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Simple Summary: In patients with myeloproliferative neoplasms (MPN) and in patients with kidney
dysfunction, a higher rate of thrombosis has been reported compared with the general population.
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Furthermore, MPN patients are more prone to develop kidney dysfunction. In our study, we assessed
the importance of specific risk factors for kidney dysfunction and thrombosis in MPN patients. We
found that the rate of thrombosis is correlated with the degree of kidney dysfunction, especially in
myelofibrosis. Significant associations for kidney dysfunction included arterial hypertension, MPN
treatment, and increased inflammation, and those for thrombosis comprised arterial hypertension,
non-excessive platelet counts, and antithrombotic therapy. The identified risk factor associations
varied between MPN subtypes. Our data suggest that kidney dysfunction in MPN patients is
associated with an increased risk of thrombosis, mandating closer monitoring, and, possibly, early
thromboprophylaxis.

Abstract: Inflammation-induced thrombosis represents a severe complication in patients with myelo-
proliferative neoplasms (MPN) and in those with kidney dysfunction. Overlapping disease-specific
attributes suggest common mechanisms involved in MPN pathogenesis, kidney dysfunction, and
thrombosis. Data from 1420 patients with essential thrombocythemia (ET, 33.7%), polycythemia vera
(PV, 38.5%), and myelofibrosis (MF, 27.9%) were extracted from the bioregistry of the German Study
Group for MPN. The total cohort was subdivided according to the calculated estimated glomerular
filtration rate (eGFR, (mL/min/1.73 m2)) into eGFR1 (≥90, 21%), eGFR2 (60–89, 56%), and eGFR3
(<60, 22%). A total of 29% of the patients had a history of thrombosis. A higher rate of thrombosis
and longer MPN duration was observed in eGFR3 than in eGFR2 and eGFR1. Kidney dysfunction
occurred earlier in ET than in PV or MF. Multiple logistic regression analysis identified arterial
hypertension, MPN treatment, increased uric acid, and lactate dehydrogenase levels as risk factors
for kidney dysfunction in MPN patients. Risk factors for thrombosis included arterial hypertension,
non-excessive platelet counts, and antithrombotic therapy. The risk factors for kidney dysfunc-
tion and thrombosis varied between MPN subtypes. Physicians should be aware of the increased
risk for kidney disease in MPN patients, which warrants closer monitoring and, possibly, early
thromboprophylaxis.

Keywords: myeloproliferative neoplasms (MPN); renal dysfunction; chronic kidney disease; throm-
bosis; thromboembolism; bleeding; JAK2V617F; essential thrombocythemia (ET); polycythemia vera
(PV); primary myelofibrosis (PMF)

1. Introduction

Patients with myeloproliferative neoplasms (MPNs) are at increased risk of develop-
ing myelofibrosis as well as vascular complications such as thrombosis or severe hemor-
rhage [1–6], all of which are associated with inferior survival. Risk factors for thrombosis in
MPN patients include advanced age (e.g., ≥60 years), history of thrombosis, leukocytosis,
and JAK2V617F positivity [5,7–12]. In the general population, there is evidence for a link
between thrombosis, inflammation, chronic kidney disease (CKD), and survival [13–20].
CKD occurs significantly more frequently in MPN patients than in the general popula-
tion, as documented by renal involvement in several case studies [21–23] as well as larger
monocenter [24,25] or oligocentric studies [26,27]. These studies have shown that CKD is
associated with thrombosis in MPN patients [26] and that kidney function declines with
MPN duration beyond the expected age-related decline, suggesting that the MPN itself
has a deteriorating impact on kidney function [2,24,26]. These studies also suggested that
inflammatory factors are involved in kidney dysfunction in these patients [24,25], provid-
ing a potential functional link between MPN and CKD pathogenesis. In keeping with this
hypothesis, patients with primary myelofibrosis (PMF) may experience improvement of
kidney function when treated with the JAK inhibitor ruxolitinib (RUX) [28]. However,
whether cytoreductive therapy for MPN improves renal dysfunction overall remains a
matter of current debate: while one study showed an increase in the estimated glomeru-
lar filtration rate (eGFR) during hydroxyurea treatment (HU) in polycythemia vera (PV)
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patients [25], this was not seen in another study [29], where HU appeared to be beneficial
in PMF, but it was not the case in PV or in essential thrombocythemia (ET) patients. A
third study [24] found that HU treatment did not significantly affect progression of kidney
dysfunction during the course of MPN disease. In summary, the above-mentioned studies
suggest an association between CKD and thrombosis in MPN patients over time. However,
these analyses were limited by the small number of centers, by the limited size of the
cohorts, and by conflicting results on the severity of kidney dysfunction in each MPN
subgroup. Furthermore, the classification of kidney dysfunction was restricted to eGFR
calculation, which includes age, thereby possibly obscuring a possible relationship be-
tween thrombosis, CKD, and MPN. The present study aims to investigate the relationship
between CKD and thrombosis separately in ET, PV, and myelofibrosis (MF) patients in
a large multicenter cohort and to examine the association of MPN duration and kidney
dysfunction, as measured by eGFR or isolated creatinine serum levels. Moreover, our
study aimed at analyzing the risk factors for CKD and thrombosis, the impact of different
treatment modalities, and the effect of CKD on patients’ survival.

2. Materials and Methods
2.1. Study Design and Study Population

The present retrospective multicenter study is a secondary analysis of existing data
collected in the ongoing prospective MPN bioregistry study of the German Study Group for
MPN (GSG-MPN bioregistry), which has recruited patients since 2012. A total of 1979 MPN
patients from 52 centers, included between 2012 and December 2019, were screened.
Diagnosis of ET, PV, or MF (comprising PMF, post-ET-PMF, and post-PV-MF) was required,
as defined by the World Health Organization (WHO) classifications of 2008 [30], 2001 (for
patients diagnosed before 2008), or the International Working Group-Myeloproliferative
Neoplasms Research and Treatment (IWG-MRT) criteria (for post-ET-MF and post-PV-
MF). Patients with other MPNs or missing serum creatinine measurements (n = 559) were
excluded, resulting in a study sample size of 1420 patients.

The following risk factors, hypothesized to be associated with thrombosis, bleeding,
and CKD in MPN patients, were collected: presence/type of thrombosis, severe hemor-
rhage, comorbidities (diabetes mellitus, arterial hypertension, and hyperlipidemia), blood
cell parameters (leukocytes (G/L), platelets (G/L), monocytes (G/L), neutrophils (G/L)),
JAK2V617F and CALR status, and parameters of proliferative activity and inflammation
(lactate dehydrogenase (LDH, U/L), C-reactive protein (CRP, mg/L), uric acid (mg/dL)).
For each risk factor, median values were used in order to classify patients into a high or
a low group. Additionally, MPN duration, MPN-specific therapy (HU, RUX, and “other
MPN treatment”, i.e., anagrelide, interferon, immunomodulatory drugs (IMIDs)), and an-
tithrombotic therapy were documented. Finally, the time from diagnosis to last follow-up
(FU) or date of death was assessed for survival analysis in relation to kidney dysfunction,
and the Eastern Cooperative Oncology Group Performance Status (ECOG PS) was collected
as a quantification of patients’ capability to engage in activities of daily living (ADL).

2.2. Assessment of Kidney Function

Kidney function was calculated using the simplified Modification of Diet in Renal
Disease (MDRD) formula to obtain the eGFR (mL/min/1.73 m2) [31]:

eGFR = 175 × Scr −1.154 × age −0.203 × 0.742 [if female] × 1.212 [if black]

where Scr is serum creatinine (mg/dL).
According to the Kidney Disease Improving Global Outcomes (KDIGO) 2012 guide-

lines [32], CKD is defined as abnormalities of kidney structure or function, if they have
been present for over 3 months. In patients with a GFR below 60 mL/min/1.73m2, which
persists over 3 months, CKD is confirmed, regardless of the presence of albuminuria [32].
In the present study, patients were subdivided into three eGFR subgroups, termed eGFR1,
eGFR2, and eGFR3, according to their calculated eGFR: eGFR1: ≥90 mL/min/1.73 m2;
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eGFR2: 60–89 mL/min/1.73 m2; and eGFR3: <60 mL/min/1.73 m2, respectively. As an
indicator of age-independent kidney function, the serum creatinine level was used.

2.3. Statistical Methods

Descriptive data are presented as percentage or median including quartiles (Q1, Q3)
and were analyzed using χ2-test (Pearson’s χ2 or Fisher’s exact test for 2by2 contingency
tables and larger tables with expected cell counts <5, respectively) or Wilcoxon–Mann–
Whitney/Kruskal–Wallis test, as appropriate. Univariate and multiple logistic regression
analyses were applied for associations, expressed as odds ratios (ORs) with 95% confidence
intervals (95% CIs), between the occurrence of thrombosis, severe bleeding, and decreased
kidney function in relation to the above-mentioned risk factors. Age and sex were not
included in the regression analyses of kidney function, since they are components of the
eGFR formula. Risk factors with significance shown in univariate analyses were included
in the basic models in multiple regression analyses. In order to evaluate and quantify
progression of kidney function in relation to MPN duration, logistic regression models
were used. The impact of kidney function on overall survival was estimated according to
Kaplan–Meier and assessed by log-rank testing and Cox regression models. Data analysis
was performed using SAS software 9.4. [33]. Statistical significance was indicated with a
two-tailed p < 0.05. Multiple comparisons were adjusted by Bonferroni correction.

3. Results
3.1. General Characteristics of Study Cohort

Among the 1420 patients, 39% of the patients had ET, 34% had PV, and 28% had
MF; 49% of the patients were male, with the expected lower percentage in ET and higher
percentage in MF (Table 1). JAK2V617F status was documented in 1315 patients of whom
73% were positive; of the 509 patients analyzed for CALR mutation, 27% were positive
(Tables 1 and S1). At the time of kidney function assessment, 40% of the patients were
treated with HU, 19% with RUX, and 21% of the patients were treated with anagrelide,
IMIDs, or interferon, respectively, with expected differences among the MPN subtypes,
reflecting the drug approval; 19%, 12%, and 4% had a history of arterial thrombosis, venous
thrombosis, or severe hemorrhage, respectively. Diabetes mellitus was diagnosed in 8%
of the patients, 49% had arterial hypertension, and 12% hyperlipidemia (Table 1). In the
total cohort, ECOG PS 0 was assigned to 69% of all patients, while 27% had ECOG PS 1.
The proportion of patients with ECOG PS 1 was significantly higher in MF than in ET,
being 34% and 22%, respectively (Table 1). The patients’ median age at diagnosis was 57
years, with ET patients being significantly younger than PV and MF patients. Median
MPN duration at time of creatinine testing was 3.5 years and was shortest in MF patients
(Table 1). Relevant laboratory parameters are depicted in Table 1.

Table 1. Patient characteristics of the total cohort and by MPN subtypes.

Parameters (Available n) All MPN ET PV MF
P

Overall Between MPN
Subtypes

Diagnosis (n) 1420 546 478 396 - -
Fractional Parameters; %

MPN subtype (n = 1420) 100 38.5 33.7 27.9 - -
Male gender (n = 1420) 48.9 41.6 49.8 57.8 <0.0001 EvP

JAK2V617F mutation pos (n = 1315) 73.3 63.2 92.3 63.5 <0.0001 EvP/PvM
HU-treated (n = 1215) *,† 39.6 35.9 53.4 28.9 <0.0001 EvP/PvM

RUX-treated (n = 1215) *,‡ 18.8 4.7 16.7 40.1 <0.0001 EvP/EvM/PvM
Other MPN treatment (n = 1215) § 21.3 30.2 12.4 19.5 <0.0001 EvP/EvM/PvM

ASA-treated (n = 1252) 57.7 62.8 66.8 40.0 <0.0001 EvM/PvM
P2Y12-antagonist-treated (n = 1208) || 5.3 8.1 4.2 2.7 0.0014 EvM

Anticoagulant-treated (n = 1420) ¶ 11.6 9.5 15.5 9.6 0.0061 EvP/PvM
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Table 1. Cont.

Parameters (Available n) All MPN ET PV MF
P

Overall Between MPN
Subtypes

Kidney function by eGFR subgroup (n = 1420) - - - - 0.0188 -
eGFR1 (n = 304) 21.4 23.6 21.3 18.4 0.1589 -
eGFR2 (n = 799) 56.3 56.4 58.4 53.5 0.3565 -
eGFR3 (n = 317) 22.3 20.0 20.3 28.0 0.0057 EvM/PvM

Thromboembolism, all (n = 1420) 29.2 26.0 33.7 28.0 0.0223 EvP
Arterial TE (n = 1409) 18.5 17.6 22.2 15.4 0.0287 PvM
Venous TE (n = 1409) 12.3 9.7 14.2 13.6 0.0581 -

Severe hemorrhage (n = 1420) 3.9 3.1 4.2 4.6 0.4841 -
Diabetes mellitus (n = 1251) 7.8 6.4 9.5 7.5 0.2130 -

Arterial hypertension 49.0 45.6 62.8 38.6 <0.0001 EvP/PvM
Hyperlipidemia 11.6 10.6 17.0 8.8 0.383 -

ECOG-score (n = 985) #, ** - - - - 0.0013 EvM ††

ECOG 0 (n = 683) 69.3 75.1 70.9 60.1 - -
ECOG 1 (n = 270) 27.4 22.2 27.7 34.0 - -
ECOG 2 (n = 25) 2.5 2.4 1.2 4.2 - -
ECOG 3 (n = 7) 0.7 0.3 0.3 1.8 - -

Numeric Parameters; median
Q1, Q3

Age diagnosis, years (n = 1416) 57
47, 68

54
43, 65

59
49, 70

60
50, 69 <0.0001 EvP/EvM

Age creatinine test, years (n = 1420) 62
51, 72

59
48, 70

65
54, 74

63
54, 73 <0.0001 EvP/EvM

Age at first MPN treatment, years (n = 1215) 60
49, 70

58
45, 67

63
52, 72

60
50, 71 0.0001 EvP

MPN duration, months (n = 1183) 42
11, 105

46
12, 125

57
14, 130

29
7, 68 <0.0001 EvM/PvM

Leukocytes, G/L (n = 1408) 8.4
6.1, 11.7

8.2
6.2,
10.3

9.0
6.8,
12.8

7.9
5.4,
12.9

<0.0001 EvP/PvM

Platelets, G/L (n = 1395) 492
290, 734

678
502,
924

419
278,
604

336
159, 547 <0.0001 EvP/EvM/PvM

Creatinine, mg/dL (n = 1420) 0.9
0.8, 1.1

0.9
0.8, 1.0

0.90
0.8, 1.1

1.0
0.8, 1.2 <0.0001 EvM/PvM

eGFR, mL/min/1.73 m2 (n = 1420)
74

62, 87
77

64, 89
74

63, 87
72

58, 86 0.0280 EvM

Uric acid, mg/dL (n = 1012) 5.7
4.5, 6.9

5.2
4.3, 6.3

5.9
4.7, 7.1

6.15
5.0, 7.3 <0.0001 EvP/EvM

LDH, U/L (n = 1356) 268
15, 395

239
198, 293

258
213,
342

435
279,
698

<0.0001 EvP/EvM/PvM

CRP, mg/L (n = 356) 1.4
0.6, 4.5

1.1
0.5, 3.8

1.3
0.6, 3.3

2.30
0.9, 5.7 0.0015 EvM/PvM

EvM indicates ET vs. MF; EvP, ET vs. PV; and PvM, PV vs. MF. CALR mutation status was registered in 509 pts, with 27.3% of
these CALR positive (37.0% in ET, 1.6% in PV, and 33.5% in MF (p < 0.0001, EvP/PvM)). * Hydroxyurea. † Treatment started be-
fore creatinine measurement. ‡ Ruxolitinib. § Anagrelide, IMIDs, or interferon. || Clopidogrel/ticagrelor/prasugrel. ¶ Vitamin K-
antagonist/dabigatran/rivaroxaban/apixaban/heparin/fondaparinux. # Eastern Cooperative Oncology Group 0 indicates asymptomatic
(fully active, able to carry on all pre-disease activities without restriction), 1 symptomatic but completely ambulatory (restricted in physically
strenuous activity but ambulatory and able to carry out work of a light or sedentary nature), 2 symptomatic (<50% in bed during the day,
ambulatory and capable of all self-care but unable to carry out any work activities, up and about >50% of waking hours), 3 symptomatic
(>50% in bed, but not bedbound, capable of only limited self-care, confined to bed or chair ≥50% of waking hours), 4 bedbound (completely
disabled, cannot carry on any self-care, totally confined to bed or chair), 5 death. ** ECOG 4 and 5 were 0% each. †† Significance testing for
ECOG 0 vs. 1. Bolded values indicate significant p values.

Of all the patients, 21%, 56%, and 22% exhibited an eGFR of ≥90 (eGFR1), 60–89
(eGFR2), and <60 (eGFR3) mL/min/1.73 m2, respectively, at baseline (time of inclusion
into the registry or routine follow-up) (Table 1). Median eGFR in ET, PV, and MF was 77,
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74, and 72 mL/min/1.73 m2, respectively. In MF, a higher fraction of patients fell into the
eGFR3 category compared with ET and PV (Table 1; Figure 1A). A total of 55% of patients
were older than 60 years at creatinine measurement, and the highest proportion of these
patients fell into eGFR3 (Table S1). In the total cohort, 29% of the patients had a thrombotic
event and 4% had severe bleeding. The rate of thrombosis was higher in PV (34%) than in
ET (26%) or MF (28%).

Figure 1. Distribution of kidney dysfunction, thrombosis, and MPN duration across all patients (pts; n = 1420). (A) Dis-
tribution (%) of kidney function groups eGFR1 (≥90 mL/min/1.73 m2), eGFR2 (60–89 mL/min/1.73 m2), or eGFR3
(<60 mL/min/1.73 m2) across the MPN subtypes ET, PV, and MF; (B) Percentage of pts with (yes) or without (no) a history
of thromboembolic events (“thrombosis”) among the eGFR1,2,3 groups; (C) MPN duration in months from diagnosis to
renal function assessment in the eGFR1,2,3 groups. In addition, median MPN duration is indicated for each eGFR group;
(D) MPN duration in months from diagnosis to renal function assessment in the group of patients with a creatinine level at
or below the median (≤0.9 mg/dL) or above the median (>0.9 mg/dL). In addition, median MPN duration is indicated for
both groups. * Wilcoxon–Mann–Whitney test.

3.2. Differences among the eGFR Subgroups
3.2.1. Thrombosis and Bleeding

In Tables S1–S4, the specific risk factors for CKD in each eGFR group are presented
for the overall cohort (Table S1) and separately for ET, PV, and MF (Tables S2–S4). In the
total cohort, the rate of thrombosis was significantly higher in the eGFR3 group (36%) vs.
eGFR1 (26%) or eGFR2 groups (28%) (Table S1). Significantly more thromboses occurred in
eGFR3 in PV (45%) as compared to ET (31%) or MF (32%) (Tables S2–S4; Figure 1B). No
differences in bleeding events were found across the eGFR groups (Table S1).
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3.2.2. Comorbidities

In the total cohort, diabetes mellitus, arterial hypertension, and hyperlipidemia were
significantly more prevalent in eGFR3 than in eGFR2 or eGFR1 groups (Tables S1–S4).
However, this was true for ET (Table S2) and MF (Table S4) but not for PV patients
(Table S3), although the overall percentages of diabetics in ET, PV, and MF were similar
(6.4% to 9.5%) (Tables S2–S4). In line with these data, more patients in the eGFR3 had a
poorer ECOG PS than in the eGFR2 group, particularly in MF (Tables S1–S4).

3.2.3. Uric Acid and LDH Levels

As expected, the proportion of patients with elevated uric acid levels was higher in
eGFR3 than in eGFR1 (Tables S2–S4), in keeping with elevated uric acid levels due to de-
creased kidney function. However, uric acid (and LDH) levels in eGFR1 were significantly
higher in PV and MF than in ET, indicative of higher cell turnover. This was consistent with
the positive correlation between uric acid levels and leukocytosis and LDH, which was
also seen in the absence of severe kidney dysfunction (eGFR1/eGFR2 groups) (Table S5).

3.2.4. Blood Counts and C-Reactive Protein

Overall, elevated leukocyte, neutrophil, and monocyte counts were significantly
associated with decreased kidney function, while elevated platelet counts were less frequent
in these patients (Table S1). Differences between the MPN subtypes were identified, with
MF showing the strongest association between leukocytosis/neutrophilia and decreased
kidney function, while there were no significant associations between blood counts and
kidney function in PV (Tables S2–S4). Elevated CRP levels were significantly associated
with kidney dysfunction in the entire cohort.

3.2.5. Driver Mutations

The presence of the JAK2V617F mutation has been associated with an increased risk
of thrombosis in ET [34,35], and the mechanism involved enhanced activation of platelets,
leukocytes, and endothelial cells as well as prothrombotic soluble factors [36–38]. In our
overall cohort, JAK2V617F was not associated with kidney dysfunction; however, CALR
mutations were significantly less frequent in eGFR3 (Table S1). When analyzing the effects
separately for each MPN subtype, significant associations were found between JAK2V617F
positivity and kidney dysfunction in ET but neither in PV nor in MF (Tables S2–S4). In-
terestingly, leukocyte counts were also higher in JAKV617F positive ET patients than
CALR-mutant ET patients [35].

3.2.6. MPN Duration

A longer MPN duration was found in eGFR3 than in eGFR2 and eGFR1. When patients
were categorized into two groups above and below the median duration of 42 months,
more patients with a longer duration fell into eGFR3 and eGFR2 compared with eGFR1
(Tables S6 and S7; Figure 1C). Adjusting for the influence of patients’ age in the calculation
of eGFR by focusing only on creatinine levels, MPN duration was significantly longer
in patients with an elevated creatinine level (cut-off: 0.9 mg/dL; Table S8; Figure 1D).
Likewise, patients with an MPN duration longer than 42 months were more prevalent in
the high than in the low creatinine group (Table S9). Univariate logistic regression revealed
associations for a longer MPN duration with ET and PV vs. MF, absence of diabetes mellitus,
leukocyte counts of 8.4 G/L or lower, arterial hypertension, MPN therapy (besides RUX),
and acetylsalicylic acid (ASA) (Table S10). Upon multivariable regression, risk factors
differed between MPN subtypes. In ET, arterial hypertension, treatment with HU, and
other MPN treatment remained significant. In PV, absence of diabetes mellitus and RUX
treatment were identified as additional relevant risk factors. In MF, only HU-treatment or
other MPN treatments were associated with a longer MPN duration (Table S10).
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3.3. Risk Factors for Decreased Kidney Function

Each of the expected risk factors for decreased kidney function was identified as a sig-
nificant correlate in univariate logistic regression. This was the case for kidney dysfunction
in general, but also remained true across the specific eGFR groups (Table 2 displays ORs,
95%CIs, and P). MF, co-existing diabetes mellitus, hyperlipidemia, leukocytes > 8.4 G/L,
neutrophils > 5.48 G/L, monocytes > 0.55 G/L, LDH > 267.5 U/L, CRP levels >1.4 mg/L,
and treatment with RUX and anagrelide/IMIDs/interferon showed significant ORs when
contrasting eGFR3 to eGFR2 or eGFR1. As stated above, MPN duration > 42 months was
associated with kidney dysfunction. Arterial hypertension, uric acid levels > 5.7 mg/dL,
and HU treatment were significant risk factors in all eGFR groups. Associations of age
and sex with kidney function were not examined, since these factors are part of the eGFR
formula. In multiple logistic regression analysis, HU treatment was significantly associated
with kidney dysfunction (Table 2). When comparing eGFR3 vs. eGFR1, arterial hyperten-
sion, uric acid levels > 5.7 mg/dL, and each of the three MPN treatments were significant
correlates of kidney dysfunction. The eGFR groups, eGFR3 and eGFR2, differed regarding
the relevance of arterial hypertension, elevated levels of uric acid and LDH, and MPN
treatment (besides RUX).

Table 2. Risk factors for decreased kidney function among all patients and eGFR groups.

Risk Factors for Decreased Kidney Function Odds Ratio 95% CI P

Univariate regression (n = 1420)
Diagnosis (n = 1420) - - 0.0065
ET vs. MF (n = 942) 0.674 0.525–0.867 0.0021
ET vs. PV (n = 1024) 0.926 0.730–1.174 0.5243
MF vs. PV (n = 874) 1.372 1.060–1.777 0.0160

JAK2V617F mutation (yes vs. no; n = 1315) 1.244 0.981–1.576 0.0711
eGFR2 vs. eGFR1 (n = 1030) 1.033 0.764–1.395 0.8347
eGFR3 vs. eGFR1 (n = 576) 1.435 0.982–2.097 0.0619
eGFR3 vs. eGFR2 (n = 1024) 1.390 1.005–1.922 0.0464

Diabetes mellitus (yes vs. no; n = 1251) 1.815 1.215–2.711 0.0036
eGFR2 vs. eGFR1 (n = 976) 0.663 0.382–1.153 0.1454
eGFR3 vs. eGFR1 (n = 542) 1.878 1.071–3.295 0.0279
eGFR3 vs. eGFR2 (n = 984) 2.830 1.763–4.543 <0.0001

Arterial hypertension (yes vs. no; n = 956) 2.419 1.879–3.114 <0.0001
eGFR2 vs. eGFR1 (n = 739) 1.405 1.016–1.943 0.0399
eGFR3 vs. eGFR1 (n = 436) 3.983 2.671–5.939 <0.0001
eGFR3 vs. eGFR2 (n = 737) 2.836 2.023–3.976 <0.0001

Hyperlipidemia (yes vs. no; n = 181) 3.570 1.445–8.819 0.0058
eGFR2 vs. eGFR1 (n = 152) 1.815 0.477–6.905 0.3820
eGFR3 vs. eGFR1 (n = 81) 6.220 1.501–25.779 0.0118

eGFR3 vs. eGFR2 (n = 129) 3.429 1.207–9.739 0.0207
Leukocytes (>8.4 vs. ≤8.4 G/L; n = 1408) 1.367 1.116–1.675 0.0025

eGFR2 vs. eGFR1 (n = 1093) 1.023 0.785–1.333 0.8670
eGFR3 vs. eGFR1 (n = 619) 1.624 1.181–2.231 0.0028
eGFR3 vs. eGFR2 (n = 1104) 1.587 1.218–2.067 0.0006

Platelets (>492 vs. ≤492 G/L; n = 1395) 0.832 0.679–1.019 0.0755
eGFR2 vs. eGFR1 (n = 1080) 1.078 0.827–1.406 0.5774
eGFR3 vs. eGFR1 (n = 618) 0.755 0.550–1.036 0.0814
eGFR3 vs. eGFR2 (n = 1092) 0.700 0.538–0.911 0.0079

Uric acid (>5.7 vs. ≤5.7 mg/dL; n = 1012) 2.548 1.986–3.268 <0.0001
eGFR2 vs. eGFR1 (n = 790) 1.587 1.150–2.192 0.0050
eGFR3 vs. eGFR1 (n = 444) 4.351 2.923–6.476 <0.0001
eGFR3 vs. eGFR2 (n = 790) 2.741 1.971–3.811 <0.0001

Absolute neutrophil count (>5.48 vs. ≤5.48 G/L; n = 1254) 1.397 1.126–1.734 0.0024
eGFR2 vs. eGFR1 (n = 981) 1.077 0.814–1.426 0.6019
eGFR3 vs. eGFR1 (n = 545) 1.690 1.204–2.373 0.0024
eGFR3 vs. eGFR2 (n = 982) 1.569 1.183–2.081 0.0018
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Table 2. Cont.

Risk Factors for Decreased Kidney Function Odds Ratio 95% CI P

Absolute monocyte count (>0.55 vs. ≤0.55 G/L; n = 1312) 1.349 1.094–1.664 0.0052
eGFR2 vs. eGFR1 (n = 1018) 0.972 0.739–1.278 0.8382
eGFR3 vs. eGFR1 (n = 579) 1.589 1.144–2.207 0.0058
eGFR3 vs. eGFR2 (n = 1027) 1.635 1.243–2.150 0.0004

LDH (>267.5 vs. ≤267.5 U/L; n = 1356) 1.533 1.245–1.887 <0.0001
eGFR2 vs. eGFR1 (n = 1056) 1.197 0.913–1.570 0.1940
eGFR3 vs. eGFR1 (n = 592) 1.949 1.405–2.703 <0.0001
eGFR3 vs. eGFR2 (n = 1064) 1.628 1.241–2.136 0.0004

CRP (>1.4 vs. ≤1.4 mg/L; n = 356) 1.633 1.091–2.444 0.0172
eGFR2 vs. eGFR1 (n = 273) 0.980 0.579–1.660 0.9411
eGFR3 vs. eGFR1 (n = 162) 2.109 1.125–3.953 0.0200
eGFR3 vs. eGFR2 (n = 277) 2.151 1.269–3.645 0.0044

MPN duration (>42 vs. ≤42 months; n = 1183) 1.507 1.207–1.882 0.0003
eGFR2 vs. eGFR1 (n = 904) 1.482 1.101–1.996 0.0095
eGFR3 vs. eGFR1 (n = 523) 1.913 1.350–2.710 0.0003
eGFR3 vs. eGFR2 (n = 939) 1.290 0.973–1.710 0.0764

MPN therapy (yes vs. WW; n = 1215) * 1.784 1.428–2.230 <0.0001
eGFR2 vs. eGFR1 (n = 941) 1.267 0.952–1.686 0.1049
eGFR3 vs. eGFR1 (n = 535) 2.514 1.762–3.587 <0.0001
eGFR3 vs. eGFR2 (n = 939) 1.985 1.470–2.679 <0.0001

HU-treated (yes vs. WW; n = 780) 1.734 1.286–2.338 0.0003
eGFR2 vs. eGFR1 (n = 639) 1.639 1.099–2.444 0.0153
eGFR3 vs. eGFR1 (n = 316) 2.421 1.493–3.926 0.0003
eGFR3 vs. eGFR2 (n = 605) 1.477 1.004–2.172 0.0475

RUX-treated (yes vs. WW; n = 618) 2.412 1.560–3.728 <0.0001
eGFR2 vs. eGFR1 (n = 506) 1.517 0.810–2.842 0.1928
eGFR3 vs. eGFR1 (n = 260) 3.663 1.839–7.294 0.0002
eGFR3 vs. eGFR2 (n = 470) 2.413 1.446–4.027 0.0007

Other MPN treatment (yes vs. WW; n = 865) 1.737 1.331–2.267 <0.0001
eGFR2 vs. eGFR1 (n = 682) 1.006 0.714–1.417 0.9734
eGFR3 vs. eGFR1 (n = 389) 2.344 1.557–3.527 <0.0001
eGFR3 vs. eGFR2 (n = 659) 2.330 1.647–3.297 <0.0001

Antithrombotic therapy (yes vs. no; n = 1251) 1.196 0.946–1.511 0.1348
eGFR2 vs. eGFR1 (n = 967) 1.296 0.958–1.752 0.0925
eGFR3 vs. eGFR1 (n = 548) 1.318 0.918–1.892 0.1314
eGFR3 vs. eGFR2 (n = 939) 1.017 0.750–1.380 0.9113

Multiple Regression
eGFR2 vs. eGFR1 (n = 639) * - - -

HU-treated (yes vs. WW) 1.639 1.099–2.444 0.0153
eGFR3 vs. eGFR1 (n = 278) †,‡ - - -

Arterial hypertension (yes vs. no) 3.073 1.746–5.405 <0.0001
Uric acid (>5.7 vs. ≤ 5.7 mg/dL) 4.918 2.787–8.677 <0.0001

HU-treated (yes vs. WW) 3.509 1.630–7.557 0.0013
RUX-treated (yes vs. WW) 5.416 1.927–15.223 0.0014

Other MPN treatment (yes vs. WW) 2.477 1.277–4.803 0.0073
eGFR3 vs. eGFR2 (n = 589) § - - -

Arterial hypertension (yes vs. no) 2.004 1.440–2.789 <0.0001
Uric acid (>5.7 vs. ≤5.7 mg/dL) 2.254 1.617–3.140 <0.0001

LDH (>267.5 vs. ≤267.5 U/L) 1.448 1.036–2.023 0.0301
HU-treated (yes vs. WW) 1.797 1.162–2.780 0.0085

Other MPN treatment (yes vs. WW) 1.645 1.095–2.471 0.0165

* Initial model for eGFR2 vs. eGFR1: arterial hypertension, uric acid, MPN duration, and HU-treated. † Initial model for eGFR3 vs.
eGFR1: diabetes mellitus, arterial hypertension, leukocytes, and uric acid; neutrophils, monocytes, LDH, CRP, MPN duration, HU-treated,
RUX-treated, and other MPN treatment. ‡ Hyperlipidemia (n = 69) was not assessed in multiple regression analysis because of the low
number of patients. § Initial model for eGFR3 vs. eGFR2: JAK2V617F mutation, diabetes mellitus, arterial hypertension, leukocytes,
platelets, and uric acid; neutrophils, monocytes, LDH, CRP, HU-treated, RUX-treated, and other MPN treatment. Bolded values indicate
significant odds ratios and significant p values.
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3.4. Risk Factors for Developing Thrombosis and Bleeding in the Presence of Kidney Dysfunction

Table S11 shows the frequencies of thrombosis stratified for the presence and absence
of each risk factor across each eGFR group, and Table S12 displays the distribution of
arterial and venous thromboses in each group. The higher rate of thrombosis in the eGFR3
group was significant for female but not for male patients and for younger (≤60 years)
but not for older patients, although a similar trend was observed for both groups. The
higher thrombosis rate in the eGFR3 group was independent of the JAK2V617F mutation
(Table S11). Elevated counts of leukocytes, platelets, neutrophils, and monocytes were
associated with a higher frequency of thrombosis within the eGFR3 group. Univariate
analysis (Table 3) demonstrated JAK2V617F positivity, platelets ≤492 G/L, eGFR3, arte-
rial hypertension, and hyperlipidemia as significant risk factors for thrombosis. More
thromboses were also found for patients with anti-MPN treatment and antithrombotic
therapy. In multiple logistic regression analysis, arterial hypertension, platelets, and an-
tithrombotic therapy remained significant in the total cohort. Risk factor analysis for each
MPN subtype is included in Table 3. Univariate risk factors for severe bleeding were
male sex, platelet counts ≤492 G/L, and elevated LDH, with only LDH remaining upon
multivariable analysis (Table 4).

Table 3. Risk factors for thrombosis (n = 414) among all patients and eGFR groups.

Risk Factors for Thromboembolic Event Odds Ratio 95% CI P

Univariate regression (n = 1420)
eGFR group (n = 1420) - - 0.0145

eGFR3 vs. eGFR2 (n = 1116) 1.449 1.098–1.912 0.0088
eGFR3 vs. eGFR1 (n = 621) 1.551 1.100–2.187 0.0123
eGFR2 vs. eGFR1 (n = 1103) 1.071 0.794–1.443 0.6544

ET (n = 546) - - 0.3744
eGFR3 vs. eGFR2 (n = 417) 1.408 0.870–2.280 0.1634
eGFR3 vs. eGFR1 (n = 238) 1.319 0.749–2.323 0.3381
eGFR2 vs. eGFR1 (n = 437) 0.936 0.583–1.503 0.7856

PV (n = 478) - - 0.0258
eGFR3 vs. eGFR2 (n = 376) 1.863 1.160–2.992 0.0100
eGFR3 vs. eGFR1 (n = 199) 1.901 1.063–3.400 0.0302
eGFR2 vs. eGFR1 (n = 381) 1.021 0.624–1.670 0.9355

MF (n = 396) - - 0.3649
eGFR3 vs. eGFR2 (n = 323) 1.167 0.708–1.923 0.5453
eGFR3 vs. eGFR1 (n = 184) 1.640 0.828–3.251 0.1561
eGFR2 vs. eGFR1 (n = 285) 1.406 0.749–2.640 0.2890

Diagnosis (n = 1420) - - 0.0227
ET vs. PV (n = 1024) 0.692 0.529–0.906 0.0074
ET vs. MF (n = 942) 0.902 0.675–1.207 0.4894
MF vs. PV (n = 874) 0.767 0.574–1.025 0.0727

Sex (female vs. male; n = 1420) 0.819 0.651–1.029 0.0869
Age at diagnosis (>60 vs. ≤60 years; n = 1416) 1.219 0.968–1.535 0.0924

Age at creatinine test (>60 vs. ≤60 years; n = 1420) 1.190 0.945–1.500 0.1397
JAK2V617F mutation (yes vs. no; n = 1315) 1.632 1.227–2.169 0.0007

Diabetes mellitus (yes vs. no; n = 1251) 1.245 0.803–1.930 0.3279
Arterial hypertension (yes vs. no; n = 956) 1.838 1.398–2.418 <0.0001

Hyperlipidemia (yes vs. no; n = 181) 2.936 1.149–7.503 0.0245
Leukocytes (>8.4 vs. ≤8.4 G/L; n = 1408) 0.850 0.676–1.070 0.1668
Platelets (>492 vs. ≤492 G/L; n = 1395) 0.633 0.502–0.799 0.0001

Uric acid (>5.7 vs. ≤5.7 mg/dL; n = 1012) 1.166 0.888–1.531 0.2685
Absolute neutrophil count (>5.48 vs. ≤5.48 G/L; n = 1254) 0.807 0.632–1.030 0.0843
Absolute monocyte count (>0.55 vs. ≤0.55 G/L; n = 1312) 1.041 0.821–1.322 0.7385

LDH (>267.5 vs. ≤267.5 U/L; n = 1356) 1.246 0.986–1.574 0.0653
CRP (>1.4 vs. ≤1.4 mg/L; n = 356) 1.194 0.768–1.855 0.4308

MPN therapy (yes vs. WW; n = 1215) 1.516 1.183–1.944 0.0010
HU-treated (yes vs. WW; n = 780) 1.592 1.156–2.191 0.0043

RUX-treated (yes vs. WW; n = 618) 1.164 0.718–1.885 0.5382
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Table 3. Cont.

Risk Factors for Thromboembolic Event Odds Ratio 95% CI P

Other MPN treatment (yes vs. WW; n = 865) 1.567 1.169–2.102 0.0027
Antithrombotic therapy (yes vs. no; n = 1251) 4.407 3.178–6.111 <0.0001

ASA (yes vs. no; n = 1029) 2.622 1.862–3.694 <0.0001
P2Y12-antagonists (yes vs. no; n = 405) 12.999 5.752–29.387 <0.0001

Anticoagulant-treated (yes vs. no; n = 497) 22.867 13.583–38.498 <0.0001
Multiple regression (n = 911) *,†

Arterial hypertension (yes vs. no) 1.800 1.349–2.401 0.0117
Platelets (>492 vs. ≤492 G/L) 0.699 0.524–0.931 0.0068

ASA (yes vs. no) 2.885 1.905–4.371 <0.0001
P2Y12-antagonists (yes vs. no) 12.957 5.040–33.311 <0.0001

Anticoagulant-treated (yes vs. no) 20.284 11.175–36.815 <0.0001
By Diagnosis

ET (n = 347) - - -
Arterial hypertension (yes vs. no) 1.913 1.099–3.330 0.0217

RUX-treated (yes vs. WW) 10.379 1.572–68.513 0.0151
Other MPN treatment (yes vs. WW) 2.013 1.108–3.656 0.0216

ASA (yes vs. no) 2.094 1.003 -4.374 0.0491
P2Y12-antagonists (yes vs. no) 12.235 3.362–44.524 0.0001

Anticoagulant-treated (yes vs. no) 29.068 9.167–92.171 <0.0001
PV (n = 377) - - -

Other MPN treatment (yes vs. WW) 2.270 1.250–4.120 0.0071
Anticoagulant-treated (yes vs. no) 12.732 5.271–30.756 <0.0001

MF (n = 267) - - -
Arterial hypertension (yes vs. no) 1.960 1.067–3.601 0.0301

ASA (yes vs. no) 5.546 2.837–10.843 <0.0001
Anticoagulant-treated (yes vs no) 22.606 7.167–71.304 <0.0001

* Initial model includes eGFR group, diagnosis, JAK2V617F mutation, arterial hypertension, platelets, MPN therapy, antithrombotic therapy.
† Hyperlipidemia (n = 102) was not assessed by multiple regression analysis because of the low number of patients. Bolded values indicate
significant odds ratios and significant p values.

Table 4. Risk factors for severe bleeding (n = 55) among all patients and eGFR groups.

Risk Factors for Bleeding Event ODDS RATIO 95% CI P

Univariate regression (n = 1420)
eGFR group (n = 1420) - - 0.6469

eGFR3 vs. eGFR2 (n = 1116) 0.807 0.391–1.666 0.5624
eGFR3 vs. eGFR1 (n = 621) 0.675 0.295–1.543 0.3513
eGFR2 vs. eGFR1 (n = 1103) 0.836 0.438–1.594 0.5865

ET (n = 546) - - 0.2269
eGFR3 vs. eGFR2 (n = 417) 0.701 0.147–3.353 0.6563
eGFR3 vs. eGFR1 (n = 238) 0.326 0.066–1.602 0.1675
eGFR2 vs. eGFR1 (n = 437) 0.465 0.165–1.309 0.1471

PV (n = 478) - - 0.5219
eGFR3 vs. eGFR2 (n = 376) 0.431 0.095–1.944 0.2734
eGFR3 vs. eGFR1 (n = 199) 0.408 0.077–2.157 0.2916
eGFR2 vs. eGFR1 (n = 381) 0.948 0.329–2.729 0.9213

MF (n = 396) - - 0.6940
eGFR3 vs. eGFR2 (n = 323) 1.154 0.408–3.263 0.7867
eGFR3 vs. eGFR1 (n = 184) 2.029 0.398–10.337 0.3946
eGFR2 vs. eGFR1 (n = 285) 1.757 0.376–8.215 0.4736

Diagnosis (n = 1420) - - 0.4877
ET vs. PV (n = 1024) 0.736 0.381–1.422 0.3618
ET vs. MF (n = 942) 0.675 0.343–1.327 0.2543
MF vs. PV (n = 874) 1.091 0.569–2.091 0.7941

Sex (female vs. male; n = 1420) 0.533 0.305–0.933 0.0277
Age at diagnosis (>60 vs. ≤60 years; n = 1416) 0.756 0.432–1.323 0.0924

Age at creatinine test (>60 vs. ≤60 years; n = 1420) 0.784 0.457–1.344 0.3758
JAK2V617F mutation (yes vs. no; n = 1315) 1.759 0.813–3.809 0.1517
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Table 4. Cont.

Risk Factors for Bleeding Event ODDS RATIO 95% CI P

Diabetes mellitus (yes vs. no; n = 1251) 1.439 0.556–3.725 0.4534
Arterial hypertension (yes vs. no; n = 956) 1.302 0.678–2.499 0.4284
Hyperlipoproteinemia (yes vs. no; n = 181) 2.661 0.779–9.086 0.1182
Leukocytes (>8.4 vs. ≤8.4 G/L; n = 1408) 1.543 0.890–2.674 0.1223
Platelets (>492 vs. ≤492 G/L; n = 1395) 0.560 0.320–0.979 0.0421

Uric acid (>5.7 vs. ≤5.7 mg/dL; n = 1012) 1.685 0.869–3.269 0.1225
Absolute neutrophil count (>5.48 vs. ≤5.48 G/L; n = 1254) 1.697 0.963–2.992 0.0673
Absolute monocyte count (>0.55 vs. ≤0.55 G/L; n = 1312) 0.980 0.566–1.698 0.9424

LDH (>267.5 vs. ≤267.5 U/L; n = 1356) 3.292 1.748–6.201 0.0002
CRP (>1.4 vs. ≤1.4 mg/L; n = 356) 0.868 0.351–2.150 0.7603

MPN therapy (yes vs. WW; n = 1215) 1.694 0.927 -3.095 0.0865
Antithrombotic therapy (yes vs. WW; n = 1251) 0.903 0.500–1.628 0.7333

Multiple regression (n = 1335)*
LDH (>267.5 vs. ≤267.5 U/L; n = 1356) 3.292 1.748–6.201 0.0002

* Initial model including sex, platelets, and LDH. Bolded values indicate significant odds ratios and significant p values.

3.5. Treatment with Hydroxyurea, Ruxolitinib, and Anticoagulants Are Associated with
Kidney Dysfunction

Patients´ median age when starting MPN treatment was 52, 60, and 67 years in
eGFR1, eGFR2, and eGFR3, respectively, with significant differences between all eGFR
groups. Compared to patients with no therapy (watch-and-wait (WW)), treatment with
HU only, RUX only, and multiple lines of MPN therapies were associated with kidney
dysfunction (Table 5). Significantly lower median eGFR values were found for HU in
ET, for HU and RUX in MF, and for multiple lines of MPN therapy in the overall cohort
(Table 5). Patients having switched from HU to RUX or vice versa were not included in the
HUonly or RUX-only cohorts. In the total cohort, the frequency of patients in eGFR3 was
higher with HU or RUX treatment than no treatment (Table S13). These effects remained
significant for HU in the ET and MF subtypes, and for RUX in the MF subtype, while,
again, no significant association between treatment and kidney dysfunction was found
for PV (Table S13). Median eGFR was comparable in patients regardless of whether they
received anticoagulant therapy, antiplatelet agents, or watchful management (Table 6), but
anticoagulant use was more frequent in eGFR3 than in eGFR1/eGFR2 patients (Table S14).
Together, these results suggest that, most likely, HU, RUX, and anticoagulant therapy
was started in patients with a higher risk for kidney dysfunction, including those with
advanced age.

Table 5. Median eGFR in patients treated with HU, RUX, or anagrelide/IMIDs/interferon.

Sample (n = 1215) Therapy n (%)
eGFR mL/min/1.73 m2 P

Median Q1 Q3 Overall Pairwise *

All patients (n = 1215) <0.0001
HU only 256 (21.07) 71.90 60.58 84.39 0.0005

RUX only 94 (7.74) 68.56 56.23 84.48 0.0002
Other 341 (28.07) 72.77 57.40 85.95

Multiple
therapies 250 (20.58) 71.00 54.41 84.62 0.0021

WW 524 (43.13) 77.81 66.48 90.23
ET (n = 471) 0.0013

HU only 88 (18.68) 72.43 63.26 86.72 0.0168
RUX only 5 (1.06) 60.79 58.00 61.52 0.0588

Other 148 (31.42) 76.70 57.48 89.24
Multiple
therapies 88 (18.68) 74.37 55.71 89.24 >0.9999
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Table 5. Cont.

Sample (n = 1215) Therapy n (%)
eGFR mL/min/1.73 m2 P

Median Q1 Q3 Overall Pairwise *

WW 230 (48.83) 78.55 69.47 91.42
PV (n = 395) 0.6865

HU only 135 (34.18) 72.88 60.43 84.79 0.3516
RUX only 11 (2.78) 72.21 55.75 81.59 0.8951

Other 90 (22.78) 72.63 59.32 89.69
Multiple
therapies 77 (19.49) 70.11 58.69 83.20 0.3453

WW 159 (40.25) 74.36 63.05 87.20
MF (n = 349) 0.0073

HU only 33 (9.46) 68.90 58.61 73.45 0.0488
RUX only 78 (22.35) 68.85 56.23 84.69 0.0188

Other 103 (29.51) 69.74 53.46 81.02
Multiple
therapies 85 (24.36) 69.74 52.67 80.35 0.2208

WW 135 (38.68) 76.29 62.46 91.20

* Therapy compared to WW. Bolded values indicate significant p values.

Table 6. Median eGFR in patients treated with ASA, P2Y12-antagonists, or anticoagulation therapy.

Sample (n = 1251) Therapy n (%)
eGFR mL/min/1.73 m2 P

Median Q1 Q3 Overall Pairwise *

All patients (n = 1251) 0.1462
ASA 654 (52.28) 75.00 63.18 86.25 0.9909

P2Y12-antagonists 30 (2.40) 74.50 59.14 83.25 0.8892
Anticoagulant-treated 122 (9.75) 70.65 55.36 86.30 0.1092

No 375 (29.98) 75.23 62.37 89.19
ET (n = 483) 0.0234

ASA 272 (56.31) 76.78 64.87 88.05 0.1026
P2Y12-antagonists 19 (3.93) 74.47 52.69 85.74 0.1713

Anticoagulant-treated 34 (7.04) 78.82 54.61 89.15 0.5919
No 124 (25.67) 79.09 67.91 94.05

PV (n = 415) 0.3127
ASA 254 (61.20) 74.97 63.44 86.25 0.7041

P2Y12-antagonists 7 (1.69) 81.36 66.91 88.84 0.7107
Anticoagulant-treated 59 (14.22) 70.81 57.15 89.84 >0.9999

No 73 (17.59) 70.50 59.60 83.97
MF (n = 349) 0.0849

ASA 128 (36.26) 71.33 59.84 81.12 0.2907
P2Y12-antagonists 4 (1.13) 65.46 49.50 76.41 0.8580

Anticoagulant-treated 29 (8.22) 62.06 52.36 83.70 0.2262
no 178 (50.42) 73.16 59.20 87.80

* Therapy compared to no therapy. Bolded values indicate significant p values.

3.6. Survival

In order to evaluate the association of kidney dysfunction with patients’ survival, we
analyzed overall survival after MPN diagnosis in the two creatinine groups (>0.9 mg/dL
and ≤0.9 mg/dL) (Figure 2A–C). Overall survival differed significantly between the crea-
tine groups and when stratified for MPN subtype; this was confirmed in ET but not in PV
or MF. Accordingly, Cox regression identified a higher risk of death in the creatinine group
>0.9 mg/dL compared with ≤0.9 mg/dL in ET (hazard ratio (HR) = 3.4, 95% CI (1.2–9.4),
p = 0.0174) but not in PV or MF.
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Figure 2. Overall survival according to creatinine level ≤0.9 mg/dL (green) or >0.9 mg/dL (red) at entry
into the registry. Creatinine rather than eGFR was used for survival analysis, since the eGFR formula
contains age as one of the variables. (A) Survival analysis for pts with essential thrombocythemia (ET);
(B) survival analysis for pts with polycythemia vera (PV); (C) survival analysis for pts with myelofibrosis
(MF), including pts with primary MF, post-PV MF, and post-ET MF.

4. Discussion

In this retrospective multicenter analysis of the German GSG-MPN bioregistry, the
majority of patients had an eGFR between 60 and 89 mL/min/1.73 m2. Compared with
the general population [39–41], median eGFR was lower in our patient cohort but simi-
lar to a previous study in MPN patients [24], while another study had reported higher
levels [25] (74, 73, and 82 mL/min/1.73 m2, respectively). The fraction of patients with
kidney dysfunction (eGFR < 60 mL/min/1.73 m2) was 22.3% in our cohort and 29% [24],
15.4% [25], and 27% [26] in the previous studies, respectively. Mean age at analysis in our
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cohort (62 years) was similar to the previous cohorts (63.2 [24], 62 [25], and 64 years [26],
respectively) and thus did not account for the eGFR differences between the cohorts.

Our data revealed a higher prevalence of kidney dysfunction in MF patients compared
with ET or PV, indicating that MF has a higher impact on kidney function and that this
was not simply due to a higher age or diabetes prevalence (see Table 1). This is a novel
finding, since previous studies either reported similar frequencies of CKD among the three
subtypes ET/PV/MF [24,25] or did not include MF patients [26]. The more severe kidney
dysfunction in MF patients may also account for the higher rate of ECOG PS 1 vs. 0 in this
patient group, reflecting impairments in ADL.

When comparing more severe (eGFR < 60 mL/min/1.73 m2) to milder (eGFR ≥
60 mL/min/1.73 m2) kidney dysfunction, the most relevant factors accompanying de-
creased function were co-existing diabetes mellitus, arterial hypertension, hyperlipidemia,
elevated levels of uric acid, leukocytes, neutrophils, monocytes, LDH, CRP, and MPN ther-
apy (Table 2). A longer MPN duration was associated with a higher prevalence of kidney
dysfunction in our cohort, when using either eGFR or creatinine levels (Figure 1C,D). Thus,
established risk factors for developing CKD in the general population [42,43] were also
relevant in MPN patients overall, but we found that diabetes, arterial hypertension, and
hyperlipidemia may be less important in PV than in ET and MF (Tables S2–S4). Moreover,
inflammatory biomarkers were associated with decreased kidney function in our cohort, in
keeping with findings in previous MPN studies [25,26]. Chronic inflammation is relevant
for MPN pathogenesis [25,44], and CKD itself is also associated with (chronic) inflamma-
tion [45,46]. Our study supports the concept that MPN-induced inflammation adversely
affects kidney function and shows that inflammatory cells are more important factors for
kidney dysfunction than CRP levels.

In PV, co-existing diabetes did not correlate with kidney dysfunction (in contrast
to ET and MF), the reason for this being unclear. Moreover, when correlating MPN-
specific therapy to median eGFR, we detected a lower median eGFR in the treated patients
compared with WW management in ET and MF but not in PV, suggesting that treatment
of PV was beneficial for kidney function. This is in line with previous data showing that
treatment of PV improved kidney function and suggests that PV-related non-diabetes
factors, such as microcirculatory disturbance and arterial hypertension, play a prominent
role in the pathophysiology of CKD in PV [25].

As expected from studies in the general population [47], higher uric acid levels were
associated with impaired kidney function in all MPN subtypes, especially in PV and MF,
reflecting decreased renal uric acid excretion. However, our study showed correlations
of elevated uric acid levels with high cell turnover, even in patients with preserved renal
function (Table S5), demonstrating that not only renal dysfunction but also higher cell
counts and turnover contribute to higher uric acid levels in MPN patients.

In the overall population, JAK2V617F positivity was not different between eGFR
groups (Table S1). However, in patients with the ET subtype, the JAK2V617F mutation oc-
curred more frequently in the eGFR3 group than the other two eGFR groups (Tables S2–S4).
Interestingly, recent data show a pathophysiological role of the JAK-STAT pathway in
kidney disorders [48,49]. In addition, clinical data suggest an improvement of kidney
function with RUX treatment [28,50,51]. The distribution of JAK2V617F positivity in ET
and MF was comparable, but MF was associated with more severe CKD and with shorter
MPN duration, and thus, other factors may override the impact of JAK2V617F positivity
on renal function in MF. In line with these data, Christensen et al. [24] had described a
significant decline in eGFR over time in MF patients, which was not present in ET or PV.
Therefore, based on our findings and previous reports, a high vigilance regarding kidney
function is required in MPN patients, especially those with MF.

As expected, the prevalence of thrombosis was higher in our MPN cohort (29%
of all patients) in comparison to general population-based analyses [14–16,18], and it
was increased in patients with renal dysfunction (Figure 1B). Besides renal dysfunction,
relevant risk factors for thrombosis were JAK2V617F positivity, arterial hypertension,
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hyperlipidemia, and a non-excessive platelet count (Table 3). As most thromboses occur
around diagnosis [3] and creatinine measurement was performed after diagnosis in our
analysis, it cannot be formally excluded that thrombosis occurred independently from
renal dysfunction. However, the fact that JAK2V617F positivity is a known risk factor for
thrombosis [1], that CKD was associated with thrombosis in a prior series of PV and ET
patients [26], and that the correlation between CKD and thrombosis was most prominent
in PV patients (Table S11 and [3,26,52,53]), suggests that rigorous treatment of preventable
cardiovascular risk factors may mitigate kidney dysfunction and thrombosis, at least in
PV. Only arterial hypertension and non-excessive platelets remained significant upon
multivariable analysis. The association between thrombosis and non-excessive platelet
counts probably reflects the increased bleeding rate and thus decreased thrombosis rate in
patients with platelets over 1000/nL. The association between thrombosis and anti-MPN
and antithrombotic therapy is explained by the fact that both therapeutic measures are
indicated when a thrombotic event occurs. Prospective data in future research could
reveal this confounded association introduced by the cross-sectional nature of the present
study. Leukocytosis has been described as an independent risk factor for thrombosis in
PV in some studies (meta-analysis in [54]) but not others [55]). In our analysis, we did not
assess this risk separately for the MPN subtypes, but leukocytosis was not a risk factor for
thrombosis in the univariate or multivariable analysis (Table 3). Contrary to thrombosis,
kidney dysfunction was not a risk factor for severe hemorrhage in our cohort (Table 4).

In our cohort, more patients with impaired kidney function received therapy than
those with normal kidney function (Table S13), and the fraction of patients aged >60 years
was significantly higher in the eGFR3 than the other two eGFR groups (Table S1). In line
with these data, median eGFR was significantly lower in ET patients receiving HU and
in MF patients receiving HU or RUX treatment compared with those patients managed
by WW (Table 5), most likely reflecting their need of pharmacologic treatment because of
advanced age rather than a causal role of kidney dysfunction. Previous reports showed
that MPN treatment is able to improve CKD in PV but not in ET or MF [24,25]. In the
present analysis, no serial measurements of kidney function were available, but the lower
frequency of CKD in treated PV patients suggests a positive impact of MPN therapy on
kidney function in PV.

An elevated creatinine level was associated with a lower survival rate in ET but not PV
or MF (Figure 2A–C), suggesting that, in PV and MF, other risk factors are more relevant
for survival. This was particularly relevant since the median age of ET patients was only
54 years at diagnosis. Time between diagnosis and creatinine testing was 5, 6, and 3 years,
respectively, in ET, PV, and MF patients (Table 1).

To our knowledge, this is the largest MPN cohort analyzed for renal dysfunction to
date, and, importantly, it reflects real world data from current practice. Nevertheless, our
study has some limitations: (a) We have only one measurement of serum creatinine; the
other parameters were extracted from patients’ records and only the life-time prevalence of
thrombosis was documented. Therefore, no rigorous cause-effect relationships between
MPN, CKD, and thrombosis can be demonstrated statistically. However, the assumed
relationships between MPN, CKD, and thrombosis in our study are supported by prior
research relevant in the context (see above). Nevertheless, paired measurements of cre-
atinine and related parameters at predefined time points, i.e., before and at the time of
diagnosis, during FU, and the date of thrombosis, should be analyzed in future prospective
studies. (b) Furthermore, additional parameters for kidney dysfunction such as albumin,
serum cystatine C [56], and additional inflammatory biomarkers in blood and urine may
be better indicators of renal pathophysiology, since creatinine is also influenced by plasma
volume and muscle mass. Adding these factors and more follow-up data would allow
us to develop a time-dependent risk model comprising MPN duration, thrombosis, the
course of CKD, and the effects of anti-MPN therapy. (c) Finally, prospective trials will be
needed to establish evidence for the benefit of vigilance for renal dysfunction and early
intervention to decrease morbidity in MPN patients.



Cancers 2021, 13, 4086 17 of 21

5. Conclusions

Our large registry-based multicenter study revealed an increased prevalence of kidney
dysfunction in MPN patients compared with the general population and, in addition, we
demonstrated a higher proportion of thromboses in patients with more severe kidney
dysfunction. It was shown that MF has a higher impact on kidney function compared
with ET or PV. The lower frequency of CKD in PV patients receiving MPN treatment may
imply a beneficial impact of MPN treatment on kidney function. In conclusion, our results
suggest that MPN patients with renal dysfunction may require closer monitoring and,
possibly, earlier thromboprophylaxis and MPN-directed treatment. Nevertheless, future
research should focus on the acquisition of longitudinal data, which is required to confirm
the findings of the present study.
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eGFR estimated glomerular filtration rate
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FU Follow-up

GSG-MPN bioregistry
Myeloproliferative neoplasms bioregistry study of the German Study
Group for myeloproliferative neoplasms

HR Hazard ratio
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and Treatment

KDIGO Kidney Disease Improving Global Outcomes
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MF Myelofibrosis
MPN Myeloproliferative neoplasms
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PMF Primary myelofibrosis
PV Polycythemia vera
Q1 First quartile
Q3 Third quartile
RUX Ruxolitinib
Scr Serum creatinine
WHO World Health Organization
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