 (75)  
   not enlarged 11 (21) 7 (21) 4 (20)  
   Post-splenectomy 1 (2) 0 (0) 1 (5)  
Constitutional symptoms, n (%)    1.00
   no 28 (53) 17 (52) 11 (55)  
   Yes 25 (47) 16 (48) 9 (45)  
Circulating blasts in peripheral blood, n (%)    0.57
   absent 34 (64) 23 (70) 11 (55)  
   >1% 14 (26) 7 (21) 7 (35)  
   Unknown 5 (10) 3 (9) 2 (10)  
Hemoglobin, n (%)    0.78
   <10 g/dl 33 (62) 20 (61) 13 (65)  
   ≥10 g/dl 20 (38) 13 (39) 7 (35)  
no. of prior rBC transfusions, n (%)    0.56
   <20 35 (66) 23 (70) 12 (60)  
   ≥20 18 (34) 10 (30) 8 (40)  
Platelet count, x109/L, median (range) 117 (7-1471) 101 (14-1471) 150 (7-891) 0.26
Platelet count, n (%)    0.15
   <100 x109/l 21 (40) 16 (48) 5 (25)  
   ≥100 x109/l 32 (60) 17 (52) 15 (75)  
WBC count, x109/L, median (range) 8.1 (0.7-218) 6.3 (0.7-218) 11.0 (3.2-59) 0.20
Degree of marrow fibrosis    0.23
   Mild 7 (13) 6 (18) 1 (5)  
   Severe 45 (85) 26 (79) 19 (95)  
   Unknown 1 (2) 1 (3) 0 (0)  
DiPSS score, n (%)    0.69
   low 3 (5) 3 (9) 0 (0)  
   Intermediate-1 22 (42) 12 (36) 10 (50)  
   Intermediate-2 22 (42) 14 (42) 8 (40)  
   High 1 (2) 1 (3) 0 (0)  
   Unknown 5 (9) 3 (9) 2 (10)  

CalR = calreticulin; DIPSS = Dynamic 
International Prognostic Scoring System; 
ET =essential thrombocythemia; jak2 
=janus kinase 2; MPl= 
myeloproliferative leukemia, 
thrombopoietin receptor gene; MPn nos 
=myeloproliferative neoplasm not 
otherwise specified; nma= 
nonmyeloablative; Pv =polycythemia 
vera; RIC=reduced-intensity 
conditioning; SCT=stem cell 
transplantation. 
The predictive transplant score was 
described by Bacigalupo et al.22 Degree 
of marrow fibrosis as described by the 
local pathologist. 
a Data on all three mutations were 

available in 42 patients. all percentages 
shown are based on this number of 
patients. 

b The autologous stem cell trans-
plantation had been performed for the 
treatment of a lymphoblastic T-cell 
lymphoma.



108

Characteristics of transplantation are shown in Table 2. Transplant-ations 
were performed between September 2003 and August 2013. The main 
stem cell source was peripheral blood (n = 47, 89%) and the majority of 
donors were matched siblings (msd; n = 18, 34%) and matched unrelated 
donors (matched unrelated donor; n = 22, 42%). Cord blood transplan-
tation was performed in 7% (n = 4). nma conditioning was given to 20 
patients (38%) and consisted of either (1) fludarabine 30 mg/m2 per day 
for 3 days and tbi 2 Gy or (2) fludarabine 25 mg/m2/day for 5 days and 
cyclophosphamide 500 mg/m2/day for 5 days (n = 1). ric regimens were 
given to 33 patients (62%) and included (1) cyclophosphamide 60 mg/
kg for 1 day, fludarabine 40 mg/m2/day for 4 days and tbi 4 Gy (n = 15) 
and (2) fludarabine 30 mg/m2/day for 5 days and melphalan 70 mg/m2/
day for 2 days (n = 18). Anti-thymocyte globulin (atg; 2 mg/kg/day for 
3–4 days) was added in the case of an unrelated donor in all patients that 
received fludarabine/tbi and in 11 of 13 patients who received fludarabine/
melphalan. gvHD prophylaxis consisted of cyclosporine alone (n = 2), 
cyclosporine with mycophenolatemofetil (n = 31), mycophenolic acid (n = 
6) or prednisolone (n = 3), cyclosporine with prednisolone and mycophe-
nolatemofetil (n = 9) or mycophenolic acid (n = 1) or none (n = 1). 

Predictive transplant score, n (%)    0.77
   low 24 (45) 15 (46) 9 (45)  
   High 24 (45) 14 (42) 10 (50)  
   Unknown 5 (10) 4 (12) 1 (5)  
no. of  previous treatments, median (range) 1 (0-3) 1 (0-3) 1 (0-2) 0.49
Previous treatment, n (%)    -
   Hydroxyurea 23 (43) 15 (45) 8 (40)  
   Thalidomide/lenalidomide + prednisone 8 (15) 5 (15) 3 (15)  
   Interferon 3 (6) 2 (6) 1 (5)  
   Phosphorus-32 2 (4) 1 (3) 1 (5)  
   Melphalan 2 (4) 2 (6) 0 (0)  
   Ruxolitinib 1 (2) 1 (3) 0 (0)  
   Prednisone 1 (2) 1 (3) 0 (0)  
   Erythropoeitin 1 (2) 1 (3) 0 (0)  
   Splenectomy 2 (4) 1 (3) 1 (5)  
   autologous stem cell transplantationb 1 (2) 1 (3) 0 (0)  
Time from diagnosis to sct, mo, median (range) 28 (1-322) 8 (1-322) 14 (5-48) 0.12

Table 2 Transplantation-
related characteristics
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Transplantation outcomes
Primary end point: engraftment
The cumulative neutrophil engraftment was 57% (95% confidence 

interval (ci): 43–70%) at 28 days and 75% (95% ci: 63–87%) at 100 days 
(Tables 3 and 4). Chimerism analysis had not been performed in three 
of these patients, but as they all experienced acute GvHD (aGvHD) they 
were considered to have engrafted. Four patients died without engraft-
ment within 60 days after sct. Causes of death in these patients were 
infection (n = 2), heart failure (n = 1) and aGvHD (n = 1). The cumulative 
incidence of primary graft failure at 60 days was 28% (95% ci: 15–40%). 
Of the 12 patients who were classified as primary graft failure, one patient 
engrafted spontaneously at day +63. Another patient received a donor 
lymphocyte infusion and engrafted at day +231. Two patients received a 
stem cell boost and engrafted at day +154 and +240, respectively. Four 

Characteristic Total riC nma P - value
Year of HCT, n (%)    <0.01
   2003- 2007 13 (25) 0 (0) 13 (65)  
   2008 - 2013 40 (75) 33 (100) 7 (35)  
Graft source, n (%)    0.05
   Peripheral blood 47 (89) 29 (88) 18 (90)  
   Bone marrow 2 (4) 0 (0) 2 (10)  
   Cord blood 4 (7) 4 (12) 0 (0)  
Donor type, n (%)    0.11
   Matched related donor 18 (34) 9 (27) 9 (45)  
   Matched unrelated donor 22 (42) 16 (49) 6 (30)  
   Mismatched unrelated donor 8 (15) 3 (9) 5 (25)  
   Unrelated donor, match unknown 1 (2) 1 (3) 0 (0)  
   Matched cord blood 4 (7) 4 (12) 0 (0)  
Donor/recipient CmV serostatus, n (%)    0.40
   + / + 19 (36) 12 (36) 8 (40)  
   + / - 5 (9) 5 (15) 0 (0)  
   - / + 8 (30) 5 (15) 3 (15)  
   - / - 19 (70) 11 (34) 8 (40)  
   Unknown 1 (2) 0 (0) 1 (5)  
number of CD34+ infused stem cells/kg, median (range) 7.0 (0.4-13.2) 6.1 (3.4-13.2) 6.6 (0.4-10.3) 0.70
Conditioning regimen, n (%)     
   Reduced-intensity     
      Fludarabine/melphalan 18 (34) - -  
      Cyclophosphamide/fludarabine/TBI 15 (28) - -  
      Fludarabine/low-dose cyclophosphamide 1 (2) - -  
   non-myeloablative     
      Fludarabine/TBI 19 (36) - -  
aTG use, n (%) 22 (42) 11 (33) 11 (55) 0.16

aTG=anti-thymocyte globulin; HCT = hematopoietic cell transplantation; nMa= non-
myeloablative; RIC= reduced-intensity conditioning.
− indicates not applicable.



110

patients had sustained graft failure until time of death (n=2) or last 
follow-up (n = 2). The remaining four patients with primary graft failure 
received a second sct (see below). In addition, three patients experienced 
secondary graft failure. One of them died and the other two received a 
second sct (see below). In univariate analysis, the cumulative neutrophil 
engraftment at 60 days was significantly lower in patients who received 
nma conditioning compared with those who received ric (56% vs 84%, P 
= 0.03) with a hazard ratio of 2.1 (95% ci: 1.1–4.0) (Figure 1). Notably, the 
three patients who experienced secondary graft failure had also received 
nma conditioning. Within the ric group, we found that the cumulative 
neutrophil engraftment at 60 days was higher in patients who received 
fludarabine/melphalan, compared with those who received fludarabine/
cyclophosphamide/tbi (100% vs 65%, P = 0.001). No significant differenc-
es in neutrophil engraftment were seen between the group with a msd 
and the group with an unrelated donor. Because of the small number 
of cord blood transplantations (n = 4), these were not included in the 
univariate analysis. Two of these patients successfully engrafted at day 
+55 and +56, respectively. One patient died of heart failure at day +27 
and one experienced primary graft failure. They had all received a ric 
regimen. No significant differences in cumulative neutrophil engraftment Table 3 Results

Characteristic Value
Follow-up post-HCT, mo, median (range) 11 (0-107)
Probability of neutrophil engraftment, % (95% Ci)  
   28-d 57 (43-70)
   100-d 75 (63-87)
Time to neutrophil engraftment, d, median (range) 19 (10-240)
Probability of platelet recovery, % (95% Ci)  
   28-d 40 (27-53)
   100-d 62 (47-76)
Time to platelet recovery, d, median (range) 19 (7-194)
acute GvHD, n (%)a 32 (63)
Chronic GvHD, n (%) 26 (49)
Best recorded response, n (%) b  
   CR 4 (8)
   PR 12 (23)
   CI 6 (11)
   SD 8 (15)
   not evaluable c 15 (28)
Cumulative incidence of primary graft failure, % (95% Ci) 28 (15-40)
Secondary graft failure 3 (6)
Cumulative trm, % (95% Ci) ^  
   6-mo 26 (14-38)
   1-y 43 (28-58)
Probability of overall survival, % (95% Ci)  
   1-y 57 (44-71)
   2-y 49 (34-64)

CI=confidence interval; HCT = hematopoietic cell transplantation; 
TRM= treatment-related mortality. 
aData on aGvHD were missing in two cases. 
bBest recorded response was defined as the best response that 
was documented at any given time point, but before the start of 
any other myelofibrosis treatment. If a bone marrow biopsy was 
not performed after transplantation, response could not be graded 
higher than PR. Patients with primary graft failure (n=12) were 
excluded from this analysis. 
cCases were categorised as not evaluable in case of death within 
60 days after transplantation or in case of pronounced variability in 
blood values (for example, in the case of multiple comorbidities 
and/or continuous high-dose immune suppressants).
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were found when comparing number of cd34+ cells infused (▯2.5 vs 
>2.5x106/L), spleen status (enlarged vs not enlarged/post splenectomy), 
platelet count pre-transplantation (▯100 vs >100x109/L), dipss score (low/
intermediate-1 vs intermediate-2/high), predictive transplant score (low 
vs high), mutational status (jak2+ vs mpl+ vs calr+ vs triple negative) or 
age at sct (▯60 vs >60 years).

Table 4 Univariate analysis of risk 
factors

Variable neutrophil engraftment at 60-d P-value 1-year OS P-value 1-year trm P-value
Conditioning regimen  0.03  0.49  0.32
   nMa 56 (34-78)  65 (44-86)  33 (9-57)  
   RIC 84 (70-98)  53 (35-70)  48 (30-67)  
Conditioning regimen  0.001  0.88  0.96
   Flu/Mel 100 (-)  55 (31-78)  46 (22-69)  
   Flu/Cy/TBI 65 (39-91)   48 (19-77)  56 (25-87)  
Donor type  0.35  0.06  0.04
   MSD 67 (45-88)  71 (50-92)  24 (1-47)  
   UD 77 (61-93)  48 (31-66)  54 (36-72)  
Spleen status  0.31  0.27  0.27
   Enlarged 71 (57-86)  50 (34-65)  52 (34-69)  
   not enlarged or removed 75 (51-100)  83 (62-100)  18 (0-41)  
Dipss  0.20  0.26  0.66
   low/int-1 81 (65-97)  54 (34-74)  40 (19-61)  
   Int-2/high 59 (38-80)  69 (49-88)  38 (15-60)  
PTS  0.51  0.04  0.18
   low 63 (43-83)  69 (50-88)  35 (14-56)  
   High 84 (68-100)  46 (26-66)  52 (30-74)  
age at SCT  0.65  0.75  0.99
   ≤60y 71 (54-88)  55 (37-73)  45 (25-65)  
   >60y 75 (56-93)  59 (38-80)  42 (20-64)  
Platelet count  0.53  0.19  0.23
   ≤100x109/l 73 (53-92) 52 (30-73) 48 (25-71)  
   >100x109/l 72 (56-89)  62 (45-79)  39 (21-58)  
mutational status  0.80  0.38  0.31
   jak2 positive 68 (49-88)  44 (23-65)  61 (38-84)  
   MPl positive 100 (-)  -             -  
   CalR positive 88 (66-100)  70 (42-98)  24 (5-53)  
   Triple negative 57 (20-94)  71 (38-100)  29 (5-62)  

Cy=cyclophosphamide; DIPSS =Dynamic International Prognostic Scoring System; 
Flu=fludarabine; jak2 = janus kinase 2; Mel =melphalan; MSD= matched sibling donor; 
nMa=non-myeloablative; PTS =predictive transplant score; RIC=reduced-intensity conditioning; 
SCT= stem cell transplantation; trm= treatment-related mortality; UD=unrelated donor. 
− indicates not applicable. values are shown as percentages (95% CI).
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Secondary end points
Data on aGvHD were available in all but two patients (n = 51). Of these, 

32 patients (63%) experienced aGvHD. In the ric group, a significantly 
higher incidence of aGvHD was found compared with in the nma group 
(75% and 42%, respectively, P = 0.04). No difference in aGvHD was found 
between regimens with or without atg. Twenty-six patients experienced 
chronic GvHD (49%). No significant differences in incidence were found 
when comparing conditioning regimens (ric vs nma), donor types (msd 
vs unrelated donor vs cord blood) and use of atg. 

Cumulative incidence of trm was 26% (95% ci: 14–38%) at 6 months 
and 43% (95% ci: 28–58%) at 1 year. In univariate analysis, a significantly 
higher trm was found in the group with an unrelated donor, compared 
with the msd group (54% vs 24%, P = 0.04).  os was 57% (95% ci: 44–71%) 
at 1 year and 49% (95% ci: 34–64%) at 2 years.  os was higher in patients 
with a low predictive transplant score, compared with the high-risk 
group (69% vs 46%, P = 0.04). For the trm, no such difference was found. 
A higher  os was seen in patients with a msd compared with those with 
an unrelated donor, but this was not statistically significant (71% (95% ci 
50– 93%) vs 48% (95% ci 31–66%) at 1 year, P = 0.06). No significant differ-
ences in trm or  os were found when comparing conditioning regimens 
(ric vs nma), dipss score (low/intermediate-1 vs intermediate-2/high), 

Figure 1. Neutrophil engraftment 

The figure shows the cumulative 
incidence of neutrophil engraftment in 
the group that received nma conditioning 
(blue line) and in the group that received 
ric (green line), respectively. The P-value 
was calculated with the log-rank test 
and is two-sided.
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mutational status (jak2+ vs mpl+ vs calr+ vs triple negative), spleen 
status (enlarged vs not enlarged/postsplenectomy), age at sct (▯60 vs >60 
years) or platelet count pre-transplantation (▯100 vs >100 × 109/L). 

As described above, six patients (four with primary graft failure and 
two with secondary graft failure) received a second allogeneic sct. Stem 
cell source was peripheral blood (n = 5) or bone marrow (n = 1) and the 
median number of cd34+ cells infused was 7.2x106/kg (range 6.5–13). 
Conditioning was nma in three patients, including (1) cyclophosphamide 
60 mg/kg/day for 2 days (n = 1), (2), cyclophosphamide 60 mg/kg/day for 
2 days and tbi 2 Gy (n = 1) or (3) fludarabine 30 mg/m2/day for 3 days and 
tbi 2 Gy (n = 1). The other three patients received ric, consisting of either 
(1) fludarabine 30 mg/m2/day for 5 days and melphalan 70 mg/kg/day 
for 2 days (n=2) or (2) cyclophosphamide 60 mg/kg for 1 day, fludarabine 
40 mg/m2/day for 4 days and tbi 4 Gy (n = 1). Anti-thymocyte globulin 
was added in the case of an unrelated donor. The three patients condi-
tioned with the nma regimen experienced graft failure again (primary 
n = 2, secondary n = 1). Two of them died and one is alive with disease 
progression at 60 months after the second transplantation. The three 
patients who received the ric regimen engrafted and obtained pr, with a 
follow-up of 26, 27 and 37 months, respectively.

Discussion
Here we report the results from a retrospective analysis of 53 patients 

who received an allogeneic sct in three transplantation centers in the 
Netherlands over a 10-year period. The most striking finding was the 
high cumulative incidence of graft failure within 60 days after sct (28%) 
as compared with previous reports. In an univariate analysis, this was 
shown to be primarily associated with the intensity of the conditioning 
regimen used. Cumulative neutrophil engraftment was higher in the 
group that received ric compared with in the nma group, with a hazard 
ratio of 2.1. Also, the three patients who experienced secondary graft 
failure had received nma conditioning. Moreover, from the six patients 
who received a second transplantation after (primary or secondary) graft 
failure, the three patients receiving a ric regimen subsequently engrafted, 
whereas the three patients receiving a second nma conditioning 
regimen did not. The difference in incidence of primary graft failure 
between the ric and nma group cannot be explained by differences 
in baseline characteristics. There were slight differences in dipss score 
and stem cell source, but these factors were not associated with the 
time to neutrophil engraftment in univariate analysis. There was no 
statistically significant difference in previous use of hydroxyurea between 
the ric and nma groups. Also, no other significant differences in time 
to neutrophil engraftment were found when comparing spleen status, 
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mutational status, number of cd34+ cells infused and platelet count 
pre-transplantation. The number of cord blood transplantations was 
too small to evaluate the influence on engraftment, but excluding these 
patients did not change the findings described above. 

We previously reported that engraftment may indeed be affected 
by the type of conditioning, possibly through the different extent of 
increase in stromal-derived factor-1α.24 Stromal-derived factor-1α has a 
key regulatory role in stem cell homing as well as in restoration of the 
hematopoietic stem cell niche after conditioning. In a murine model, 
conditioning-induced increases in stromal-derived factor-1α levels were 
found to attract cxcr4-positive megakaryocytes. A concomitant increase 
in pdgf-β and basic fibroblast growth factor (bFGF) levels, known to 
promote osteoblast proliferation, led to restoration of the hematopoietic 
stem cell niche as demonstrated by local engraftment of transplanted 
hematopoietic stem cells.25 We described that a more dose-intense 
regimen consisting of fludarabine and cyclophosphamide resulted in 
an increase in bone marrow stromal-derived factor-1α levels, whereas 
fludarabine in combination with low-dose tbi did not. A concomitant 
difference in hematopoietic recovery was suggested. 

To our knowledge, an influence of the difference between ric or 
nma regimens on engraftment in myelofibrosis has not been previously 
described. However, in most studies conditioning was myeloablative 
and/or ric and no distinction was made between ric and nma. In 
concordance with our results, a recent report that focused solely on 
graft failure reported a higher relative risk of graft failure after ric and 
nma compared with myeloablative conditioning. These results remained 
significant in multivariate analysis and the risk was higher for nma than 
for ric (rr 4.5 and 2.6, respectively). However, in this study allogeneic 
sct had been performed for multiple (hematologic and non-hematologic) 
indications and only a small number of mf patients was included (n = 
21).26 Other indirect support for our hypothesis stems from the reports 
by Kröger et al. They used a ric regimen, incorporating fludarabine, 
busulfan and atg, and reached the lowest graft failure rates reported 
to date (2–5%).12,27 In contrast, Ballen et al. found a higher incidence 
of graft failure in patients who received ric compared with those who 
received nma conditioning. In their study, a comparable categorization 
of conditioning regimens was made, based on the recommendations of 
the Regimen-Related Toxicity Working Committee. Primary graft failure 
occurred in 7 out of 60 patients who received ric or nma conditioning, 
of whom six had received ric and one had received nma conditioning.14 
This difference in findings might be explained by the higher number of 
bone marrow transplantations in their cohort (no information on infused 
cd34+ count is given, but on average this is lower in bone marrow 
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transplantation compared with peripheral blood). Also, a difference 
in the definition of graft failure may have been of influence (lack of 
neutrophil engraftment at day +35, compared with day +60 in our study), 
as five patients (9%) in our study engrafted between day +35 and day +60 
and the majority of them (80%) had received ric.

Another important issue in allogeneic sct is the prediction of outcome 
in the individual patient. Multiple prognostic scoring models have been 
described; however, most were not designed for use in the transplantation 
setting. In a recent review by Alchalby et al. it is described that prognosis 
does differ significantly between dipss low, intermediate (-1 and -2) 
and high-risk groups, but no significant differences in survival are 
found between intermediate-1 and intermediate-2 risk groups.28 This 
might explain why in our cohort, mainly consisting of patients with an 
intermediate-1 or -2 risk, we did not find a significant association between 
dipss score and  os. In contrast, we did find a significantly higher  os 
in the group with a low predictive transplant score. This scoring model 
was described by Bacigalupo and colleagues in 2010, but has not often 
been used in other studies.22 Unfortunately, in the review by Alchalby, 
the predictive transplant score could not be examined due to missing 
data regarding number of transfused rbcs and degree of splenomegaly. 
It would therefore be interesting to incorporate this scoring model into 
future studies. Finally, it has recently been shown that mutational status 
influences survival outcomes in mf.18,29 No such correlation was found in 
our cohort. 

In conclusion, several studies have demonstrated that reducing 
the intensity of conditioning regimens in allogeneic transplantation 
for mf leads to lower non-relapse mortality. However, graft failure is 
still a major issue and to find predictive factors for this complication, 
documentation should be more detailed and uniform across studies. 
Our study indicates that nma regimens, only incorporating fludarabine 
and low-dose tbi, result in high rates of engraftment failure and should 
not be used in patients with mf. Whether administration of ruxolitinib 
pre-transplantion will improve this (as might be expected because of 
reduction of both spleen size and inflammatory cytokines) will have 
to be proven. A small study by Jaekel et al.30 indeed showed a low graft 
failure rate (1 out of 14 patients, 7%). We suggest that, awaiting the 
results of trials now investigating the role of ruxolitinib, more intensive 
conditioning regimens, for example, those incorporating busulfan or 
melphalan, should be used.
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This thesis addresses clinical challenges regarding diagnosis, treatment, 
and response monitoring in patients with mf. The outcomes are presented 
in two parts. In Part I, we discuss the accuracy of current diagnostic 
methods - more specifically the bm biopsy - and evaluate the potential 
role of imaging techniques as an alternative for evaluating mf disease 
activity. Part II describes the incidence of mf and real-life outcome data 
in the Netherlands, specifically concerning population-based survival, 
the use of ruxolitinib in patients with baseline thrombocytopenia, and 
the effect of different conditioning regimens on graft failure after allo sct.

Part I.
Imaging in myelofibrosis 

Summary of findings
The hallmark of current diagnostic and treatment response criteria for 

mf - the bm biopsy - has several limitations, which complicate the reliable 
evaluation of the different aspects of disease activity(1, 2). In this thesis, 
we evaluated the potential value of imaging techniques as an alternative 
method.

Chapter 2 describes the results of our systematic literature review. 
Herein, we found that many imaging techniques have been explored 
in mf, including conventional radiography, dxa, thermography, and 
various forms of ultrasonography, ct, mri, scintigraphy, pet, and spect. 
Several techniques indicated that disease distribution in mf can be 
either homogeneous or patchy, primarily affecting the axial skeleton and 
sometimes extending into the extremities. Multiple explorative studies 

Chapter 7
Summary 

and 
general discussion
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found correlations between imaging findings and histopathological bm 
characteristics, but diagnostic accuracy could be extracted or derived 
from only seven studies, most of which showed a significant risk of bias. 
Prognostic implications of imaging results were seldom reported. None 
of the imaging techniques proved ready for use in clinical practice. 
Nevertheless, T1-weighted mri (with or without stir) and Dixon are 
promising techniques for the evaluation and follow-up of bm fat content, 
which might relate to disease severity. Also, 18f-fdg and 18f-flt pet/ct 
are feasible techniques with a potential value for disease monitoring, 
given their seeming correlation to fibrosis grade. In particular, diagnostic 
accuracy for detecting residual disease after allo sct was reported to 
be high for 18f-fdg pet/ct. In contrast, regular splenic ultrasound and 
conventional radiography were shown to be insufficiently accurate for 
diagnosing myeloid metaplasia and osteosclerosis, respectively. Splenic 
transient elastography and dce-mri showed reasonable accuracies for the 
detection of bm fibrosis grade and the distinction between mf patients 
and et/pv patients, respectively. However, elastography was not feasible 
in many patients, and the added value over spleen size measurements is 
questionable. Furthermore, the semi-quantitative parameters obtained 
by dce-mri are sensitive to variations between patients and acquisition 
protocols. Alternative techniques, including dxa, hr-pqct, and bone 
scintigraphy or pet with other tracers, require further research. 

We further evaluated several of the promising imaging techniques in 
a diagnostic pilot study. Chapter 3 describes the results of this study, in 
which we aimed to characterize all aspects of the bm compartment in mf, 
both before and during treatment with ruxolitinib. In all four included 
patients, a low baseline bm fat content was seen on T1-weighted mri and 
Dixon, indicating bm hypercellularity and/or fibrosis. Furthermore, 
baseline vertebral bm blood flow (as measured by 15O-water pet/ct) 
and skeletal 18F-NaF uptake were increased in all patients, presumably 
reflecting neoangiogenesis and increased osteoblastic activity. During 
treatment, various degrees of reversal in bm fat content were seen on T1- 
weighted mri and Dixon. Moreover, ruxolitinib induced a normalization 
of bm perfusion as reflected by 15O-water pet/ct and dce-mri in one 
patient, who also showed the fastest clinical response. Vertebral 18F-NaF 
uptake did not change significantly in any of the patients during 
treatment. Comparisons to histopathology were difficult since multiple 
bm samples were not evaluable, evaluated bone structures did not always 
match, and one case of sampling error was suspected. We conclude that 
imaging, especially T1-weighted mri/Dixon, may reflect differences in 
treatment responses between patients. However, diagnostic accuracy is 
difficult to determine due to limitations in the gold standard (i.e. the bm 
biopsy).
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General discussion and clinical implications
Existing guidelines do not discuss the use of imaging for the diagnosis 

or follow-up monitoring of mf, despite the successful use thereof in other 
hematological malignancies(3, 4). Based on this thesis, we agree that 
insufficient evidence is currently available to recommend its standard use 
in clinical practice. However, we did find specific benefits of imaging that 
warrant further research into this field. Specifically, imaging can provide 
additional information on the hematopoietic compartment in mf when 
compared with bm biopsies. Most importantly, imaging visualizes disease 
distribution throughout the hematopoietic compartment, whilst bm 
biopsies only represent a small sample. This has led to the identification 
of patchy disease in a large part of patients, whilst mf was previously 
thought to be a homogeneous disease(5). Moreover, this thesis shows 
that the reversal of bm abnormalities during treatment is not evenly 
distributed, but commonly starts in the (proximal) extremities, only 
later progressing to the pelvis and spine. In addition to other well-known 
limitations (e.g. interobserver variability in fibrosis grading, risk of crush 
artefacts), this knowledge questions the accuracy of the current gold 
standard (i.e. pelvic bm biopsies) in the representation of fibrosis grade 
and in detection of early changes during treatment. Indeed, multiple 
cases of sampling error through bm biopsies were suspected in Chapters 
2 and 3. These misrepresentations of disease activity may hamper an 
accurate process of prognostication, treatment decision making, and 
treatment efficacy evaluation. 

Firstly, bm fibrosis severity has been identified as an independent 
predictor of overall survival in mf in multiple cohorts(6), including the 
one used for the mipss70(7, 8). In contrast, the negative effect of bm fibrosis 
on survival did not meet statistical significance in the cohort used for 
mipss70+, even in univariate analysis. Although this might reflect an 
actual weak correlation, these inconsistent results might also be due to the 
above-named difficulties in fibrosis grading of bm biopsies. Possibly, taking 
into account the extent of fibrosis throughout the bm by using (whole-
body) imaging techniques could help further refine prognostic models. 

Dutch guidelines on pmf currently recommend using the mipss70 
and mipss70+ to assess which patients should be considered for allo sct. 
Thus, when using mipss70, reliable determination of fibrosis grade is 
essential for transplant-eligible patients. In this setting, imaging could 
overcome the risk of sampling error and might therefore be of additional 
value. Future studies should focus on the diagnostic accuracy of imaging 
techniques regarding bm fibrosis grading.  

Lastly, the reversal of bm fibrosis remains an important goal of 
therapy(9), since this is thought to reflect a significant effect on disease 
biology. Indeed, fibrosis reversal is reached in a significant proportion 
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of patients after allo sct, which is the only known curative treatment for 
mf(2). Unfortunately, clinical trials on ruxolitinib did not show fibrosis 
reversal in pelvic bm biopsies within the first year of treatment(10), 
thereby questioning its potential to change the disease course. However, 
since Chapters 2 and 3 show that the first treatment-related changes 
usually occur in the extremities, pelvic bm biopsies might not have been 
adequate in detecting early responses. Interestingly, recent reports have 
indeed demonstrated a reversal of bm fibrosis after long-term ruxolitinib 
therapy in several patients(6). Although long-term splenic responses 
were generally more pronounced in patients with bm fibrosis reduction, 
these responses were also seen in patients with worsening fibrosis grades. 
Possibly, imaging could more timely identify patients with favorable 
bm responses. Thereby, it might help to guide treatment decisions; for 
example, regarding the timing of allo sct (see Part II). Most importantly, 
early identification of bm responses could benefit the evaluation of 
upcoming, often expensive drugs. 

Future research
Given the limitations of bm biopsies as discussed in this thesis, we feel 

that future studies should evaluate alternative diagnostic methods to 
determine bm fibrosis grade. Although simple methods would be preferred 
(e.g. the evaluation of leukoerythroblastosis or the percentage of peripheral 
blood blasts), these measures are indirect and probably lack sufficient diag-
nostic accuracy(11, 12). Based on the results from Chapters 2 and 3, we do 
see a potential role for imaging. Especially promising techniques include 
T1-weighted mri/stir, 18f-fdg pet/ct and 18f-flt pet/ct. Importantly, the 
diagnostic accuracies of these techniques should be further evaluation, 
especially regarding the distinction between hypercellularity and fibrosis. 
In these studies, the timing of imaging should preferentially be paired to 
clinically scheduled bm biopsies, given the significant burden associated 
with repeated biopsies. Although such studies could be relatively small, 
the frequent occurrence of unassessable bm samples should be considered 
in sample size decisions. Importantly, evaluated regions of interest should 
match bm biopsy location. If possible, the visualization of bm biopsy needle 
tracks could help to determine whether histopathological results are 
representative of the larger recorded area. Moreover, study designs should 
include blinded interpreters, a clear reference standard, pre-specified 
cut-off values, and inclusion of consecutive patients. Apart from diagnostic 
accuracy, the prognostic value of imaging results should be further evalu-
ated, with the purpose of refining current prognostic risk models. This will 
require larger patient samples, with a reasonable duration of follow-up. 
Lastly, the ongoing hovon 134 trial is assessing the role of 18f-fdg pet/ct 
in the follow-up of bm abnormalities after allo sct. 
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Part II
A real-life perspective on myelofibrosis in the Netherlands

Summary of findings
Part II of this thesis focuses on the incidence of mf, as well as 

treatment choices and outcomes in Dutch mf patients. 
Chapter 4 describes the results of our population-based study in which 

we investigated the incidence, relative survival and early treatment 
choices in Dutch mf patients over time. We found a mean standardized 
incidence rate of 0.49/100,000 person-years. Five-year relative survival 
increased slightly between patients diagnosed in 2001-2010 and 2011-2018 
(51% to 55%, p= 0.04), which was most pronounced in patients aged >65 
years at diagnosis (38% to 45%, p= 0.01). In the first year after diagnosis, 
most patients received a wait-and-see policy. Allo sct was performed in 
approximately 10% of patients aged <65 years, without significant changes 
over time. In contrast, non-chemotherapeutic systemic treatment was 
increasingly prescribed in all age groups (from 3% to 14% in patients 
diagnosed between 2001-2010 and 2011-2018, respectively), which mainly 
concerned jak1/2 inhibitor therapy (e.g. ruxolitinib). ipss risk distribution 
in the 2014-2018 cohort was comparable to recent literature, and no 
arguments were found to support the presence of significant changes 
herein over time.

Chapter 5 reports on the safety of ruxolitinib treatment in patients 
with baseline thrombocytopenia, based on a retrospective analysis 
of real-life treatment outcomes in Dutch patients and results from 
a systematic literature search. In our cohort, the incidence of grade 
≥3 thrombocytopenia was increased in the 12 patients with baseline 
thrombocytopenia compared with those with a baseline platelet count 
> 100x109/L (42% versus 15%). This was in line with previous literature. 
Interestingly, the fda-advised starting dose of 5 mg bid was exceeded 
in 11/12 patients (92%) and dose modifications were frequently needed. 
However, when combining our data with previous literature, the pooled 
incidence of severe bleeding in patients with baseline thrombocytopenia 
was not significantly increased compared to data from the comfort-1 
trial (2.4% versus 3.9%). Of note, only a few patients with a baseline 
platelet count <50x109/L were included. Therefore, we conclude that 
ruxolitinib treatment in patients with a baseline platelet count of 
50-100x109/L is safe in daily clinical practice, even at higher starting 
doses. 

In Chapter 6, we retrospectively evaluated the outcome of patients 
treated with allo sct in three university centers in the Netherlands, 
specifically focusing on the effect of different conditioning regimens 
on engraftment. We found that the cumulative neutrophil engraftment 
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at 60 days was lower in patients who received nma conditioning 
compared with those who received ric (56% vs 84%, P = 0.03). We found 
no differences in baseline characteristics that could account for this 
difference. Importantly, no significant differences in trm were found 
when comparing ric and nma regimens, despite a higher incidence of 
aGvHD in the ric group. We conclude that nma regimens result in high 
rates of primary graft failure, and should not be used in mf.

General discussion and clinical implications
Chapter 4 of this thesis shows that the relative survival of mf patients 

in the Netherlands has slightly increased over time. This endorses 
the findings of two previous population-based studies, which carried 
significant uncertainties(13, 14). Since we found no arguments to suggest 
changes in risk distribution in the mf population over time, it is likely 
that the observed survival benefit is caused by therapeutic changes. 
Specifically, we found a significant increase in the early use of ruxolitinib 
over time. Unfortunately, our data did not allow for the evaluation of a 
possible causal relationship, due to the lack of detailed data on subsequent 
treatment modalities and outcome during follow-up. For example, whilst 
the percentage of patients who received early allo sct remained stable 
over time, we might have missed an increase in the use of allo sct at later 
stages in the disease, as was recently suggested by ebmt data(15). Also, 
clinical response rates of ruxolitinib-treated patients were lacking. 

To our knowledge, no other population-based studies have evaluated 
the effect of treatment modalities on relative survival. Although one 
population-based study reported relative survival rates for patients 
treatment with ruxolitinib, these results were not compared to a control 
group(16). Therefore, current knowledge on the effect of ruxolitinib on 
survival is based on long-term outcomes from randomized clinical trials. 
Both long-term results from the comfort-2 trial and a pooled analysis 
of the comfort-1 and 2 trials indicated a survival benefit in patients 
randomized to ruxolitinib versus those randomized to placebo or best 
available therapy, this being statistically significant in the latter(17, 18). 
Furthermore, a group of 100 patients treated with ruxolitinib in the 
comfort-2 trial showed significantly longer survival compared with 
historical controls(19). Of note however, the comfort trials were not 
designed with survival as a primary endpoint. Also, in- and exclusion 
criteria in these trials were strict, thus limiting the generalizability of 
results. Regarding allo sct, multiple observational studies have shown 
an increase in median survival after this potentially curative treatment 
compared to (historical) control groups, especially in patients with dipss 
intermediate-2 and high risk disease(20, 21). However, it is unknown 
which percentage of real-life patients is truly eligible for allo sct(15). 
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Therefore, the effect of both ruxolitinib therapy and allo sct on real-
world survival in mf remains to be determined. 

In order to gain more insight into these issues, we started the Pharos 
project in 2012. Herein, we created a more extensive database for a defined 
cohort as selected from the ncr, including mf patients diagnosed between 
January 2008 and June 2013. For this cohort, detailed data were collected 
regarding patient and disease characteristics, all prescribed treatment 
modalities, systematic response evaluations, and general follow-up 
monitoring. This proved to be a challenging process. The heterogeneity 
in disease presentation and treatment responses required extensive 
data collection, whilst the lack of systematic treatment monitoring in 
clinical practice resulted in many missing data. Drug dosing and therapy 
duration were strongly heterogeneous, complicating the comparison 
between patients. Lastly, the duration of follow-up was short for patients 
treated with ruxolitinib, given the lack of workforce required for 
additional follow-up registrations. Due to these limitations, the Pharos 
mf database proved to be unsuitable for evaluating the above-named 
questions. However, given the changing therapeutic landscape and the 
development of new and often expensive drugs, it remains essential to 
determine treatment efficacy in real-world patients. Thus, future studies 
are needed, and these should focus on the facilitation of data collection, 
for example by using automated data extraction (see below). 

In Chapter 5, we evaluated the safety of ruxolitinib treatment in 
patients with baseline thrombocytopenia, since these patients were 
excluded from the original comfort trials(10, 22). We based our analyses 
on a cohort of patients who had been treated within a compassionate-use 
program before official registration of the drug. Although participation 
in this program officially required a baseline platelet count >100x109/L, 
multiple patients with baseline thrombocytopenia were found to have 
been included. This illustrates the need for an effective treatment in this 
subgroup. Based on our results and previous literature, we conclude 
that ruxolitinib treatment is safe in patients with a baseline platelet 
count of 50-100x109/L, even at higher starting doses than currently 
recommended. Interestingly, the advised starting dose according to 
Farmacotherapeutisch Kompas (i.e. 5mg bid) is based on early dose-find-
ing studies, from which patients with baseline thrombocytopenia were 
excluded(23). Since treatment-related and disease-related thrombocytope-
nia have a different pathophysiological background, the effect of ruxol-
itinib treatment on the latter subgroup might not be adequately reflected 
by these studies. Indeed, multiple reports have shown that ruxolitinib can 
enhance platelet counts in patients with disease-related thrombocytope-
nia, possibly through decreased splenic sequestration, decreased inflam-
matory cytokine production (e.g. tgf-β), or inhibition of macrophage 
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function(24). Moreover, given the known dose-response relationship of 
ruxolitinib, we feel that the highest tolerated dose should be sought in 
each patient. Therefore, based on current data, we advise to start with 
10mg bid for patients with a baseline platelet count of 50-100x109/L, as 
long as this is accompanied by frequent monitoring of platelet counts. A 
pragmatic approach would be to start with weekly monitoring, thereafter 
prolonging the intervals on an individual basis. Further tailoring of these 
recommendations should be based on the final results of the ongoing 
phase 1-2 expand trial.

Chapter 6 focused on the effect of conditioning regimens on outcome 
after allo sct. At the time of our study, many different conditioning reg-
imens were being used in the Netherlands due to the lack of comparative 
studies. These mostly comprised ric and nma regimens, since most mf 
patients are not eligible for myeloablative conditioning, and the choice for 
the specific regimen was largely based on local experience. Based on the 
results of our multicenter study, we strongly advise to use ric regimens 
instead of nma regimens, since they were associated with lower rates of 
graft failure . With ≈10% of Dutch mf patients aged <65 years receiving 
allo sct within the first year after diagnosis (as shown in Chapter 4) - and 
possibly even higher numbers at later times during follow-up based on 
recently published data(8, 15, 25) - these results are highly relevant to 
clinical practice. Following the publication of our study, the use of ric 
regimens has indeed increased in European countries, often concerning 
busulphan-based regimens(15). In the Netherlands, mf patients eligible 
for allo sct are currently preferentially included in the ongoing hovon 
134 trial, which also uses a busulphan-based ric protocol.

Despite the improvements named earlier, allo sct is still associated 
with substantial morbidity and mortality, and much effort has been 
put into lowering trm. Apart from the attempted optimization 
of patient and donor selection(26, 27), the use of T-cell depletion 
therapy (e.g. anti-thymocyte globulin) has increased over time, which 
presumably leads to less GvHD and trm(15, 28, 29). In addition, the 
pre-transplantation treatment of splenomegaly has gained much 
attention, since multiple studies have indicated a detrimental effect of 
severe splenomegaly on trm(15, 26, 28). Some studies have suggested 
a beneficial effect of pre-transplantation splenectomy on trm(15, 
28), but no randomized clinical trials have been performed and 
splenectomy carries a significant mortality risk. Therefore, its standard 
use is currently not recommended(9, 20). An alternative strategy for 
the pre-transplantation treatment of splenomegaly is jak2 inhibitor 
therapy, which has the additional benefit of proven beneficial effects 
on GvHD and constitutional symptoms(10, 30). Favorable outcomes 
regarding GvHD and/or survival parameters were indeed described in 
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several retrospective and prospective studies using pre-transplantation 
ruxolitinib therapy - especially in patients with clinical responses - (31-
35), but others reported no overall difference with ruxolitinib-untreated 
patients(33, 35). Of note, although larger studies reported feasibility and 
safety of ruxolitinib treatment in this setting(35, 36), the infection risk 
may be increased(29, 33, 34) and incidental cases of cardiogenic shock, 
tumor lysis syndrome, and ruxolitinib withdrawal have occurred(29). 
Currently, the ebmt recommends considering ruxolitinib for patients 
with splenomegaly at least 2 months prior to hsct, with a careful 
weaning before conditioning(37). However, more research is needed to 
define the optimal timing and duration of therapy(9), and results should 
be confirmed in a randomized clinical trial. Moreover, the effect of other 
jak2 inhibitors on outcome after allo sct warrants further evaluation 
(see below). 

Apart from optimizing the treatment itself, a challenge lies in the 
optimal timing of allo sct in an individual patient. For example, 
although allo sct should be considered in a patient with high risk 
according to the mipss70, it might feel disproportional in case of low 
symptom burden given the considerable risk of early trm and treatment-
related morbidity. Therefore, clinicians could be inclined to start with 
an alternative strategy. Unfortunately, a study designed to investigate 
the role of ruxolitinib in this setting was terminated due to accrual 
issues (nct02598297). Interestingly, a recent study did suggest a better 
outcome after allo sct if patients received the transplant after responding 
to ruxolitinib, rather than postponing the transplant until ruxolitinib 
failure. However, there are no solid methods to predict the latter event. 
Possibly, imaging studies could be of additional benefit in this situation 
(see Part I). 

Future research
Although we found that ruxolitinib treatment can be safe in patients 

with low platelet counts, the optimal dosing in this subgroup needs 
further clarification. Currently, we are especially awaiting the final 
results of the phase 1-2 expand trial. In order to further tailor therapy 
to the individual patients’ needs, future studies should focus on 
identifying patients who are likely to experience a ‘paradoxical’ increase 
in platelet counts during ruxolitinib therapy. Possible targets include the 
measurement of immature platelet fractions and tgf- β(24, 38). 

For the future improvement of outcomes after allo sct, the role of 
ruxolitinib therapy peri-transplantation warrants further investigation, 
with specific focus on the optimal timing and duration of therapy. 
Indeed, this is currently being evaluated in a phase II non-randomized 
clinical trial (nct03427866). Another ongoing phase II trial aims to 
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compare the outcome of patients with a suitable stem cell donor and 
three months of ruxolitinib induction therapy prior to allo sct with 
patients who lack a suitable stem cell donor and will continue to receive 
ruxolitinib (nct03333187). Depending on these results, a randomized 
clinical trial might be warranted at a later stage. In addition, the role of 
other jak inhibitors in the peri-transplantation setting could be further 
evaluated. The Dutch hovon 134 trial is currently assessing the effect of 
the jak2/flt3 inhibitor pacritinib preceding allo sct on engraftment and 
other therapy-related outcomes. 

Lastly, future research should focus on the effect of available and 
upcoming treatments on real-world outcome, since clinical trials are 
not likely to reflect the entire mf population. Given the relatively low 
incidence of mf, the heterogeneity in disease presentation and treatment, 
and the risk of inclusion bias associated with monocenter studies, a 
population-based registry would be the preferential data source. However, 
as described in this thesis, most registries are currently not equipped for 
this purpose due to the lack of detailed treatment and follow-up data. In-
depth analysis of therapy effect on survival would require the registration 
of all therapy lines, prognostic risk scores at diagnosis and at start of 
treatment, and data on transformation to aml. The evaluation of other 
outcomes (e.g. quality of life or disease biology) would require even more 
items, including - but not limited to - the mpn-saf, bm biopsy results, and 
mutational analyses. The design of such an extensive population-based 
database is subject to many pitfalls, as we encountered in our Pharos 
project (see above). Clearer guidelines on therapy monitoring (e.g. timing 
of mpn-saf, bm biopsies, measurement of allelic burden) could help to 
limit missing data, although the heterogeneous course of mf will always 
give rise to guideline deviations. Therefore, with current regulations, 
expansion of population-based registries will remain a time-consuming 
process, requiring a great workforce. The development of big data 
analytics might overcome these issues in the future. The automated 
import of data from electronic patient files would make such a project 
more feasible and hopefully cost-effective(39). However, apart from the 
right technology, this would require adequate securing of patient data, as 
well as a revision of privacy regulations.
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Hoofdstuk 1 beschrijft de achtergrond van de ziekte myelofibrose en geeft 
een inleiding op de belangrijkste vraagstellingen van dit proefschrift. 
Myelofibrose is een beenmergziekte, waarbij ongecontroleerde activiteit 
van bloedvormende stamcellen uiteindelijk leidt tot verbindweefseling 
van het beenmerg. De mate van beenmergafwijkingen en klinische 
verschijnselen kunnen sterk verschillen van persoon tot persoon. Dat 
maakt het lastig om de diagnose en het effect van behandelingen vast te 
stellen. Momenteel wordt hierbij grotendeels gevaren op uitslagen van 
botbiopten. Deze biopten hebben echter verschillende nadelen en zijn 
niet altijd betrouwbaar. Alternatieve methoden, zoals beeldvormend 
onderzoek (imaging) zijn nog niet goed onderzocht. Verder beschrijft dit 
hoofdstuk mogelijke behandelingen voor myelofibrose. Allogene stam-
celtransplantatie, waarbij gebruikt wordt gemaakt van donorstamcellen, 
is de enige behandeling die kans biedt op genezing. Deze zware behande-
ling kan echter alleen worden gebruikt voor ‘fitte’ patiënten. Een alter-
natieve, relatief nieuwe, behandeling is het medicijn ruxolitinib. Hoewel 
ruxolitinib de kwaliteit van leven van patiënten vaak verbetert, is het niet 
duidelijk of het hun levensduur kan verlengen. Ook is nog niet duidelijk 
of dit middel veilig is bij patiënten met een laag aantal bloedplaatjes.  

De vraagstellingen die in dit proefschrift worden beantwoord 
zijn als volgt:
◆	 Is er een aanvullende waarde van beeldvormende technieken voor het 

vaststellen van ziekteactiviteit bij myelofibrose?
◆	 Hoe vaak komt myelofibrose voor in Nederland?  
◆	 Hoe zijn de behandeling en uitkomsten van Nederlandse patiënten 

veranderd over de afgelopen jaren? 
◆	 Wat is het effect van verschillende voorbehandelingen 

(‘conditionering’) op de uitkomst na allogene stamceltransplantatie?
◆	 Is behandeling met ruxolitinib veilig voor myelofibrose patiënten met 

een laag aantal bloedplaatjes?

De naar het Nederlands vertaalde titel van dit proefschrift luidt: 
‘Over myelofibrose, een toonbeeld van heterogeniteit’.

Nederlandse
samenvatting
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Het proefschrift is opgesplitst in twee delen. In Deel 1 bestuderen we de 
rol van beeldvormende technieken voor het vaststellen van ziekteactivite-
it bij myelofibrose. 

In Hoofdstuk 2 hebben we de bestaande wetenschappelijke literatuur 
op een systematische manier geordend (systematisch literatuuronder-
zoek). Op basis van 55 relevante studies (grotendeels exploratief) 
vonden we dat meerdere beeldvormende technieken zijn gebruikt 
bij myelofibrose patiënten, waaronder röntgenonderzoek, botdicht-
heidsmetingen, echografie, ct-scans, mri-scans en scans die gebruik 
maken van radioactief gelabelde stoffen (scintigrafie, spect, pet). 
Meerdere technieken lieten zien dat de ziekteactiviteit bij myelofibrose 
zowel homogeen als heterogeen verspreid kan zijn over het beenmerg. 
Afwijkingen werden vooral gevonden in het centrale skelet, soms met 
uitbreiding naar de botten in de armen en de benen. Meerdere studies 
toonden een verband aan tussen de uitkomsten van beeldvormende 
onderzoeken en die van botbiopten binnen dezelfde patiënten. Echter, 
slechts zeven studies hebben de accuraatheid van de beeldvormende 
onderzoeken beoordeeld, en de betrouwbaarheid van hun conclusies is 
onzeker. Daarom zijn geen van de gebruikte beeldvormende techniek-
en klaar voor gebruik in de klinische praktijk. Aan het eind van dit 
hoofdstuk beschrijven we welke technieken geen aanvullende waarde 
lijken te hebben (echografie van de milt, röntgenonderzoek) en welke 
veelbelovende technieken juist verder onderzoek verdienen (verschil-
lende vormen van mri en pet/ct scans).

Enkele van deze veelbelovende beeldvormende technieken hebben 
wij verder onderzocht in een kleine prospectieve studie. Hoofdstuk 3 
beschrijft de resultaten van dit onderzoek, waarin we hebben geprobeerd 
om alle verschillende beenmergafwijkingen bij myelofibrose in beeld te 
brengen met imaging technieken, zowel vóór als tijdens behandeling met 
ruxolitinib. Bij alle vier de deelnemende patiënten werd vóór start van de 
behandeling een laag vetgehalte in het beenmerg gezien op T1-gewogen 
mri en Dixon scans. Dit wijst op verdringing van vetcellen door een 
overmaat aan bloedcellen en/of bindweefsel. Ook bleken de bloeddoor-
stroming en de opname van de radioactief gelabelde stof 18F-NaF in 
het beenmerg van alle patiënten verhoogd (gemeten met respectievelijk 
15O-water pet/ct als dce/mri scans). Dit wijst vermoedelijk op een 
toegenomen aantal bloedvaatjes en verhoogde activiteit van botvormende 
cellen. Tijdens behandeling met ruxolitinib nam het vetgehalte in het 
beenmerg bij alle patiënten toe, maar de mate hiervan verschilde sterk 
van patiënt tot patiënt. De bloeddoorstroming van het beenmerg normal-
iseerde slechts bij één patiënt (gemeten met zowel 15O-water pet/ct als 
dce/mri scans). Bij deze patiënt trad ook de snelste klinische verbetering 
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op. Bij geen van de patiënten werd een noemenswaardige verandering 
in opname van 18F-NaF gezien. Helaas bleek het in ons onderzoek niet 
mogelijk om een goede vergelijking te maken tussen de resultaten van 
beeldvormede onderzoeken en die van gelijktijdig afgenomen botbiopten. 
Dit kwam met name door tekortkomingen van de botbiopten. We conclu-
deren dat verschillen in reactie op behandeling tussen patiënten zichtbaar 
kunnen worden gemaakt met beeldvormende onderzoeken. Het bepalen 
van de accuraatheid hiervan wordt echter bemoeilijkt door tekortkomin-
gen van de huidige goud standaard (het botbiopt).

Deel 2 is gericht op de epidemiologie van myelofibrose in Nederland, ev-
enals de behandeling en uitkomsten van specifieke groepen Nederlandse 
patiënten.  

Hoofdstuk 4 bevat de resultaten van het onderzoek dat we hebben 
verricht naar alle Nederlandse patiënten die de diagnose myelofibrose 
kregen tussen 2001 en 2018. Op basis hiervan hebben we het vóórkomen 
van myelofibrose in Nederland vastgesteld (de ‘incidentie’), evenals de 
overleving en vroege behandelstrategieën door de tijd. De gestandaard-
iseerde incidentie van myelofibrose (een weergave van het aantal diagno-
ses per 100.000 mensen, waarbij de leeftijdsverdeling over verschillende 
jaren gelijk is getrokken) was 0,49/100.000 persoonsjaren. Om de myelofi-
brose-specifieke overleving te bepalen (welke niet wordt beïnvloedt door 
andere doodsoorzaken) hebben we het aandeel overlevenden in de eerste 
vijf jaar na diagnose vergeleken met het verwachte aandeel overlevenden 
in een vergelijkbare groep mensen zonder de ziekte. Deze ‘relatieve over-
leving’ bleek te zijn toegenomen over de tijd, namelijk van 51% voor de 
groep patiënten die de diagnose kregen tussen 2001 en 2010 tot 55% voor 
de patiënten uit 2011-2018 (p = 0,04). Voor de subgroep van patiënten > 
65 jaar was deze toename in relatieve overleving nog meer uitgesproken 
(38% naar 45%, p = 0,01). Mogelijk wordt de toename in relatieve overlev-
ing verklaard door veranderingen in behandelstrategieën. In het eerste 
jaar na de diagnose kregen de meeste patiënten geen actieve behandeling. 
Allogene stamceltransplantaties werden uitgevoerd in ongeveer 10% van 
de patiënten < 65 jaar, hetgeen gelijk bleef over de tijd. Daarentegen werd 
er steeds vaker niet-chemotherapeutische medicatie voorgeschreven; dit 
gebeurde bij 3% van de patiënten die de diagnose kregen tussen 2001 en 
2010 en bij 14% van de patiënten tussen 2011-2018. Deze medicatie betrof 
voornamelijk jak1/2 remmers zoals ruxolitinib. De parallelle toename in 
relatieve overleving en gebruik van ruxolitinib suggereert dat dit medicijn 
mogelijk positieve effecten had op de overleving van onze patiënten. Op 
basis van onze gegevens hebben wij dit echter niet met zekerheid kunnen 
vaststellen. 
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Hoofdstuk 5 van dit proefschrift gaat over de veiligheid van ruxolitinib 
bij patiënten met een laag aantal bloedplaatjes. Wij hebben dit in kaart 
gebracht door de uitkomsten van een groep Nederlandse patiënten te 
analyseren en door een systematisch literatuuronderzoek te verricht-
en. Van onze groep patiënten hadden er 12 een bloedplaatjesaantal < 
100x109/L bij aanvang van de behandeling (‘baseline’). In deze groep trad 
tijdens behandeling met ruxolitinib significant vaker een ernstig verlaagd 
aantal bloedplaatjes (< 50x109/L) op vergeleken met de andere patiënten 
(42% versus 15%). Deze bevindingen waren in overeenstemming met 
beschikbare literatuur. Verder bleek dat de startdosering van ruxolitinib 
bij 11/12 patiënten met een laag bloedplaatjesaantal hoger was dan de 
momenteel aanbevolen dosering. Tijdens behandeling werden wel vaak 
aanpassingen in de dosering gemaakt. Op basis van een combinatie van 
onze gegevens en relevante beschikbare literatuur bleek dat 2,4% van de 
patiënten met een baseline bloedplaatjesaantal < 100x109/L een ernstige 
bloeding had ontwikkeld tijdens behandeling met ruxolitinib. Ter vergeli-
jking werden ernstige bloedingen gezien bij 3,9% van de patiënten in een 
eerder groot onderzoek (de comfort-1 trial), waarin alleen patiënten 
met een baseline bloedplaatjesaantal > 100x109/L waren onderzocht. 
Over patiënten met een baseline bloedplaatjesaantal < 50x109/L waren 
nauwelijks gegevens beschikbaar. We concluderen daarom dat ruxolitinib 
behandeling veilig plaats kan vinden bij patiënten met een baseline 
bloedplaatjesaantal van 50-100 x109/L, zelfs met hogere doseringen dan 
die momenteel aanbevolen worden. 

In Hoofdstuk 6 beschrijven we de uitkomsten van een groep patiënten 
die een allogene stamceltransplantatie hadden ondergaan in één van de 
drie deelnemende Nederlandse academische ziekenhuizen. We hebben 
specifiek onderzocht wat het effect is van verschillende voorbehandelingen 
(‘conditionering’) op de succesvolle enting van donorcellen (‘engraftment’) 
na transplantatie. Het bleek dat de engraftment van een bepaald type 
witte bloedcel (‘neutrofielen’) op dag 60 na de transplantatie minder vaak 
succesvol was bij patiënten die zogenaamde non-myeloablatieve condi-
tionering hadden gekregen vergeleken met degenen die ‘reduced-intensity’ 
conditionering hadden gehad (56% versus 84%, p= 0.03). We vonden geen 
andere verschillen in patiënt karakteristieken die het verschil in engraft-
ment konden verklaren. Overigens was de transplantatie-gerelateerde 
sterfte in de ‘non-myeloablatieve’ en ‘reduced-intensity’ groepen nagenoeg 
gelijk, ondanks dat acute ‘graft-versus-host disease’ - een soort omgekeerde 
afstotingsreactie - vaker voorkwam in de reduced-intensity groep. We con-
cluderen dat non-myeloablatieve conditionering leidt tot een kleinere kans 
op succesvolle engraftment, en adviseren daarom om deze conditionering 
niet te gebruiken bij patiënten met myelofibrose.
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