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Abstract. PET/CT has been identified as one of the routine 
methods for the assessment of multiple myeloma (ΜΜ) bone 
marrow infiltration. In the routine method of performing 
PET/CT, the 18F-Fludeoxyglucose (18F‑FDG) uptake in this 
disease is often used in the assessment of this condition, 
however CT diagnosis is not currently commonly used. The 
aim of the present study was to investigate the importance of 
CT in PET/CT for assessing diffuse infiltration (DI) of bone 
marrow in ΜΜ. MRI was used as a control in the present 
study, which is the gold standard for assessing DI of bone 
marrow and is divided into 3 levels: Mild, moderate and severe 
DI. Subsequently, a total of four combinations of PET and 
CT results were listed using the enumeration method for the 
evaluation of DI in the bone marrow. These combinations were 
respectively compared with the three levels of MR imaging to 
screen the most consistent method. The concordances of the 
new method and routine 18F‑FDG PET/CT for the assessment 
of DI with MR imaging were compared using the McNemar 
test, respectively. The results of the DI assessment from the 
two methods were verified by performing Durie‑Salmon 
(D-S) PLUS staging. Compared with MR imaging, the results 
were as follows: PET and CT exhibited negative results, 
suggesting mild DI; one of them was positive, suggesting 
moderate DI; and two were positive, suggesting severe DI. 

The results of concordance between two methods (new and 
routine) and MR imaging are indicated as follows: For the 
new method, McNemar test, P=0.513 and Kappa=0.745; for 
the routine 18F‑FDG PET/CT method, McNemar test, P=0.03 
and Kappa=0.547. Re‑performance of D‑S PLUS staging 
presented the following results: New method, McNemar test, 
P=0.317 and Kappa=0.93; for the routine method, McNemar 
test, P=0.223 and Kappa=0.811. These findings indicated that 
the CT component of PET/CT could improve the concordance 
with MRI results in the assessment of DI, and the same results 
were obtained when D‑S PLUS staging was performed. The 
CT in PET/CT can enhance diagnostic accuracy in the assess-
ment of DI by reducing the false negatives when compared 
with the routine 18F‑FDG method.

Introduction

Multiple myeloma (MM) is characterized by the infiltration 
and growth of malignant plasma cells in the bone marrow. 
When the signs of end‑organ damage occur, systemic treatment 
should be initiated (1). Initially, Durie and Salmon determined 
that lytic bone lesions on radiographs, hemoglobin levels, serum 
calcium and monoclonal proteins were correlated with tumor 
mass and patient survival. The criteria of end‑organ damage 
are based on the Durie‑Salmon (D-S) staging system  (2). 
Notably, this staging system has been widely used in recent 
decades. However, the primary limitation of X‑ray modality 
is the requirement of a minimum of 30% trabecular bone 
involvement for lesion detectability (3). To assess bone disease 
with more sensitivity (1,4), a newer D-S PLUS staging system 
including MR imaging and 18F‑FDG PET/CT was introduced 
by the International Myeloma Working Group (IMWG). The 
D‑S PLUS staging primarily relies on two clinical factors: The 
number of focal lesions (FLs) and the diffuse infiltration (DI) 
level of bone marrow (Table I).

The main task for radiologists is to identify the number and 
extent of bone lesions via those sensitive imaging technolo-
gies. MR imaging of the spine or pelvis is used to evaluate 
the DI of MM, which is considered as the gold standard 
technique for assessing DI of the bone marrow, according 
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to a number of systematic reviews with large samples (5,6). 
18F‑FDG PET/CT is applied for FLs assessment more often 
than routine MR imaging, because of a larger field of view 
(FOV) and more availability than whole‑body MR imaging. 
DI assessment (via MR imaging of the spine or pelvis) and 
FL assessment (via PET/CT) are combined to perform D‑S 
PLUS staging. For simplified procedure or patients who have 
MR imaging contraindications, PET/CT alone is also used to 
perform one‑stop D‑S PLUS staging, that is, both FLs and DI 
can be assessed by PET/CT.

18F‑FDG PET/CT has been considered a valuable tool for 
the evaluation of newly diagnosed and relapsed MM by the 
IMWG, the National Comprehensive Cancer Network of MM 
and the British Society for Haematology (7,8). However, to 
the best of our knowledge, there is no available standard for 
the interpretation of PET/CT alone in D‑S PLUS staging. To 
further promote the application of PET/CT, a group of nuclear 
medicine physicians and hematologists are attempting to 
formulate guidelines or criteria for imaging interpretation (9), 
in which only the levels of FDG uptake were adopted for DI 
assessment, while the CT component of PET/CT is not included. 
This may be unsuitable for patients with low or no uptake of 
18F‑FDG in lesions but with osteolytic destruction that can be 
manifested on CT imaging. In this study, we investigated a 
method for DI assessment that focused on the CT component 
of PET/CT for diagnostic purposes. In addition, the D‑S PLUS 
staging system was compared with the Revised International 
Staging System (R‑ISS) in the assessment of disease burden 
and prognosis at initial staging, the later relying primarily on 
laboratory parameters (10).

Patients and methods

Patients. This retrospective study was performed following 
approval by the Εthics Comittee of Shanghai General Hospital 
(Shanghai, China). The Ethics board waived informed patient 
consent. Patients were diagnosed with MM on the basis of the 
criteria defined by IMWG (11).

A total of 28 patients with untreated newly diagnosed 
MM between 2012 and 2017 were included in the present 

study. All patients underwent whole‑body 18F‑FDG PET 
and vertebral column or pelvic MR imaging within a period 
of a week. The following staging and diagnostic data were 
simultaneously available for all patients: Whole blood 
count, routine biochemistry, serum β2‑microglobulin levels, 
C‑reactive protein, serum and urinary immunofixation, 
complete immunoglobulin and serum‑free light chain 
concentrations, 24 h proteinuria, bone marrow biopsy and 
chromosomal abnormalities detected by interphase fluorescent 
in situ hybridization (iFISH). The follow‑up data of 4 patients 
could not be collected. The 24 remaining patients containing 
6 women and 18 men with a mean age of 61 years (range from 
24‑77 years) were treated with therapeutic regimens including 
immunomodulatory agents or proteasome inhibitors. The 
treatment was subsequently followed by autologous bone 
marrow transplantation in 5 patients. The median follow‑up 
time was 17.4 months (range from 1 to 42 months). Patients 
were followed up from the date of diagnosis up to May 2018 or 
when death occurred. Additionally, progression‑free survival 
(PFS) was considered the endpoint. Image acquisition of 
PET/CT and MR imaging and image interpretation criterion 
are provided in Data S1.

Statistical analysis. The McNemar and Kappa tests were 
performed to evaluate the differences and concordance among 
the results, respectively. The degree of agreement by Kappa 
was interpreted as follows: Kappa ≥0.75, substantial agree-
ment; 0.75> Kappa ≥0.4, moderate agreement; and Kappa <0.4, 
slight or fair agreement. Data were analyzed using SPSS 17.0 
(SPSS, Inc.). P<0.05 was considered to indicate a statistically 
significant difference. The PFS curves of D‑S PLUS staging 
and R‑ISS staging were estimated using the Kaplan‑Meier 
method and compared using the log‑rank test.

Results

The new method that considered the CT component of 
PET/CT for DI assessment, was classified into three levels 
according to the MR imaging results (Table II). The three 
levels of MRI are shown in Figs. S1‑S3, respectively. The 

Table I. D‑S and D‑S PLUS staging system.

Stages	 D‑S staging system	 D‑S PLUS staging system (MR imaging/PET)

I	 All of the following: Hemoglobin, >10 g/dl; Albumin, 	 A: Normal skeletal survey or single lesion (plasmocytoma). 
	 >3.5 g/dl; Serum calcium, ≤12 mg/dl; Low M‑protein	 Ba: 0‑4 FLs or mild DI.
	 concentration (IgG, <5 g/d; IgA, <3 g/d; and Bence
	 Jones protein, <4 g/24 h); and X‑ray, normal bone
	 structure or solitary bone plasmocytoma only.
II	 Neither stage I nor stage III.	 A/Ba: 5‑20 FLs or moderate DI.
III	 One or more of the following: Hemoglobin, <8.5 g/dl; 	 A/Ba: >20 FLs or severe DI.
	 Serum calcium, <12 mg/dl; extensive lytic bone lesions;
	 and high M‑protein concentration (IgG >7 g/dl,
	 IgA >5 g/dl or Bence Jones protein >12 g/24 h).

The Durie‑Salmon PLUS staging system is subclassified A or B. Ba, a creatinine level >2 mg/dl and/or EMD on PET/CT or MR imaging, as 
described in a previous study (6). D‑S PLUS staging system, Durie‑Salmon PLUS staging system; FL, focal lesions; DI, diffuse infiltration.
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P‑value of the McNemar test between the new method and the 
MR imaging results was P=0.513, suggesting no significant 
difference between the new method and MR imaging for 
DI assessment. The Kappa value was 0.745, indicating 
moderate agreement (a Kappa value ≥0.75 means substantial 
agreement). The routine method PET/CT, in which only the 
results of PET component were analyzed, was compared 
with MR imaging for the concordance of DI assessment. 
The P‑value for the McNemar test was 0.03, showing a 
significant difference between the two methods, while the 
Kappa value was 0.547 indicating moderate agreement. This 
might be caused by using different methods to analyze the 
data. The Kappa value could be used as a reference for this 
test.

The new method and routine method of performing 
PET/CT for DI assessment were applied in the D‑S PLUS 
staging system for comparison. MR imaging with the D‑S 
PLUS staging was considered the control group for DI assess-
ment. There was no significant difference between the new 
method and the control group (McNemar test, P=0.317). The 
Kappa value was 0.930, suggesting substantial agreement. 
In addition, no significant difference was found between 
the routine method and the control group (McNemar test, 
P=0.223). The Kappa value was 0.811, suggesting substantial 

agreement. Notably, the Kappa value was lower than that of 
the new method (Kappa=0.93).

Thus, the results of new method PET/CT including the CT 
component for the diagnostic purpose of DI assessment were 
more consistent with these of MR imaging when compared 
with the routine method PET/CT, which consisted of only the 
levels of 18F‑FDG uptake (Kappa, 0.745 vs. 0.547). The same 
statistical outcomes could be obtained when the methods were 
considered for D‑S PLUS staging (Kappa, 0.930 vs. 0.811). And 
CT manifested 3 modes in DI of MM in our study, Osteolytic 
type, osteoporosis type and insect‑corroded osteolytic type, 
shown on Figs. 1‑3 respectively, which will be discussed in 
detail later.

The PFS curves showed that both current D‑S PLUS staging 
with MR imaging for DI assessment and R‑ISS staging had 
good prognostic value (D‑S PLUS staging: I vs. II, P=0.016; 
I vs. III, P=0.001; and II vs. III, P=0.0003; R‑ISS staging: 
I vs. II, P=0.036; I vs. III, P=0.001; and II vs. III, P=0.0002), 
which were shown in Figs. 4 and 5. The P‑value of McNemar 
test for D‑S PLUS stage system and R‑ISS stage system was 
0.223, indicating no significant difference between them. 
Furthermore, a Kappa value of 0.6789 (0.4≤ Kappa <0.75) 
showed moderate agreement.

Discussion

MR imaging is considered as the gold standard for DI 
assessment. Due to the infiltration of the bone marrow via 
displacement of fat cells by neoplastic cells, the lesions can 
be visualized as areas of low signal intensity on T1‑weighted 
spin‑echo images and high signal intensity on T2 fat‑suppressed 
images, when the tumor cells accumulate to a certain extent.

The levels of 18F‑FDG uptake can reflect the activity of 
neoplastic cells. In a consensus statement by the IMWG in 2017, 
12 studies containing 859 patients reported the sensitivity and 
specificity of 18F‑FDG PET in detecting bone damage caused 
by neoplastic cells (80‑100%). For CT imaging, a certain 
amount of time must pass before the osteoclastic activity of 

Table II. Optimal combination of CT and PET component for 
DI assessment.

PET	 CT	 DI‑PET/CT (stage)

0	 0	 Mild DI
0	 1	 Moderate DI
1	 0	 Moderate DI
1	 1	 Severe DI

0, negative; 1, positive; DI, diffuse infiltration.

Figure 1. A 76‑year‑old male. (A) The 18F‑FDG uptake of BM was no higher than that of liver, with the exception of the wedge‑shaped T12. A FL on T9 shows 
mild FDG uptake (≤ liver uptake +10%). One unit on the scale bar represents 1 cm, and the length of the scale in the figure represents the actual length of 
10 cm. (B) Sagittal CT image of whole‑body demonstrated osteolytic type DI, which primarily manifested as diffuse circular bone destruction area. (C) Axial 
CT images of T10 and (D) T11, showed the bone destruction area with clear boundary, no hardening edge periosteal reaction and periosteal osteogenesis. 
(E) T2‑TIRM, (F) T1WI and (G) T1WI+Contrast revealed heterogeneous diffuse bone marrow infiltration with T4 paramedullary disease. Both CT and MR 
imaging revealed positive DI of bone marrow, while the uptake of 18F‑FDG was negative. DI, diffuse infiltration.
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Figure 2. A 64‑year‑old male. (A) The 18F‑FDG uptake of BM was higher than that of liver, (B) sagittal CT image of whole‑body demonstrated osteoporosis 
type DI, the bone density was generally reduced, (C) axial CT images of T12, (D) L1, (E) L3 and (F) L4 showed that the bone ridge was sparse, the residual bone 
trabecular structure was irregular and thickened, and there were no sign of obvious bone damage. Biopsy confirmed MM invasion. MM, Multiple myeloma.

Figure 3. A 76‑year‑old male. (A) The 18F‑FDG uptake of BM was higher than that of liver, (B) sagittal CT image of whole‑body demonstrated insect‑corroded 
osteolytic type DI, which showed ‘Moth‑eaten’ bone invasion, (C) axial CT images of T5, (D) T7, (E) T10, (F) T12, and the vertebral appendages, ribs, sternum, 
scapula within scanning rang showed the permeative ‘punched‑out’ lacunae on bone with clear boundaries and no hardening. Biopsy confirmed MM invasion.

Figure 5. The blue color curve represents stage I, green color curve represents 
stage II, red color curve represents stage III. R‑ISS, Revised International 
Staging System staging system.

Figure 4. The blue color curve represents stage I, green color curve represents 
stage II, red color curve represents stage III. PFS, progression‑free survival; 
D‑S, Durie‑Salmon.
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myeloma cells leads to the destruction of trabecular or cortical 
bone (12). Thus, in the majority of PET/CT studies concerning 
DI of bone marrow, only the PET component of PET/CT is 
considered to be able to identify the progression of DI. While 
the CT component of PET/CT has not been widely considered 
for diagnostic purposes in the assessment of DI, and only used 
for primary level attenuation correction and focal localization 
in PET imaging. In a systematic review concerning diagnostic 
performance of whole‑body MR imaging and 18F‑FDG 
PET/CT in patients with myeloma, only one study considered 
the CT component of PET/CT for reference standard 
of assessing lesions, and the others focused on the PET 
component only (13). However, the PET component does not 
always hold true. Taking a case from our study for example, 
all MR imaging, CT results and pathological tests revealed 
positive DI of bone marrow, however, the uptake of 18F‑FDG 
was negative. These results indicated that the 18F‑FDG uptake 
of myeloma cells might be suppressed, leading to an inferior 
DI assessment by PET/CT when compared with MR imaging.

The CT component of PET/CT can aid the assessment 
of DI cases with no or low 18F‑FDG uptake, although it may 
be still negative when the early MM does not present bone 
destruction. In our study, compared with the routine method 
without the CT component of PET/CT, the new method that 
considered the CT component of PET/CT has a better consis-
tency with MR imaging (Kappa, 0.745 vs. 0.547). The same 
results could be obtained when performed D‑S PLUS staging.

According to the European Myeloma Network Guidelines, 
the grading levels of evidence of CT in evaluating bone 
destruction lesions is 1A compared with that of the traditional 
X‑ray (14). However, CT evaluation of bone marrow invasion 
also requires careful identification. In the analysis of cases 
in this study, we found that diffuse bone marrow invasion 
and positive manifestations of MM were mainly divided 
into three modes on CT, Osteolytic type, osteoporosis type 
and insect‑corroded osteolytic type, and illustrated in the 
Results. The first type requires identification via osteoclastic 
metastatic tumors and is mainly manifested as diffuse circular 
bone destruction area with clear boundary, no hardening edge 
and periosteal osteogenesis; The second needs to be distin-
guished from osteoporosis caused by senile non‑myelogenous, 
long‑term alcoholism and hormone therapy, and is mainly 
observed with reduced bone density, sparse bone ridges and 
irregular thickening of residual bone trabeculae without 
obvious bone damage; The last identified via osteolytic bone 
damage with clear boundaries and no hardening, is diffuse and 
punctured. All the above types can be combined with patho-
logical fractures and should be identified via fractures caused 
by osteoporosis.

It is well known that hyperglycemia and the recent 
administration of high‑dose steroids can lead to a transient 
metabolic suppression. Besides that, there may be some other 
reasons associated with the intrinsic features of myeloma cells. 
Several studies have shown that myeloma cells might not be 
18F‑FDG‑avid (15‑17). In the study by Rasche et al, 227 newly 
diagnosed MM patients were prospectively and simultaneously 
studied at baseline with diffusion weighted imaging (DWI) 
whole‑body MR imaging and 18F‑FDG PET, along with iFISH 
and gene expression profiling (GEP) (18). The researchers found 
that 11% of those patients were PET false‑negative/DWI MR 

imaging‑positive, and none of these patients belonged to the 
GEP‑defined hyperdiploid or proliferative molecular subgroup. 
Most importantly, in those 21 differentially expressed genes 
between the PET false‑negative/DWI MR imaging‑positive 
group and PET‑positive/DWI MR imaging‑positive group, the 
top gene was the one coding for hexokinase‑2, and its expres-
sion was significantly lower in the PET false‑negative group. 
Furthermore, deregulation of 5 other genes involved in metabo-
lism was also observed (18). The reason for the decline of related 
genes regulation remains to be further studied. According to 
the reverse Warburg effect, aerobic glycolysis takes place in 
tumor‑associated fibroblasts but not in cancer cells. Therefore, 
we can speculate that the level of 18F‑FDG uptake of DI may 
be associated with the oxygen content in the microenviron-
ment of bone marrow and vary with the different processes 
of MM. However, such hypotheses have not been explored in 
18F‑FDG studies.

In addition to false negatives, false positives of 18F‑FDG 
uptake can occasionally be found in routine clinical practice. 
Most of false positives are associated with increased red bone 
marrow conversion due to anemia, and the false positives 
caused by bone marrow conversion are difficult for antidias-
tole with DI of tumor cells in either PET/CT or MR imaging. 
Prospective trials that extensively apply novel techniques must 
be performed. At present, researchers have been investigating 
new PET/CT tracers that target different metabolic pathways 
or receptors expressed by MM cells to improve the sensitivity 
and specificity of imaging modalities in the D‑S PLUS stage 
system. Preliminary results have been recorded (19,20).

In the present study, both the D‑S PLUS staging systems 
mainly relying on imaging findings and R‑ISS staging systems 
basing on clinical laboratory data have good prognostic value 
for PFS. However, the former is considered more intuitive and 
stable, particularly useful for monitoring disease status and 
comparing treatment response in non‑secretory patients (21,22). 
Due to the limitation of the sample size, we did not analyze 
the rate of PET/CT false negatives in detail because the small 
numbers might lead to statistical bias. In addition, the diffuse 
bone marrow invasion performance by CT might not be 
exhaustive in previously discussion. To provide more reliable 
evidence for clinical practice, larger studies are required.

In conclusion, the inclusion of CT findings from PET/CT for 
diagnostic purposes can further improve the ability to assess 
DI by reducing the false negatives when compared with the 
routine PET/CT method, especially in those cases with no or 
low avidity to 18F‑FDG. Notably, the CT findings can be false 
negatives when the bone trabeculae has not been destroyed 
in early MM. Implementing this method may be helpful for 
clinicians when considering PET/CT for one‑stop D‑S PLUS 
staging in cases where patients have contraindications for MR 
imaging or if whole‑body MR imaging is not available.
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