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F18-fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) is a powerful
tool to investigate the role of tumor meta-
bolic activity and its suppression by
therapy for cancer survival. As part of
Total Therapy 3 for newly diagnosed mul-
tiple myeloma, metastatic bone survey,
magnetic resonance imaging, and FDG-
PET scanning were evaluated in 239 un-
treated patients. All 3 imaging techniques
showed correlations with prognostically
relevant baseline parameters: the num-
ber of focal lesions (FLs), especially when

FDG-avid by PET-computed tomography,
was positively linked to high levels of
B-2-microglobulin, C-reactive protein, and
lactate dehydrogenase; among gene ex-
pression profiling parameters, high-risk
and proliferation-related parameters were
positively and low-bone-disease molecu-
lar subtype inversely correlated with FL.
The presence of more than 3 FDG-avid
FLs, related to fundamental features of
myeloma biology and genomics, was the
leading independent parameter associ-
ated with inferior overall and event-free

survival. Complete FDG suppression in
FL before first transplantation conferred
significantly better outcomes and was
only opposed by gene expression profiling-
defined high-risk status, which together ac-
counted for approximately 50% of survival
variability (R? test). Our results provide a
rationale for testing the hypothesis that my-
eloma survival can be improved by altering
treatment in patients in whom FDG suppres-
sion cannot be achieved after induction
therapy. (Blood. 2009;114:2068-2076)

Introduction

The “gold standard” for myeloma imaging has been the
metastatic bone survey (MBS), a complete skeletal x-ray
technique evaluating the presence of osteolytic disease or
osteopenia, the detection of which requires bone decalcification
by at least 70%. Diagnostic tools capable of detecting future
bone injury at an earlier phase before irreversible lytic changes
occur are desirable. Of note, magnetic resonance imaging (MRI)
has been shown to permit detection of bone marrow infiltration
in a focal, variegated, or diffuse pattern in the absence of bone
destruction.!-3

It is well recognized that myeloma engages the microenviron-
ment for its progression by initiating critical survival signals in the
process of which bone disease ensues.*® Through correlative
science investigation, we recently reported on Dickkopf-1 (DKK1),
a novel molecule contributing to myeloma-related bone disease.®
By examining global gene expression in purified plasma cells from
untreated patients undergoing comprehensive skeletal imaging by
both MBS and MRI, we observed a link between MRI-defined
focal lesion number (MRI-FL) and DKKI expression levels.®
Subsequent work revealed an association of MRI-FL with standard
prognostic parameters, such as albumin and C-reactive protein
(CRP). Survival was adversely affected by MRI-FL independent of
the presence of cytogenetic abnormalities (CAs).”

F18-fluorodeoxyglucose positron emission tomography inte-
grated with computed tomography (FDG-PET/CT) is a valuable
imaging tool in cancer and infection.?® In addition to the detection

of hypermetabolic tumor, effective suppression early in the course
of therapy has been linked to superior patient outcome in lym-
phoma and a variety of epithelial cancers.!2* When combined with
CT, FDG uptake can be readily localized anatomically and, in the
case of myeloma, hypermetabolic activity in intramedullary and
extramedullary sites distinguished and osteolytic bone destruction
recognized.?!

As part of Total Therapy 3 (see “Total Therapy 3 program”), we
prospectively examined the prognostic implications of FDG-
PET/CT and MRI in patients with newly diagnosed myeloma.

Methods

Patient population

Of 303 patients with symptomatic, previously untreated multiple
myeloma enrolled in Total Therapy 3 between February 2004 and July
2006, 239 who completed the intended baseline imaging studies are the
subjects of this report. All had to have normal cardiopulmonary
function, serum creatinine less than 3 mg/dL, and liver function tests
within 2 times the upper limit of normal. Zubrod performance status had
to be less than 3 unless elevated because of myeloma-related pain. All
patients had signed an informed consent in accordance with institu-
tional, and Food and Drug Administration guidelines and the Declara-
tion of Helsinki. The protocol had been approved by the Institutional
Review Board of the University of Arkansas for Medical Sciences.
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EFS by presence of EMD at baseline
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Figure 1. Overall survival and event-free survival and cumulative incidence of complete or near-complete response. (A-E) Overall survival and event-free survival
outcomes according to imaging parameters (MBS-OL, MRI-FL, PET-FL, SUV-FL, EMD [cut-points based on tertile distributions and collapsing categories with similar
outcomes]): Both overall and event-free survival durations were significantly shorter in the presence of EMD detected on PET examination (A), higher osteolytic lesion number
enumerated on metastatic bone survey (MBS-OL; B), and higher focal lesion number on PET (PET-FL; D). Magnetic resonance imaging—defined focal lesions (MRI-FL)
conferred inferior event-free survival and a trend toward inferior overall survival (C). Among the overall favorable GEP-defined low-risk group, PET-FL more than 3 identified a
subset with inferior outcomes (E). (F-G) Survival outcomes according to complete FDG suppression (100%) before first transplantation: Complete FDG suppression at the end
of 2 induction chemotherapy cycles before first transplantation conferred favorable overall and event-free survival (F), which was particularly important for the subset of patients
presenting with GEP-defined high-risk features (G). (H) Time course to complete or near-complete response (CR, n-CR; defined by myeloma-protein and bone marrow criteria)
and to imaging-defined complete response (resolution of focal lesions on MRI [MRI-CR] and PET [PET-CR], normalization of bone marrow intensity to hypointensity status in
patients without MRI-FL): PET-CR status was attained more rapidly than clinical CR or n-CR and especially MRI-CR status among patients presenting with MRI-FL.

Total Therapy 3 program

Total Therapy 3 consisted of 4 distinct phases of induction therapy (2 cycles
of VDT-PACE [bortezomib, dexamethasone, thalidomide, and 4-day con-
tinuous infusions of cis-platin, doxorubicin, cyclophosphamide, etoposide]
with peripheral blood stem cell collection after the first cycle), tandem
transplantation with melphalan 200 mg/m? (reduced to 140 mg/m? in case
of age > 70 years and creatinine > 2 mg/dL), consolidation with 2 cycles
of dose-reduced VDT-PACE, and maintenance therapy for 3 years, with

monthly cycles of VTD for the first year and thalidomide plus dexametha-
sone in years 2 and 3.22 All patients signed a written informed consent
acknowledging the research nature of the study protocol and availability of
other treatment options in keeping with the Declaration of Helsinki.
According to institutional and federal policies, the protocol was approved
by our local Protocol Review and Monitoring Committee and Institutional
Review Board. Approximately 80% of patients’ records were audited for
protocol adherence, toxicity, and response by a federally accredited team of
investigators.
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Figure 1 (continued).

Imaging studies

Per study design, all eligible patients had MBS, MRI, and FDG-PET/CT
examinations at baseline and at specified subsequent phases of the protocol.
The follow-up studies included annual MBS with MRI scans performed
before each of 2 transplantations, before consolidation and maintenance
phases, and semiannually thereafter. FDG-PET/CT scans were scheduled
within 10 days from starting the first induction cycle of VDT-PACE. All
imaging studies were repeated at relapse, defined by M-protein and bone
marrow criteria and by any of the imaging tools.

Technical details of imaging methods are as follows: MBS consisted of
standard digital radiographs of the chest, ribs, lateral skull, vertebral
column, anterior and posterior pelvis, shoulders, and extremities to include
hands and feet. MRI study sequences, limited to the axial skeleton bone
marrow (head, spine, pelvis, shoulders, sternum), included short T1-
inversion recovery (STIR-weighted), spin echo (T1- and T2-weighted),
gradient-echo (T2), and gadolinium-enhanced spin echo sequences (with
and without fat suppression). FDG-PET/CT imaging was performed on 1 of

2 PET/CT scanners: CTI-Reveal or Biograph 6 (Siemens Medical Sys-
tems). The CT portion was acquired with a Siemens Sensation helical
scanner (Biograph, 6-slice; CTI-Reveal, 16-slice). PET consisted of lute-
tium oxyorthosilicate crystals arranged in a full-ring gantry (Pico Electron-
ics). Images were obtained 60 minutes after the intravenous administration
of 10 to 15 mCi (370-444 MBq) of FDG, and extended from vertex to toes
with 4 minutes per bed position. Image reconstruction was performed on a
CTI Wizard workstation.

All imaging studies were interpreted by a team of experienced radiologists
and nuclear medicine physicians well versed in myeloma diagnostics.

Imaging definitions

Osteolytic lesions on MBS (MBS-OL) were described by location and
number. For MRI and PET studies, FL measuring less than 0.5 cm were not
included as these are typically below PET/CT resolution despite being
identifiable on MRI. In the case of MRI, the marrow signal was described as
hyperintense, isointense, or hypointense (in relation to adjacent paraspinal
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Figure 1 (continued).

musculature on T1 or to normal intervertebral disc signal on STIR images)
and also as homogeneous or heterogeneous. MRI-FL (intramedullary) was
described by location, number, and size.

Red marrow uptake on PET/CT was described as mild, moderate, or
severe in regard to the degree of FDG uptake (determined from the L4 or L5
vertebral body as a standard) and also as homogeneous or heterogeneous
regarding pattern of uptake. Hypermetabolic FLs (PET-FLs) were defined
as being more intense than background marrow uptake and described by
location, number, size, and associated standardized uptake values (SUV-
FLs). Intramedullary PET-FLs were considered metabolically active dis-
ease, and when resolved, inactive or treated disease. Recorded SUVs were
maximum lesion values and calculated based on lean body mass according
to standard formula. Extramedullary disease (EMD) was defined as the
presence of FDG-avid tissue that, according to CT examination, was not
contiguous to bone and arose in soft tissue sites (eg, lymph nodes, liver,
pleura, testis, skin). If present, EMD was described by location, size,
number, and SUV (SUV-EMD). Occult infection, if detected, was reported.

Osteolytic lesions on CT (CT-OL) were described as to their number inde-
pendent of the presence of active disease on PET. Size measurements on the
imaging studies were to the nearest centimeter as measured on axial views.

Laboratory examinations

As previously reported,?? all eligible patients underwent a comprehensive
workup to capture the following myeloma-related parameters: serum
M-protein; complete immunoglobulin and free light chain concentrations;
daily urinary M-protein excretion; serum levels of beta-2-microglobulin
(B2M), CRP, albumin, and lactate dehydrogenase (LDH); bone marrow
aspirate and biopsy infiltration by plasma cells along with DNA-
cytoplasmic immunoglobulin flow cytometry?® and cytogenetics.2* Special
studies included gene expression profiling (GEP) analyses of CD138-
purified plasma cells* and unseparated bone marrow biopsy samples?
procured from a random posterior iliac crest site or from an MRI- or

PET-defined FL under CT guidance. Risk group and molecular subgroup
designations were executed as previously reported.?7-28

Definitions of response and relapse

The European Bone Marrow Transplant criteria, introduced by Blade et al,
were applied® and modified by the International Myeloma Working
Group.*® Complete response (CR) required the absence of M-protein in
serum and urine on immunofixation analysis, whereas near-complete
response (n-CR) implied absence of monoclonal bands on standard
electrophoresis and presence on immunofixation. Partial response required
reductions in serum-M concentration by less than 50% and in urinary
M-protein excretion by more than 90% or less than 100 mg/day. In all cases,
both bone marrow aspirate and biopsy samples had to be negative for
myeloma, implying absence of clonally restricted plasma cells by immuno-
histochemistry and by 2-parameter flow cytometry of nuclear DNA and
cytoplasmic immunoglobulin.?? These definitions had to apply on at least
2 successive occasions at least 2 months apart. There could not be any new
MBS- or CT-OL, MRI- or PET-defined FL, or EMD on PET/CT.

Relapse from CR or n-CR was diagnosed when M-protein became
detectable by immunofixation or electrophoresis, respectively. Relapse
from partial response implied an increase by more than 50% from the
lowest recorded levels. Similarly, relapse was also diagnosed in case of
recurrence of monoclonal bone marrow plasmacytosis to more than 5%,
increase by more than 50% of residual FL or OL on imaging studies, or the
development of new FL, OL, or EMD.

Statistical methods

The Kaplan-Meier method?' was used to estimate overall and event-free
survival with group comparisons made using the log-rank test.>> Overall
survival and event-free survival were measured from the date of registration
until death from any cause and disease relapse or death from any cause,
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Log odds ratio (OR) and 95% ClI for associations with imaging parameters
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Figure 2. Odds ratio of association of imaging param-
eters with baseline laboratory and imaging features.
Plotted are the log odds ratio values with 95% confidence
interval values for 5 imaging parameters (PET-FL, FDG-
avid focal lesion number; MRI-FL, MRI-defined focal

GEP proliferation index >= 10 lesion number, MBS-OL, metastatic bone survey-defined
. . osteolytic lesion number; SUV-FL, maximum standard-
GEP proliferation subgroup — L ) ; .
5 ized uptake values at bone marrow focal lesion sites;
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respectively; survivors were censored at the time of last contact. Univariate
and multivariate analyses of prognostic factors were carried out using Cox
regression.>® The cumulative incidence of CR was estimated using the
method outlined in Gooley et al** and was compared using the log-rank test.
A X2 test was used to compare imaging variables in relation to baseline
parameters.

Results

Patient characteristics included advanced age (> 65 years) in 28%,
hypoalbuminemia (< 3.5 g/dL) in 26%, and elevated B2M to more
than 3.5 mg/L in 45% and to more than 5.5 mg/L in 22%.
Thirty-two percent were anemic (hemoglobin < 10 g/dL), and 7%
had renal insufficiency (creatinine > 2 mg/dL). Serum levels of
CRP were more than 8 mg/L in 33%, and LDH was elevated
beyond the upper limit of normal in 23%. Metaphase CAs were
detected in 34%, whereas 14% had gene array—defined high-risk
myeloma.”’” The intended therapy involving first and second

transplantation, 2 cycles of consolidation therapy, and at least
1 year of maintenance were completed in 94%, 83%, 77%, and
72%, respectively. With a median follow-up of 43 months, 4-year
estimates of overall and event-free survival are 77% and 71%,
respectively, and not different from results observed for all
303 patients enrolled in the trial (78% and 71%).

Survival implications of baseline imaging parameters

Applying tertile-derived cut-points (and collapsing similar catego-
ries), several imaging parameters affected overall and event-free
survival adversely (Figure 1), in particular, the presence of EMD
(Figure 1A, n = 14) and the number of MBS-OL (Figure 1B) and
PET-FL (Figure 1D). MRI-FL (Figure 1C) and SUV-FL (Figure
1E) shortened event-free survival with borderline effects on overall
survival. Clinical outcomes were not influenced by CT-OL (not
shown). In the context of gene array—defined risk, PET-FL more
than 3 conferred inferior overall and event-free survival in the

Table 1. Univariate and multivariate logistic regression analyses of baseline laboratory and imaging parameters associated with the

presence of more than 3 FDG-avid focal lesions (PET-FL > 3)

Variable N With factor, n (%)
Univariate model
B2M = 3.5 mg/L 239 46/108 (43)
B2M > 5.5 mg/L 239 25/52 (48)
LDH = 190 U/L 239 27/56 (48)
CRP = 8 mg/L 238 38/79 (48)
GEP high-risk 216 19/32 (59)
GEP LB subgroup 216 2/27 (7)
GEP PR subgroup 216 11/18 (61)
GEP proliferation 216 14/23 (61)
index = 10
MRI-FL > 7 239 44/68 (65)
MBS-OL > 2 239 42/75 (56)
Multivariate model
CRP = 8 mg/L 215 34/71 (48)
GEP LB subgroup 215 2/27 (7)
MRI-FL > 7 215 37/58 (64)
MBS-OL > 2 215 35/66 (53)

Without factor, n (%) OR (95% Cl) P*
36/131 (27) 1.96 (1.14-3.36) .015
57/187 (30) 2.11 (1.13-3.95) .019
55/183 (30) 2.17 (1.17-4.00) .013
43/159 (27) 2.50 (1.42-4.39) .001
55/184 (30) 3.43 (1.58-7.42) .002
72/189 (38) 0.13 (0.03-0.57) .006
63/198 (32) 3.37 (1.25-9.10) .017
60/193 (31) 3.45 (1.41-8.41) .006
38/171 (22) 6.42 (3.47-11.86) <.001
40/164 (24) 3.95 (2.21-7.04) <.001
39/144 (27 1.98 (1.02-3.84 .045
71/188 (38 0.14 (0.03-0.65 .012

(27) )

(38) )
36/157 (23) 4.09 (2.01-8.32) < .001
38/149 (26) 2.32 (1.16-4.65) 017

OR indicates odds ratio; Cl, confidence interval; B2M, B-2-microglobulin; LDH, lactate dehydrogenase; CRP, C-reactive protein; GEP, gene expression profiling; LB, low

bone disease; PR, proliferation; FL, focal lesion; and OL, osteolytic lesion.

*Pvalue from Wald 2 test in logistic regression. NS2: Multivariate results not statistically significant at the .05 level. Univariate P values reported regardless of significance.
Multivariate model uses stepwise selection with entry level .1, and variable remains if it meets the .05 level. A multivariate P > .05 indicates variable forced into model with
significant variables chosen using stepwise selection. Other nonsignificant univariate variables include age, albumin, creatinine, hemoglobin, cytogenetic abnormalities,

GEP-defined molecular subgroups CD-1, CD-2, HY, MF, MS, MY, and TP53 deletion.
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Table 2. Cox regression analyses of baseline laboratory and imaging parameters associated with overall and event-free survival without

and with gene array-derived parameters

Overall survival from start of therapy

Event-free survival from start of therapy

Model n/N (%) HR (95% ClI) P* R?, percentage HR (95% ClI) P* R?, percentage
Univariate
Standard variables
Age =65y 68/239 (28) 1.40 (0.78-2.52) 258 24 1.56 (0.94-2.60) .088 4.0
Albumin < 3.5 g/dL 62/239 (26) 1.70 (0.95-3.06) .076 5.7 1.73 (1.03-2.90) .038 515
B2M = 3.5 mg/L 108/239 (45) 1.89 (1.08-3.31) .027 9.4 1.85(1.13-3.04) .015 8.9
B2M > 5.5 mg/L 52/239 (22) 3.14 (1.79-5.51) < .001 19.1 3.29 (2.00-5.41) < .001 19.6
Creatinine = 2 mg/dL 17/239 (7) 1.56 (0.62-3.94) .343 1.4 2.10 (1.00-4.41) .049 3.7
CRP = 8 mg/L 79/238 (33) 1.59 (0.91-2.79) 107 46 1.51 (0.92-2.49) .105 3.8
Hb < 10 g/dL 77/239 (32) 1.89 (1.08-3.30) .025 8.2 1.79 (1.09-2.93) 021 6.8
LDH = 190 U/L 56/239 (23) 3.02 (1.72-5.31) < .001 19.5 3.22 (1.96-5.31) < .001 29.9
Genetic variables
Cytogenetic abnormalities 82/239 (34) 2.83 (1.62-4.95) < .001 20.4 2.10 (1.28-3.43) .003 11.3
GEP high-risk 32/216 (15) 3.61 (1.93-6.75) < .001 16.6 3.44 (1.96-6.04) <.001 15.8
Imaging variables
MRI-FL > 7 68/239 (28) 1.61 (0.91-2.85) 104 4.4 1.71 (1.04-2.83) .036 5.6
MBS-OL > 2 75/239 (31) 2.28 (1.31-3.97) .004 13.1 2.22 (1.36-3.64) .001 12.2
PET-FL >3 82/239 (34) 2.79 (1.60-4.88) < .001 20.2 2.88 (1.76-4.73) <.001 20.8
CT-OL > 50 18/239 (8) 1.26 (0.45-3.52) .657 0.6 1.20 (0.48-3.01) .691 0.4
SUV-FL > 3.9 101/239 (42) 1.74 (1.00-3.04) .052 7.0 1.78 (1.09-2.92) .022 7.7
EMD 14/239 (6) 3.26 (1.46-7.24) .004 7.2 3.54 (1.75-7.18) < .001 8.1
Multivariate without gene array datat
Cytogenetic abnormalities 82/238 (34) 2.88 (1.59-5.19) < .001 20.4 1.85 (1.09-3.13) .022 11.3
PET-FL >3 81/238 (34) 2.43 (1.37-4.30) .002 33.3 2.28 (1.37-3.80) .002 28.8
LDH = 190 U/L 56/238 (24) 2.04 (1.13-3.68) .017 42.3 2.00 (1.17-3.42) .012 36.1
B2M > 5.5 mg/L 52/238 (22) NS NS NS 1.83 (1.05-3.20) .033 42.0
EMD 14/238 (6) 3.13 (1.34-7.31) .008 445 2.29 (1.05-4.99) .038 457
Multivariate with gene array datat
Cytogenetic abnormalities 77/215 (36) 2.62 (1.37-5.02) .004 20.4 1.83 (1.04-3.21) .036 51.6
PET-FL >3 73/215 (34) 2.45 (1.30-4.62) .006 33.3 2.63 (1.51-4.58) < .001 32.6
LDH = 190 U/L 50/215 (23) 2.28 (1.22-4.28) .010 37.4 2.38 (1.37-4.13) .002 20.9
Albumin < 3.5 g/dL 57/215 (27) 2.11 (1.11-4.03) .023 38.1 2.20 (1.26-3.86) .006 51.2
GEP high-risk 32/215 (15) 1.76 (0.89-3.50) 104 44.0 1.86 (1.00-3.44) .048 46.7

HR indicates hazard ratio; Cl, confidence interval; and NS, not statistically significant at the .05 level.

*P value from Wald x? test in Cox regression. Multivariate model uses stepwise selection with entry level .1 and variable remains if it meets the .05 level. Variables
considered for stepwise selection include albumin, B-2-microglobulin (B2M), hemoglobin (Hb), lactate dehydrogenase (LDH), C-reactive protein (CRP), cytogenetic
abnormalities (CA), and gene expression profiling (GEP) high-risk; imaging parameters include MRI-FL, MBS-OL, PET-FL, SUV-FL, and EMD.

tData reported in the R2 columns for the multivariate models are cumulative. The variable with smallest R? is first to enter model; the next smallest is second to enter; the

largest R2 is last to enter.

low-risk group, whereas patients with high-risk myeloma all fared
poorly (Figure 1F).

Correlations of imaging parameters with laboratory features

The observed prognostic implications may be related to associations of
imaging parameters with baseline laboratory features of prognostic
significance as examined in Figure 2. Applying tertile distributions of
imaging parameters and collapsing pairs with similar associations,
significant correlations (expressed as log odds ratio) were observed
between PET-FL and all listed standard variables (B2M, LDH, CRP)
and all GEP-derived variables (positive links with high-risk and
2 proliferation parameters, inverse correlation with low bone disease
subgroup [LB]). MBS-OL was significantly correlated with B2M, gene
array-defined high risk, and proliferation index. MRI-FL was linked to
CRP as previously reported,” high-risk gene array, and the 2 prolifera-
tion parameters. SUV-FL was positively correlated with high risk and
inversely linked to LB. CT-OL was not significantly linked to any of the
parameters displayed.

Given the prominent correlation of PET-FL with both clinical
outcome and prognostic baseline variables, logistic regression
analyses were carried out to determine which of the 11 univariately

linked parameters retained significance in a multivariate model
(Table 1). MRI-FL and MBS-OL were both independently posi-
tively linked to PET-FL along with CRP. Gene array—defined LB
was inversely correlated with PET-FL.

Multivariate analysis of baseline variables associated with survival

Twelve of 17 baseline variables examined showed significant
outcome implications on univariate analysis (Table 2), of which
PET-FL more than 3, LDH elevation, and presence of CA
independently conferred inferior overall and event-free survival,
both in the absence and presence of gene array data (Table 2).
Although pertaining only to 6% of patients, EMD was another
adverse variable when gene array information was not included,
whereas low albumin levels imparted poor outcomes in the context
of molecular genetic data.

Cumulative imaging-defined rates of complete response

Using PET/CT criteria (absence of PET-FL and EMD), CR status was
documented in 92% at 18 months, preceding the median onset of
clinical n-CR (87%) and CR status (56%) by 4 and 12 months,

20z aunr g0 uo 3sanb Aq Jpd'890z00609€08UZ/L¥ZSLEL/8I0Z/0L/¥ L L/pd-ajole/poojqAau-suonesligndyse//:djy woly papeojumoq



2074  BARTELetal

Figure 3. Untreated myeloma patient with time-concordant MBS, MRI, and FDG-PET/CT studies. Baseline imaging studies (top row) showed no osteolysis on MBS (top
left), several foci on STIR-weighted MRI images with the largest in the left ischium (top middle), and 2 foci on FDG-PET/CT imaging (top right) with the largest again in the left
ischium with a maximum SUV of 4.1. The patient was in near-complete remission 168 days later, with a significant decrease in focal activity in the left ischial lesion on PET
(bottom right).

respectively (Figure 1H). The cumulative proportion of patients qualify-
ing for MRI-defined CR (resolution of FL) was 29% at 18 months and
reached 59% at 48 months. Among those without FL, MRI-defined CR
(hypointensity on STIR images) was reached in 62% at 18 months,
similar to the 56% attaining clinical CR status.

Figure 3 shows imaging sequences of a patient with stage IIIA
IgA k myeloma who in May 2005 was untreated when referred to
our institution and enrolled in Total Therapy 3. Baseline MRI and
FDG-PET/CT imaging studies showed active focal intramedullary
disease. Approximately 6 months later, in October 2005, the patient
had achieved n-CR status by laboratory criteria with near-complete
resolution of abnormal FDG uptake on PET. The representative left
ischial lesion’s maximum SUV decreased from a baseline value of
4.1 to 1.2 and was considered resolved as the uptake was similar to
background marrow activity, with resolution of PET-FL and
suppression of FDG uptake (SUV-FL). Nearly 3 years later, the
patient has retained n-CR status.

Posttreatment changes

Whereas early day 10 PET-CT changes did not affect outcome,
complete FDG suppression in PET-FL and EMD before transplantation
(but not clinical CR, not shown) conferred superior overall and
event-free survival (Figure 1F). Thus, at 30 months from first autotrans-
plantation, 92% and 89%, respectively, were alive and event-free
compared with 71% and 63% among those with less than 100%
suppression of FDG uptake in FL. and EMD. When examined in the
context of gene array—defined risk, complete FDG suppression before
first transplantation conferred superior outcomes in both low-risk and
high-risk groups, reaching statistical significance for overall survival in
low-risk and for event-free survival in high-risk myeloma (Figure 1G).
On multivariate analysis, normalization of PET findings before transplan-
tation was associated with improved outcomes, whereas gene array—
defined high-risk designation imparted poor overall and event-free
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survival (Table 3). In the absence of molecular genetic data, the
favorable implications of pretransplantation FDG suppression were
opposed by elevated serum levels of LDH and B2M. Clinical CR or
n-CR status before transplantation did not impact posttransplantation
survival outcomes (Table 3).

Discussion

Herein, we demonstrate that several imaging parameters related to
tumor burden, such as FL. number assessed by MRI and PET, intensity
of tumor metabolism (SUV-FL), and metastatic spread (EMD), all affect
survival outcomes. Among 7 variables derived from 3 imaging methods,
PET-FL was the one most highly correlated with 6 prognostic variables,
all of which were individually linked to some of the other imaging
parameters. Standard variables included B2M, LDH, and CRP. GEP-
derived features included high-risk proliferation parameters and LB
disease. According to logistic regression analysis, PET-FL was indepen-
dently positively linked to 2 other imaging variables, MRI-FL. and
MBS-OL. Among the nonimaging parameters, PET-FL correlated
positively with CRP and negatively with gene array—defined LB.
Despite strong association with a series of established prognostic factors,
PET-FL retained independent adverse prognostic implications along
with the presence of CA and elevated LDH levels. PET-FL identified
30% of patients in whom, despite having low-risk disease as defined by
GEP analysis, prognosis was inferior.

FDG suppression (SUV-FL) before transplantation was identified as
an independent favorable prognostic variable, similar to published
findings in well-studied malignancies such as malignant lymphoma,
reflecting the importance of complete suppression of tumor metabolism
in myeloma, regardless of gene array—defined risk, for durable disease
control and survival. Absence of pretransplantation clinical CR as a
favorable variable in the current survival model, previously linked to
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Table 3. Multivariate Cox regression analyses of baseline laboratory and imaging parameters and FDG suppression prior to first
transplantation associated with overall and event-free survival without and with gene array—derived parameters

Overall survival from first transplantation

Event-free survival from first transplantation

Model n/N (%) HR (95% ClI) P* Cumulative R?, percentaget HR (95% CI) P* Cumulative R2, percentaget
Multivariate without gene array data
100% PET-FL 140/196 (71) 0.33 (0.17-0.64) .001 37.1 0.47 (0.26-0.85) .013 48.1
reduction
PET-FL >3 69/196 (35) NS NS NS 2.01 (1.08-3.76) .028 36.9
LDH = 190 U/L 46/196 (23) 2.27 (1.11-4.65) .024 43.0 2.61 (1.42-4.81) .002 24.8
B2M > 5.5 mg/L 37/196 (19) 2.45 (1.19-5.02) .015 48.6 2.00 (1.06-3.79) .033 43.3
Multivariate with gene array data
100% PET-FL 126/175 (72) 0.41 (0.20-0.86) .017 37.1 0.51 (0.27-0.96) .038 56.2
reduction
GEP high-risk 28/175 (16) 2.64 (1.21-5.80) .015 51.8 2.12 (1.07-4.23) .032 48.1
Cytogenetic 62/175 (35) 2.59 (1.18-5.72) .018 58.5 NS NS NS
abnormalities
CRP = 8 mg/L 57/175 (33) 2.43 (1.17-5.05) .018 57.0 NS NS NS

HR indicates hazard ratio; Cl, confidence interval; and NS, not statistically significant at the .05 level.

*P value from Wald x? test in Cox regression. Multivariate model uses stepwise selection with entry level .1 and variable remains if it meets the .05 level. Variables
considered for stepwise selection include albumin, beta-2-microglobulin (B2M), hemoglobin (Hb), lactate dehydrogenase (LDH), C-reactive protein (CRP), cytogenetic
abnormalities (CA), and gene expression profiling (GEP) high-risk; imaging parameters include MRI-FL, MBS-OL, PET-FL, SUV-FL, and EMD. Variables considered for
stepwise selection overall survival include B2M, Hb, LDH, CRP, CA, MRI-FL, MBS-OL, PET-FL, SUV-FL, EMD, PET-FL reduction, CR by first transplantation, and nCR by first
transplantation. Variables considered for stepwise selection event-free survival include B2M, creatinine, Hb, LDH, CRP, CA, MRI-FL, MBS-OL, PET-FL, SUV-FL, EMD, PET-FL

reduction, CR by first transplantation, and n-CR by first transplantation.

tVariable with smallest R? is first to enter model; the next smallest is second to enter. The largest R? is last to enter.

superior outcomes in high-risk myeloma, attests to the greater prognos-
tic power of FDG suppression encompassing myeloma cells that may
not secrete monoclonal protein. In comprehensive analyses of GEP in
Total Therapy 2 and Total Therapy 3, we also observed that losing CR
status (“los-CR”) was a more powerful predictor of survival than not
achieving CR (“non-CR”).3¢

The prognosis of the 85% of patients with low-risk myeloma
has been advanced markedly with Total Therapy 3, resulting in
4-year estimates of overall survival and event-free survival of
85% and 78%, respectively, including 90% with continued CR.
However, the remaining 15% of patients presenting with
high-risk myeloma still fare poorly with corresponding 4-year
survival estimates of 45% and 37%, respectively, and a CR rate
of 53%. The prognosis of high-risk patients not achieving
complete FDG suppression was especially poor. Thus, our data
support the use of serial PET examinations to individualize
patient therapy and prompt changes to alternative therapies in
those with persistent PET abnormalities, especially in the
high-risk myeloma setting.

We previously reported that the superior clinical outcomes with Total
Therapy 3 versus Total Therapy 2 were the result of the addition of
bortezomib rather than greater compliance with intended therapies.’” In
addition to its well-documented antimyeloma effects, bortezomib has
also been shown to stimulate osteoblasts.3¥-#* In its current front-line
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