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18F-FDG PET/CT for staging Hodgkin lymphoma may allow for ac-
curate and reliable assessment of the metabolic tumor volume
(MTV) as a baseline risk factor. Our aim was to analyze the prog-
nostic impact of MTV measurements obtained by different means in
advanced-stage Hodgkin lymphoma patients treated within the
German Hodgkin Study Group HD18 trial. Methods: Within HD18,
310 patients underwent '8F-FDG PET/CT scanning for staging,
which was available to the central review panel for quantitative anal-
ysis. We calculated the MTV by 4 different thresholding methods
and performed receiver-operating-characteristic analysis to evalu-
ate the potential for prediction of early response determined by PET
after 2 cycles (PET-2) of dose-escalated bleomycin, etoposide,
doxorubicin, cyclophosphamide, vincristine, procarbazine, and
prednisone (eBEACOPP). Logistic regression was used to evaluate
its prognostic value concerning progression-free survival and over-
all survival. Results: All of the different MTV calculations predicted
PET-2 response to a moderate and comparable degree (area under
the curve, 0.62-0.63; P = 0.01-0.06). With none of the measuring
methods did the receiver-operating-characteristic curves point to
any unique cutoffs; rather, a wide range of possible cutoffs was
indicated. None of the MTV measurements was prognostic for pro-
gression-free survival (hazard ratio, 1.2-1.5; P = 0.15-0.52) or over-
all survival (hazard ratio, 1.0-1.5; P = 0.95-0.27). Conclusion:
Baseline MTV as determined by different means is a predictive fac-
tor for early response to eBEACOPP after 2 cycles. However, value
as a prognostic factor after a highly effective PET-2-adapted treat-
ment strategy could not be observed.
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Over the last 20-30 y, therapy of advanced-stage Hodgkin
lymphoma has evolved to the point at which treatment offers a
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more than 90% likelihood of success (/). '3F-FDG PET/CT has
become an established tool for staging and response assessment in
Hodgkin lymphoma patients (2,3). The PET-directed personalized
adaption of chemo- and radiotherapy has become reality and im-
proved the outcome for many patients with this malignancy (4-8).

However, individualized, risk-stratified treatment might be fur-
ther improved because PET performed for initial staging may
contain more information than currently used in clinical routine. In
Hodgkin lymphoma, it was suggested that the initial tumor volume
might have a prognostic impact (9). Nowadays, convenient methods
have been introduced for the measurement of metabolic tumor vol-
ume (MTV) using PET, and first analyses have brought promising
results for patients treated with doxorubicin, bleomycin, vinblastine,
and dacarbazine (ABVD) (10-14).

Here, we raised the question of how and to what extent initial risk
stratification within the group of advanced-stage Hodgkin lymphoma
patients treated with dose-escalated bleomycin, etoposide, doxorubi-
cin, cyclophosphamide, vincristine, procarbazine, and prednisone
(eBEACOPP) can be further improved by calculation of MTV.

Our aim was therefore to analyze the predictive and prognostic
role of MTV at baseline in terms of PET response after 2 cycles of
chemotherapy, progression-free survival (PFS), and overall sur-
vival (OS). As there are various approaches to the assessment of
MTYV, applying absolute, relative, or adaptive thresholding meth-
ods, we used 4 common methods to determine MTV (15).

MATERIALS AND METHODS

Patients

Between May 2008 and July 2014, 2,101 newly diagnosed patients,
aged 18-60 y, were recruited for the German Hodgkin Study Group
HDI18 trial. HD18 is a phase III multicenter randomized study for
advanced stages of Hodgkin lymphoma, including Ann Arbor stages
IIB (with a large mediastinal mass or extranodal involvement as risk
factors), IIIA/B, and IVA/B.

I8F-.FDG PET scans at baseline and their central review were op-
tional in this trial. '8F-FDG PET scans were performed and available
for central review for 429 patients at baseline. Since determination of
MTYV relies on absolute quantification of activity, the analysis set was
restricted to those scans that were available in digital form, that con-
tained CT data for anatomic correlation and attenuation correction,
and that included information for SUV calculation (e.g., body weight).
Thus, 310 scans remained suitable for quantitative analyses (Fig. 1).

Mettler et al. 207


mailto:jasmin.mettler@uk-koeln.de

2,101 patients recruited for the HD18 frial

!

2,079 patients in ITT population

!

1,974 patients screened with PET-2

|

429 patients with centrally reviewed
baseline "®F-FDG PET examination

!
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1,545 not available because PET at baseline was
optional and central review not mandatory

» 119 not measurable

FIGURE 1. Of 2,101 patients recruited, baseline '8F-FDG PET was centrally reviewed in 429,
of whom 310 were suitable for quantitative analyses. ITT = intention to treat; HL = Hodgkin

The study was performed in accordance
with the Declaration of Helsinki and the Inter-
national Conference on Harmonization guide-
lines for good clinical practice and registered at
ClinicalTrials.gov (NCT00515554). The institu-
tional review board approved this study, and all
subjects gave written informed consent.

Image Analyses

We analyzed MTV in all available baseline
PET scans using the Beth Israel plugin for
FIJI (ImagelJ), a shareware from the Beth Israel
Deaconess Medical Center, Division of Nuclear
Medicine and Molecular Imaging. In a previous
study, the Beth Israel plugin was successfully
tested for comparability in terms of MTV deter-
mination with commercial software (16).

Every site of lymphoma tissue was manu-
ally delineated by an experienced nuclear
medicine physician. To avoid interobserver
variations in our multicenter trial, all MTV
calculations were performed by the same
reviewer. If lymphoma sites had heterogeneous
uptake, regions of very high uptake were
delineated separately as an individual volume

lymphoma.
TABLE 1
Patient Characteristics
Patients with centrally reviewed '8F-FDG PET at baseline Patle;ESTV\::h;auSte};ZFDG
Characteristic Measured (n= 310) Not measurable (n = 119) Total (n = 429) (n = 1,545)
Mean age at HL 34 +12 34 + 11 34 + 12
diagnosis (y) (range, 18-60) (range, 18-59) (range, 18-60) (range, 18-60)

Ann Arbor stage IV 126 (41%) 42 (35%) 168 (39%) 547 (35%)
Large mediastinal mass* 92 (30%) 41 (35%) 133 (31%) 439 (28%)
Extranodal involvement 64 (21%) 32 (27%) 96 (22%) 309 (20%)
High ESRT 269 (87%) 107 (90%) 376 (88%) 1,325 (86%)
=3 lymph nodes 165 (54%) 69 (58%) 234 (55%) 1,020 (66%)
B symptoms 176/308 (57%) 70/118 (59%) 246/426 (58%) 1,006/1,542 (65%)
IPS

0-1 107/306 (35%) 39/118 (33%) 146/424 (34%) 460/1,527 (30%)

2-3 157/306 (51%) 64/118 (54%) 221/424 (52%) 817/1,527 (54%)

4-7 42/306 (14%) 15/118 (13%) 57/424 (13%) 250/1,527 (16%)
PET-2, '8F-FDG uptaket

DS1 103 (33%) 48 (40%) 151 (35%) 532 (34%)

DS2 46 (15%) 21 (18%) 67 (16%) 262 (17%)

DS3 79 (26%) 23 (19%) 102 (24%) 379 (25%)

DS4 81 (26%) 27 (23%) 108 (25%) 372 (24%)

*at least one third of maximal thoracic diameter as measured on chest radiography.

T=50 mm/h without B symptoms or =30 mm/h with B symptoms.
*Analysis set contained no patient with Deauville score of 5 (17).

HL = Hodgkin lymphoma; ESR = erythrocyte sedimentation rate; IPS = International Prognostic Score; DS = Deauville score.
Data are n followed by percentage in parentheses, except for age.
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Statistics

Patient characteristics were recorded using
descriptive statistics, and MTV distributions
were visualized in histograms. Thresholding
methods were compared by Pearson product
moment correlation coefficients. Receiver-
operating-characteristic analysis was per-
formed to evaluate baseline MTV as a predictor
of PET-2 response, using the visual liver uptake
as cutoff (Deauville score, 4) (17,18). Addition-
ally, the differences in log-transformed MTVs
between the PET-2—positive and —negative groups
were tested for significance with ¢ tests (pooled or
Satterthwaite). Prognostic impact was analyzed
using Cox proportional hazards regression of
PES and OS on the log-transformed MTVs and
compared with the International Prognostic Score.
PES was defined as the time from completion of
staging until progression, relapse, or death from
any cause or until the day when information was
last received on the patient’s disease status. OS
was defined as the time from completion of stag-

MTV, 5

3,000 4,000

MTV,
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3,000 4,000 5,000

FIGURE 2. Histograms of MTV distribution assessed by 4 different thresholding methods:

MW41%, MTV2_5, MTVLmaxs and MTVLmean-

of interest to prevent underestimation of MTV when using relative
thresholds.

Extranodal lymphoma sites such as lung, liver, and bone marrow
were individually delineated if they showed focal hypermetabolism.
Homogeneous patterns of increased uptake within bone marrow were
not included. Spleen involvement was given if focal hypermetabolism
was found or in cases of diffuse hypermetabolism if the uptake could
be clearly seen to exceed the liver background.

First, the SUV,can and the SUV . were obtained in the background-
region liver by manually drawing a spheric volume of interest 3 cm in
diameter, preferably within the right lobe.

For MTV measurements, we drew volumes of interest around every
site of lymphoma tissue with increased '3F-FDG uptake. MTV was
obtained as the sum of supra-threshold voxels of all lymphoma le-
sions. All MTV calculations were performed using the following
thresholding methods: 41% of the SUV,,,, within the respective lym-
phoma site (MTVy4¢), SUV. of liver background (MTV[ ax),
SUV pean Of liver background (MTV jean), and a fixed SUV of 2.5
(MTV,5).

All HD18-recruited patients underwent 2 cycles of eBEACOPP followed
by an early interim PET examination (PET-2). PET-2 was interpreted
visually by the central review panel using the Deauville score (/7,18).

TABLE 2
Pearson Correlations of MTV Measures
Parameter MTV419 MTV, 5 MTV | max MTV | mean
MTV 419, 1.00 0.78 0.69 0.65
MTV, 5 0.78 1.00 0.87 0.86
MTV | max 0.69 0.87 1.00 0.97
MTVmean 0.65 0.86 0.97 1.00
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ing until death from any cause or until the last day
that the patient was known to be alive. All statis-
tical computations were performed using SAS,
version 9.4 (SAS Institute).

RESULTS

Patients

Patient characteristics are shown in Table 1. The mean age of the
310 patients was 34 y (range, 18-60 y). At baseline, 92 patients
(30%) had a large mediastinal mass. Extranodal involvement oc-
curred in 64 patients (21%). In 269 patients (87%), a high erythrocyte
sedimentation rate was a risk factor. In 165 patients (54%), more than
3 lymph node areas were involved. In 176 of 308 patients (57%),
there were B symptoms. The International Prognostic Score was 01
in 107 of 306 patients (35%), 2-3 in 157 (51%), and 4-7 in 42 (14%).

MTV

Histograms of the MTV distributions are presented in Fig. 2 and
show a right-skewed distribution for all thresholding methods.

The median values of MTV,,¢,, MTV; 5, MTV| hax. and MTVY ean
were 142 mL (range, 61,590 mL), 355 mL (range, 4-3,563 mL),
297 mL (range, 2-3,192 mL), and 483 mL (range, 74,995 mL).

Correlations among absolute thresholding methods ranged from
0.86 to 0.97, and correlations between relative and absolute thresholding
methods ranged from 0.65 to 0.78 (Table 2).

Predictive Power for PET-2 Positivity

The receiver-operating-characteristic curves for PET-2 response,
derived from MTV using different thresholding methods, show
comparable curve progressions (SUV,.x) FIG. 3. Areas under the
curve for MTV419,, MTV, 5, MTV] hax, and MTVy can Were 0.63
(P = 0.06), 0.62 (P = 0.04), 0.63 (P = 0.01), and 0.62 (P = 0.02),
respectively. The differences between the log-transformed MTVs of
PET-2—positive and —negative groups were all significant (pooled or
Satterthwaite ¢ tests with P < 0.0001 to P = 0.0011).

Progression-Free and Overall Survival

Univariate hazard ratios for prognostication of PFS with MTV ¢,
MTV,.5, MTVL max, and MTV[ ean Were 1.2 (95% confidence in-
terval, 0.70-2.04; P = 0.52), 1.5 (95% confidence interval, 0.89-2.39;
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FIGURE 3. Receiver-operating-characteristic curves of MTV distribution
assessed by 4 different thresholding methods: MTV196, MTV25, MTV| max,
and MTV| mean- (81/310 = 26% PET-positive patients with Deauville score = 4.)

P = 0.14), 1.4 (95% confidence interval, 0.86-2.11; P = 0.19), and 1.5
(95% confidence interval, 0.88-2.43; P = 0.15), respectively. None
of the measuring methods for MTV was prognostic for PFS or OS
(Table 3). The multivariate analysis on the right side of Table 3
shows that the International Prognostic Score, conversely, was signif-
icantly prognostic for both PES and OS (P < 0.01). In multivariate
analysis testing the MTVs adjusting for the International Prognostic
Score the hazard ratios of the MTVs approximated 1.0, the point of
indifference (P = 0.40-0.79).

DISCUSSION

The following findings emerge from our analysis of MTV in
310 patients with advanced-stage Hodgkin lymphoma.

First, each method used for calculation of the MTV works
comparably and equally well in terms of prediction of PET response
after 2 cycles of e BEACOPP. With none of the measuring
methods did the receiver-operating-characteristic curves point to
any unique cutoffs. Instead, they indicated a wide range of possible
cutoffs.

Second, baseline MTV failed to predict PFS and OS in the
subset of advanced-stage Hodgkin lymphoma patients undergoing
PET response—adapted treatment with eBEACOPP followed by
PET-guided radiotherapy. Hence, individual PET-2 response assess-
ment cannot be omitted for further therapy adaption.

MTV as Prognostic Factor

Various studies have indicated the prognostic potential of base-
line MTV in Hodgkin lymphoma patients (/0-14). Cottereau
et al. showed that MTV is prognostic of PFS and OS in 258
patients with early-stage Hodgkin lymphoma who received a standard
combined-modality treatment (/7). Song et al. showed that a certain
MTYV cutoff at baseline could identify a subgroup of early-stage
Hodgkin lymphoma patients treated with ABVD at a higher risk
for progression, who might benefit from additional therapy such
as irradiation (/3). Kanoun et al. showed baseline MTV to be
superior to tumor bulk (=10 cm) in prognosticating progression-
free and disease-specific survival in 59 Hodgkin lymphoma pa-
tients treated with anthracycline-based chemotherapy (10). In
267 Hodgkin lymphoma patients with stage I and II disease
with and without risk factors, Akhtari et al. observed that
MTV prognosticates both PFS and OS (/4). The authors con-
cluded that MTV might improve outcome if incorporated into
initial risk stratification.

The studies presented by Cottereau, Song, Kanoun, and Akhtari had
in common that patients had been treated with ABVD. Conversely, our
analysis set was restricted to advanced-stage patients who had been

TABLE 3
Univariate and Multivariate Cox Regressions of PFS (16 Events) and OS (7 Events) on Log-Transformed
MTVs Compared with IPS

MTV

Univariate analysis

Multivariate analysis with IPS

Parameter Hazard ratio 95% ClI P Hazard ratio 95% ClI P IPS (P)
PFS
MTV4194 1.2 0.70-2.04 0.52 0.9 0.53-1.62 0.79 0.0022
MTV, 5 1.5 0.89-2.39 0.14 1.2 0.75-1.86 0.48 0.0053
MTV| max 14 0.86-2.11 0.19 1.1 0.70-1.73 0.69 0.0048
MTV| mean 1.5 0.88-2.43 0.15 1.1 0.66-1.89 0.69 0.0061
oS
MTV419, 1.0 0.46-2.27 0.95 0.7 0.31-1.60 0.40 0.0006
MTV, 5 15 0.72-3.25 0.27 1.1 0.60-2.05 0.48 0.0018
MTV| max 1.2 0.64-2.34 0.54 0.9 0.46-1.68 0.69 0.0010
MTV| mean 1.2 0.58-2.47 0.62 0.8 0.37-1.61 0.48 0.0008

IPS = International Prognostic Score; Cl = confidence interval.
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treated with eBEACOPP, a chemotherapy regimen proven to provide
a higher complete remission rate and longer PES than ABVD ().
However, our analysis is limited by the low number of events under
PET-adapted e BEACOPP for advanced-stage patients. Hence, results
can be applied only to populations undergoing chemotherapy similar
to the regimen we used. Furthermore, the high efficiency of PET-
adapted e BEACOPP might have concealed the prognostic value of
MTYV that could be observed for patients receiving ABVD treatment.

Methods of MTV Measurement

To date, MTV measurement is not a standardized procedure
(19). Approaches range from use of fixed absolute thresholds to use of
adaptive methods based, for example, on signal-to-background ratio
(15,16,19). Here, MTV was analyzed using absolute thresholds and a
relative threshold of 41% of SUV;.«. In 106 patients with peripheral T-
cell lymphoma, Cottereau et al. found baseline MTV to be a relevant
risk factor regardless of the thresholding method used (/5). Differ-
ent methods of MTV measurement have already been compared in
Hodgkin lymphoma. Significantly higher MTVs were found at stag-
ing using a fixed SUV cutoff of 2.5 than using a relative threshold of
41% of SUV . (16). Accordingly, we found that the absolute value
for total MTV can diverge heavily depending on the method used for
calculation (Fig. 2). The highest absolute values were calculated for
MTVLmeans followed by MTV,s5, MTV] ax, and MTVy,4,. However,
we confirmed that every method used in our study led to a similar result
conceming the prediction of response at PET-2. For future trials, we
would therefore recommend selecting parameters that are readily avail-
able and promise high reproducibility between different institutions. For
some authors, MTV,,4, appears to be the most reproducible option, and
it is also recommended by the European Association of Nuclear Medi-
cine (19,20). When considering the use of MTV as a foundation for
treatment decisions, it is necessary to ensure that standardization is
possible, especially with the next generation of scanners about to be
launched (21).

CONCLUSION

MTV can predict response after 2 cycles of eBEACOPP in-
dependently of the method of determination used. Because PFS and
OS could not be appraised in advanced-stage patients undergoing
PET-2-adapted treatment with eBEACOPP, omitting PET after
2 cycles and at the end of chemotherapy to deescalate treatment
is not an option in this setting.
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