Am J Nucl Med Mol Imaging 2020;10(5):257-264
www.ajnmmi.us /ISSN:2160-8407/ajnmmi0121011

Original Article
Correlation of whole-bone marrow dual-time-point
18
F-FDG, as measured by a CT-based method of PET/CT
quantification, with response to treatment in newly
diagnosed multiple myeloma patients
Mahdi Zirakchian Zadeh1,2, William Y Raynor1,3, Brian Østergaard4, Søren Hess5, Dani P Yellanki1, Cyrus
Ayubcha1,6, Siavash Mehdizadeh Seraj1, Oswaldo Acosta-Montenegro1, Austin J Borja1,7, Oke Gerke8, Thomas
J Werner1, Hongming Zhuang9, Mona-Elisabeth Revheim10,11, Niels Abildgaard4,12, Poul Flemming
Høilund-Carlsen8, Abass Alavi1
Department of Radiology, Hospital of The University of Pennsylvania, PA, USA; 2Dental School of Medicine,
University of Pennsylvania, PA, USA; 3Drexel University College of Medicine, Philadelphia, PA, USA; 4Department
of Hematology, Odense University Hospital, Odense, Denmark; 5Department of Radiology, Hospital of Southwest
Jutland, Esbjerg, Denmark; 6Harvard Medical School, Boston, MA, USA; 7Perelman School of Medicine at The
University of Pennsylvania, Philadelphia, PA, USA; 8Department of Nuclear Medicine, Odense University Hospital,
Odense, Denmark; 9Department of Radiology, Children’s Hospital of Philadelphia, PA, USA; 10Division of Radiology
and Nuclear Medicine, Oslo University Hospital, Oslo, Norway; 11Faculty of Medicine, University of Oslo, Norway;
12
Hematology Research Unit, Department of Clinical Research, University of Southern Denmark, Denmark
1

Received August 24, 2020; Accepted August 28, 2020; Epub October 15, 2020; Published October 30, 2020
Abstract: The practical application of dual-time-point-imaging (DTPI) technique still remains controversial. One of the
issues is that current parameters of DTPI quantification suffer from some deficiencies, mainly limited sampling of
the diseased sites by confining measurements to specific locations. We aimed to examine the correlation between
the percent change from early to delayed scans in whole-bone marrow (WBM) 18F-FDG uptake, as measured by a
CT-based method of PET/CT quantification, and response to treatment in multiple myeloma (MM) patients. Pretreatment 18F-FDG-PET/CT scans of 36 newly diagnosed MM patients were collected in a prospective study at 1
h and 3 h post tracer injection (NCT02187731). A threshold algorithm based on bone Hounsfield units on CT was
applied to segment and quantify WBM 18F-FDG uptake. Patients were separated into two treatment groups: highdose therapy with autologous stem cell transplant (HDT) and non-high dose therapy (non-HDT). The International
Response Criteria for MM patients was used to determine each patient’s response to treatment. In the HDT group,
WBM 18F-FDG uptake increased significantly in patients that had a poor response to treatment, from a median of
1.31 (IQR: 1.13-1.64) at 1 h to a median of 1.85 (1.45-2.10) at 3 h. The median percent change was 37.77% (IQR:
23.47-46.4), with a range of 6.10-50.73 (P = 0.003). However, no significant change in uptake was observed in
patients with a complete response (P = 0.24). The same trend was observed for the non-HDT group. WBM uptake of
18
F-FDG assessed with dual-time-point imaging may have a role in predicting treatment response in MM.
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Introduction
Dual-time-point-imaging (DTPI), which is mostly
utilized to distinguish inflammatory from malignant lesions, is a concept introduced by Zhuang
et al. [1]. The technique is based on the observation that 18F-fludeoxyglucose (18F-FDG) uptake increases with time in malignant tissues

until 4 hours after injection [1, 2], whereas in
benign and normal tissue the uptake stays the
same or shows a decline after the administration of the radiotracer [1, 3, 4]. This phenomenon can be explained by the fact that the accumulation rate of 18F-FDG, a glucose analog,
depends on the rate of transport through glucose transporter membrane proteins (GLUT)
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and also on hexokinase to 18F-FDG-6-phosphatase ratios, which are both higher in malignant cells [5]. Although DTPI has been shown to
influence patient prognosis assessment [6-8],
the practical application of this technique still
remains controversial. One of the reasons is
that present parameters of DTPI quantification,
such as SUVmean and SUVmax, suffer from
some shortcomings, including limited sampling
of the diseased sites by confining measurements to specific locations. This quantitative
assessment of small isolated focal lesions is
sensitive to the partial volume effect, which
causes significant underestimation of the true
degree of metabolic activity [9-11]. Therefore,
the results often show significant overlap of 18FFDG uptake patterns between malignant and
benign lesions on DTPI [1, 12, 13]. Another
issue is that current methods of quantification
suffer from high inter-observer variation, which
affects the accurate and reliable differentiation of malignant from benign 18F-FDG uptake
changes. Of mention, the International Myeloma Working Group (IMWG) has recently
acknowledged that the high variability of PET
results has limited the role of 18F-FDG PET/CT
in assessing patients with multiple myeloma
(MM) [14, 15]. Another challenge, specific to
MM disease, is that since some patients have a
high number of osteolytic lesions, it is not an
efficient approach to evaluate all suspicious
lesions with DTPI approach. Given these issues, we think a method of quantification to evaluate the 18F-FDG uptake in the whole-bone
marrow (WBM) can improve the efficiency of
DTPI approach in evaluating MM patients. This
region of interest (ROI) creates large volume
especially in the spine where each pathological
lesion often is fully included with large margins
and thereby reducing the effect of partial volume correction.
By analyzing data from a prospective myeloma
trial, we aimed to assess the correlation
between the percent change in WBM 18F-FDG
uptake from early to delayed scans and
response to treatment in MM patients. To
achieve this purpose, we employed a CT-based
method of PET/CT quantification. Since it has
been shown that a higher percentage of bone
marrow plasma cell infiltration is associated
with poor outcomes [16-19], and also that 18FFDG uptake in bone marrow is significantly correlated with the percentage of CD38/CD138
positive cells [20], which are the hallmark of
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MM, we hypothesized that patients with a significant increase in WBM 18F-FDG uptake would
have poorer treatment responses.
Material and methods
This study was performed as a part of a prospective study (Functional Imaging in Multiple
Myeloma-PET/CT and Diffusion Weighted Imaging in Multiple Myeloma (FULIMA)). The FULIMA trial approved by the Danish National
Committee on Health Research Ethics, registered at ClinicalTrials.gov (NCT02187731), and
conducted in accordance with the Declaration
of Helsinki. The study performed between June
2013 and March 2016 at the Departments of
Hematology, Odense University Hospital and
Vejle Hospital, Denmark. Seventy subjects suspicious of having MM were enrolled in FULIMA
trial. Exclusion criteria were history of treated
MM, current or recent radiotherapy or surgery
less than two weeks prior to screening, history
of prior malignancy, with at least three years
disease free period, known inflammatory disease or serious medical or psychiatric conditions, pregnancy or breast feeding, POEMS syndrome (Polyneuropathy, Organomegaly, Endocrinopathy, Monoclonal protein, Skin changes)
[21]. Baseline FDG-PET/CT studies were performed prior to any anti-myeloma treatment
including steroids or bisphosphonates. After
preliminary assessment and imaging studies,
the following subjects were excluded: 24 participants with other diagnosis, 3 patients who
withdrew from the study following the initial
consent and one patient who was younger than
50 years old (Figure 1). In addition, six MM
patients were excluded since they did not have
either early or delayed baseline scans or there
was a technical issue with the scans (Figure 1).
18
F-FDG scans of 36 MM patients (26 men, 10
women; 66.19 (range: 50-87) years) were
included for further analysis (Table 1). Of
these, 21 underwent high-dose therapy including induction therapy with bortezomib followed by autologous stem cell transplantation
(HDT). HDT was contraindicated in the 15 remaining patients, who underwent conventionaldose chemotherapy (non-HDT). The International Response Criteria for MM patients determined treatment response. In the HDT group,
10 patients (48%) achieved a complete
response, defined as either a stringent complete response (sCR) or complete response
(CR). In the same group, 11 patients (52%)
Am J Nucl Med Mol Imaging 2020;10(5):257-:257-264
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Figure 1. Flowchart of patient inclusion
and drop-out.

Table 1. Patient characteristics
MM (n = 36)
Gender, n (%)
Female
Male
Age (y)
B2M (mg/L)
Hemoglobin (g/dl)
Albumin (g/L)
LDH (U/L)
R-ISS, n (%)
R-ISS 1
R-ISS 2
Unknown

10 (28)
26 (72)
66.19
50-87
237
142-760
7.6
3.8-9.4
38
22-49
228.03
132-369
9 (25)
26 (72)
1 (3)

Abbreviations: B2M: beta-2-microglobulin, LDH: lactate
dehydrogenase, R-ISS: revised international staging
system. Data for continuous variables is represented as
median and range.

had a poor response to treatment, defined as either a partial response (PR) or very
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good partial response (VGPR). In the non-HDT
group, 4 patients (27%) achieved a complete
response while 11 patients (73%) had a poor
response to treatment.
PET/CT acquisition
F-FDG-PET/CT scans were acquired in accordance with European Association of Nuclear
Medicine (EANM) guidelines, which include
quality control, calibration and harmonization
of the scanner and SUV calculations [22].
18
F-FDG-PET/CT scans were performed using
GE Discovery (vender and type: STE, VCT, Rx,
690, 710; GE, Milwaukee, WI) and Philips
Gemini TF (Philips, Amsterdam, Netherlands)
PET/CT scanners. The patients received a 4
MBq/kg intravenous injection of 18F-FDG (300
MBq-520 MBq), after an overnight fast of at
least 8 hours and a confirmed blood glucose
concentration of below 8 mmol/L. Low-dose CT
(LDCT) scans were then performed (120 kV,
30-110 mA Smart mA, collimation 16/64 *
0.625, rotation time 0.5 sec, pitch 0.984, slice
thickness 3.750 mm), followed by 3-D PET
scans using a whole-body acquisition protocol
from skull vertex to below knee. Transaxial
reconstruction was performed (standard filter,
slice thickness 3.750, increment 3.270).
18
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Figure 2. The top figures demonstrate PET (A), fused PET/CT (B), and fused PET/CT with ROI before applying morphological closing algorithm (C) in a MM patient. The left bottom figures show PET scans of a MM patient who belonged to the poor response to treatment group at 1 h (D) and 3 h (E). Whole bone-marrow FDG uptake increased
from 0.89 (D) to 2.31* (E) with a percent change of 158.15%. The right bottom figures show PET scans of a MM who
belonged to the complete response group at 1 h (F) and 3 h (G). There was a decrease in whole bone marrow FDG
uptake from 0.83* (F) to 0.82* (G) with a percent change of -0.79%*. *The second decimal number gets rounded
up.

Acquisition times were 2.5 min/field of view
(FOV) for the 45-min scan. The LDCT scans
were used for attenuation correction. PET images were reconstructed with iterative algorithms
(Ordered Subset Expectation Maximization
[OSEM], four iterations, 24 subsets).
Subjects underwent serial whole body 18F-FDGPET/CT scans at about 1-hour and 3-hour after
administration of the tracer. Between the two
time-points, the patients remained in the waiting area, were ordered to fast, and received
instructions to rest and walk slowly.
Image analysis
A single ROI was chosen for analyzing the
skeletal disease and included most of the axial
and proximal appendicular structures by adopting anatomical landmarks. This ROI included
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all ribs, the vertebrae, the pelvis, the proximal femur within approximately 10 cm of the
lowest point of the ischium, and the proximal
humerus within approximately 20 cm of the
glenohumeral joint. After anatomical exclusions were manually performed, upper and
lower thresholds of 1500 Hounsfield units (HU)
and 150 HU, respectively, were applied to the
fused PET/CT image using a growing region
algorithm, segmenting the cortical and trabecular bone in the skeleton (Figure 2). A morphological closing algorithm with element radius of 20 was then applied to the ROI to include
the entire medullary cavity of each bone. The
entire ROI in each patient was visually confirmed to include the entire medullary cavity.
WBM 18F-FDG uptake, defined as the global
SUVmean (GSUVmean) obtained from this ROI,
was measured.
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range of -8.31-19.30 (P =
0.24) (Figure 3).

Figure 3. Bar charts showing percent change in WBM 18F-FDG uptake from 1
h to 3 h scans in the HDT group (top) and non-HDT group (bottom).

Statistical analysis
A Wilcoxon signed-rank test was used to assess
differences between 1 h and 3 h WBM FDG
uptake. The median, interquartile range (IQR),
and range were determined for each type of
response (complete or poor) within each treatment group. Level of significance was set to
5%. Statistical analysis was performed using
SPSS Statistics version 26 (IBM Corp, NY, USA).
Results
In total, WBM 18F-FDG uptake increased significantly in all patients, from 1.15 (IQR: 1.021.35) to 1.51 (1.11-1.84); percent change
23.560 (2.71-38.96). In the HDT group, WBM
18
F-FDG uptake expressed as GSUVmean increased significantly in patients that had a poor
response to treatment, from a median of 1.31
(IQR: 1.13-1.64) at 1 h to a median of 1.85
(1.45-2.10) at 3 h. The median percent change
was 37.77% (IQR: 23.47-46.4), with a range of
6.10-50.73 (P = 0.003). Among patients in the
HDT group with a complete response, there
was a change in GSUVmean from a median of
1.12 (IQR: 0.99-1.47) at 1 h to a median of
1.27 (1.04-1.46) at 3 h. The median percent
change was 2.24% (IQR: -3.40-15.21), with a
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In patients who had a poor
response after receiving nonHDT, GSUVmean increased
significantly from a median of
1.17 (IQR: 0.89-1.20) at 1 h
to a median of 1.57 (1.491.69) at 3 h. The median
percent change was 33.39%
(IQR: 28.35-40.63), with a
range of 6.25-158.15 (P =
0.003). Patients with a complete response to treatment
had a median GSUVmean of
1.02 (IQR: 0.87-1.05) at 1 h
and a median of 1.02 (0.861.05) at 3 h. Median percent change was -0.62 (-1.380.84), with a range of -1.972.12 (P = 0.72) (Figures 3 and
4).
Discussion

This is the first study to the knowledge of the
authors that used DTPI technique in MM
patients. In particular, we employed a noninterpreter-dependent method of PET/CT quantification to evaluate the changes in 18F-FDG
uptake in the WBM of MM patients from early
to delayed scans. We did not observe a significant increase in WBM 18F-FDG uptake in
patients who achieved a complete response to
treatment (sCR and CR). However, the increase
in WBM 18F-FDG uptake was significant in the
patients with poor response to treatment (PR
and VGPR). This result is in accordance with our
hypothesis, based on the assumption that
malignant cells with aggressive behavior will
have increased transport rates for glucose
uptake and elevated hexokinase to 18F-FDG-6phosphatase ratios.
One limitation with current parameters of DTPI
quantification is that the results are affected by
the partial volume effect. Consequently, there
is a significant underestimation of the true
degree of disease activity of the lesions, and
therefore, the results often show significant
overlap of 18F-FDG uptake patterns between
malignant and benign lesions on DTPI. Another issue of the conventional method of PET
quantification is the high variability of results
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published in the Society of
Nuclear Medicine and Molecular Imaging, 2019 [23]. Our
approach has also shown superior speed in assessing the
WBM uptake irrespective of
the number of lesions (less
than 2 minutes; even for patients with high number of
osteolytic lesions, N ≥ 10).
In this study, a higher percent
of change in the WBM 18FFDG uptake from early to
delayed scans was associated with poor response to
treatment. It was already
shown that 18F-FDG uptake in
the bone marrow of MM paFigure 4. Box plots showing percent change in whole bone marrow FDG uptients correlated significantly
take from early to delayed scans. Patients were stratified by treatment group
with the percentage of CD(HDT or non-HDT) and response to treatment (PR and VGPR or CR and sCR).
38/CD138 positive cells, whThe outliers are not shown here.
ich are a hallmark of MM
[20]. Furthermore, the results
among different interpreters. According to the
obtained in previous studies demonstrated
IMWG, the mentioned issue prevents the routhat MM patients with higher degree of plasma
tine use of 18F-FDG PET imaging in MM patients
cell infiltration in the bone marrow had a poorer
[14], not only for the purpose of DTPI but also
outcome. For instance, Rajkumar et al. in a
in general. Another limitation of conventional
study of seventy-five consecutive patients who
methods of PET quantification specific for MM
underwent autologous stem cell transplantais that it is that because of the high number of
tion for relapsed myeloma showed that the
lesions it is a difficult and time consuming task
complete response rate was significantly lower
to evaluate each lesions separately.
in patients with a high bone marrow plasma cell
percentage (BMPC%) [17]. In another study,
Our proposed methodology creates large volChakraborty et al. evaluated 1070 patients
ume especially in the spine where each pathowith newly diagnosed multiple myeloma, who
logical lesion often is fully included with large
completed a single line of induction therapy folmargins and thereby reducing the effect of
lowed by autologous stem cell transplantation.
partial-volume. In addition, since the methodolThe investigators showed that the patients with
ogy is based on applying a simple threshold
pre-transplant < 5% BMPC had a threefold likeand is therefore less susceptible to observer
lihood of achieving sCR after transplant combias, it has the potential to ameliorate the ispared to those with BMPC ≥ 5% (45.6% vs.
sue of lack of reproducibility. This method of
16.3%; P < 0.0001) [24].
quantification is non-interpreter-dependent because it allows for segmentation of the skeleAlthough there is a lack of literature regarding
ton without input from a user. This algorithm
the application of DTPI in hematological maligfirst performs a threshold of Hounsfield units in
nancies, this technique has been used in sevthe CT image and then performs morphological
eral studies in the setting of other cancers.
closing with a set element radius. Neither the
Constantli et al. compared the sensitivity and
threshold algorithm nor morphological closing
specificity of DTPI approach with conventional
require manual input. As such, they are nonsingle-time-point approach to differentiate
interpreter-dependent. The reproducibility of
malignant from benign lesions in twenty-one
this methodology was confirmed by the results
pediatric patients with suspected malignancy.
of several studies, including the one that was
They observed a significant improve for DTPI
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approach in comparison to single-time-point
approach [25]. In a study of one hundred and
eleven patients with newly diagnosed breast
cancer, the investigators showed that ΔSUVmax% of 8% was the only significant cut-off for
discrimination between invasive and non-invasive cancer [26]. These results of these studies
showed that DTPI can improve the overall sensitivity and specificity of PET imaging in the setting of cancers, particularly in comparison to
early imaging.
This study has some limitations. One of the limitations is the relatively small sample size that
met the criteria for DTPI analysis. Despite the
small number of participants, the results that
we observed was in accordance with our
hypothesis. Further studies with more patients
may help to establish the efficacy of this proposed PET/CT quantification approach. Another
limitation is that the subjects of this prospective study were collected from two different
institutions. However, since the guidelines were
strictly followed and the PET scanners were
calibrated and harmonized, the results were
not affected or minimally affected.
In conclusion, by applying a reproducible and
fast method of PET/CT quantification, we assessed the correlation between the percent
change from early to delayed scans in wholebone marrow (WBM) 18F-FDG uptake and
response to treatment in MM patients. We
observed that WBM uptake of 18F-FDG between
the two time-points (1 h and 3 h) increased significantly in patients with poor response to
treatment but not in the patients that achieved
complete response. Further studies are warranted to confirm these results.
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