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Abstract
Purpose 18F-FDG PET/CT has some limitations in the evaluation of multiple myeloma (MM). Since chemokine receptor-4 is
overexpressed inMM,we perform a prospective cohort study to compare the performance of 68Ga-Pentixafor and 18F-FDG PET/
CT in newly diagnosed MM.
Methods Thirty patients with newly diagnosed MM were recruited. All patients underwent 68Ga-Pentixafor and18F-FDG PET/
CTwithin 1 week after enrollment. A positive PET/CTwas defined as the presence of focal PET-positive lesions in bone marrow
or diffuse bone marrow patterns (uptake > liver). Bone marrow uptake values in 68Ga-Pentixafor and18F-FDG PET/CT (total
bone marrow glycolysis [TBmGFDG], total bone marrow uptake with 68Ga-Pentixafor [TBmUCXCR4], total bone marrow volume
[TBmV], SUVmean, and SUVmax) were obtained by drawing total bone marrow volume of interest on PET/CT. The positive
rates of the PET/CT scans were statistically compared, and the correlation between quantitative bone marrow uptake values and
clinical characteristics, laboratory findings, and staging was analyzed.
Results 68Ga-Pentixafor PET/CT had a higher positive rate than 18F-FDG PET/CT in recruited patients (93.3 vs. 53.3%, p =
0.0005). In quantitative analysis, bone marrow uptake values in 68Ga-Pentixafor (TBmUCXCR4, SUVmax, and SUVmean) were
positively correlated with end organ damage, staging, and laboratory biomarkers related to tumor burden including serum β2-
microglobulin, serum free light chain, and 24-h urine light chain (p < 0.05). In 18F-FDG PET/CT, only the SUVmean of total
bone marrow was positively correlated with serum free light chain and 24-h urine light chain (p < 0.05).
Conclusions 68Ga-Pentixafor PET/CT is promising in assessment of newly diagnosed MM.
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Multiple myeloma (MM) is a malignant disease characterized
by neoplastic proliferation of plasma cells in bone marrow
producingmonoclonal immunoglobulin. Myeloma tumor bur-
den is a key factor for prognosis, usually assessed by serum
β2-microglobulin, M-protein, serum and urine-free light
chain, and the percentage of plasma cell infiltrates in bone
marrow. Imaging modalities are usually used to detect bone
marrow involvement, lytic bone destructions, and
extramedullary disease [1]. 18F-FDG PET/CT has an impact
on the work up of MM: the ability to distinguish between
metabolically active and inactive disease is preferred to mon-
itor the effect of therapy in MM; the presence of more than 3
focal lesions detected by 18F-FDG PET/CT at baseline is a
negative prognostic value in overall and event-free survival
[1, 2]. Measurement of metabolic tumor burden on 18F-FDG
PET/CT has also been used in the prediction of prognosis in
myeloma patients [3–5]. However, the false-negative FDG
uptake [6–8] due to the loss of hexokinase-2 expression in
MM [9] and false-positive lesions due to fractures, inflamma-
tory or reparative changes in bones, recent chemotherapy or
use of growth factors, and MM-related anemia [2, 10] hamper
the assessment of the extent of disease and staging of MM
with 18F-FDG PET/CT.

Chemokine receptor-4 (CXCR4) has been described to
play a pivotal role in tumor growth, progression, invasive-
ness, and metastasis. Overexpression of CXCR4 has been
reported in more than 30 different tumors, including MM
[11]. 68Ga-Pentixafor, a novel PET tracer with high affin-
ity for CXCR4, has recently been introduced in MM
[11–13]. In 2 clinical studies on advanced and heavily
pre-treated MM, 68Ga-Pentixafor was superior or equal
to 18F-FDG for detecting myeloma lesions in 63–86% of
cases [11, 12]. Thus, we wonder if 68Ga-Pentixafor can
better assess the tumor burden of MM compared with 18F-
FDG. Herein, we performed a prospective cohort study to
compare the diagnostic performance of 68Ga-Pentixafor
and 18F-FDG PET/CT in newly diagnosed MM, and then
to analyze the quantitative uptake values in 68Ga-
Pentixafor and 18F-FDG PET/CT in correlation with clin-
ical characteristics, laboratory findings, and staging.

Methods

Study design and patients

This prospective cohort study was approved by the institution-
al review board of PUMCH (IRB protocol #ZS-1113) and
registered at Clinicaltrial.gov (NCT 03436342). To compare
differences between imaging techniques, the primary endpoint
was the positive rate of 68Ga-Pentixafor and 18F-FDG PET/
CT for MM at initial diagnosis; the secondary endpoint was
the correlation between quantitative measurements in both

68Ga-Pentixafor and 18F-FDG PET/CT and clinical character-
istics, biochemical investigations, and staging of MM. On the
basis of reviewing the detection rate of 18F-FDG in newly
diagnosed MM in our hospital, we expected that at least
25% increased positive rate with 68Ga-Pentixafor would be
clinically significant. With a power of 80% and α of 0.05,
we planned to enroll 30 patients.

A total of 30 patients with newly diagnosed MM
according to the revised International Myeloma
Working Group criteria [14] in the Department of
Hematology of Peking Union Medical College Hospital
were consecutively recruited from January 2018 to
May 2019. Relapsed MM, solitary plasmacytoma, or
patients received chemotherapeutic regimens before
PET/CT scans were excluded. Written informed consent
was obtained from each patient. The clinical history and
laboratory test results related to MM were recorded at
enrollment. Patients were then referred for 18F-FDG and
68Ga-Pentixafor PET/CT that were carried out within 1
week after enrollment. The imaging characteristics were
analyzed and quantitative parameters were measured
afterwards.

PET/CT imaging

The DOTA-CPCR4-2 peptide was purchased from CSBio Co
(CA 94025, USA). The radiolabeling of 68Ga-Pentixafor was
performed manually before injection according to the proce-
dures as previously published [15]. 18F-FDG was synthesized
in house with an 11 MeV cyclotron (CTI RDS 111, Siemens,
Germany).

The PETscans were performed on dedicated PET/CTscan-
ners (Biograph64 Truepoint TrueV, Siemens, Germany;
Polestar m660, SinoUnion, China) from the tip of the skull
to the middle thigh. In 21 patients, PET/CT scans of the same
patient were performed on the same scanner; 9 patients
underwent PET/CT scans with different scanners. For 18F-
FDG PET/CT, patients fasted for over 6 h, and the blood
glucose levels were monitored (4.2–7.5 mmol/L) prior to an
injection of 18F-FDG (5.55 MBq/kg). The PET/CT images (2
min/bed) were acquired with an uptake time of 71.2 ±
15.6 min (range 40–95 min). For 68Ga-Pentixafor PET/CT,
imaging was performed (2–4 min/bed) with an uptake time
of 55.5 ± 17.6 min (range 30–90 min) after injection of 92.4 ±
31.6 MBq (range 40.7–170.2 MBq) 68Ga-Pentixafor. All pa-
tients underwent unenhanced low-dose CT (120 kV, 30–50
mAs) for attenuation correction and anatomical reference.
The acquired data were reconstructed using the ordered subset
expectation maximization method (Siemens Biograph 64: 2
iterations, 8 subsets, Gaussian filter, image size 168*168;
SinoUnion Polestar: 2 iterations, 10 subsets, Gaussian filter,
image size 192*192).
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Image analysis

Visual analysis

Two experienced nuclear medicine physicians (YL and QP) vi-
sually assessed PET/CT images and were in consensus for the
image interpretation. The distribution and intensity of bone mar-
row uptake, the presence and sites of focal PET positive bone
marrow lesions (defined as circumscribed focus ≥ 5 mm with
increased radioactivity compared with background uptake in
bone marrow, and not caused by fracture), osteolytic lesions,
fractures, extramedullary, and paramedullary disease were re-
corded. For 18F-FDG, the intensity of the bone marrow uptake
and uptake in other lesions was based on the 5-point Deauville
score scale, which is widely used in lymphoma and recently
introduced in a new visual descriptive criterion of MM [10,
16]. For 68Ga-Pentixafor, the intensity of bone marrow uptake
was classified as mild, moderate, and intense with the liver and
spleen taken as the reference (mild uptake ≤ liver; moderate liver
< uptake ≤ spleen; intense uptake >spleen). A positive scan was
defined as the presence of focal PET positive bone marrow le-
sions or diffuse bone marrow patterns (homogeneous bone mar-
row uptake) with the following interpretation criteria: for 18F-
FDG, a score of 4 for the bone marrow uptake was set a positive
cutoff based on the high interobserver concordance in a study on
the visual descriptive criterion of MM [16]; for 68Ga-Pentixafor,
moderate or intense uptake was defined as being positive.

Quantitative analysis

To measure values of the whole-body tumor burden, PET/CT
data were transferred in DICOM format to MIM workstation
(version 6.6.11, MIM Software, USA). In 18F-FDG PET/CT,
whole-body tumor burden is usually measured as total lesion
glycolysis and metabolic tumor volume, in which tumor con-
tours are segmented with a SUV cutoff or semiautomatically
delineated by using a threshold of certain percentage of
SUVmax within the lesion. Such measurements are applicable
in solid tumors and hematological malignancies with focal le-
sions; however, it is not feasible in measuring diffuse bone
marrow infiltration, which is usually the case in MM. As MM
predominantly affects bone marrow, we measured the total
bone marrow glycolysis in 18F-FDG (TBmGFDG) and total
bone marrow uptake in 68Ga-Pentixafor PET/CT
(TBmUCXCR4) with the following procedures. Briefly, the tech-
nique consisted of drawing a rectangular semiautomatic volume
of interest (VOI) in the whole body on PET/CT. Subsequently,
the software automatically generated whole-body skeleton VOI
surrounding regions with a CT attenuation value of 200 HU or
greater, followed by automatic expansion, and then contraction
of the VOI to include all the aspects of the bone and bone
marrow. Then the VOI was manually adjusted to exclude
extraosseous calcification and other high density focus to obtain

the total bone marrow VOI. In cases with paramedullary or
extramedullary disease, VOIs of extraosseous disease were
manually drawn and added to the final VOI. Afterward, volu-
metric parameters of total bone marrow uptake (with
extraosseous disease) were automatically obtained from the sta-
tistics generated with the final volumetric extraction, including
SUVmean, SUVmax, total bone marrow volume (TBmV),
TBmGFDG, and TBmUCXCR4 (determined as a product of
SUVmean×TBmV). Figure 1 is an example of the calculation
of the TBmGFDG in 18F-FDG PET/CT.

Statistical analysis

Statistical analyses were done with the SPSS Statistics soft-
ware (version 22.0, IBM SPSS Inc.). TheMcNemar’s test was
used to statistically compare the positive rates of 68Ga-
Pentixafor and 18F-FDG PET/CT. Comparison of numerical
data of 2 groups was performed using Student t test for data
with normal distribution and Wilcoxon rank sum test for
skewed data; one-way analysis of variance (for data with nor-
mal distribution) or Kruskal-Wallis test (for skewed data) was
used for comparison of more than 2 group means. For corre-
lation analyses, Pearson’s correlation coefficients (for data
with normal distribution) or Spearman’s rank correlation co-
efficients (for skewed data) were conducted. A p value < 0.05
was considered statistically significant.

Results

Clinical characteristics

Thirty patients with newly diagnosed MM (19 male, 11 fe-
male; age, 59.1 ± 9.8 year, range 33–77 year) were enrolled in
this study. The type of M protein included IgG in 11 patients,
IgA in 10 patients, and light chain in 9 patients. The median
proportion of infiltrated plasma cells found from bone marrow
aspiration was 24.0% (range, 4.0–93.5%).1 Regarding the
end-organ damage, hypercalcemia and renal failure were
found in 4/30 (13.3%) and 8/30 (26.7%) patients, respectively;
18/30 (60.0%) patients had anemia. Lytic bone lesions were
found in 20/30 (66.7%) patients, and 10/30 (33.3%) patients
had bone fractures in vertebra, sternum, rib, and pubis. One
patient (patient 7) had secondary amyloidosis due to MM
affecting the gastrointestinal tract, myocardium, and skin.
According to the International Staging System for MM [17],
7 patients were classified as stage I, and 4 patients were stage
II; 19 patients had stage III disease. High-risk cytogenetics

1 Two patients (patients 2 and 5) had bone marrow plasma cells lower than
10%. Patient 2 was presented with biopsy-proven plasmacytoma in T3 verte-
bra. In patient 5, the plasma cells in bone marrow core biopsy were 70%
(however, 4% in bone marrow aspirates).
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(defined by the presence of del(17p), t(4;14), and t(14;16)
[18]) was documented in 13/25 (52.0%) patients with fluores-
cence in situ hybridization test. Flow cytometry of bone mar-
row was performed in 2 patients, and both patients had
CXCR4-positive myeloma (CD184+/CD138+ cells; 91.4%
and 100%, respectively). The clinical characteristics and bio-
chemical investigations are summarized in Table 1.

Comparison of 68Ga-Pentixafor and 18F-FDG PET/CT

With the formerly described visual assessment criteria, 68Ga-
Pentixafor PET/CT was visually positive in 28/30 (93.3%)
patients, while 18F-FDG PET/CT was positive in 16/30
(53.3%) patients. The diagnostic performance of 68Ga-
Pentixafor PET/CTand 18F-FDG PET/CT in newly diagnosed
MM is shown in Tables 1 and 2.

Bone marrow involvement

In 68Ga-Pentixafor PET/CT, 18 patients had intense radioac-
tivity in the bone marrow with a SUVmax of 17.0 ± 15.1
(range 6.1–74.5); 10 patients showed moderate uptake in the
bone marrow (SUVmax 5.8 ± 1.3, range 4.4–8.2). The re-
maining 2 patients had mild 68Ga-Pentixafor uptake in the
bone marrow that was classified as negative according to the
visual assessment criteria in this study, and were also negative

of FDG uptake, and these 2 patients had a low serum β2-
microglobulin level. In 18F-FDG PET/CT, 15 patients had
bone marrow uptake with a score ≥ 4 (SUVmax 7.1 ± 4.9,
range 2.6–23.5), and the remaining 15 patients had bone mar-
row intensity with a score of 3 (in 2 patients) and a score of 2
(in 13 patients).

According to 68Ga-Pentixafor and 18F-FDG PET/CT, 17/
30 (56.7%) patients showed diffuse bone marrow patterns
with homogeneous radioactivity throughout the axial and ap-
pendicular skeleton without focal lesions: 11 patients had vi-
sually much higher uptake of 68Ga-Pentixafor in the bone
marrow than 18F-FDG uptake (mean SUVmax, 7.8 ± 3.5 vs.
2.5 ± 0.9, p < 0.01) (example in Fig. 2a); in the remaining 6
patients, the bone marrow intensity in 68Ga-Pentixafor and
18F-FDG PET was visually comparable. 68Ga-Pentixafor
showed significantly higher sensitivity in diffuse bone mar-
row pattern than those in 18F-FDG (Table 2).

Focal bone marrow lesions were detected in 13/30 (43.3%)
patients, and all of them had more than 10 focal lesions de-
tected by dual-tracer PET/CT. All of the focal bone marrow
lesions showed osteolytic changes. Regarding the detectabili-
ty of intramedullary focal lesions, 12 patients were detected by
68Ga-Pentixafor and 9 by 18F-FDG (mean SUVmax, 20.4 ±
17.4 vs. 8.9 ± 5.6, p < 0.05) (Table 2). 68Ga-Pentixafor PET
demonstrated much more focal lesions with more intense up-
take in 6 patients than 18F-FDG PET in these individuals, and

Fig. 1 Calculation of TBmGFDG and TBmVon 18F-FDG PET/CT. a 18F-
FDG-PETof patient 3 with diffuse bone marrow pattern (uptake score 4).
b Semiautomatic VOI is drawn in whole-body image. c With threshold
density > 200 HU on CT, all soft tissue is subtracted. Notice that some

part of bone marrow is also subtracted. d With automatic expansion and
then e contraction of the VOI, the whole-body bone marrow VOI is
automatically generated. Statistics demonstrate bone marrow SUVmean
1.4, SUVmax 5.1, TBmV 3903.7 ml, and TBmGFDG 5611.0

540 Eur J Nucl Med Mol Imaging (2020) 47:537–546



4 of them had focal bone marrow lesions purely avid for 68Ga-
Pentixafor (example in Fig. 2b). Three patients were detected
to have more focal lesions by 18F-FDG PET, and one patient
who was pretreated by intravenous immunoglobulin was
purely avid for 18F-FDG. In the remaining 4 patients, the
detectability of focal bone marrow lesions and the intensity
of uptake in 68Ga-Pentixafor and 18F-FDG PETwere compa-
rable (example in Fig. 2c).

Paramedullary involvement

There was a paramedullary disease (bone related
plasmacytoma) in 8/30 (26.7%) patients, which affected the
soft tissues around the sternum, thoracic vertebra, ribs, and
pelvis. The paramedullary disease in 3 patients had both pos-
itive 68Ga-Pentixafor uptake and 18F-FDG avidity. In 4 pa-
tients, 68Ga-Pentixafor PET/CT showed intense radioactivity

Table 1 Patients’ clinical characteristics, biochemical investigations, and PET/CT diagnosis

No Age/sex MM type ISS Cytogenetics M-pro (g/L) β2MG (mg/L) sFLC (mg/L) 24-h urine LC (mg) PET/CT diagnosis

CXCR4 FDG

1 74/M LC-λ III high risk 1.7 7.6 10,404.8 (λ) 67,935 (λ) P N
2 66/F IgG-λ III n/a 1.6 6.5 825 (λ) 11,466 (λ) P* N
3 55/M IgG-κ III n/a 71.7 12.1 n/a n/a P P
4 61/F IgA-κ I n/a 17.3 2.1 457.5 (κ) 108.9 (κ) N N
5 66/F LC-κ III high risk 0.8 27.7 1590 (κ) 22,560 (κ) P* P*
6 52/M LC-κ I other 0 3.2 1055 (κ) 4770 (κ) P* P
7 67/M LC-κ III other 1.5 11.5 5850 (κ) 5473 (κ) P P
8 61/F LC-κ II high risk 0 4.9 1765 (κ) 10,512 (κ) P* P*
9 33/F LC-κ II other 0.4 3.9 5700 (κ) 4361 (κ) P* P*
10 58/M IgA-λ II high risk 3.9 3.5 8.8 (λ) 0 P N
11 71/M IgA-κ III high risk 26.5 9.3 30.2 (κ) 127 (κ) P N
12 69/F IgG-κ I high risk 25.7 3.0 19.5 (κ) 0 N N
13 43/M LC-λ III other 2.5 10.8 7600 (λ) 33,375 (λ) P N
14 49/M IgG-λ III other 76.9 5.6 n/a† 0 P N
15 51/F IgG-λ III high risk 70.8 9.4 1060 (λ) 2934 (λ) P* P*
16 64/M IgA-κ I other 7.5 3.3 62.2 (κ) 0 P P*
17 77/F IgG-λ III other 54.9 5.8 101 (λ) 0 P N
18 50/M IgA-κ III other 32.4 7.7 977.5 (κ) 10,082 (κ) P P
19 60/M IgG-λ III high risk 25.9 27.1 3285 (λ) 30,189 (λ) P* P*
20 69/M IgG-κ III high risk 42.7 11.3 2050.2 (κ) 412.5 (κ) P* P*
21 47/M IgA-λ III high risk 71.9 10.6 1000 (λ) 5290 (λ) P P
22 55/M IgG-κ III other 1.1 10.7 4200 (κ) 867 (κ) P N
23 70/M IgA-λ II high risk 41.9 3.0 22.5 (λ) 261 (λ) P* P
24 49/M IgA-κ III other 42.4 15.5 84.2 (κ) 495 (κ) P* P*
25 54/M LC-κ III high risk 13.0 35.8 178,000 (κ) 18,590 (κ) P* P*
26 66/M IgA-λ III n/a 5.4 23.1 10,950 (λ) 9120 (λ) P N
27 61/M LC-λ III high risk 1.1 7.8 3945 (λ) 9250 (λ) P* N
28 66/F IgG-λ I other 23.7 2.0 193.8 (λ) n/a P N
29 53/M IgG-κ I n/a 9.6 1.4 16.5 (κ) 0 P N
30 56/F IgA-κ I other 38.2 2.5 342.5 (κ) 222 (κ) P P

MM multiple myeloma, ISS International Staging System, sFLC serum free light chain, LC light chain, n/a not applicable, P positive, N negative

*Additional focal bone marrow lesions were detected

†sFLC could not be accurately measured because of significant M protein level

Table 2 Diagnostic performance
of 68Ga-Pentixafor and 18F-FDG
PET/CT

68Ga-Pentixafor (%) 18F-FDG (%) p value

PET-positive patients 28/30 (93.3) 16/30 (53.3) 0.0005*

Bone marrow involvement

Diffuse bone marrow patterns (n = 17) 15/17 (88.2) 5/17 (29.4) 0.002*

Focal bone marrow lesions† (n = 13) 12/13 (92.3) 9/13 (69.2) 0.371

> 10 focal lesions (n = 13) 10/13 (76.9) 7/13 (53.8) 0.505

Paramedullary disease 7/30 (22.6) 4/30 (12.9) 0.375

*The difference in the positive rate between 68Ga-Pentixafor and 18 F-FDG is significant
†The patients had both focal bone marrow lesions and diffuse bone marrow involvement
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in the paramedullary disease, and the intensity of FDG uptake
was scored as 2–3 in these lesions. The remaining one patient
had FDG-avid paramedullary disease that was negative of
68Ga-Pentixafor uptake. No authentic extramedullary disease
was detected in the recruited patients.

Quantitative PET/CT parameters and clinical features

The TBmV measured in 68Ga-Pentixafor and 18F-FDG PET/
CT in each patient were not significantly different (paired t
test, p = 0.44; Supplement Fig. 1). Quantitative PET/CT pa-
rameters including TBmUCXCR4, TBmGFDG, SUVmean, and
SUVmax of total bone marrow in both 68Ga-Pentixafor and
18F-FDG PET/CT and clinical features were statistically ana-
lyzed (Table 3 and Fig. 3).

End-organ damage

The end-organ damage of MM known as hypercalcemia,
renal failure, anemia, and destructive bone lesions
(CRAB criteria) was scored according to the number
of MM-defining events in each patient: score 0, no
end-organ damage; score 1, 1 damaged end-organ; score
2, damaged end-organs; score 3, 3 damaged end-organs;
score 4, 4 damaged end-organs. The quantitative param-
eters measured in 68Ga-Pentixafor PET/CT including
TBmUCXCR4, SUVmean, and SUVmax of the bone mar-
row were positively correlated with the scores of end-
organ damage (p < 0.01, Table 3). No correlation was
found between 18F-FDG uptake values (TBmGFDG,
SUVmean, and SUVmax) and end-organ damage scores
(p > 0.05, Table 3).

Laboratory findings

In 68Ga-Pentixafor PET/CT, TBmUCXCR4, SUVmean, and
SUVmax of total bonemarrowwere positively correlatedwith
serum β2-microglobulin, serum free light chain, and 24-h
urine light chain (p < 0.05, Table 3). The above 68Ga-
Pentixafor uptake values were also negatively correlated with
hemoglobulin (p < 0.05, Table 3), however not well correlated
with serum albumin, M-protein, or the percentage of plasma
cell infiltrates obtained from bone marrow aspiration (p >
0.05, Table 3). For 18F-FDG PET/CT, only the SUVmean of
total bone marrow was found to be positively correlated with
serum free light chain (Spearman r = 0.403, p = 0.033) and 24-
h urine light chain (Spearman r = 0.395, p = 0.037). 18F-FDG
uptake values were independent from hemoglobulin, serum
albumin, β2-microglobulin, M-protein, and the percentage
of plasma cell infiltrates (p > 0.05, Table 3). Regarding the
cytogenetic features, there was no significant difference of the
quantitative measurements in both 68Ga-Pentixafor and 18F-
FDG PET/CT between the high- and low-risk cytogenetic
groups (Student t test, 68Ga-Pentixafor, p = 0.11–0.61; 18F-
FDG, p = 0.38–0.54).

Staging

In Spearman’s rank correlation test, there was a positive cor-
relation between the 68Ga-Pentixafor uptake values
(TBmUCXCR4, SUVmean, and SUVmax of the bone marrow)
and the International Staging System for MM (n = 30, p <
0.01, Table 3); the 68Ga-Pentixafor uptake values were also
positively correlated with the Revised International Staging
System based on the original International Staging System
in conjunction with the cytogenetic findings and lactate dehy-
drogenase levels [18] (n = 25, p < 0.05, Table 3). Comparing

Fig. 2 Examples of 68Ga-Pentixafor and 18F-FDG PET in MM. a Patient
#26 with IgA-λMMpresenting as diffuse bonemarrow pattern. The bone
marrow had intense 68Ga-Pentixafor uptake but negative 18F-FDG avid-
ity. b Patient #23 with IgA-λ MM. Multiple bone marrow lesions were

shown in 68Ga-Pentixafor PET but negative for FDG uptake. c Patient #8
with LC-κ MM. The detectability of focal bone marrow lesions and the
intensity of uptake of 68Ga-Pentixafor and 18F-FDG PET were
comparable
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the 68Ga-Pentixafor uptake values of each stage, there was
also a significant difference with a trend of increasing uptake
values towards a higher stage (Kruskal-Wallis test,
International Staging System [n = 30], p < 0.01; Revised
International Staging System [n = 25], TBmUCXCR4 vs. stage,
p = 0.016; Fig. 3). 18F-FDG uptake values of bone marrow
were not correlated with the stage (Table 3 and Fig. 3).

Discussion

In our study, 68Ga-Pentixafor showed significantly higher pos-
itive rate than 18F-FDG in MM, especially in patients present-
ing as diffuse bone marrow patterns (88.2 vs. 29.4%, p =
0.002). The detectability of focal bone marrow lesions in
68Ga-Pentixafor was superior or at least equal to that in 18F-
FDG in 10/13 patients, while 18F-FDG detected more focal
lesions than 68Ga-Pentixafor in 3/13 patients. One patient who
was purely avid for 18F-FDG was pretreated by intravenous
immunoglobulin, which we assumed that the false negative of
68Ga-Pentixafor uptake might be attributed to, since a

decrease of CXCR4 expression following intravenous immu-
noglobulin therapy was determined in a study of gene expres-
sion profiling in peripheral blood mononuclear cells [19]. In
another patient with multiple small focal lesions in bone mar-
row, 18F-FDG detected more lesions than 68Ga-Pentixafor did
probably due to the inferior image quality of 68Ga; moreover,
2 additional lesions were shown only on 68Ga-Pentixafor PET
in this patient. The reason of 68Ga-Pentixafor negative focal
lesions in the remaining patient was unknown. The signifi-
cance of focal bone marrow lesions detected by 68Ga-
Pentixafor to the prognosis of MM needs to be clarified in
further study. For the detection of paramedullary disease, 1/8
patient had CXCR4 negative lesion. As SDF-1/CXCR4 is a
critical regulator of migration and homing of MM cells
through the blood to bone marrow niches [20], and the loss
of CXCR4 expression is associated with extramedullary dis-
ease [21], the CXCR4 negative paramedullary disease may
share the same mechanism due to the manner of
extramedullary invasion.

Our study determined significant positive correlations be-
tween 68Ga-Pentixafor uptake values in total bone marrow

Table 3 Spearman’s rank correlation test of quantitative PET/CT parameters and clinical features

Characteristics Coefficient 68Ga-Pentixafor-PET 18F-FDG-PET

TBmUCXCR4 SUVmean SUVmax TBmGFDG SUVmean SUVmax

CRAB† r 0.54 0.52 0.52 0.25 0.27 0.29

p 0.002* 0.003* 0.004* 0.185 0.147 0.126

Hb r − 0.41 − 0.55 − 0.38 − 0.12 − 0.34 − 0.11

p 0.025* 0.002* 0.038* 0.529 0.065 0.54

ALB r 0.008 0.007 0.007 0.06 − 0.06 0.03

p 0.968 0.760 0.970 0.760 0.773 0.893

M-protein r 0.04 − 0.13 − 0.12 0.05 − 0.01 − 0.04

p 0.838 0.498 0.518 0.805 0.962 0.820

β2MG r 0.59 0.56 0.44 0.23 0.33 0.27

p 0.0008* 0.002* 0.016* 0.231 0.085 0.152

sFLC r 0.54 0.62 0.45 0.26 0.403 0.19

p 0.003* 0.0004* 0.018* 0.175 0.033* 0.332

24-h urine LC r 0.42 0.53 0.56 0.23 0.395 0.19

p 0.025* 0.004* 0.002* 0.239 0.037* 0.321

BM plasma cell % r 0.32 0.25 0.34 0.17 0.09 0.13

p 0.085 0.183 0.071 0.361 0.627 0.509

ISS r 0.62 0.59 0.48 0.11 0.19 0.08

p 0.0003* 0.0006* 0.007* 0.551 0.322 0.672

R-ISS r 0.57 0.48 0.46 0.17 0.24 0.24

p 0.003* 0.015* 0.020* 0.415 0.245 0.240

Hb hemoglobulin, ALB serum albumin, β2MG β2-microglubulin, sFLC serum free light chain, LC light chain, BM bone marrow, ISS International
Staging System, R-ISS Revised International Staging System

*The correlation coefficient is significant
†CRAB stands for the score of end-organ damage in MM: C hypercalcemia, R renal failure, A anemia, B lytic bone lesions; score 0, no end-organ
damage; score 1, 1 damaged end-organ; score 2, 2 damaged end-organs; score 3, 3 damaged end-organs; score 4, 4 damaged end-organs
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(TBmUCXCR4, SUVmax, and SUVmean) and end-organ dam-
age, staging, and laboratory biomarkers related to tumor bur-
den including serum β2-microglobulin, serum free light
chain, and 24-h urine light chain. However, the 68Ga-
Pentixafor uptake values were not well correlated with M
protein levels or the percentage of plasma cell infiltrates in
bone marrow aspiration. This might be explained by the fact
that M protein is not a good marker for tumor burden in light
chain myeloma [22]; and the percentage of plasma cell infil-
trates obtained from a single site bone marrow aspiration may
not replace whole-body evaluation. For this reason, we further
analyzed the correlation between M protein and 68Ga-
Pentixafor uptake values in patients excluding light chain my-
eloma, but the correlation was still not significant (Spearman r
= 0.21–0.29, p = 0.18–0.35). We think that sample size might

be a problem and further studies are warranted to address this
issue. Besides the above tumor burden markers, 68Ga-
Pentixafor uptake values were found to be negatively corre-
lated with hemoglobulin. Unlike 18F-FDG, CXCR4 expres-
sion is not regulated by erythropoietic activity in bone mar-
row, but is related to CXCR4-positive tumor cell infiltration
and activated inflammatory cells with upregulated CXCR4
expression [11, 23–25]. As anemia is one of the common
events in MM, and 60% of the recruited patients had anemia
because of myeloma cell infiltration in bone marrow, we spec-
ulated that the correlation between 68Ga-Pentixafor uptake
values and hemoglobulin was related to the tumor burden in
bone marrow.

Our study has several limitations. First, apart from
CXCR4-positive tumor cell infiltration, other activated

Fig. 3 aBox plots of comparison between bone marrow uptake values of
68Ga-Pentixafor and 18F-FDG (TBmUCXCR4/TBmGFDG, SUVmean,
SUVmax) and staging. The box and whiskers showed the interquartile
range and the minimum to maximum range. The Kruskal-Wallis test was
performed for the statistical analysis. b Examples of 3 patients showing

different levels of bone marrow uptake in 68Ga-Pentixafor PET/CT cor-
respond to stage, serumβ2MG, and sFLC. The 18F-FDG uptake values of
these patients were not correlated with stage. ISS International Staging
System, R-ISS Revised International Staging System, β2MG β2-micro-
globulin, sFLC serum free light chain, LC light chain
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inflammatory cells in the bone marrow with upregulated
CXCR4 expression may also cause increased bone marrow
uptake [23–25]. Therefore, the TBmUCXCR4 we measured in
68Ga-Pentixafor PET/CT might not represent pure CXCR4
expression in myeloma cells, but a combination of myeloma
and activated inflammatory cells with upregulated CXCR4
expression in bone marrow, if any. Moreover, the heterogene-
ity of PET/CT protocols (e.g., uptake time, dose, use of 2
different PET/CT scanners, and reconstruction parameters)
may bias the quantitative PET/CT measurements. In addition,
as we measured the quantitative values of TBmV,
TBmUCXCR4, and TBmGFDG based on CT attenuation of
bones, it naturally included normal bone marrow. So, we did
not perform statistical analysis on TBmVand clinical charac-
teristics. Second, we did not include MRI in our study, which
is a gold standard for assessment of diffuse bone marrow
involvement of the spine [2]; thus, we cannot confirm whether
the 2 patients with false-negative 68Ga-Pentixafor and 18F-
FDG scans might have more disease detected in MR. Third,
we performed flow cytometry of bone marrow specimens in 2
patients and confirmed CXCR4-positive MM (both patients
with intense 68Ga-Pentixafor uptake in bone marrow); how-
ever, such assessments were not performed in all recruited
patients. Previous studies have determined that 68Ga-
Pentixafor was bound with high specificity and selectivity to
human CXCR4, and CXCR4 expression was correlated with
cellular uptake of 68Ga-Pentixafor; moreover, high levels of
membranous CXCR4 expression in bone marrow were iden-
tified in myeloma patients [11, 26]. We think that these results
have provided strong evidence of the mechanism of CXCR4-
mediated 68Ga-Pentixafor uptake in MM. Finally, considering
the surface expression of CXCR4 inMM is a dynamic process
influenced by chemotherapy [27, 28], we enrolled newly di-
agnosed MM patients that were treatment-naïve in order to
avoid the heterogeneity of the study population. Therefore,
the positive rate of 68Ga-Pentixafor in MM was higher in
our study compared with Lapa et al.’s study [12] in advanced
and pre-treated patients. Furthermore, the result of the corre-
lations between 68Ga-Pentixafor uptake values in total bone
marrow and tumor burden in MM in our study may not be
extrapolated to relapsed MM or interim follow-up during
treatment. Further studies are warranted to investigate the
time- and dose-dependent manner of the influence of each
chemotherapeutic drug on CXCR4 expression in MM.

In our study, 68Ga-Pentixafor showed higher positive rate
than 18F-FDG in newly diagnosed MM. There were signifi-
cant correlations between 68Ga-Pentixafor uptake values in
bone marrow and end-organ damage, staging, and laboratory
tumor burden markers. These results indicated that 68Ga-
Pentixafor PET quantification might be a promising biomark-
er and superior to 18F-FDG in assessing tumor burden of new-
ly diagnosedMM. Further investigation is warranted to clarify
whether it has an impact on patients’ prognosis and survival.
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