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ABSTRACT

luorine-18 fluorodeoxyglucose positron emission tomography with
Pcomputed tomography attenuation correction (PET-CT) in myelo-

ma can detect and enumerate focal lesions by the quantitative char-
acterization of metabolic activity. The aim of this study was to deter-
mine the prognostic significance of the suppression of PET-CT activity
at a number of time points post therapy initiation: day 7, post induction,
post transplant, and at maintenance therapy. As part of the TT4-6 trial
series, 596 patients underwent baseline PET-CT and were evaluated seri-
ally during their disease course using peak standardized uptake values
above baciground red marrow signal. We demonstrate that the presence
of more than 3 focal lesions at presentation identifies a group og) patients
with an adverse progression-free survival and overall survival. At day 7
of therapy, patients with complete focal lesion signal suppression revert
to the same prognosis as those with no lesions at diagnosis. At later time
points, the continued suppression of signal remains prognostically
important. We conclude tgat for newly diagnosed patients with focal
lesions, treatment until these lesions are suppressed is an important ther-
apeutic goal as the prognosis of these patients is the same as those with-
out lesions at diagnosis. (clinicaltrials.gov identifiers: 00734877, 02128230,
00869232, 00871013).

Introduction

A key strategy to improve outcomes in myeloma is to customize the treatment
used based on the response to therapy. Such an approach is becoming increasingly
feasible as the range of treatment options with different mechanisms of action
increases. The number of tools available to monitor response to therapy is also
increasing, with minimal residual disease (MRD) assessment of the bone marrow
(BM) using flow cytometry and next generation sequencing being the most widely
used.”” Imaging techniques such as magnetic resonance imaging (MRI) and fluo-
rine-18 fluorodeoxyglucose positron emission tomography with computed tomog-
raphy (FDG PET-CT) have also been used as a method to assess the extent and dis-
tribution of disease at presentation and pre and post autologous transplant.**’
These two imaging approaches rely on different biological features of the tumor
and as such offer important complementary information. Both technologies identi-
fy focal lesions (FLs), which are anatomical lesions seen during myeloma progres-
sion from monoclonal gammopathy of uncertain significance (MGUS) to plasma
cell leukemia (PCL). They are more characteristic of the later stages of disease and
are associated with adverse prognosis. However, in contrast to PET-CT, where the
imaging features respond rapidly to exposure to therapy, classic MRI features are
slow to resolve and can remain positive long term. Therefore, PET-CT is a useful
monitoring tool for disease response.
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Table 1. Positron emission tomography with computed tomography sample availability of cases entered into the TT4-6 studies at the different
timepoints of assessment. Note that some patients did not have GEP data available and therefore could not be classified by GEP70 risk.
N.
of patients

N.
of GEP70 low-risk
patients

N.
of GEP70 high-risk
patients

Baseline + day 7 + end of induction + post-first TX + maintenance 67 41 16
Baseline + day 7 + end of induction + post-first TX only 49 40 4
Baseline + day 7 + end of induction + maintenance only 29 20 6
Baseline + day 7 + post-first TX + maintenance only 42 38 1
Baseline + end of induction + post-first TX + maintenance only 32 23 8
Baseline + day 7 + end of induction only 58 40 12
Baseline + day 7 + post-first TX only 33 31 1
Baseline + day 7 + maintenance only 11 9 0
Baseline + end of induction + post-first TX only 21 15 5
Baseline + end of induction + maintenance only 14 9 3
Baseline + post-first TX + maintenance only 25 23 1
Baseline + day 7 only 60 46 7
Baseline + end of induction only 46 31 6
Baseline + post-first TX only 28 27 0
Baseline + maintenance only 15 14 0
Baseline only 66 60 1
Total 596 467 71

GEP: gene expression profile.

Previously we have evaluated the role of PET-CT at
presentation and have demonstrated that it can refine the
assessment of prognosis, with both the number and size
of FLs giving clinically useful prognostic information.*” We
have also shown that total lesion glycolysis (TLG), a cal-
culation that takes into account total disease volume and
glucose metabolism, can improve the assessment of dis-
ease burden and outcome prediction.” In order to further
determine the value of PET-CT for disease monitoring and
prognosis, we have utilized data collected in the TT4-TT6
clinical trials of our Total Therapy program,”"*where PET-
CT assessment was included both at presentation and dur-
ing response as part of the clinical protocol. In a prelimi-
nary analysis, we also explored the potential for PET-CT
analysis to enhance the value of conventional response
assessment and MRD flow cytometry assessment.

Methods

Patients

Of the 606 patients entered into the TT4-6 studies, 596 patients
had PET-CT analysis available and were included in this study.
Treatment included combination chemotherapy as induction with
double autologous transplantation, post-transplant consolidation,
and three years planned maintenance with lenalidomide, borte-
zomib, and dexamethasone.”" Protocols were approved by the
Institutional Review Board of the University of Arkansas for
Medical Sciences. All patients signed informed consent in keeping
with institutional, federal, and international guidelines. Gene
expression analysis and risk status (GEP70) were determined.'*"
The number of patients for analysis at each landmark is shown in
Table 1. The most common reason for a missing PET-CT was lack
of health insurance to cover the costs of the test. The 3-year sur-
vival estimates with corresponding 95% confidence intervals were
68% (65, 72) for progression-free survival (PFS) and 82% (78, 85)
for overall survival (OS). Median follow up was 5.1 years (Table 2).

Table 2. Patients’ characteristics, overall and by protocol.

Factor All M4 15 TT6
patients
Age = 65 years 198/596 110/376 2112 67/148

G Q%) Q%) (45%)

IgA isotype 109588 65870 20M  24/146
a%) 8% Q8% (16%)
Female 23859 143876 3UT2 647148
A% 8% @3%) (3%
White 50059 321876 6172 118/148
G4%)  G5%)  (35%)  (30%)
Albumin<35gdlL 248595 166476  3UT2 45147
@%) % Gl G1%)
BM= 3.5 mgl 21693 194874 5612 TU4T
G4%) (M%) (18%)  (48%)
BM > 55 mg/L 152503 98374 31M2 23/
Q6%) Q6% (3% (16%)
CRP =8 mg/L 160594 99875 8M2  33/147
QM) Q6% (%) (22%)
Creatinine =2 mg/dL. 29595 17376 P 5/147
(5%) G% 0% (%)
Hb <10 g/dL 239595 151876 4612 42147
A% %) (6% (29%)
LDH =190 UL 12159 53876 2812 40147
Q%) (%) %) Q%)
Cytogenetic 258590 148370 4872 62148
abnormalities @4%)  @do%)  (6T%)  (42%)
ISS Stage 1 193593 121874 1/ 6147
G3%) W) (5%  (d1%)
1SS Stage 2 8593 155874 30T 63147
@%) @%@ 3%
ISS Stage 3 152593 98874 31M2 23147

(26%) Q6%)  (43%)  (16%)

n.:number; B,M: beta-2-microglobulin; CRP: C-reactive protein; Hb: hemoglobin;
LDH: lactate dehydrogenase; ISS: International Staging System; IgA: immunoglobu-
lin A.



PET-CT

Scans were performed using a standard clinical protocol follow-
ing 6-8 hours of fasting and after intravenous administration of 10-
15mCi (370-555Mbq) of fluorodeoxyglucose (FDG). After 50-70
minutes of uptake, images were acquired on either a CTI-Reveal
or a Biograph 6 PET/CT system (Siemens Medical Systems), both
with full ring LSO crystal configurations. PET images were gener-
ated by 3D iterative reconstruction on a 168x168 matrix, with a
zoom of 1.0 FWHM filter of either 5.0 or 6.0 mm, and 2 iterations
with 8 subsets. CT data were used for localization and attenuation
correction. Images underwent a 3D region of interest (ROI) analy-
sis of the axial and appendicular skeleton using the US Food and
Drug Administration approved “Mirada Medical PET-CT XD
Oncology Review” software (Oxford, UK). Background red mar-
row was defined using a 1 cm’ ROI in the most inferior vertebral
body that did not demonstrate focally increased uptake. FLs were
defined as areas, measuring at least 1 cm, not otherwise demon-
strated to be artefacts by comparison with co-registered CT and
exhibiting a peak SUV greater than the peak SUV for the back-
ground red marrow. Radiologists used a standardized approach for
reporting. All data for analysis were extracted from clinical
reports.

Response assessment

Clinical response assessment was performed using International
Myeloma Working Group (IMWG) definitions." Minimal residual
disease assessment was performed on BMs using an 8-color tech-
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nique (CD138/CD38/CD19/CD45/CD27/CD81/CD56/CD20). A
minimum of 2 million cells were analyzed, giving a sensitivity of
1in 10°.

Statistical analysis

The Kaplan-Meier method'® was used to estimate OS and PFS
distributions. Cumulative incidences by GEP70 risk for complete
response (CR), very good partial response (VGPR) and partial
response (PR) were calculated.”” Group comparisons (overall and
pairwise) for survival end points and cumulative incidence were
performed using the log-rank test.' Cox proportional hazards
modeling was used to identify the association of risk factors with
outcome. OS was defined as time from landmark to death from
any cause. PFS was calculated as time from landmark to progres-
sion, relapse, or death from any cause. Patients experiencing none
of these events were censored at the date of last contact. Fisher’s
exact test was used to evaluate the association between categori-
cal variables. P<0.05 was considered statistically significant. Cut-
off points for FL parameters were applied as previously reported.®

Results

PET-CT at presentation and outcome
The presence of more than 3 FLs detected on PET-CT

scan at baseline was associated with adverse PES

(P<0.0001) and OS (P<0.0001) (Figure 1). There was no
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>3 FL at baseline 1277221 59% (52, 65) >3 FL at baseline 81/157 67% (60, 75) >3 FL at baseline 32136 19% (7, 32)
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Death /N 3-Year Estimate Death /N 3-Year Estimate Death /N 3-Year Estimate
<= 3 FL at baseline 791375 87% (84, 91) <= 3 FL at baseline 55/310 91% (88, 94) <=3 FL at baseline 20/35 55% (39, 72)

>3 FL at baseline 89/221
Log-rank P-value < 0.0001

72% (66, 78) >3 FL at baseline

Log-rank P-value < 0.0001

>3 FL at baseline 27136
Log-rank P-value = 0.05

53/157 79% (73, 86) 41% (25, 57)

Figure 1. Survival data according to number of focal lesions (FLs). Progression-free survival (PFS) (upper panel) and overall survival (OS) (lower panel) for patients
entered into TT4-6 trials by the number of FL detected at presentation: (A) all patients, (B) GEP70 low-risk patients, and (C) GEP70 high-risk patients. A significant
difference was observed for patients with FLs at baseline compared to patients with no FL at baseline for both PFS (P<0.0001) and OS (P<0.0001). These differ-
ences were significant when considering separately GEP70 low-risk patients (P=0.0007 for PFS, P<0.0001 for OS) and GEP70 high-risk patients (P=0.04 for PFS,

P=0.05 for OS).
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significant difference in either PFS (P=0.3022) or OS
(P=0.7842) between the patient groups with 0 and with 1-
3 FLs (Table 3 and Ounline Supplementary Figure S1).

Suppression of FL signal at serial time points and its
relationship to outcome

We show that the suppression of FL signal following
treatment is prognostically important. Patients achieving
100% suppression of FL signal following treatment at each
time point studied (day 7, end of induction, post trans-
plantation, and maintenance) have PES and OS values that
are not significantly different from cases with no FL pres-
ent at baseline. Importantly, at each time point, patients
with no detectable FL signal at that time point have a sig-
nificantly superior outcome compared to patients with at
least one detectable FL at that time point, irrespective of
whether they had a FL at baseline (Table 4, Figure 2 and
Ounline Supplementary Figure S2). Conversely, failure to sup-
press the FL signal (i.e. continued positivity) was seen in
46.4% of patients at day 7, 23.6% at the end of induction,
11.4% post transplantation, and 7.3% at maintenance,
and was associated with an impaired outcome.
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>0 FL at post-induction 60/109 54% (44, 64)

Log-rank P-value = 0.008

N I

Interaction of GEP70 risk status with PET-CT signal
suppression and outcome

At presentation, 33.6% of GEP70 low-risk (LR) patients
had more than 3 FLs and were associated with an adverse
outcome (P=0.007 for PES and P<0.001 for OS). A higher
percentage of patients with FLs was seen in the GEP70
high-risk (HR) group at presentation (50.7%), and these
cases also had an adverse outcome (P=0.04 for PFS and
P=0.05 for OS) (Figure 1, Online Supplementary Table S1
and Online Supplementary Figure S3).

Following treatment, the suppression of FL signal had a
similar impact in both risk strata with total suppression of
signal being associated with outcomes that are not signif-
icantly different from cases with no FLs at baseline. For LR
patients, this was significant at all time points analyzed.
In contrast, the differences in outcome were not as obvi-
ous in HR patients due to the smaller number of cases and
their adverse outcomes irrespective of FL status at base-
line. Nonetheless, we observed a significant difference in
OS and PFS between patients with no FL at baseline and
day 7 compared to patients with at least one FL at day 7,
and we observed a non-significant trend in OS and PES
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0 FL at baseline, 0 at post-induction 31/142 88% (82, 94)
>0 FL at baseline, 0 FL at post-induction 57 /212 82% (76, 87)

38/111
Log-rank P-value = 0.08

>0 FL at post-induction 71% (63, 80)

Figure 2. Paired day 1, 7, and end of induction positron emission tomography with computed tomography (PET-CT). (A) Progression-free survival (PFS) and (B) over-
all survival (OS) for patients entered into TT4-6 trials with paired day 1 and day 7 PET-CT studies. An overall difference in PFS and OS was noted. A significant differ-
ence was observed for patients with no focal lesion(s) (FL) at baseline and no FL at day 7 compared to those with lesions present at day 7 in PFS (P=0.0002) and
0S (P<0.0001). A significant difference was observed for patients with resolution of FL at day 7 compared to those with lesions present at day 7 in PFS (P=0.0001)
and OS (P=0.0015). (C) PFS and (D) OS for patients entered into TT4-6 trials with paired day 1 and end of induction PET-CT studies. A significant difference was
observed in PFS for patients with no FL at baseline and no FL at the end of induction compared to those with FL (P=0.0069). A significant difference was observed
in PFS for patients with resolution of FL at this time point compared to those still with lesions (P=0.0064).
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between patients with suppression of baseline FL by day
7 compared to patients with at least one FL at day 7
(Online Supplementary Table S1 and Online Supplementary
Figures S4 and S5). Multivariate analysis and R® values sug-
gest that both GEP and persistent FL positivity contribute
to clinical outcome both at presentation and at subsequent
time points, with presence of FLs making a very signifi-
cant contribution to outcome (Table 5).

Relationship between imaging response and minimal
residual disease

To address how imaging response relates to BM MRD,
we looked at cases who had achieved a standard CR (as
defined by the IMWG criteria) and had MRD assessment
at the level of 1 in 10" performed by flow cytometry analy-
sis. We identified 13 cases with 1 or more FLs at the time

Prognostic significance of myeloma PET-CT focal lesions

of MRD assessment; of these, 8 were MRD positive and 5
were MRD negative. This distribution of MRD was not
significantly different from the distribution in cases with 0
FL (55 positive and 37 negative) (Fisher’s exact test
P=0.90). This observation highlights the importance of
combining imaging with MRD assessment.

Discussion

We demonstrate in a large statistically robust data set
that the serial use of PET-CT assessment can contribute to
risk assessment and the prediction of outcome. We show
that 62% of patients have PET-CT detectable FLs at diag-
nosis with a greater percentage in HR compared to LR
patients. We show that, following modern day therapy,

Table 3. Progression-free and overall survival estimates at each positron emission tomography with computed tomography time point according
to the number of focal lesions.

N. of focal lesions 3-year estimated 3-year estimated
progression-free survival overall survival

% (95% CI) % (95% CI)

Presentation 0 74 (68, 80) 89 (84, 93)
1-3 74 (67, 81) 85 (79,91)

>3 59 (52, 65) 72 (66, 78)

Day 7 0 76 (67, 86) 89 (82, 96)
1-3 72 (63, 81) 86 (80, 93)

>3 53 (45, 60) 72 (64,78)

End of induction 0 72 (64, 80) 88 (82,94)
1-3 73 (67,79) 82 (76, 87)

>3 54 (44, 64) 71 (63, 80)

Post transplant 0 74 (65, 84) 87 (80, 94)
13 72 (65,79) 80 (73, 86)

>3 57 (40, 74) 76 (61, 90)

Maintenance 0 76 (65, 86) 88 (79, 96)
1-3 66 (58, 74) 80 (73, 86)

>3 52 (28, 76) 60 (37, 83)

N.: number; CI: Confidence Interval.

Table 4. P-value for progression-free and overall survival estimates for patients with and without lesions at each positron emission tomography

with computed tomography time point.

Progression-free survival Overall survival

P P
>( FL at day 7
vs. no lesions at baseline 0.0002 0.0001
vs. lesion(s) at baseline, resolved by day 7 0.0001 0.0015
>( FL at post induction
vs. no lesions at baseline 0.0069 NS
vs. lesion(s) at baseline, resolved by day 7 0.0064 NS
>( FL at post transplant
vs. no lesions at baseline 0.0035 NS
vs. lesion(s) at baseline, resolved by day 7 0.0070 NS
>( FL at maintenance
vs. no lesions at baseline NS 0.0020
vs. lesion(s) at baseline, resolved by day 7 NS 0.0187

FL: focal lesion; P: Pvalue; NS: not significant.
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the signal from FLs can be suppressed and that this is asso-
ciated with improved outcomes. Even at the very early
time point of 7 days post chemotherapy, the continuing
presence of PET positivity is associated with an adverse
outcome. The prognostic significance of ongoing FL posi-
tivity is maintained post one cycle of chemotherapy, post
induction therapy, post transplantation, and during main-
tenance. Importantly, in the context of induction, trans-
plant and maintenance, the 28% of patients who suppress
PET-CT EL activity by day 7 or by the end of induction
(46%) have a similar outcome to patients who had no FLs
at diagnosis. These novel findings are clinically informa-
tive because they shift the emphasis of PET-CT assess-
ment of FLs from a one-time diagnostic scan to a scenario
where follow-up scanning is important to interpret the
true prognostic significance of these lesions for the indi-
vidual patient in the context of the therapy used and the
biology of their cancer cells.

The current results expand on previous data analyses
which have shown the value of the presence of FLs on
PET-CT at diagnosis in MGUS, smoldering myeloma, and

Table 5. Multivariate analyses of progression-free and overall survival.

myeloma.>*”""*? In myeloma, the number of lesions,
maximum standardized uptake values (SUV__), TLG, and
metabolic tumor volume have all been shown to correlate
with PES and OS.**" In the current study, based on the
analysis of 596 patients entered into TT4-TT6 clinical
studies, we confirm these findings and show convincingly
that the presence of more than 3 focal lesions detected on
PET-CT at baseline is associated with adverse PES and OS.

We also clarify how such scanning technology should
be used following the initiation of therapy.**® The Italian
group used SUVmax as the marker of PET-CT positivity
after induction treatment with bortezomib, thalidomide,
and dexamethasone followed by autologous tandem
transplant, and showed that 63% of patients who were
PET-CT positive at diagnosis were still PET-CT positive at
the end of induction therapy, and that this was linked
with adverse clinical outcome.® At three months post
transplantation, positivity was seen in 35%, and again
was associated with an adverse outcome. The Intergroup
Francophone du Myelome (IFM) group® used a combina-
tion of FLs and/or diffuse marrow signal to define PET-CT

Progression-free survival Overall survival
Variable n/N (%) HR 4 HR P
(95% CI) R (95% CI) R
At Day 7
GEP 70 high risk 50/336 3.91 P<0.001, 4.64 P<0.001,
(15%) (2.70,5.66) R=20.7% (2.99,7.19) R:=3.5%
0 FL at baseline + day 7 82/240 0.41 P<0.001, 0.31 P<0.001,
(vs. >0 FL at day 7) (34%) (0.27,0.63) R=34.2% (0.16, 0.58) R:=47.5%
>( FL at baseline, resolved by day 7 96/254 0.41 P<0.001, 0.43 P=0.001,
(vs. >0 FLat day 7) (38%) (0.28, 0.62) R'=34.2% (0.26, 0.72) R:=47.5%
At end of induction
GEP 70 high risk 62/300 345 P<0.001, 446 P<0.001,
(21%) (2.43,4.90) R!=26.1% (2.93,6.78) R'=39.3%
0 FL at baseline + end of induction 817207 0.72 P=0.141, 0.78 P=0.377,
(vs. >0 FL at end of induction) (39%) (0.47,1.11) R!=28.5% (0.45, 1.35) R'=40.1%
>( FL at baseline, resolved by end of induction 126/219 0.67 P=0.039, 0.80 P=0.354,
(vs. >0 FL at end of induction) (58%) (0.45, 0.98) R:=28.5% (0.50, 1.29) R:=40.1%
At post-first transplant
GEP 70 high risk 37/287 494 P=<0.001, 6.19 P=<0.001,
(13%) (3.15,7.17) R!=25.3% (3.68,10.40) R'=40.8%
0 FL at baseline + post-first TX 91/126 0.36 P=<0.001, 0.43 P=0.026,
(vs. >0 FL at post-first TX) (72%) (0.21,0.62) R:=34.7% (0.20,0.91) R'=45.0%
>( FL at baseline, resolved by post-first TX 161/196 0.36 P<0.001, 0.46 P=0.024,
(vs. >0 FL at post-first TX) (82%) (0.22, 0.60) R=34.7% (0.23,0.90) R'=45.0%
At maintenance
GEP 70 high risk 35/223 471 P<0.001, 6.20 P<0.001,
(16%) (2.98,7.46) R'=28.8% (3.59, 10.70) R'=43.8%
0 FL at baseline + maintenance 64/81 0.32 P=0.003, 0.22 P<0.001,
(vs. >0 FL at maintenance) (79%) (0.16, 0.68) R'=34.4% (0.09, 0.52) R'=52.9%
>( FL at baseline, resolved by maintenance 142/159 0.47 P=0.022, 0.31 P=0.002,
(vs. >0 FL at maintenance) (89%) (0.24,0.90) R=34.4% (0.15, 0.65) R'=52.9%

HR: Hazard Ratio; 95%Cl: 95% Confidence Interval; Pvalue from Score %’ test in Cox Regression. R% R-squared using method by O’Quigley and Xu. Multivariate results not statis-
tically significant at 0.05 level. All univariate P-values reported regardless of significance. Multivariate model uses stepwise selection with entry level 0.1 and variable remains if
the 0.05 level is met. A multivariate Pvalue greater than 0.05 indicates variable forced into model with significant variables chosen using stepwise selection.



positivity. In their study, 68% of patients remained posi-
tive at the end of lenalidomide, bortezomib, and dexam-
ethasone (RVD) induction, 42% after RVD consolidation
and 25% after transplantation, with positivity being asso-
ciated with an adverse outcome. In the TT3 study,’ the
number of PET-FLs both at diagnosis and pre-transplant
were important independent variables associated with
adverse outcome.’ On multivariate analysis, more than 3
FLs at day 7 was associated with inferior OS and PFS, even
in patients with GEP70 defined high risk. However, in
TT3, we did not report the outcome of patients who sup-
pressed their FL activity. The finding that these patients
have outcomes similar to patients without FLs at diagnosis
is of crucial clinical importance and suggests that treat-
ment should be continued until lesion resolution.
Previous studies have shown that patients with a con-
ventionally defined complete response using IMWG crite-
ria may have persistence of the FLs after therapy.®”* Such
findings have led to the refinement of the IMWG defini-
tions of complete response with the addition of assess-
ment of MRD using flow cytometry, next generation
sequencing, and imaging.” Using an effective therapeutic
strategy combining immunomodulatory drugs, protea-

Prognostic significance of myeloma PET-CT focal lesions

some inhibitors, and transplant, we were able to demon-
strate that imaging gives additional information to both
the clinical assessment of response using the IMWG crite-
ria and also to MRD detection using a flow cytometric
approach sensitive to 1 in 10°. The recent study by the
IEM group* showed similar findings with 14 of 86 patients
being PET-CT positive at the same time as they were
MRD negative, suggesting that both techniques are essen-
tial to truly define a stringent response.

In other tumor settings, a PET-CT scan during therapy is
used to guide treatment decisions, including continuing
therapy, changing therapy to a modality with a different
mechanism of action, or stopping treatment altogether.
Initiating the individualization of therapy in myeloma
based on a comprehensive disease assessment is one way
to improve patient outcomes. This study suggests that a
risk-adapted approach based on serial PET-CT analysis
would be appropriate for myeloma patients as it can reli-
ably identify a group of patients with poor prognosis at
different stages of their therapy who may benefit from
alternative therapy. On the basis of our results, serial PET-
CT should be integrated into follow-up algorithms and
risk-adapted clinical trials should be implemented.
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