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ABSTRACT  Background: Multiple myeloma affects the long bones in 25% 

of patients. The advent of positron-emission tomography/

computed tomography (PET/CT) scanners offers the possi-

bility of both metabolic and radiographic information and may 

help determine fracture risk. To the best of our knowledge, no 

published study correlates these two factors with long bone 

fractures.

  Objective: To evaluate the impact of PET/CT on fracture risk 

assessment in multiple myeloma patients.

  Methods: We identified all bone marrow biopsy proven multi-

ple myeloma patients from 1 January 2010 to 31 January 2015 

at a single institution. We prospectively followed patients with 

long bone lesions using PET/CT scan images. 

  Results: We identified 119 patients (59 males/60 females) with 

256 long bone lesions. Mean age at diagnosis was 58 years. 

The majority of lesions were in the femur (n=150, 59%) and hu-

merus (n=84, 33%); 13 lesions in 10 patients (8%) required sur-

gery for impending (n=4) or actual fracture (n=9). Higher medi-

an SUVmax was measured for those with cortical involvement 

(8.05, range 0–50.8) vs. no involvement (5.0, range 2.1–18.1). 

SUVmax was found to be a predictor of cortical involvement 

(odds ratio = 1.17, P = 0.026). No significant correlation was 

found between SUVmax and pain or fracture (P = 0.43).

  Conclusions: Improved medical treatment resulted in im-

provement in 8% of patients with an actual or impending 

fracture. The orthopedic surgeons commonly use the Mirels 

classification for long bone fracture prediction. Adding PET/

CT imaging to study in myeloma long bone lesions did not 

predict fracture risk directly but suggested it indirectly by 

cortical erosion.
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Over 30,770 new cases of multiple myeloma (MM) were 
diagnosed in the United States in 2018, which accounted 

for approximately 1.8% of all new cancers [1]. Involvement of 
the bone marrow is most common. It has a detrimental effect on 
the patient’s quality of life and is a significant cause for mortality 
and morbidity [2,3]. Pathological fractures, bone pain, and spinal 
cord compression are common clinical symptoms in MM [4]. The 
spine is the most frequently affected area, although MM-relat-
ed lesions can affect the entire skeletal system, including long 
bones (25%), ribs (45%), vertebrae (66%), sternum and pelvis 
(30%), and skull and shoulders (40%) [5]. When evaluating 
long bone fracture risk, orthopedic surgeons usually rely on the 
Mirels classification (MC). 

The addition of PET/CT scanners has changed the approach 
to the evaluation of MM bone lesions from radiographic to 
functional assessment. PET/CT is a functional imaging tech-
nique that routinely uses 18F-fluorodeoxyglucose a glucose 
analogue labeled with a positron emitter that detects neoplasia 
based on its glucose demand [6,7]. The use of 18F-fluorodeoxy-
glucose positron-emission tomography/computed tomography 
(18F-FDG PET/CT) in MM has several advantages. First, it al-
lows for a complete body scan in a short time period. Second, 
it enables detection of bone marrow involvement and extra-
medullary lesions with high specificity and sensitivity [8]. The 
combined PET/CT scanners detect both metabolic activity and 
radiographic information. PET detects areas with increased 
metabolic activity (active lesions); whereas, CT scans can 
visualize lytic lesions with a resolution limit of 0.5 cm [9]. 
A pathological long bone fracture is affected by the mechan-
ical stability of the bone and the biological activity of the tu-
mor. A highly active lesion is locally destructive to the bone, 
and may increase the patient’s risk for fracture. Ulaner et al. 
[10] conducted a small case control study of metastatic breast 
cancer patients presenting with proximal femoral lesions and 
concluded that the FDG avidity may help in identifying high 
risk for pathological fractures. To the best of our knowledge, 
there is no published study that correlates these two factors 
with long bone fractures in MM patients.

This research was conducted at Weill Cornell Medicine/New York Presbyterian Hospital, New York, NY, USA
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PATIENTS AND METHODS

We reviewed the medical records of all bone marrow biopsy prov-
en MM patients who were treated at a single medical center from 1 
January 2010 until 31 December 2015. We prospectively followed 
patients with long bone lesions. Inclusion criteria were long bone 
lesions and obtainment of 18F-FDG PET/CT scan imaging stud-
ies. Patients with a high energy traumatic fracture or other active 
cancers were excluded. Data collection included: age, gender, an-
atomical location of the lesion, PET/CT, maximum standardized 
uptake value (SUVmax), cortical involvement (as erosion of 
the part or most of the cortex), MC, fractures, radiation ther-
apy, systemic bisphosphonate or Denusomab treatment, and 
indication for fracture. The SUVmax was calculated for statisti-
cal analysis as true SUVmax, which represents the highest value 
measured of all serial PET/CT tests, and recent SUVmax as the 
most recent test at last follow-up visit or before surgery (only 
one patient had SUVmax measurement with an actual frac-
ture). These two values were measured to evaluate the peak 
of the lesion activity that may lead to more bone destruction. 

In many patients, the SUVmax measurement responded well 
to systemic treatment and infrequently showed decrease prior 
to the fracture. However, the bone destruction process was the 
highest during the peak activity time. The bone healing process 
lagged behind the SUV uptake improvement, which may lead to 
structural insufficiency despite good treatment response. The fre-
quency of the PET/CT scan for disease evaluation was tailored to 
each patient due to many factors including residency and disease 
activity. The MC was evaluated retrospectively for the purpose 
of the study by a trained orthopedic oncology surgeon. This eval-
uation was conducted to include the added value of the PET/CT 
scan with and in comparison to the most common method. The 
PET/CT tests were evaluated by board certified radiologists. All 
surgeries were conducted by the senior author (JML).

The relationship between SUVmax (true and recent) and 
other variables were assessed using two sample t-test and Wil-
coxon rank-sum test, as appropriate. Spearman correlations 
were used to assess the relationship between SUVmax and 
fracture or pain. Other associations were calculated using lo-
gistic regression models. Statistical significance was evaluated 
as P < 0.05. Statistical analyses were performed using SAS 9.4 
software (SAS Institute Inc., Cary, NC, USA).

The research was approved by the local institutional re-
view board.

RESULTS

In our study, 119 patients (59 males/60 females) were identified 
with 256 long bone lesions. Of those, 34 patients died before last 
follow-up. Mean age at diagnosis was 58 years [Table 1]. Most 
lesions were in the femur (n=150, 59%) and humerus (n=84, 
33%); 54 lesions (21%) were defined lesions based in X-ray or 

Table 1. Demographic and clinical data of patients

Characteristics n (%), n=256

Age in years, mean (minimum, maximum) 58 (21, 85)

Deaths, n=119 34 (29%)

Surgery, all lesions (n=256)

No 243 (95%)

Yes 13 (5%)

Surgery, patients (n=119) 

No 109 (92%)

Yes 10 (8%)

Indication for surgery, n=13 

Fracture 9 (69%)

Impending 4 (31%)

Age at surgery, mean, n=13 66

Local radiation 

Yes 12 (5%)

Medication before surgery, n=5 

No 3 (60%)

Yes 2 (40%)

Survival time (n=119), mean (minimum, 
maximum) 

6 months (0, 24.08)

Table 2. Radiographic characteristic of lesions

Characteristics n (%), n=256

Defined lesion 

Yes 54 (21.%)

No 202 (79%)

Location of lesion 

Femur 150 (58.59%)

Fibula 9 (3.52%)

Humerus 84 (32.81%)

Radius 1 (0.39%)

Tibia 12 (4.69%)

Side 

Left 125 (48.83%)

Right 131 (51.17%)

Max SUVmax, mean ± standard deviation 7.81 ± 7.39

Recent SUVmax, mean ± standard deviation 7.66 ± 7.15

Mirels classification summary, mean ± 
standard deviation, n=54

7.93 ± 1.67

Cortical involvement, n=54

No 32 (59.26%)

Yes 22 (40.47%)

SUVmax = maximum standardized uptake value
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CT scan studies while the rest were identified by 18F-FDG-avid 
[Table 2]; 13 lesions (10 patients) required surgery for impend-
ing (n=4) or actual fracture (n=9). Of these, two lesions were not 
identified as FDG avid (i.e., did not have FDG uptake) on the 
PET/CT scan. Mean MC score was 10 in the fracture group vs. 
7 in the non-fracture group. No statistically significant difference 
was found between the fracture group and the non-fracture group 
in age, sex, or anatomical location of the lesions. Almost all lesions 
(92%) in the fracture group were defined and involved the cortices 
contrary to the non-fracture group, P < 0.0001 [Table 3]. A non-sta-
tistical significant difference was found in the mean True SUVmax 
between the non-fracture and fracture groups (7.6 vs. 10.7).

EVALUATION OF THE SUVMAX AND CORTICAL INVOLVEMENT

Median recent SUVmax was higher in lesions that involved 
the cortices (n=22): SUVmax 7.5 vs. those without cortical 
involvement (n=32) with a SUVmax of 5 (P < 0.034). Most 
lesions with cortical involvement (82%) had a SUVmax greater 
than 5.4 (P = 0.005). The median true SUVmax was also found 
to be higher in lesions with cortical involvement then no in-

volvement with SUVmax of 8 and 5, respectively (P = 0.0034) 
[Figure 1]. The True SUVmax was found to be a mild predictor 
for cortical involvement with an odds ratio of 1.17 (P = 0.026).

EVALUATION OF SUVMAX AND FRACTURE

The most recent SUVmax value was not found to be significant with 
median values of 5.4 vs. 5.9 (P = 0.49) for non-fracture and fracture 
group, respectively. The true SUVmax was also insignificant.

EVALUATION OF MC AND FRACTURE

The mean MC score was significantly higher in the fracture 
group compared to the non-fracture group with scores of 10 and 
7 respectively (P < 0.001).

PREDICTORS FOR FRACTURE

The MC score was found to be a strong predictor for fracture 
with an odds ratio of 10.1 (P = 0.0014). Cortical involvement 
was found to be the strongest predictor for fracture with an odds 
ratio of 34 (P = 0.0018). SUVmax was not found to be a predic-
tor for fracture.

EVALUATION OF SUVMAX AND PAIN

No significant correlation was found between SUVmax and 
pain (P = -0.43).

DISCUSSION

MM is a devastating disease with significant bone involve-
ment. Long bone lesions and fractures result in a significantly 

Table 3. Comparison between the fracture vs. non-fracture groups

Characteristics
No impending/
fracture, n=243

Impending/
fracture, n=13

P value

Age in years, mean 58.21 62.10 0.7122

Sex

Male 110 (45.27%) 7 (53.85%)
0.545 

Female 133 (54.73%) 6 (46.15%)

Defined lesion

Yes 42 (17.28%) 12 (92.31%)
< 0.0001 

No 201 (82.72%) 1 (7.69%)

Location of lesion

Femur 143 (58.85%) 7 (53.85%)

0.814 

Fibula 9 (3.70%) 0 (0%)

Humerus 78 (32.10%) 6 (46.15%)

Radius 1 (0.41%) 0 (0%)

Tibia 12 (4.94%) 0 (0%)

Location

Left 119 (48.97%) 6 (46.15%)
0.843 

Right 124 (51.03%) 7 (53.85%)

True SUVmax, 
mean

7.65 10.78 0.383

Cortical involvement, n=54

No 31 (73.81%) 1 (8.33%)
< 0.0001 

Yes 11 (26.19%) 11 (91.67%)

SUVmax = maximum standardized uptake value
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Figure 1. The distribution of true (highest measured uptake) SUVmax 
with (yes) and without (no) cortical involvement with its mean and 
median (box plot)

SUVmax = maximum standardized uptake value
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decreased quality of life. MC is the most common prognostic 
classification used to evaluate impending fracture. Recently, the 
international myeloma working group published a consensus 
statement recommending routine use of PET/CT scans in initial 
diagnosis and follow-up of patients [11]. 

Using advanced imaging, we searched for new prognos-
tic factors to evaluate impending fracture. In our cohort most 
patients had at least one long bone lesion, and 21% of those 
were defined by the PET/CT scan. Only 8% of patients had 
sustained a fracture with several significant prognostic factors. 
The strongest predictor for fracture was cortical involvement 
of the lesion followed by MC. The two defined measurements 
of SUVmax (recent and true) did not predict fracture risk di-
rectly. However SUVmax correlated to cortical involvement 
which indirectly suggests higher probability for fracture.

Most lesions (80%) in this cohort did not show bone destruc-
tion on the CT scan. This finding concurs with previous publica-
tions that demonstrated the high sensitivity and specificity of the 
PET scan [11] and its ability to reveal bone marrow involvement 
before bone destruction [4].

In 1982 Harrington [12] published criteria for impending 
fracture based on previous studies. A leading factor was cortical 
involvement. In 1989, Mirels [13] presented his classification 
system for impending fracture, which is the most commonly 
used classification today. These two classification systems are 
mainly based on the mechanical stability of the bone, includ-
ing the anatomical location, lesion matrix, pain and size of the 
lesion. These cohort results showing a very strong correlation 
between fracture and cortical involvement support the notion 
that the mechanical integrity of the bone is the strongest predic-
tor for fracture.

PET is a functional imaging technique that uses 18F-FDG, a 
glucose analogue labeled with a positron emitter that detects tu-
mors based on their glucose demand [6,7]. The assessment of met-
abolic activity by using 18F-FDG PET or 18F-FDG PET/CT is usu-
ally based on the calculation of the maximum SUVmax, which is 
a measure of the glycolytic activity of the neoplastic lesion [6,7]. 
PET relies on glycolytic activity, which is less prominent in my-
eloma lesions compared to other malignancies. Therefore, lower 
SUVmax are usually measured in active lesions of MM patients 
[4]. An active lesion may lead to more aggressive bony destruction 
and increased pain. The pain may be produced by secreted neuro-
pathic and inflammatory markers sometimes with accompanying 
structural weakness [14,15]. However we couldn’t find a signifi-
cant correlation between pain and SUVmax measurement. 

The overall lower SUVmax measurements seen in MM pa-
tients may affect the analysis, thus requiring a larger cohort for 
statistically significant results. However, one publication found 

pathological spine fracture [16].
Cortical involvement is a leading cause for fracture. The 

strongest part of the bone is the cortex and any defect results 
in significant weakening of the bone. It may also affect the sur-
geon’s judgment on surgical intervention to prevent fracture. In-
terestingly, cortical involvement was noted to have higher SU-
Vmax measurement. It may reflect the metabolic requirements 
of the lesion to penetrate the cortex or may represent the effort 
made by the osteoblast to seal the gap. We cannot be certain of 
the reason for the higher activity; however, it indirectly leads to 
higher rates of fracture.

Although PET/CT scan is a promising imaging modality in 
staging and treatment response for systemic therapy, its useful-
ness in predicting long bone fractures is limited. We still rely on 
the MC score for surgical decisions. A larger study may have 
found a more significant prediction for fracture. New technol-
ogies with finite element analysis show promising results and 
may play a significant role in the near future.

LIMITATIONS 

In this retrospective study, we prospectively collected and relied 
on the chart review for part of the information. The decision 
for surgery was made by the senior author (JML) and inherent-
ly was affected by the MC score for impending fracture. This 
decision making may affect the MC score prognostication cal-
culation. Although many lesions were identified, only a small 
number developed fractures, which limits the power analysis.

CONCLUSIONS

PET/CT scans did not predict fracture risk directly. The me-
chanical influence of cortical involvement is the strongest pre-
dictor for actual or impending fracture in MM patients. Larger 
studies may show SUVmax measurement as a more significant 
predictor for fracture.
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Capsule

Epigenetic scarring of exhausted T cells hinders memory differentiation upon 
eliminating chronic antigenic stimulation

Exhausted CD8 T cells (TEX) are a distinct state of T 
cell differentiation associated with failure to clear chronic 
viruses and cancer. Immunotherapies such as PD-1 
blockade can reinvigorate TEX cells, but reinvigoration 
is not durable. A major unanswered question is whether 
TEX cells differentiate into functional durable memory T 
cells (TMEM) upon antigen clearance. Using a mouse 
model, Abdel-Hakeem et al. found that on eliminating 
chronic antigenic stimulation, TEX cells partially (re)
acquire phenotypic and transcriptional features of TMEM 
cells. These ‘recovering’ TEX cells originated from the T 
cell factor (TCF-1+) TEX progenitor subset. Nevertheless, 

the recall capacity of these recovering TEX cells remained 
compromised as compared to TMEM cells. Chromatin-
accessibility profiling revealed a failure to recover core 
memory epigenetic circuits and maintenance of a largely 
exhausted open chromatin landscape. Thus, despite 
some phenotypic and transcriptional recovery upon 
antigen clearance, exhaustion leaves durable epigenetic 
scars constraining future immune responses. These 
results support epigenetic remodeling interventions for 
TEX cell–targeted immunotherapies.

Nature Immunol 2021; 22: 1008 
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Capsule

Protective Zika vaccines engineered to eliminate enhancement of dengue infection 
via immunodominance switch

Antibody-dependent enhancement (ADE) is an important 
safety concern for vaccine development against dengue 
virus (DENV) and its antigenically related Zika virus (ZIKV) 
because vaccines may prime deleterious antibodies to 
enhance natural infections. Cross-reactive antibodies 
targeting the conserved fusion loop epitope (FLE) are 
known as the main sources of ADE. Dai et al. designed ZIKV 
immunogens engineered to change the FLE conformation 
but preserve neutralizing epitopes. Single vaccination 
conferred sterilizing immunity against ZIKV without ADE of 
DENV-serotype 1–4 infections and abrogated maternal–

neonatal transmission in mice. Unlike the wild-type-based 
vaccine inducing predominately cross-reactive ADE-prone 
antibodies, B cell profiling revealed that the engineered 
vaccines switched immunodominance to dispersed patterns 
without DENV enhancement. The crystal structure of the 
engineered immunogen showed the dimeric conformation 
of the envelope protein with FLE disruption. This work 
provides vaccine candidates that will prevent both ZIKV 
infection and infection-/vaccination-induced DENV ADE.

Nature Immunol 2021; 22: 958 
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