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A B S T R A C T

Purpose
Positron emission tomography (PET) after chemotherapy can guide consolidating radiotherapy in
advanced-stage Hodgkin lymphoma (HL). This analysis aims to improve outcome prediction by
integrating additional criteria derived by computed tomography (CT).

Patients and Methods
The analysis set consisted of 739 patients with residues � 2.5 cm after chemotherapy from a total
of 2,126 patients treated in the HD15 trial (HD15 for advanced stage Hodgkin’s disease: Quality
assurance protocol for reduction of toxicity and the prognostic relevance of fluorodeoxyglucose-
positron-emission tomography [FDG-PET] in the first-line treatment of advanced-stage Hodgkin’s
disease) performed by the German Hodgkin Study Group. A central panel performed image
analysis and interpretation of CT scans before and after chemotherapy as well as PET scans after
chemotherapy. Prognosis was evaluated by using progression-free survival (PFS); groups were
compared with the log-rank test. Potential prognostic factors were investigated by using receiver
operating characteristic analysis and logistic regression.

Results
In all, 548 (74%) of 739 patients had PET-negative residues after chemotherapy; these patients did
not receive additional radiotherapy and showed a 4-year PFS of 91.5%. The 191 PET-positive
patients (26%) receiving additional radiotherapy had a 4-year PFS of 86.1% (P � .022). CT alone
did not allow further separation of patients in partial remission by risk of recurrence (P � .9). In the
subgroup of the 54 PET-positive patients with a relative reduction of less than 40%, the risk of
progression or relapse within the first year was 23.1% compared with 5.3% for patients with a
larger reduction (difference, 17.9%; 95% CI, 5.8% to 30%).

Conclusion
Patients with HL who have PET-positive residual disease after chemotherapy and poor tumor
shrinkage are at high risk of progression or relapse.

J Clin Oncol 32:1776-1781. © 2014 by American Society of Clinical Oncology

INTRODUCTION

Modern chemotherapy and radiotherapy regimens for
Hodgkin lymphoma (HL) can increase disease-free
survival to more than 80%, rendering this disease one
of themostcurablemalignancies today.1 Inadditionto
effective tumor control, avoiding severe adverse effects
such as secondary malignancies or severe organ dam-
age has become a major goal in this disease.2

The German Hodgkin Study Group
(GHSG) introduced BEACOPPescalated (a dose-

intensified regimen of bleomycin, etoposide,
doxorubicin, cyclophosphamide, vincristine,
procarbazine, and prednisone) as an effective
treatment for advanced-stage HL.3 To reduce
the overall toxicity of this intensified regimen,
a response-adapted treatment de-escalation
strategy was evaluated in the HD15 trial (HD15
for Advanced Stage Hodgkin’s Disease: Quality As-
surance Protocol for Reduction of Toxicity and
the Prognostic Relevance of Fluorodeoxyglucose-
Positron-Emission Tomography [FDG-PET] in the
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First-Line Treatment of Advanced-Stage Hodgkin’s Disease) by using
[18F]fluorodeoxyglucose-positron emission tomography (FDG-
PET).4 This was based on earlier findings indicating that FDG-PET
might be a good predictor of response in HL.5-8 The GHSG HD15
study thus aimed to reduce toxicity by restricting consolidating radio-
therapy to patients with PET-positive residues after chemotherapy.
The decision for or against consolidating radiotherapy was based on
the recommendation of a central review panel. The HD15 trial dem-
onstrated that PET can identify those patients for whom consolidating
radiotherapy can be safely omitted, although they still have residual
disease as judged by computed tomography (CT).4

In contrast to the high negative predictive value of PET per-
formed after chemotherapy, the positive predictive value is generally
lower. More than 85% of patients in HD15 who were PET positive
after chemotherapy remained disease-free after receiving additional
radiotherapy.4 Therefore, additional consolidation such as high-dose
chemotherapy with autologous stem-cell transplantation for PET-
positive patients is not justified in this setting. Conversely, PET-
positive patients showed significantly poorer progression-free survival
(PFS) compared with PET-negative patients, despite receiving addi-
tional radiotherapy. This was most obvious in the first year after the
end of treatment, during which most cases of progressive disease or
relapse were observed. Identifying this high-risk group among
those HL patients who are PET positive after chemotherapy could
improve management of this group, potentially using new ap-
proaches. In this analysis, we investigated whether patients with
HL who were in partial remission (PR) can be separated into
groups with a higher or lower risk for progression and how CT
might help improve the positive predictive value of PET in identi-
fying a potential high-risk group.

PATIENTS AND METHODS

Study Design

This report focuses on a prospective cohort of patients treated within the
GHSG HD15 trial for advanced-stage HL in adults age 18 to 60 years. The
HD15 trial included 2,126 patients from hospitals and practices in Germany,
Switzerland, Austria, the Netherlands, and the Czech Republic (Fig 1). Six to
eight cycles of BEACOPP-based chemotherapy were administered as previ-
ously described.4 Patients achieving PR after chemotherapy with at least one
involved nodal site of � 2.5 cm in the maximal long axis diameter (as mea-
sured in the transversal or coronal plane by CT) underwent PET scanning as
per trial protocol. Local radiotherapy (30 Gy) was restricted to patients with a
PR, residual disease � 2.5 cm, and a PET scan that was rated as positive by the
central review panel. The negative predictive value of PET was an objective of
the HD15 trial.

Imaging and Central Review Panel

Patients underwent CT imaging before and after chemotherapy as part of
the routine staging procedures. PET scanning by using FDG was performed 2
to 6 weeks after the end of chemotherapy to allow a prompt start of radiother-
apy not later than 6 weeks after chemotherapy in PET-positive patients. PET
scanning was restricted to those patients who achieved PR after chemotherapy
with at least one involved nodal site of � 2.5 cm in the maximal long axis
diameter (as measured by CT). A multidisciplinary panel consisting of a
medical oncologist, a radiologist, a radiation oncologist, and a nuclear medi-
cine physician, accompanied by a statistician, reviewed all PET and CT scans as
well as any available x-rays. The maximal long axis diameter at baseline and the
maximal residual long axis of the largest residual lesion after chemotherapy
were measured in any plane by CT, and the tumor’s relative reduction was
determined. The therapeutic decision for or against radiotherapy was based on

the interpretation of the PET scan and was recommended by the central review
panel in consensus. PR was defined by protocol as tumor volume shrinkage by
50% but continuing presence of residual tissue. A positive PET scan was
defined visually as a focal or diffuse uptake above the activity of mediastinal
blood pool structures within residual tissue.4,9,10 In addition, the panel tested
the use of CT alone to independently identify a potential group with a higher
risk of progression or relapse independent of the PET results among patients in
PR. Patients with a chemotherapy response defined by CT as PR but with less
than 50% tumor reduction in the largest diameter in the case of bulky disease
were assumed to be patients with a higher risk for progression or relapse,
although all other patients in PR as seen by CT were rated as patients with a
lower risk for progression or relapse.

Statistics

CT interpretation was analyzed by using cross tabulation. Prognosis was
evaluated by using PFS measured from the date of the panel decision, with
tumor recurrence and death as a result of any cause counting as failure events.
When no event occurred, the patient was censored at the last date of follow-up.
PFS of subgroups divided by interpretation of CT alone and chemotherapy
were compared by using Kaplan-Meier curves and the log-rank test. Potential
prognostic factors, including the maximum initial and residual tumor
diameter of residual lesions measured by CT and their percentage changes,
were investigated by using time-dependent receiver operating characteris-
tic (ROC) analysis that included patients with censored follow-up.11 The
cut points for further analysis were derived from ROC curves with the aim
of maintaining a high negative predictive value without using a formal
decision rule. Differences were calculated for the PET-positive and PET-
negative subgroups only to avoid bias from the different treatment recom-
mendations as given by the central review panel. CIs were calculated by
using normal approximation. The analysis set contained all patients fulfill-
ing the criteria for chemotherapy response with central review and no
other exclusion criteria.

Included in ITT analysis of HD15 trial
(N = 2,126)

Qualified for analysis
(n = 739)*

PET negative
(n = 548)

PET positive
(n = 191)*

CT risk
  Lower risk (n = 458)
  Higher risk (n = 90)
Relative reduction
  > 40% (n = 397)
  ≤ 40% (n = 151)

CT risk
  Lower risk (n = 117)
  Higher risk (n = 74)
Relative reduction
  > 40% (n = 135)
  ≤ 40% (n = 54)

Excluded (n = 1,387)
  No PET (n = 1,304)
  Inclusion criteria for  (n = 83)
    PET objective of HD15 
    trial not fulfilled

Fig 1. Patient flow diagram. CT, computed tomography; HD15, HD15 for
Advanced Stage Hodgkin’s Disease: Quality Assurance Protocol for Reduction of
Toxicity and the Prognostic Relevance of Fluorodeoxyglucose-Positron-Emission
Tomography [FDG-PET] in the First-Line Treatment of Advanced-Stage Hodgkin’s
Disease; ITT, intention to treat; PET, positron emission tomography. (*) Two
patients were excluded from analyses involving tumor measurements because
of incomplete information on tumor size at baseline.
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RESULTS

Patients

Patient characteristics are provided in Table 1. The median age of
739 evaluable patients included in this analysis was 30 years. At base-
line, 383 patients (52%) had a large mediastinal mass with more than
one third of the thoracic diameter. The median of the largest initial
tumor diameter was 9 cm with a median relative change of 50% during
chemotherapy. As a rule, the central review panel recommended irra-
diation in PET-positive patients, although radiotherapy was omitted

in PET-negative patients. The 548 PET-negative patients (74%) had a
4-year PFS of 91.5% after review. Eight of these patients received
radiotherapy, six by decision of the treating physician or patient re-
quest and two based on the central review panel recommendation. In
contrast, the 191 PET-positive patients (26%) had a 4-year PFS of
86.1% (P � .022; Fig 2A; Table 2). In 11 patients of this group,
radiotherapy was not given by decision of the treating physician or on
patient request, and in five patients, the panel recommended treat-
ment other than irradiation. Notably, all PFS failure events in the first
year of follow-up were caused by tumor recurrences.

Prognostic Differentiation by CT

The CT-based separation of patients into a group with a higher
and a group with a lower risk of progression independent of the PET
result failed to identify patients with a higher or a lower risk for
progression or relapse (Fig 2B; Table 2). On the basis of PET, 111
(19.3%) of 575 patients were irradiated in the group designated low
risk by CT, and 72 (43.9%) of 164 were irradiated in the group rated as
high risk by CT. However, there was no separation between high-risk
and low-risk patients seen on CT alone in the PET-positive and PET-
negative subgroups (P � .7 and P � .9, respectively); thus, the lack of
differentiation cannot be explained by different radiation rates.

CT Response and Its Combination With PET

The investigation of other candidate indicators of response included
737 patients; two patients had to be excluded because of incomplete
tumor measurements. PET-negative patients had a PFS of 95.5% after 1
year, and PET-positive patients had a rate of progression or relapse of
10.7%. ROC analysis after 1 year of follow-up showed that only the
relative reduction of residual tumors was significantly associated with
outcome (area under the curve, 0.65; 95% CI, 0.58 to 0.73). Other factors,
such as largest diameter of the tumor at initial staging, diameter of the
residual tumor at restaging, the International Prognostic Score, or the
randomized chemotherapy arm had no impact (log-rank test P � .26).
On the basis of the ROC curve, a cut point for relative reduction was set at
40% in which a relevant increase in sensitivity regarding the prediction of
progression or relapse was observed although a specificity of more than
75% was maintained (Fig 3).

In PET-positive patients, the overall rate of relapse or recurrence in
the first year was 10.7%, but in those patients with a reduction of the
largest tumor diameter of more than 40%, it was only 5.3%. In contrast,
PET-positive patients in which the largest diameter was reduced by �
40% had a rate of 23.1%, corresponding to a difference in risks of 17.9%
(95% CI, 5.8% to 30%). Observations from the first year were confirmed
when examining long-term follow-up. The 135 PET-positive patients
withatumorreductionof�40%inthe largestdiameterhada4-yearPFS
of 72.8%. Most of the events occurred in the first year (Fig 4). There were
noeventsafter16monthsinthissubgroup,andallobservationsthereafter
were censored. The long-term treatment success of PET-positive patients
with a reduction of the largest tumor diameter of more than 40% was
much higher and was comparable to the rate of PET-negative patients
(4-year PFS, 92%). However, 94% of these patients were irradiated and
more than 98% of PET-negative patients were not. Both PET-negative
groupshadfavorable4-yearratesof89.4%(�40%reduction)and92.4%
(more than 40% reduction; Fig 4).

Interestingly, in PET-positive patients with a reduction of � 40%
who relapsed, relapses occurred in seven (50%) of 14 in the region that
had received radiotherapy, in two (14%) of 14 outside the irradiated

Table 1. Patient Characteristics of Evaluable Patients (n � 739)

Characteristic No. %

Age, years
Median 30
Range 18-59
� 18-� 20 62 8
� 20-� 30 280 38
� 30-� 40 236 32
� 40-� 50 119 16
� 50-60 42 6

Sex
Female 316 43
Male 423 57

Ann Arbor stage
IIB 203 27
IIIA 129 17
IIIB 166 22
IVA 71 10
IVB 170 23

Risk factors
Large mediastinal mass� 383 52
Extranodal involvement 194 26
Involvement of three or more nodal areas 601 81
High erythrocyte sedimentation rate† 518 70

IPS (grouped)
0-1 235 32
2-3 408 55
4-7 96 13

Chemotherapy group
8 � BEACOPPescalated 226 31
6 � BEACOPPescalated 249 34
8 � BEACOPP14 264 36

Size of residual tumor, cm
Initial diameter (n � 737)

Median 9
Range 2.5-30

Residual diameter
Median 4
Range 1-11

Change, % (n � 737)
Median 50
Range 0-81

Abbreviations: BEACOPP, bleomycin, etoposide, doxorubicin, cyclophospha-
mide, vincristine, procarbazine, and prednisone; BEACOPP14, time-intensified
BEACOPP regimen; BEACOPPescalated, dose-intensified BEACOPP regimen; IPS,
International Prognostic Score.

�Greater than or equal to one third of the maximal thoracic diameter as
measured on chest radiography.

†Greater than or equal to 50 mm/hour without “B” symptoms; � 30
mm/hour with B symptoms.
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volume only, in four (29%) of 14 both inside and outside the irradi-
ated volume, and in one (7%) of 14, progression occurred before the
start of radiotherapy.

DISCUSSION

In contrast to the good negative predictive value, the prognostic im-
pact of a positive PET scan after chemotherapy in patients with HL is
poor. This low positive predictive value after chemotherapy has to be
kept in mind when further options such as biopsy, involved field
radiotherapy, and treatment for progressive disease are considered.12

To improve on the predictive value of a positive PET scan, we used the
degree of tumor reduction during chemotherapy in patients who were
PET positive to better define possible risk groups for treatment failure.
We found that the combination of PET and relative tumor size reduc-

tion as determined by CT can identify patients at high risk for progres-
sion and early relapse. We further demonstrated that the risk
evaluation after chemotherapy as determined by CT alone has little
predictive value. This also applies to the analyses of the tumor size
before or after treatment and the change of size during treatment in
patients who became PET negative after chemotherapy.

In this retrospective analysis, only 5.3% of patients who had a posi-
tive PET scan after chemotherapy and a tumor size reduction of more
than 40% with subsequent radiotherapy showed progression or relapse
within the first year. In contrast, the risk for progression or relapse was
23.1% for the first year after treatment for those patients who had a
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Fig 2. (A) Progression-free survival for patients with positron emission tomography (PET) –positive and PET-negative residual tissues starting from the date of the PET
panel. (B) Progression-free survival for patients who were assumed to be at a higher risk for progression or relapse by computed tomography (CT positive) and those
who were assumed to be at a lower risk by CT findings (CT negative) after completion of chemotherapy (CT-based risk evaluation). Vertical tick marks denote censored
observations. Vertical bars show 95% CIs.

Table 2. Central PET Evaluation Versus Risk by CT and Relative Reduction in
the Largest Diameter

Variable

Central Review Panel

All Patients
PET

Negative
PET

Positive

No. % No. % No. %

All patients 548 74.2 191 25.8 739 100.0
CT result

Low risk 458 62.0 117 15.8 575 77.8
High risk 90 12.2 74 10.0 164 22.2

Relative reduction (n � 737)
� 40% 397 53.9 135 18.3 532 72.2
� 40% 151 20.5 54 7.3 205 27.8

NOTE. Patients with an inadequate chemotherapy response defined by
partial response but less than 50% tumor reduction in the largest diameter in
the case of bulky disease were rated as high-risk patients by computed
tomography (CT). The rating here contradicted the prognostic differentiation
by positron emission tomography (PET) in 28% of patients. The prognostic
evaluation based on relative reduction of the largest tumor diameter by 40%
was discordant with that based on PET in 38.8% of patients.
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Fig 3. Receiver operating characteristic at 1 year follow-up for factors
potentially influencing recurrence rate. The best prognostic differentiation is
the circled cut point at 40% relative tumor reduction of the largest diameter,
which was chosen for further analysis. CT, computed tomography; IPS,
International Prognostic Score.
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positive PET scan and a tumor size reduction of less than 40% despite
additional radiotherapy. Thus, subdividing the PET-positive group of
patients by adding CT response information may help to identify those
patientswhoareathighriskandmightbenefit fromalternative treatment
options. However, any intervention must be carefully evaluated, because
PFSwas76.9%withinthefirstyear,andmostof thepatientswillbecured.
Therefore, histologic verification of active lymphoma tissue should pre-
cede initiation of further treatment. Alternatively, a careful watch-and-
wait strategy would seem to be justified before aggressive consolidation
regimens such as high-dose chemotherapy followed by autologous stem-
cell transplantation are considered.

Most events occurred within the previously irradiated area. This
raises questions regarding the efficacy of radiotherapy in this setting.
Possible means of improvement include increasing the radiation dose
or maintenance treatment.

PET-based response assessment in patients with HL is most com-
monly visually interpreted according to predefined criteria.13 Here,
the use of quantitative PET measurements such as the standardized
uptake value (SUV) as an additional marker, and the percentage
change of the SUV or its single residual value after therapy might help
improve the predictive precision of PET in cancer imaging.14-16 A
combination of tumor volume as measured by CT and its metabolic
activity measured as SUV by PET may present a better integrative
measure of tumor biology, as first analyses have suggested for various
oncologic questions.17-19 However, the SUV is affected by many pa-
rameters, and its use in a multicenter trial would require elaborate
standardization procedures.20 Accordingly, it was decided not to in-
clude SUV measurements in the image interpretation in the HD15
trial, which was performed in a multicenter setting in more than 40

PET centers between the years 2003 and 2008. In the ongoing trials,
different visual interpretation criteria are being recorded according to
a 5-point scale, which became the standard for visual PET interpreta-
tion and which will allow more differentiated analyses.21 In our anal-
ysis of the HD15 trial, the largest residual tumor diameter was
additionally measured and compared with its initial largest diameter
before chemotherapy. A prognostic value could be found for the
subgroup of PET-positive patients. More modern volumetric ap-
proaches of CT interpretations may add to the diagnostic and prog-
nostic value of CT scanning. Recently, systematic standardization
between imaging centers has been initiated by the European Associa-
tion of Nuclear Medicine and the Quantitative Imaging Biomarker
Alliance of the Radiological Society of North America and may enable
the use of quantitative parameters such as the metabolic tumor vol-
ume and comparable values, even in a multicenter setting. However,
increasing the positive predictive value of PET imaging will certainly
be more important in situations in which an intensification of early
PET-guided treatment is planned. Several studies worldwide are cur-
rently investigating treatment intensification in the case of interim
PET positivity for advanced-stage HL.22,23

In summary, the additional use of relative tumor size reduction
helps to improve the positive predictive value of PET scanning after
chemotherapy in advanced-stage HL patients. This information
might also help to identify a population of high-risk patients for whom
alternative treatment options could be evaluated.
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GLOSSARY TERMS

[18F]fluorodeoxyglucose-positron emission tomog-
raphy: positron emission tomography with the glucose analog
[18F]fluorodeoxyglucose.
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