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Alison J. Moskowitz,1 Heiko Schöder,2 Somali Gavane,3 Katie L. Thoren,4 Martin Fleisher,4 Joachim Yahalom,1

Susan J. McCall,1 Briana R. Cadzin,1 Stephanie Y. Fox,1 John Gerecitano,1 Ravinder Grewal,2 Paul A. Hamlin,1

Steven M. Horwitz,1 Anita Kumar,1 Matthew Matasar,1 Andy Ni,5 Ariela Noy,1 M. Lia Palomba,1 Miguel-Angel Perales,1

Carol S. Portlock,1 Craig Sauter,1 David Straus,1 Anas Younes,1 Andrew D. Zelenetz,1 and Craig H. Moskowitz1

1Lymphoma Service and 2Nuclear Medicine Department, Memorial Sloan Kettering Cancer Center, New York, NY; 3Nuclear Medicine Department, Mt. Sinai

Hospital, New York, NY; and 4Clinical Chemistry Service and 5Biostatistics Department, Memorial Sloan Kettering Cancer Center, New York, NY

Key Points

• Baseline metabolic tumor
volume and the presence of
refractory disease predict
outcome for patients with
relapsed/refractory HL.

• Metabolic tumor volume
improves the predictive power
of pretransplantation PET in
relapsed/refractory HL.

Identification of prognostic factors for patients with relapsed/refractory Hodgkin lym-

phoma (HL) is essential for optimizing therapy with risk-adapted approaches. In our

phase 2 study of positron emission tomography (PET)–adapted salvage therapy with

brentuximab vedotin (BV) andaugmented ifosfamide, carboplatin, and etoposide (augICE),

we assessed clinical factors, quantitative PET assessments, and cytokine and chemokine

values. Transplant-eligible patients with relapsed/refractory HL received 2 (cohort 1) or

3 (cohort 2) cycles of weekly BV; PET-negative patients (Deauville score £2) proceeded to

autologous stem cell transplantation (ASCT) whereas PET-positive patients received

augICEbeforeASCT.Serumcytokine andchemokine levelsweremeasured at baselineand

after BV. Metabolic tumor volume (MTV) and total lesion glycolysis were measured at

baseline, after BV, and after augICE. Sixty-five patients enrolled (45, cohort 1; 20, cohort 2);

49 (75%) achieved complete response and 64 proceeded to ASCT. Three-year overall

survival and event-free survival (EFS) were 95% and 82%, respectively. Factors predictive

for EFS by multivariable analysis were baseline MTV (bMTV) (P < .001) and refractory disease (P 5 .003). Low bMTV (<109.5 cm3) and

relapseddisease identified a favorable group (3-year EFS, 100%). For patients who received a transplant, bMTV and pre-ASCTPETwere

independently prognostic; 3-year EFS for pre-ASCTPET-positive patientswith lowbMTVwas 86%. In this phase 2 study of PET-adapted

therapy with BV and augICE for relapsed/refractory HL, bMTV and refractory disease were independent prognostic factors for EFS.

Furthermore, bMTV improved the predictive power of pre-ASCT PET. Future studies should optimize efficacy and tolerability of salvage

therapy by stratifying patients according to risk factors such as bMTV. (Blood. 2017;130(20):2196-2203)

Introduction

The standard treatment for patientswithHodgkin lymphoma (HL) after
first-line treatment has failed is second-line chemotherapy followed
by consolidation with autologous stem cell transplantation (ASCT).1,2

The commonly used second-line therapies, such as ICE (ifosfamide,
carboplatin, and etoposide), DHAP (dexamethasone, cytarabine, and
cisplatin), GVD (gemcitabine, vinorelbine, and liposomal doxorubi-
cin), or IGEV (ifosfamide, gemcitabine, etoposide, and vinorelbine),
are similar with respect to response rate, and therefore choice of
treatment is typically dependent on the physician or institution.3-6 We
and others have shown that one of the strongest predictors of outcome
for patients with relapsed or refractory HL is achievement of a negative
positron emission tomography (PET) scan before ASCT.7-13 The im-
portance of pretransplantation PET was demonstrated in a study that
evaluated PET-adapted sequential therapy with ICE and GVD che-
motherapy. In this study, patients with relapsed or refractory disease
initially received ICE-based therapy; patients who did not achieve
PET negativity then received additional therapy with GVD before

being considered forASCT.Among97 patients enrolled, 60%achieved
PET normalization with ICE-base therapy alone; an additional
18% achieved PET normalization after ICE/GVD, whereas 17%
remained PET positive after ICE/GVD.3 Achievement of PET
normalization was associated with an event-free survival (EFS) of
.80%, and there was no difference in outcome for patients who
required1or2multiagent regimens toachievePETnormalization.Thus,
this study reinforced the concept that the goal of second-line therapy
should be to achieve PET normalization and that there is no disadvan-
tagewhen 2 sequential therapies are required to achieve PET negativity.

On the basis of this model, we designed this study in which patients
with relapsed or refractory HL after first-line therapy initially received
brentuximab vedotin (BV) alone for 2 cycles. Patients achieving PET
negativity proceeded directly to consolidation with ASCT, and those
with persistent abnormalities onPET received additional chemotherapy
with augmented ICE (augICE). To avoid undertreating patients, we
used stringent criteria to define PET negativity (Deauville score#2).14
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We previously reported the results for cohort 1, which had 45 patients
enrolled, 27% of whom achieved PET negativity to BV alone and
proceeded directly to ASCT.15 An additional 69% achieved PET
normalization after ICE-based chemotherapy and all but 1 patient
proceeded to ASCT. The overall PET-negative rate after PET-adapted
therapy with BV and augICE was 76%, and the 2-year EFS was 80%.
Pretransplant PET was significant for EFS within cohort 1; however,
we were unable to identify patient characteristics that predicted for
achievement of PET negativity or overall outcomes. We subse-
quently enrolled a second cohort, which aimed to improve the complete

response (CR) rate to single-agentBVbyadministering 3 cycles ofBV
rather than 2.Aswe report here, the response rates and outcomes among
cohort 2 patients were the same as those observed in cohort 1. We thus
performed an analysis of cohorts 1 and 2 combined, which aimed at
identifying predictive and prognostic factors within this larger series.
Here we report the results of this combined analysis in which we
evaluated the impact of quantitative PET analysis, serum cytokine and
chemokine levels, and clinical characteristics on response to treatment
and overall outcomes.

Methods

This was an institutional review board–approved phase 2 clinical trial for pa-
tients with biopsy-proven relapsed or refractory classical HL after 1 previ-
ous chemotherapy regimen had failed (NCT01508312). The study included
2 cohorts; methods for cohort 1 were described previously.15 In brief, patients in
cohort 1 received BV 1.2 mg/kg on days 1, 8, and 15 every 28 days for 2 cycles
followed by evaluation by PET. Those who achieved PET normalization
(defined by Deauville score of #2) proceeded directly to ASCT; those with
persistent abnormalities on PET received 2 cycles of augICE before being
considered for ASCT. Patients with localized, nodal-based disease who had
not previously received radiation were treated with involved field radiation
therapy (IFRT) before conditioning for ASCT.

After enrollment on cohort 1 was completed, enrollment proceeded for
cohort 2 for which the eligibility and treatment were the same except that
patients received 3 cycles of weekly BV rather than 2. Reported here are
updated results from cohort 1, results from cohort 2, and analysis of

Table 1. Patient characteristics

Characteristic

Cohort 1 (n 5 45) Cohort 2 (n 5 20) Total (n 5 65)

No. % No. % No. %

Female sex 20 44 14 70 34 52

Median age, y

(range)

31 (13-65) 35 (19-59) 33 (13-65)

Stage at initial

diagnosis

Early 22 49 13 65 35 54

Advanced 23 51 7 35 30 46

Stage at relapse

Early 23 51 13 65 36 55

Advanced 22 49 7 35 29 45

Refractory 25 56 9 45 34 52

B symptoms 9 20 1 5 10 15

Extranodal disease 19 42 5 25 24 37

Bulk (.5 cm) 12 27 4 20 16 25

65 patients enrolled (45 cohort 1, 20 cohort 2)

Brentuximab vedotin, 1.2 mg/kg days 1, 8, 15 of 28-day cycles
for 2 cycles (cohort 1) or 3 cycles (cohort 2)

45 received ICE-based therapy
augICE x2 (40)
augICE x1 (2)

ICE x1 and augICE x1 (1)
ICE x2 (2)

47 PET positive
(33 cohort 1, 14 cohort 2)

18 PET negative (Deauville 2):
(12 cohort 1, 6 cohort 2)

1 patient
lost to
follow-up

19 patients proceeded
directly to ASCT (18

Deauville 2, 1 Deauville 3)

1 pt

31 PET negative (Deauville 2)
22 received pre-ASCT RT

4 PET positive by Deauville 3
1 received pre-ASCT RT

8 PET positive by Deauville 4
2 received pre-ASCT RT

2 PET positive by Deauville 5*
1 received pre-ASCT RT

45 pts

PET

PET

64 underwent ASCT
Pretransplant PET:
Deauville ≤2: 49

Deauville 3:5
Deauville 4: 9
Deauville 5*: 1

Figure 1. Treatment pathway. (*) None of the Deauville 5 patients had new SUV-avid lesions.
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prognostic factors, including quantitative PET analysis and pre- and post-
BV cytokine and chemokine levels.

Response assessment

All PET scans were reviewed by 1 of 2 nuclear medicine physicians
at Memorial Sloan Kettering Cancer Center (H.S. or R.G.). Patients

underwent assessment by PET after 2 cycles of weekly BV (cohort 1) or 3
cycles of weekly BV (cohort 2) within 1 week of the last dose of BV. PET
scans were interpreted by using the five-point Deauville scale in which
Deauville 5 was defined as the presence of new lesions or any lesion with
uptake $3 3 SUVmax (maximum standardized uptake value) of normal
liver.14,16

Image acquisition and data analysis

PET scans from mid skull to upper thighs were obtained about 60 minutes
after injection on Discovery STE or LS or Discovery 690 systems (GE
Medical Systems, Milwaukee, WI). A clinical imaging protocol was used
with an injection of ;444 to 555 MBq fluorodeoxyglucose after at least
6 hours of fasting and documentation of blood glucose ,200 mg/dL.
Subsequently, a low-dose attenuation-corrected computed tomography
scan (120-140 kV; ;80 mA) was acquired followed by PET imaging. All
images were reviewed on PET volume computer assisted reading (VCAR)
software (GEHealthcare). Region of interest was set bymanual adjustment
in 3 planes to exclude adjacent physiologic fluorodeoxyglucose-avid
structures. SUVmax was defined as the maximum voxel intensity within the
volumetric region of interest. A threshold of 41% of the maximum signal
intensity was used to delineate the metabolic tumor volume (MTV).
Patient MTV represents the sum of every individual lesion MTV. Total
lesion glycolysis (TLG) was calculated as the product of MTV and the
SUV mean.17

Cytokine analysis

Interleukin-6 (IL-6), IL-10, tumor necrosis factor-a (TNF-a), interferon-g (IFN-
g), and cysteine-cysteine thymus and activation regulated chemokine (TARC)
weremeasured at baseline and after 2 cycles of BV (cohort 1) or after 3 cycles of
BV (cohort 2). IL-6, IL-10, TNF-a, and IFN-g were measured by a multiplex
enzyme-linked immunosorbent assay array (Meso Scale Discovery, Rockville,
MD). TARC was measured by Simple Plex (ProteinSimple, San Jose, CA), an
automated, microfluidic immunoassay platform. All assays were validated and
performed according to standards set by the Clinical Laboratory Improvement
Amendments.

Statistical analysis

The sample size calculation for cohort 1 was previously described.15 The
aim in cohort 2 was to assess PET-negative rate to single-agent BV after 3
cycles of weekly treatment. In cohort 1, 12 (27%) of 45 enrolled patients
achieved a PET-negative response (defined by Deauville score #2) to
single-agent BV. An additional 8 patients in cohort 1 achieved Deauville 3
responses to BV, and we hypothesized that an additional cycle of BV may
have converted the Deauville 3 responses to Deauville 2. On the basis of the
Deauville 3 (or better) response rate of 44% in cohort 1, we hypothesized
that the PET-negative rate by Deauville 2 after 3 cycles of BV would be
about 50%. Allowing for type I and type II error rates of 0.2, and assuming a
PET-negative rate of 27% after 2 cycles of BV, the number of patients
required to show an improvement in PET-negative rate to 50% after 3 cycles
of BV was 20.

Regarding the secondary end points, associations between patient charac-
teristics, serum cytokine levels, and PET response were analyzed by
Wilcoxon rank sum test. EFS and overall survival (OS) for all enrolled
patients were estimated from the time of treatment initiation using the
Kaplan-Meier method; for analyses that included only patients who had
received a transplant, EFS and OS were estimated from the time of
transplant. The significance of potential prognostic factors was assessed
first by using univariable Cox proportional hazards regression. Factors
significant by univariable analysis (P # .05) were further evaluated by
multivariable analysis using multivariable Cox regression models. The best
cutoff value for a continuous covariate was determined by a grid search of a
series of cutoff values over the range of the covariate and choosing the one
that gave the smallest P value of a log-rank test comparing the 2 groups
defined by the cutoff value.
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Figure 2. Overall outcomes. (A) EFS for cohorts 1 and 2. (B) EFS and (C) OS for

cohorts 1 and 2 combined.
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Results

Patient characteristics and disposition

Forty-five patients enrolled onto cohort 1 and 20 patients enrolled onto
cohort 2. Patient characteristics are provided in Table 1. In brief, the
65 patients included 34 females (52%), 34 (52%) patients with primary
refractory disease, 10 (15%) with B symptoms, and 24 (37%) with
extranodal disease.

Efficacy. Figure 1 summarizes the treatment pathway for patients
enrolled onto cohorts 1 and 2. Among the patients enrolled onto
cohort 2, 16 (80%) completed all 3 cycles of weekly BV. Reasons for
not completing all 3 cycles of BV included disease progression
(n5 1), grade 3 rash (n5 1), grade 2 infusion-related reaction (n5 1),
and patient preference (n 5 1). Six (30%) of the 20 patients on
cohort 2 achieved CR to BV (Deauville#2). Seven (6 with Deauville
2 response, 1 with Deauville 3 response) of the 20 patients proceeded
directly to ASCT after receiving BV. Thirteen patients received ad-
ditional treatment before ASCT; 10 received augICE for 2 cycles (as
specified by the protocol) and 3 received modified treatment on the
basis of treating physician preference (2 received standard ICE for
2 cycles and 1 received 1 cycle of standard ICE and 1 cycle of augICE).
Among the 13 patients who received ICE-based chemotherapy after
BV, 9 (69%) achieved CR. All 20 patients in cohort 2 proceeded to
ASCT. There was no significant difference in response among pa-
tients in cohorts 1 and 2, and thus further analyses are based upon the
2 cohorts combined. Overall, 18 (28%) of 65 patients in cohorts 1 and
2 achieved Deauville 2 response to BV alone and 75% achieved
Deauville 2 response to the entire PET-adapted treatment programwith
BV and ICE-based therapy. Sixty-four of 65 patients proceeded to
ASCT, of whom 26 (41%) received pre-ASCT IFRT. PET statuses
before pre-ASCT radiation were Deauville 2 (22), Deauville 3 (1),
Deauville 4 (2), and Deauville 5 (1). PET was repeated after radiation
(before ASCT) for the Deauville 4 and 5 patients and the PET scans of
all 3 patients were Deauville 4 after radiation therapy. Among these
3 patients, 2 are currently event free after ASCT; 1 patient (who had
a Deauville 4 response before radiation therapy) relapsed 7 months
after ASCT. The Deauville 5 patient who did not receive pretransplant
radiation therapy remains event free after ASCT.

Survival. Median follow-up for survivors is 40 months and
24months for cohorts 1 and 2, respectively.No significant difference in
EFSwas observed for cohorts 1 and 2 (Figure 2A). Three-year EFS and
OS for all 65 patients were 82% and 95%, respectively (Figure 2B-C).

Cytokine analysis. TARC, IL-6, IL-10, TNF-a, and IFN-gwere
measured at baseline and after BV for 37 of 45 patients in cohort 1.
Given the significant findings with regard to TARC in cohort 1,
evaluation ofTARC levelswas expanded to cohort 2 andwasmeasured
for 64 patients at baseline and 57 patients after BV. Baseline and post-
BVcytokine and chemokine levels are provided inTable 2.An analysis
of cytokines, chemokines, and baseline clinical factors showed that
patients with extranodal disease were more likely to have elevated
IFN-g (P5 .003) and elevated IL-10 (P5 .049) whereas patients with
B symptoms were more likely to have elevated TNF-a (P5 .019) and
IL-10 (P 5 .019). Among the cytokines and chemokines measured,
TARCwas the only one that decreased significantly after BV treatment
(median, 6852pg/mL to 875pg/mL;P, .0001). Furthermore, baseline
TARC was predictive of EFS, and the optimal cutoff for predicting
outcome in this series was determined to be 96 330 pg/mL. By
using this cutoff, the 3-year EFS rates for patients presenting with
low (n5 59) and high (n5 5) baseline TARC were 86% and 20%,
respectively (P, .001).

Quantitative PET analysis. MTV and TLG values at baseline,
after BV, and after ICE and/or augICE are summarized in Table 3. As
expected, significant reductions in MTV and TLGwere observed after
BVand ICE-based chemotherapy. The optimal baselineMTV(bMTV)
cutoff for predicting EFSwas 109.5 cm3. Using the cutoff of 109.5 cm3

for bMTV, the 3-year EFS rates for patients with low (n 5 48) and
high (n 5 12) MTV were 92% and 27%, respectively (P , .001)
(Figure 3A).

Prognostic factors. Baseline factors found to be predictive for
EFS included age older than 45 years (P 5 .016), refractory disease
(lack of achievement of CR after first-line therapy) (P 5 .033),
B symptoms (P 5 .032), advanced stage at relapse (P 5 .011),
and bMTV, TARC, and TLG (all P , .001). Factors that remained
prognostic by multivariable analysis were MTV (hazard ratio, 1.022;
95% confidence interval, 1.011-1.034; P , .001) and refractory
disease (hazard ratio, 24.2; 95% confidence interval, 3.0-198.1;
P5 .003) (Table 4). Figure 3B shows the EFS with respect to bMTV
and refractory disease. Three-year EFS rates for patients with 0, 1, or
2 risk factors were 100%, 81%, and 0%, respectively. There were no
factors that predicted for likelihood of achieving PET negativity after
BV or ICE.

For patients who received a transplant, EFS for those who were
PET negative was the same regardless of whether they achieved PET-
negative statuswithBValone orwhether they requiredBV followed by
ICE-based therapy (Figure 4A). Pretransplant PET was prognostic
among patients who received a transplant when we defined PET

Table 2. Cytokine and chemokine levels

Cytokine/chemokine (normal, pg/mL)

Before BV (pg/mL) After BV (pg/mL)

No. of patients Median Range No. of patients Median Range

IL-6 (,17.4) 37 2.27 0.10-154 37 1.41 0.09-34

IL-10 (,2) 37 0.38 0.09-112 37 0.45 0.14-18

TNF-a (,5.6) 37 2.55 0.55-15.15 37 2.25 0.58-22

IFN-g (,2) 37 8.66 1.45-1 554 37 9.01 2.62-113

TARC (,500) 64 6852 164-163 169 57 875 151-34 770

Table 3. Quantitative PET assessment

PET parameter

Baseline After BV After ICE chemotherapy

No. of patients Median Range No. of patients Median Range No. of patients Median Range

MTV, cm3 60 50.0 6.55-782 58 2.7 0-148 37 0 0-11.5

TLG, g 60 310 13.4-6472 58 6.9 0-572 37 0 0-24
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negativity as Deauville#3 (P5 .05) (Figure 4B) but only marginally
significant using Deauville #2 (P 5 .06); thus, in analyses involving
patients who received a transplant, we used Deauville #3 to define
PET negativity. In multivariable analysis, bMTV and pretransplant
PET remained independently significant for EFS. Three-year EFS rates
for patients with low MTV/negative pretransplant PET, low MTV/
positive pretransplant PET, highMTV/negative pretransplant PET, and
high MTV/positive pretransplant PET were 93%, 86%, 38%, and 0%,
respectively (Figure 4C).

Discussion

There is no single standard second-line therapy for relapsed or
refractory HL, but there is general agreement that the goal of second-
line therapy should be to achieve a negative PET.7-13 In this study,
we aimed to improve both PET-negative rate and tolerability of second-
line therapy by incorporatingBV,which is one of themost active single
agents for HL. By using Deauville #2 to define complete PET
response, the CR rate to PET-adapted therapy with BV and ICE-based
therapy was 75%. Furthermore, 28% of patients achieved a Deauville
#2 response after BV alone and had excellent outcomes after ASCT
despite never receiving more intense salvage therapy such as ICE. As

expected for a salvage regimen associated with a high CR rate in
relapsed or refractory HL, the post-ASCT outcomes were excellent
with 3-year EFS of 82%. Of note, a considerable portion of patients in
this study (55%) had early-stage disease, which potentially contributed
to the favorable outcomes we observed; however, refractory dis-
ease, which is consistently associated with poor prognosis, was well
represented (52% of all patients and 55% of the early-stage patients)
and similar in frequency to that in other studies; thus, the results are
likely not influenced significantly by the proportion of early-stage
patients enrolled.18-21 Nevertheless, these data confirm the notion that
the goal of second-line therapy should be to achieve a PET-negative
response and that patients are not at a disadvantage by receiving less
intense therapy (such as BV alone) or 2-step sequential therapy (BV
followed by ICE). The CR rate of 75% is higher than previously
reported with ICE-based therapy alone (60%) and sets the bar for
other novel second-line therapies undergoing evaluation in relapsed
or refractory HL.3

We used stringent criteria (Deauville 1 or 2) for PET negativity in
this study because of the concern for treatment failure (as a result of
de-escalation and avoidance of ICE) among patients achieving PET
negativity after BV alone. When we analyzed the prognostic impact
of pretransplant PET for the entire study, it was similar when using
a definition of Deauville #3 rather than Deauville #2 to define
PET negativity (P5 .05 vs P5 .06, respectively). Thus, achieving
PET response with Deauville score #3 is likely sufficient in the
pretransplant setting and is generally accepted as the appropriate
cutoff to define interim PET negativity.22 By using the Deauville
#3 criteria, the PET-negative rates to BV alone and after the en-
tire PET-adapted treatment program were 42% and 83%, respec-
tively. Similar CR rates have been reported for recently studied
newer generation salvage therapies, such as bendamustine plus
BV (CR, 74%) and bendamustine, gemcitabine, and vinorelbine
(CR, 73%).21,23

By expanding our study to include a second cohort, we aimed to
determinewhether a higherCR ratewould be observed after 3 vs after
2 cycles of single-agent BV. We did not observe a significant
difference in CR rate with more cycles of BV and, in fact, 20% of
patients could not complete all 3 cycles of BV, mostly because
of poor tolerability. The lack of improved response with more cycles

A. Relapsed and low MTV, n=21, censored 21

B. Refractory or high MTV, n=33, censored 27

C. Refractory and high MTV, n=6, censored 0

p-values
A-> B: p=0.042
A->C: p<0.001
B->C: p<0.001
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Figure 3. EFS and baseline risk factors. (A) EFS for low (,109.5 cm3) or high ($109.5 cm3) bMTV. (B) EFS with respect to bMTV and primary refractory disease.

Outcomes for patients with 0, 1, or 2 risk factors are shown.

Table 4. Univariable and multivariable analysis

Characteristic
Univariable

Multivariable

P HR 95% CI P

Age .45 y .016

Male sex .224

Refractory .033 24.2 3.0-198.1 .003

Advanced stage .011

Extranodal .061

B symptoms .032

bMTV ,.001 1.022 1.011-1.034 ,.001

TLG ,.001

TARC ,.001

CI, confidence interval; HR, hazard ratio.
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of BV is consistent with that observed by Chen et al24 in a similar
phase 2 study that evaluated second-line BV. In that study, patients
who relapsed after first-line therapy received 4 cycles of standard-
dose BV and were evaluated for response after 2 and 4 cycles. All
observed CRs occurred after 2 cycles, and no partial responses
converted to CRs between cycles 2 and 4. Thus, maximal response to

BV in HL is expected to be early and unlikely to improve with
additional cycles of therapy.Accordingly, in the pretransplant setting
in which the goal of treatment is to achieve a PET-negative response,
if aCR is not achieved after 2 cycles of eitherweekly or standard-dose
BV, switching to adifferent salvage regimen that is not cross-resistant is
warranted.

BV->ICE, PET pos, n=10, censored 6

BV only, PET neg, n=19, censored 16
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A. PET neg and low MTV, n=41, censored 38

D. PET pos and high MTV, n=3, censored 0

B. PET pos and low MTV, n=7, censored 6

C. PET neg and high MTV, n=8, censored 3 A->B, p=0.551
A->C, p<0.001
A->D, p<0.001

B->C, p=0.072
B->D, p=0.012
C->D, p=0.12

p-values

Figure 4. Impact of pre-ASCT PET and bMTV on

EFS. (A) EFS for patients who received a transplant

according to treatment (BV alone or BV followed by

ICE) and pretransplant PET (PET positive defined as

Deauville $4). (B) EFS according to pretransplant

PET (PET positive defined as Deauville $4). (C) EFS

according to bMTV and pretransplant PET (PET

positive defined as Deauville $4). neg, negative; pos,

positive.
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When we initially analyzed results from cohort 1, the only factor
that was prognostic for outcome was pretransplant PET. We were not
able to identify other factors in cohort 1 that predicted for response
to treatment or outcome. Given that we observed similar response
rates and outcomes among patients enrolled onto cohorts 1 and 2, we
combined these cohorts to evaluate for predictive or prognostic factors
among the entire group. In the combined analysis of cohorts 1 and 2,
the 2 baseline factors that remained independently predictive for EFS
bymultivariable analysis were refractory disease and bMTV. Primary
refractory disease has been identified as a negative prognostic factor
in HL in many other studies; thus, identification of its importance in
our series was not unexpected.18-20 Likewise, MTV has more recently
been identified as an important prognostic factor, particularly in the
first-line setting for HL.25,26 The bMTV value that best stratified
patients enrolled on our study was 109.5 cm3; however, additional
studies are needed to confirm the optimal bMTV cutoff in relapsed or
refractory HL. Metabolic tumor volume was recently found to in-
fluence rituximab exposure and outcome in patients with diffuse
large B-cell lymphoma.27 This raises the possibility that bMTV
impacted outcome in our study by affecting exposure to BV. Fu-
ture studies should explore the association between MTV and BV
pharmacokinetics. Furthermore, there are several methods for measur-
ingMTV, but there is no one agreed upon approach.We chose to use a
previously describedmethod in which a 41% threshold of SUVmax was
used to calculate lesion volumes.We did not assess alternativemethods
in our study; however, it will ultimately be important to compare
different methods for MTV measurement to determine the optimal
approach.28

Given the prognostic significance of bMTV and refractory disease,
these factors may aid in stratifying patients for future risk-adapted
treatment strategies. For example, among the patients with the most
favorable prognosis in our series, those with low bMTV and relapsed
(rather than refractory) disease, 100% are alive and in remission af-
ter this treatment program. It is possible that less intense therapy,
potentially without transplant, may be appropriate for this group.
Similarly, the patients with the most unfavorable prognosis, those with
both refractory disease and high MTV, did poorly with this treatment
program (none are event free at 2 years), and thus clinical trials that
evaluate novel treatment approaches should be considered for these
patients.

For the patients who received a transplant, bMTV and pretransplant
PETwere independently significant for EFS by multivariable analysis.
Accordingly, bMTV improved the predictive value of pretransplant
PETand thusmay aid in treatment decisions in thepretransplant setting.
In our series, pretransplant positive PET was associated with 3-year
EFS of 60%; however, the 3-year EFS for patients with lowMTV and
positive pretransplant PET was much better at 86%, indicating that it
may be reasonable for PET-positive patients to proceed to transplant
provided they have a low bMTV. Similarly, the 3-year EFS for
pretransplant PET-negative patients was 85%; however, it was
considerably lower (38%) for patients with highMTV and negative
pretransplant PET; thus, more novel approaches and/or maintenance
strategies may be appropriate for this group.

TARC, a chemokine that is normally produced by antigen-
presenting cells, is highly produced by Hodgkin Reed-Sternberg cells
and is likely responsible for attracting type 2 T-helper cells to the
HL microenvironment.29 Serum TARC levels have previously been
reported to predict response to first-line therapy and to predict relapse
after therapy in HL.30-33 Similarly, in our study, serum TARC was
found to be predictive for EFS; however, MTV, which is essentially
anothermeasure of tumorburden,was a stronger predictor for outcome
because TARC did not remain prognostic in multivariable analysis.

Given the ease of assessing TARC, future studies should continue to
assess levels throughout treatment to clarify its role in managing HL.

It is our standard practice to include pre-ASCT IFRT in treating
radiation-naı̈ve patients with localized, nodal-based relapsed or re-
fractory HL. As a result, several patients in this study (41%) received
pre-ASCT radiation therapy. The majority of these patients (22 of 26)
were PET negative (Deauville 2) before radiation therapy. For the
3 patients who were PET positive (Deauville 4 or 5), PET scans were
repeated after radiation therapy, before proceeding to ASCT. Although
all 3 PET scans showed stability or improvement, they remained
positive by Deauville 4, potentially because of the short time interval
between completion of radiation therapy and the repeat scans. Because
of the small number of PET-positive patients who received radiation
therapy, it is not possible to determine whether radiation therapy
improved their outcomes; however, 2 of the 3 Deauville 4/5 patients
who received radiation therapy remain event free; therefore, it is feasi-
ble that radiation therapy contributed to better-than-expected outcomes
for the PET-positive group.

In conclusion, this study shows that PET-adapted sequential therapy
with BV and augICE is a highly effective treatment approach for re-
lapsed or refractoryHL associatedwith aCR rate of 75% (Deauville 2).
With a median follow-up of 40 months and of 24 months for cohorts 1
and 2, the outcomes after this treatment program are excellent, with
82% of patients being event free at 3 years. bMTV and refractory
disease were the strongest prognostic factors and should be in-
corporated into the design of future risk-adapted trials. Furthermore,
bMTV improved the predictive value of pre-ASCTPETand couldhelp
inform treatment decisions for PET-negative and PET-positive patients
in the pre-ASCT setting. The ideal salvage regimen for relapsed or
refractory HL combines high efficacy with tolerability. Future studies
should continue to aim to improve both efficacy and tolerability by
tailoring treatment to baseline risk factors and interim response.
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