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in patients with Waldenstrom macroglobulinemia and

smoldering disease

Qingqing Pan®*, Xinxin Cao®*, Jian Li°, Fang Li*" and Yaping Luo®®

Introduction Itis important to distinguish Waldenstrom
macroglobulinemia from smoldering Waldenstrém
macroglobulinemia (sWM), because only patients with
Waldenstrom macroglobulinemia require treatment, however
the distinction can be clinically complex. The aim of this
study is to investigate whether [*®GalGa-pentixafor PET/

CT shows different characteristics in sWM and Waldenstrom
macroglobulinemia patients and therefore can help to
differentiate Waldenstrom macroglobulinemia and sWM.

Results Thirty-seven patients with newly diagnosed
Waldenstrom macroglobulinemia and 11 sWM patients
were analyzed [35 men and 13 women; 64.3 = 10.7 (range,
29-87) years oldl. The SUVmax of bone marrow disease,
lymph nodes, and other extramedullary diseases on [*3Gal
Ga-pentixafor were significantly higher than those on
2-['®FIFDG PET/CT (P < 0.05). On [*®GalGa-pentixafor
PET/CT, patients with Waldenstrém macroglobulinemia
had more lymph node regions involved, significantly
higher incidence of involvement in more than three lymph
node regions, larger nodal disease, and higher incidence
of other extramedullary disease when compared with
sWM patients (P < 0.05). Waldenstrdm macroglobulinemia
patients showed significantly higher total lesions uptake,
total lesion volume, and SUVmax of extramedullary

disease than sWM patients did (P < 0.05). None of the

Introduction

Waldenstrom macroglobulinemia is a rare, indolent B-cell
non-Hodgkin lymphoma characterized by the accumula-
tion of lymphoplasmacytic cells in the bone marrow with
excess production of monoclonal immunoglobulin M
(IgM) [1]. Waldenstrom macroglobulinemia is preceded
by a precursory asymptomatic stage known as smolder-
ing Waldenstrom macroglobulinemia (sWM) [2]. Patients
with sWM can remain asymptomatic for years, during
which time a watch-and-wait approach is reccommended.
Treatment is generally started when patients develop
symptoms related to Waldenstrom macroglobulinemia.
Waldenstrom macroglobulinemia, however, has a heter-
ogeneous spectrum of clinical presentations, including
cytopenia, peripheral neuropathy, complications driven
by immunologic properties, bulky adenopathy, organo-
megaly, and constitutional symptoms [3]. Sometimes
it is challenging to differentiate whether the symptom
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visual or semiquantitative indexes in 2-['®FIFDG PET/
CT showed significant difference between Waldenstrom
macroglobulinemia and sWM patients.

Conclusion [*®GalGa-pentixafor PET/CT had

better diagnostic performance than 2-['®FIFDG PET/
CT in Waldenstrom macroglobulinemia. Patients with
Waldenstrom macroglobulinemia presented with more
extensive extramedullary disease shown in [*®Gal
Ga-pentixafor PET/CT than sWM patients did. Nuc/ Med
Commun 45: 727-735 Copyright © 2024 Wolters Kluwer
Health, Inc. All rights reserved.
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is induced by Waldenstrém macroglobulinemia or not.
Thus, it’s imperative to establish a method to reliably
distinguish sWM from Waldenstrom macroglobulinemia
patients, so that treatment can be appropriately initiated.

2-[""FIFDG PET/CT is a standard technique in the man-
agement of lymphoma, but its role is hampered in indo-
lent lymphoma like Waldenstrom macroglobulinemia,
due to its low FDG avidity. [(’xGa]Ga—pentixafor, a novel
PET tracer with a high affinity for chemokine receptor
4 (CXCR4), has recently been introduced in assessment
of several hematological diseases, including Waldenstrom
macroglobulinemia [4-7]. We previously conducted a pro-
spective cohort study on the role of [**Ga]Ga-pentixafor
PET/CT in Waldenstréom macroglobulinemia, and found
that [68Ga]Ga-pentixafor PET/CT had a significantly
higher sensitivity than 2-["*F]JFDG in detecting tumor
involvement of Waldenstrom macroglobulinemia (100
vs. 58.8%) [8,9]. The change of [GSGa]Ga-pentixafor
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PET/CT after treatment was also in line with the clin-
ical response criteria [10-12]. Based on these results, we
wonder whether [**Ga]Ga-pentixafor PET/CT can help
to differentiate sWM from Waldenstréom macroglobuline-
mia. Herein, we retrospectively analyzed the data of our
prospectively recruited cohort to investigate the differ-
ence of Waldenstrom macroglobulinemia and sWM on
[68Ga]Ga-pentixafor PET/CT.

Methods

Study design and patients

"This is a retrospective analysis of the data from our pro-
spective cohort study on the role of [**Ga]Ga-pentixafor
PET/CT in Waldenstrom macroglobulinemia approved
by the Institutional Review Board of Peking Union
Medical College Hospital (protocol ZS-1113) and reg-
istered at ClinicalTrials.gov (NCT 03436342). Patients
with newly diagnosed Waldenstrom macroglobuline-
mia or sWM at the Department of Hematology, Peking
Union Medical College Hospital, were consecutively
recruited from April 2017 to July 2022. Written informed
consent was obtained from each patient. Laboratory tests
and bone marrow evaluation for Waldenstrom macroglob-
ulinemia were done at enrollment. Patients were then
referred for [68Ga]Ga-pentixafor PET/CT for baseline
evaluation. 2-["*FIFDG PET/CT was also performed
for comparison. Imaging characteristics were analyzed
afterwards. Demographic data, laboratory results, treat-
ment and survival data were obtained from the medical
records. Progression free survival (PFS) in Waldenstrom
macroglobulinemia patients was calculated from the date
of initiating active treatment to disease progression or
death from any cause. Treatment response and disease
progression were reviewed by an experienced hematol-
ogist (X.C.).

PET/CT study

The DOTA-CPCR4-2 peptide was purchased from
CSBio Co (CA 94025, Silicon Valley, California, USA).
The radiolabeling of [**Ga]Ga-pentixafor was performed
manually before injection according to the procedures
as previously published [8]. 2-["*FIFDG was synthe-
sized in house with an 11 MeV cyclotron (CTI RDS
111, Siemens, Munich, Germany). The PET scans were
performed with dedicated PE'T/CT scanners (Biograph
64 ‘Truepoint 'TrueV, Siemens, Munich, Germanyj;
Polestar m660, SinoUnion, Beijing, China) from the
tip of the skull to the middle thigh. PET/CT imaging
was performed (2-4 min/bed) with an uptake time of
49.6 + 23.4 min after an injection of 96.2 = 33.3 MBq
of [68Ga]Ga-per1tixafor. For BF-FDG PET/CT, the
patients fasted for at least 6 h, and the blood glucose
levels were monitored (3.8-8.8 mmol/l) before an injec-
tion of "F-FDG (5.55MBg/kg). The acquired data
were reconstructed using the ordered-subset expecta-
tion maximization method (Biograph 64 : 2 iterations, 8

subsets, gaussian filter, image size of 168 x 168; Polestar
mo660 : 2 iterations, 10 subsets, gaussian filter, image size
of 192 x 192).

Imaging analysis

Two experienced nuclear medicine physicians (Y.L.
and Q.P) visually assessed the PET/CT images and
were in consensus for image interpretation. Bone mar-
row involvement, the presence of positive lymph nodes,
splenomegaly, and other extramedullary involvement
were recorded. The presence of positive lymph nodes
and other extramedullary involvement was defined
as uptake greater than liver in [*®*Ga]Ga-pentixafor or
2-["®F]IFDG PET. Semiquantitative parameters of tumor
burden were measured as total lesion volume (TLV,
defined as the sum of the volumes of all CXCR4 positive
tumor lesions) and total lesions uptake [TLU, defined as
the sum of individual TLV multiplied by its mean stand-
ardized uptake value (SUV)] [12] on MIM workstation
(version 6.6.11, MIM Software, Cleveland, Ohio, USA).
First, a rectangular volume of interest was drawn includ-
ing bone marrow and all focal lesions previously localized
in the PE'T/CT images. Subsequently, tumor contours
were semiautomatically segmented with a SUV cutoff
of 2.5. The contours were then checked and manually
adjusted to exclude the physiological uptakes, for exam-
ple, in the urinary tract. Spleen was also excluded from
the tumor contours due to its considerable physiologic
uptake of [{’8Ga]Ga—pentixafor. Afterward, volumetric
parameters of bone marrow (TLVB , TLUB]\ , SUVmaX)
and extramedullary discase (TLVF]\ TLU EAND SUVm‘ X)
were generated respectively by manually adjusting
the contours to include either bone marrow disease or
extramedullary disease in the final volumetric extraction.
If TLV,,, and TLU  were 0, then the SUV_ of bone
marrow was manually measured with the reglon of inter-
est in L4 vertebra. For splenic involvement, only the
size of spleen was evaluated. Splenomegaly was defined
as the vertical length over 13 cm on computed tomogra-
phy (CT), while the vertical length was measured with
the longest vertical dimension between cranial and cau-
dal borders of the spleen in the coronal section [13,14].
Volumetric measurements in 2-['*F]FDG PET/CT were
performed in the same way and were recorded as total
lesion glycolysis (TL.G) and metabolic tumor volume

(MTV).

Statistical analysis

Characteristics of the two groups were compared using
Fisher’s exact test for discrete variables and Student’s
7-test (data with normal distribution) or Mann-Whiney
test (skewed data) for continuous variables. All statistical
analyses were done with SPSS Statistics software (version
23.0, IBM SPSS Inc., New York, USA) or Medcalc soft-
ware (version 19.6.4, Ostend, Belgium). A P-value<0.05
was considered statistically significant.
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Table1 Comparison of clinical characteristics between
Waldenstrom macroglobulinemia and sWM patients

Waldenstrom
macroglobulinemia
(n=137)

sWM (n=11)  P-value

Age, year 6321108 68.2£10.7 0.181
Gender, males (%) 30/37 (81.1%) 5/11 (45.5%)  0.047*
Hemoglobin, g/I 90.6 + 21.7 108.9+26.5  0.024*
Platelet, x10%/I 212.2+112.8 195.56 +93.0 0.656
Lactate dehydrogenase, U/I 1562.2+64.4 148.9 £ 40.2 0.615
Albumin, g/l 31.4+6.0 37.7+56 0.002*
Serum B2-microglobulin, mg/I 52+25 33%1.1 0.013*
Serum IgM, g/l 45.6 £ 26.0 28.8+9.8 0.042*
Serum monoclonal protein, g/l 28.0+ 174 16.3+ 7.0 0.031*
Serum free light chain, mg/I 594.1 £1401.2 2232.7+6508.7 0.768
Coomb's test (+)* 6/29 (20.7%) 0/6 (0) 0.561
Cryoglobulinemia® 7/31 (22.6%) 1/10 (10%) 0.653
Marrow lymphoplasmacytic 94+84 105+ 14.4 0.140

infiltrate, %

MYD882¢*" mutated® 34/37 (91.9%) 7/10 (70.0%)  0.101

CXCR4 mutated® 6/34 (17.6%) 1/10 (10.0%) 1.000
Data are presented as mean = SD or n (%).

sWM, smoldering Waldenstrém macroglobulinemia.

Data not available in some patients.

*Factors are statistically significant.

Results

Clinical characteristics

Thirty-seven  patients  with newly diagnosed

Waldenstrom macroglobulinemia and 11 sWM patients
[35 men and 13 women; 64.3 + 10.7 (range, 29-87)
years old] were analyzed in the present study. Anemia
was found in 36/48 (75.0%) patients, and 7/48 (14.6%)
patients had thrombocytopenia. Three patients had
Bing-Neel syndrome (Waldenstrom macroglobu-
linemia involving the central nervous system), and
peripheral neuropathy was found in four patients. The
median serum IgM and monoclonal protein levels
were 36.9 g/l (range, 4.7-104.7 g/1) and 22.8 g/l (range,
0.5-75.7 g/1), respectively. Thirty-four patients (70.8%)
had IgM-x type of monoclonal protein, and others
were IgM-A type. MYD88*" mutation and CXCR4
mutation were documented in 41/47 patients (87.2%)
and 7/44 patients (15.9%), respectively. The clinical
characteristics were compared between patients with
Waldenstrom macroglobulinemia and sWM, as shown
in Table 1. Patients with Waldenstrom macroglobu-
linemia had significantly lower levels of hemoglobin
and serum albumin levels than sWM patients did
(hemoglobin, 90.6 + 21.7 vs. 108.9 + 26.5, P = 0.024;
albumin, 31.4 + 6.0 vs. 37.7 + 5.6, P =0.002). Serum
B2-microglobulin, IgM, and monoclonal protein in
Waldenstrom macroglobulinemia patients were sig-
nificantly higher than those in sWM patients (2-
microglobulin, 5.2 + 2.5 vs. 3.3 + 1.1, P =0.013; IgM,
45.6 £ 26.0 vs. 28.8 £ 9.8, P = 0.042; monoclonal pro-
tein, 28.0 £ 17.4vs.16.3 = 7.0, P = 0.031). No significant
difference was found in other laboratory examination
results between patients with Waldenstrom mac-
roglobulinemia and patients with sWM.

Comparison of [*®GalGa-pentixafor and 2-['*FIFDG
PET/CT presentation

Bone marrow involvement

Bone marrow is the predominant site of involvement
in Waldenstrom macroglobulinemia and sWM, which
was confirmed by bone marrow aspiration and biopsy
in all patients. The recruited patients showed diffuse
bone marrow uptake in [**Ga]Ga-pentixafor PET/CT

(SUV_ . 7.4+38; range, 2.0-21.3) and 2-[°FIFDG
PET/CT (SUV_ ., 3.5+1.3; range, 1.0-7.7), and the
SUV of bone marrow on [**Ga]Ga- pentixafor was

significantly higher than those on 2-["FIFDG PET/
CT (P =0.000, Table 2). Considering the bone marrow
uptake pattern, 7/37 (18.9%) Waldenstrom macroglobu-
linemia patients showed heterogeneous distribution of
bone marrow disease in [(’SGa]Ga—pentixafor PET/CT,
while other Waldenstrom macroglobulinemia and sWM
patients had evenly distributed bone marrow uptake of
[*®Ga]Ga-pentixafor. In 2-["*F]IFDG PET/CT, only one
of the seven patients showed heterogeneous distribution
of FDG activity in bone marrow discase.

lymph node involvement

Lymph node involvement was the most common
extramedullary disease, detected in 29/48 (60.4%)
patients with [*®*Ga]Ga-pentixafor PET/CT, including
neck (7 = 21), axilla (# = 17), mediastinum (# = 16), inter-
nal mammary (7 = 4), hepatoduodenal (# = 25), paraaor-
tic (7 =25), mesenteric (7 = 1), iliac (# = 14), inguinal
(7 =13), and epitrochlear (7 =1) nodes. Twenty-two
patients had involvement in more than three lymph node
regions. In 2-["*FIFDG PET/CT, however, only 13/48
(27.1%) patients were found to have positive lymph nodes
with increased FDG uptake. [**Ga]Ga-pentixafor PE'T/
CT showed significantly higher detectability of lymph
node disease than 2-[*F]FDG PET/CT did (P = 0.002;
Table 2)." The shortest diameter of the largest node in
each patient was 20.2 + 10.4 mm (range, 5.0-42.0 mm),
with an SUV of 8.8 = 3.7 (range, 3.7-18.8) in the hot-
test node in [ Ga]Ga pentixafor PET/CT [SUV in
2-["FIFDG PET/CT, 2.8 + 1.2 (range, 1.2-4.6)]. The
lymph nodes did not show necrosis or calcification in C'T'
images.

Other extramedullary disease

Splenomegaly was detected in 13 patients with SUV of
6.6 + 3.2 (range, 2.3-13.2) on [®®*Ga]Ga- pentixafor PET/
CT and SUV__of 2.7+ 0.8 (range, 1.6-3.9) on 2-["°F]
FDG PET/CT Eleven patients (with concurrent nodal
involvement) also had other extramedullary involvement
shown in [**Ga]Ga-pentixafor PET/CT, including para-
medullary disease (# = 6), dura mater (# = 2), liver (# = 3),
spinal nerve roots (# = 1), pleura (7 = 1), pancreas (7 = 1),
and kidney (z = 1). 2-["*F]FDG PET/CT only detected
the above extramedullary involvement in 4/11 patients
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Table 2 Diagnostic performance of [*®GalGa-pentixafor and
2-["®FIFDG PET/CT
[SBGa]
Ga-pentixafor 2-["®FIFDG P-value

Bone marrow disease

SUVmaX of bone marrow 7.4+38 35+13 0.000*
Extramedullary disease

LN involvement, n (%) 29/48 (60.4%) 13/48 (27.1%) 0.002*

SUVmax of LN 8.8+ 3.7 28+1.2 0.000*

EMD other than LN or 11/48 (22.9%) 4/48(8.3%) 0.089

spleen, n (%)

SUVmaX of EMD other than 6.6 £3.2 29+13 0.026*

LN or spleen

Data are presented as mean = SD or n (%).
EMD, extramedullary disease; LN, lymph nodes.
*Factors are statistically significant.

[paramedullary disease (7 = 3) and kidney (7 = 1)]. The
SUV_  of extramedullary disease other than lymph
nodes or spleen detected on [**Ga]Ga-pentixafor was
significantly higher than those on 2-["*F]JFDG PET/CT
[6.6 + 3.2 (range, 1.9-13.1) vs. 2.9 + 1.3 (range, 1.7-4.6),
P =0.026; Table 2]. The diagnostic performance and
SUV _ of [*®Ga]Ga-pentixafor and 2-["*FIFDG PET/
CT were shown in Table 2, and examples of [®*Gal]
Ga-pentixafor and 2- [ISF]FDG PET/CT images were
shown in Figs. 1 and 2.

Comparison of Waldenstrom macroglobulinemia and
sWM in PET/CT

Regarding bone marrow discase, the difference of SUV
of bone marrow between Waldenstrém macroglobuline-
mia and sWM patients was not significant in both [**Gal]
Ga-pentixafor and 2-["*FIFDG PET/CT (P = 0.220 and
0.158, respectively; Table 3). For semiquantitative meas-
urements, the TLV,« and TLU of bone marrow meas-
ured in [(’BGa]Ga—pentixafor PET/CT in patients with
Waldenstrom macroglobulinemia were higher than those
in sWM patients with borderline significance (P = 0.088
and 0.068; Table 3). The TLGBM and MTVBM of bone
marrow in 2-["*F]FDG PET/CT, however, were not sta-
tistically different between Waldenstrom macroglobu-

linemia and sWM patients (P = 0.407 and 0.407; Table 3).

For lymph node involvement, there was no significant
difference of the incidence of nodal disease detected
on [(’SGa]Ga—pentixafor PET/CT between patients
with Waldenstrom macroglobulinemia and sWM [64.9%
(24/37) vs.45.5% (5/11), P = 0.304]; however, patients with
Waldenstrom macroglobulinemia had more lymph node
regions involved (median number of involved lymph node
regions, 8 vs. 1, P = 0.000), significantly higher incidence
of involvement in more than three lymph node regions
[59.5% (22/37) vs. 0%, P = 0.000], and larger nodal dis-
ease than sSWM patients [the median shortest diameter of
the largest node (mm), 19.0 vs. 9.0, P = 0.004] (Table 3).
As to 2-[®F]FDG PET/CT, the nodal disease detection
rate and the number of positive lymph node regions were

not different between the patients with Waldenstrom
macroglobulinemia and sWM, due to the significantly
lower detection rate of the lymph node involvement than
[*®*Ga]Ga-pentixafor PET/CT (Table 3).

The incidence of splenomegaly in patients with
Waldenstréom macroglobulinemia and sWM did not dif-
fer significantly [27.0% (10/37) vs. 27.3% (3/11), P = 1.00],
and the vertical length of the spleen was not significantly
different either [median vertical length (mm), 10.6 vs.
9.4, P =0.54] ('Table 3). None of the sWM patients had
extramedullary disease other than lymph node involve-
ment or splenomegaly and this difference was statis-
tically significant (P = 0.048; Table 3). Comparing the
semiquantitative indexes in [68Ga]Ga—pentixafor PETY/
CT, Waldenstrom macroglobulinemia patients showed
significantly higher TLU_ . 'TLV . and SUV__ of
extramedually disease (including lymph node disease)
than sWM patients did (P < 0.05; Table 3). The semi-
quantitative indexes including TLG 1) MTV, ., and
SUV of extramedually disease in 2-[ BRIFDG PET/
CT, however were not statistically different between t
he patients with Waldenstrom macroglobulinemia and
sWM (P > 0.05; Table 3). Comparison of the imaging
characteristics and semiquantitative measures in [68Ga]
Ga-pentixafor and 2-[®FIFDG PET/CT between
Waldenstrom macroglobulinemia and sWM patients
were shown in Table 3.

Treatment and follow-up

Follow up data were available in 47/48 patients (median
follow up time, 26.6 months, range, 1.3-67.5 months).
For patients with Waldenstrom macroglobulinemia,
35/37 (94.6%) patients received active treatment against
Waldenstrom macroglobulinemia after baseline PET/CT
(interval between PET/CT and initiation of treatment;
median, 8.0 days; range, 1.0-153.0 days). The treatment
regimens included immunochemotherapy (7 = 28), chlo-
rambucil (or plus prednisone) (# =5), and single-agent
ibrutinib (7 = 2). One patient was accidentally found
with colon cancer by PET/CT, so he underwent treat-
ment against colon cancer and his Waldenstrom mac-
roglobulinemia remained untreated. Another patient was
lost to follow up. After the first-line treatment, the overall
response rate and major response rate were 90.0% (27/30)
and 76.7% (23/30), respectively (treatment response
assessed according to the consensus response criteria on
Waldenstrom macroglobulinemia [15], response data not
available in five patients). The estimated median PFS
was 50.1 months (95% CI, 28.2-51.5 months).

For patients with sWM, 8/11 (72.7%) patients remained
asymptomatic and did not require treatment until the
last visit (median follow up time, 22.4 months, range,
1.3-49.6 months). The remaining three sWM patients
developed anemia, thrombocytopenia, fatigue after
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Fig. 1

2-['8F]FDG
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(b)  [$8Ga]Ga-pentixafor 2-[18F]FDG
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TLUgyp 4436.7 TlGegwp O
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SUVmax-emp 10.6
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Examples of [GBGa]Ga—pentixafor and 2-['®F]FDG PET/CT in two Eatients with Waldenstrém macroglobulinemia. Both patients (a and b) had intense

bone marrow uptake and extensively involved lymph nodes on [°

Ga]Ga-pentixafor PET/CT with remarkable TLU

p and TLV_ . In both patients,

[°®GalGa-pentixafor PET/CT showed more intense bone marrow uptake, more extensive lymph nodes involvement, and larger semiquantitative
indexes than 2-['®FIFDG PET/CT did. BM, bone marrow; EMD, extramedullary disease; MTV, metabolic tumor volume; TLG, total lesion glycolysis;

TLU, total lesions uptake; TLV, total lesions volume.

14.9-39.9 months after PET/C'T scan, and active treat-
ment against Waldenstrom macroglobulinemia was
initiated.

Discussion

Waldenstréom macroglobulinemia typically has an indolent
clinical course with the median overall survival of around
6-7 years [16]. It is, however, an incurable disease with
an inexorable propensity for relapse. The goal of treating
Waldenstrom macroglobulinemia is to achieve sympto-
matic relief and reduce further end-organ damage with-
out compromising the quality of life [16]. For sWM (also
referred to as asymptomatic Waldenstrém macroglob-
ulinemia), no evidence suggests that carly therapeutic
intervention in the absence of active disease provides a
survival benefit compared with patients who begin ther-
apy until clinical progression [2,17,18]. Thus distinction
between Waldenstrom macroglobulinemia and sWM is
important because only patients with Waldenstrom mac-
roglobulinemia require treatment, while patients with

sWM should be managed with a watch-and-wait approach
[16]. As the clinical presentations of Waldenstréom mac-
roglobulinemia vary substantially, the above differ-
entiation and the choice of treatment can be complex.
In our study, the Waldenstrom macroglobulinemia-
related presentations included B symptoms [27.0%
(10/37)], cytopenia [54.1% (20/37)], hyperviscosity
[32.4% (12/37)], lymphadenopathy or hepatosplenomeg-
aly [48.6% (18/37)], neuropathy [16.2% (6/37)], mono-
clonal gammopathy of renal significance [10.8% (4/37)],
cryoglobulinemia [10.8% (4/37)], and secondary amyloi-
dosis [5.4% (2/37)]. These presentations are consistent
with the results in previous studies [19]; however, some
of them have various etiologies and may be difficult to
determine whether it is resulted from Waldenstrom
macroglobulinemia. For example, the underlying causes
for anemia include malnutrition, kidney disease, con-
genital anemia, myelodysplastic syndrome, or other
systemic illness; thrombocytopenia may be associated
with nutrient deficiencies, myelodysplastic syndromes,
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Fig. 2

(@) [s8Ga]Ga-pentixafor

2-[18F]FDG

(b)  [$Ga]Ga-pentixafor 2-[18F]FDG

TLUgyw 1655.8 TLGgwm O
TlVey 521.6 MTVgy 0
SUVmax-8m 8.0 SUVmax-8m 2.2
TLUgnp 5.4 TLGewp 0
TWemp 2.0 MTVeup 0

SUVmax-emp 3.7

SUVmax-emp 1.5

TLUgy 6259.5

TLGyy 13213

TLVgy 1750.1 MTVgy 473.9
SUVmax-8m 10.2 SUVmax-8m 3.8
TLUgpp 91.7 TlGgp O
TLVemp 27.8 MTVewp O
SUVmax-EmD 7.5 SUVmax-Emp 0

Examples of [GBGa]Ga—pentixafor and 2-['"®FIFDG PET/CT in two patients with sWM. Both J)atients (a and b) had diffusely intense bone marrow

uptake, but only some minor lymph nodes on [*®Ga]Ga-pentixafor PET/CT. In both patients, [®

Ga]Ga-pentixafor PET/CT showed more intense bone

marrow uptake than 2-["®FIFDG PET/CT did. BM, bone marrow; EMD, extramedullary disease; MTV, metabolic tumor volume; sWM, smoldering
Waldenstrém macroglobulinemia; TLG, total lesion glycolysis; TLU, total lesions uptake; TLV, total lesions volume.

liver disease, and accelerated platelet destruction, etc.
In our study, 2/11 patients with sWM had hemoglobulin
<100 g/L.. One of them accompanied with chronic renal
insufficiency that confounded the causes for anemia. The
other patient with severe anemia (hemoglobin 46 g/l) was
initially considered to have Waldenstrom macroglobu-
linemia -related cytopenia, so treatment of Zanubrutinib
(a Bruton tyrosine kinase inhibitor) was initiated. After
4 weeks, his serum monoclonal protein decreased from
9.64 to 1.22 g/L, but his anemia was not improved. This
discordance between the anemia and monoclonal protein
response lead to further investigation of the underly-
ing cause of anemia, and he was finally diagnosed with
chronic pure red cell aplasia and sWM, and his anemia
was improved after treating with prednisone.

In the current study, we found [68Ga]Ga-pentixaf0r was
superior to 2-[®FIFDG for detecting involvement of
Waldenstrém macroglobulinemia, consistent with our
previously studies [8,12]. This result can be explained
by the high level of CXCR4 expression in the B cells

of Waldenstrom macroglobulinemia patients [20,21]
and the indolent nature of Waldenstrom macroglobu-
linemia resulting in the low sensitivity of 2-[®FIFDG
in this disease. To distinguish Waldenstrom macroglob-
ulinemia from sWM with [GgGa]Ga—pentixafor PET/
CT, we further found in our study that the patients with
Waldenstrom macroglobulinemia had a tendency to
have higher tumor burden in bone marrow than sWM
patients did, but the difference was borderline sig-
nificant. Whereas the extramedullary involvement in
patients with Waldenstrom macroglobulinemia shown
in [®*Ga]Ga-pentixafor PET/CT was significantly more
extensive than that in sSWM patients - they had more
lymph node regions involved, larger nodal disease,
higher incidence of other extramedullary disease, and
also higher TLU, TLV, and SUVmax of the extramedul-
lary disease. In most cases of Waldenstrom macroglob-
ulinemia, the lymphoplasmacytic lymphoma is a bone
marrow-based disease [22]. At the time of diagnosis, most
patients have disease restricted to the bone marrow, and
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Table 3 Comparison of [*®GalGa-pentixafor and 2-['®FIFDG PET/CT between Waldenstrém macroglobulinemia and sWM patients
[°8Ga] Ga-pentixafor 2-['"®FIFDG
Waldenstrom Waldenstrom
macroglobulinemia (n = 37) sWM (n=11) P-value macroglobulinemia (n = 37) sWM (n=11)  P-value
Bone marrow disease
TLUBM/TLGBM 19771 (336.3-4957.1) 382.9 (68.8-1473.7) 0.088 65.9 (1.1-264.5) 33.5 (0-640.9) 0.407
TLVBM/MTVBM 610.4 (121.2-1362.7) 128.2 (24.2-469.8) 0.068 25.1 (0.4-96.8) 12.6 (0-227.8) 0.407
SUVmax of bone marrow 6.6 (5.1-8.7) 5.4 (4.0-8.1) 0.220 3.4 (2.8-4.3) 3.8 (1.9-3.9) 0.158
Extramedullary disease
Positive LN disease, n (%) 24/37 (64.9%) 5/11 (45.5%) 0.304 12/37 (32.4%) 1/11 (9.1%) 0.246
Involved LN regions® 8 (1-13) 1(1-1) 0.000* 0 (0-3.5) 0 (0-0) 0.100
>3 LN regions involved?, n (%) 22/37 (59.5%) 0/11 (0%) 0.000* 10/37 (27.0%) 0/11 (0%) 0.089
Shortest diameter of the largest 19.0 (14.0-30.5) 9.0 (6.5-14.0) 0.004*
LN®, mm
Splenomegaly, n (%) 10/37 (27.0%) 3/11 (27.3%) 1.00
Vertical length of spleen, mm 10.6 (8.9-13.2) 9.4 (8.2-13.1) 0.540
EMD other than LN or spleen, n (%) 11/37 (29.7%) 0/11 (0) 0.048* 4/37 (10.8%) 0/11 (0) 0.561
TLU o/ TG, 129.6 (0-721.2) 0.0 (0-18.6) 0.022* 0 (0-0) 0 (0-0) 0.124
TLVEMD/MTVEMD 38.9 (0-175.3) 0.0 (0-6.1) 0.022* 0 (0-0) 0 (0-0) 0.124
SUVmaX of EMD 6.7 (0-10.1) 0.0 (0-4.4) 0.044* 0 (0-2.2) 0.0 (0-0) 0.074

Data are presented as median (IQR) (all are skewed data) or n (%).

BM, bone marrow; EMD, extramedullary disease; LN, lymph nodes; MTV, metabolic tumor volume; sWM, smoldering Waldenstrém macroglobulinemia; TLG, total lesion

glycolysis; TLU, total lesions uptake; TLV, total lesions volume.
#According to Lugano classification of lymph node staging.
®Data from the 29 patients with lymph node involvement.
*Factors are statistically significant.

the rate of extramedullary involvement was 4.4-34%
[23,24]. Consistently in our study, patients with sWM,
a precursory stage of Waldenstrom macroglobulinemia,
had slightly lower tumor burden in bone marrow than
in patients with Waldenstrom macroglobulinemia; and
when the disease progressed to Waldenstrom macroglob-
ulinemia, it had a tendency to spread to extramedullary
tissues, probably caused by certain microenvironmental
interactions like the cases in multiple myeloma [25,26].
Furthermore, we found in patients with extramedullary
disease, the TLU and T'LV in bone marrow were signifi-
cantly higher than those without extramedullary involve-
ment [TLU, median (IQR), 3390.0 (979.4, 5980.2) vs.
283.7 (89.8,927.4), P = 0.000; TLV, median (IQR), 1081.1
(339.2, 1624.2) vs. 101.6 (32.2, 314.4), P =0.000]. This
finding also suggested a distinct pattern of disease pro-
gression in Waldenstrom macroglobulinemia - extramed-
ullary disease occurred when bone marrow lymphoma
progressed. We think it’s interesting to further investi-
gate [**Ga]Ga-pentixafor PET/C T based staging and risk
stratification system in Waldenstrém macroglobulinemia.

Comparing the clinical characteristics between
Waldenstrom macroglobulinemia and sWM, we found
that patients with Waldenstrom macroglobulinemia
had significantly lower levels of hemoglobin and albu-
min, and higher serum 2-microglobulin, IgM, and
monoclonal protein levels than in patients with sWM
(P <0.05). It is known that hemoglobin <115 g/l, $2-
microglobulin >3 mg/l, monoclonal protein >70 g/l, and
albumin <35 g/l are incorporated in the risk factors in
International Prognostic Staging System for Waldenstrém
Macroglobulinemia (IPSSWM) or revised IPSSWM as
adverse features in prognosis [27,28]. The differences of

the above biomarkers we found between Waldenstrom
macroglobulinemia and sWM were consistent with the
known risk stratification system, since the overall sur-
vival of sWM patients is better than that of Waldenstrom
macroglobulinemia patients and is similar to the general
population [2,17].

Fifty percent of patients with sWM will not require ther-
apy within almost 3 years [19]. To identify patients who
will require treatment in the short term, several studies
have evaluated the impact of different clinical and lab-
oratory variables on patients’ outcome. These studies
found the major risk factors for progression of sWM to
symptomatic Waldenstrém macroglobulinemia included
percentage of lymphoplasmacytic cells in the bone mar-
row, size of the serum M-spike, B2-microglobulin, and
hemoglobin levels [2,29,30]. In our study, three patients
with sWM progressed to symptomatic Waldenstréom mac-
roglobulinemia and required therapy during follow up.
Two of them had lymph node involvement and spleno-
megaly shown in [**Ga]Ga-pentixafor PET/CT. We think
further studies are warranted to investigate whether the
imaging characteristics of [68Ga]Ga—pentixafor PET/CT
can predict the progression of sWM to active Waldenstrom
macroglobulinemia.

Our study has several limitations. First, it is a retrospec-
tive analysis of our prospective recruited cohort, so the
study population is limited to a small sample size of
sWM patients. According to other studies, about 25% of
patients are asymptomatic at presentation and the dis-
case is diagnosed incidentally [22], thus the proportions
of sSWM and Waldenstrom macroglobulinemia patients
in our cohort are consistent with the literature. Second,
the uptake of [**Ga]Ga-pentixafor has been reported in
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other diseases, such as benign inflammations and other
malignancies [6,31-34]. Although all recruited patients
had confirmed diagnosis of bone marrow involvement of
Waldenstrom macroglobulinemia, it was impossible to
have pathological confirmation for every extramedullary
lesion, thus the positive uptake on [**Ga]Ga-pentixafor
PET/CT should be differentiated from other etiologies
when interpreting images. Third, due to the consider-
able physiologic uptake of [**Ga]Ga-pentixafor in the
normal spleen and individual variation, only the size
of spleen was evaluated for splenic involvement in our
study, and the splenic uptake of [*®*Ga]Ga-pentixafor
was not included in the calculation of volumetric
parameters.

Conclusion

[**Ga]Ga-pentixafor PET/CT had better diagnostic
performance in Waldenstrom macroglobulinemia than
2-[""FIFDG PET/CT. Waldenstrom macroglobulinemia
and sWM had different imaging characteristics in [**Gal]
Ga-pentixafor PE'T/CT. Patients with Waldenstrom mac-
roglobulinemia presented with more extensive extramed-
ullary disease shown in [**Ga]Ga-pentixafor PET/CT.
This CXCR4-targeted PET/CT might be a useful imag-
ing tool to help the differentiation of Waldenstréom mac-
roglobulinemia from smoldering disease.
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