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Abstract

Objective Minimizing side effects by using response-

adopted therapy strategies plays an important role in the

management of pediatric Hodgkin lymphoma (HL); how-

ever, the criteria for the definition of adequate or inade-

quate response are controversial. The aim of this study is to

compare different methods of interpretation of 18F-FDG-

PET/CT (PET) in the prediction of disease outcome in

order to determine the optimum method in this regard.

Methods Baseline, interim and post-treatment PET scans

of 72 children were interpreted according to revised

International Harmonization Project criteria (IHP) and

Deauville criteria. Cut-off values for changes in interim

and post-treatment FDG uptake (DSUVmax) in the predic-

tion of progression-free survival (PFS) were measured

using ROC analysis. Quantitative and visual data were

compared with each other in the prediction of PFS.

Results Mean interim and post-treatment DSUVmax of the

primary lesions were 77.4 ± 19.5 and 68.8 ± 30.4% and

respective cut-off values were 82 and 73%. However, only

post-treatment DSUVmax yielded statistically significant

results in the prediction of 3-year PFS (p = 0.043). Interim

DSUVmax was further analyzed according to the values

reported in the literature (66 and 77%) yet statistically

significant results were not reached (p = 0.604 and 0.431).

For interim evaluation, IHP criteria was correlated to

Deauville criteria (p = 0.002 and p = 0.001) and

DSUVmax (p = 0.03), whereas for post-treatment evalua-

tion, significant correlation with DSUVmax (p = 0.04) but

marginally significant (p = 0.055 and p = 0.058) correla-

tion with Deauville criteria were achieved. Overall, 1, 3

and 5-year PFS were 95.7 ± 0.2, 89.6 ± 0.4 and

80.8 ± 0.7%, respectively. All methods demonstrated

comparable performance in the prediction of 3-year PFS;

however, interim PET using Deauville criteria and post-

treatment PET using IHP criteria were statistically signif-

icant. All methods demonstrated high negative-predictive

value but substantially low positive-predictive value.

Conclusions Deauville criteria are superior to other

methods in the prediction of pediatric HL outcome using

interim PET data. On the other hand, quantitative evalua-

tion and visual evaluation by IHP can be used reliably at

the end of the treatment. In this regard, we report the

optimal cut-off value of SUVmax reduction as 73%.

Keywords Deauville � Pediatric Hodgkin lymphoma � IHP
criteria � FDG-PET/CT

Introduction

Hodgkin lymphoma is one of the most frequent but curable

hematological malignancies in children over 10 years [1].

However, an excellent outcome is compromised by long-

term side effects [2]. Therefore, optimizing treatment to

minimize subsequent risks while maintaining the chance of

cure is of paramount importance. Supporting evidence has

led to the integration of 18F-FDG-PET/CT (PET) imaging

into the routine staging and restaging algorithm of lym-

phomas [3, 4]. While PET has greater sensitivity for sites
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of extra-nodal involvement and correspondingly has been

found to improve baseline staging, an interim PET scan

after one or two cycles of chemotherapy can implement

response-adapted therapy in malignant lymphoma [5–7]. It

can be used to identify patients with an inadequate

response who could benefit from treatment intensification

or reduce treatment burden [8, 9].

In 2007, response criteria were first published by the

International Harmonization Project [10] and revised (IHP)

by Cheson et al. [3]. However, IHP criteria, do not relate

specifically to the interim situation after induction CT. In

2009, at the First International Workshop on interim PET

in lymphoma, a 5-point scoring scale, the so-called Deau-

ville criteria (DC), for visual evaluation of interim PET

scans was proposed, which currently is considered to be the

international standard [11, 12]. The Deauville criteria rely

on comparison of residual uptake with the uptake in

uninvolved organs within the same image in order to

reduce FDG uptake variations rather than quantitative

evaluation.

Although PET [13, 14] has demonstrated a similar

diagnostic performance in children, most of the studies

have been conducted in adolescent patients; yet, studies in

the pediatric cohort are limited. Therefore, the criteria for

the definition of adequate or inadequate response in chil-

dren with HL are still being discussed [15]. This study

reviews visual and quantitative baseline, interim and post-

treatment PET scan data in children with HL and in this

regard compares DSUVmax, Deauville criteria and IHP in

the prediction of disease outcome.

Materials and methods

The institutional review board approved this retrospective

study and the need for written informed consent was

waived. PET scans of 105 patients with pediatric HL were

reviewed, and 72 who had baseline, interim and post-

treatment PET studies were included in the study. The

diagnosis was established by lymph node biopsy in all

patients and classified according to histopathological sub-

types as determined by the WHO classification revised in

2008 [16]. Staging was performed according to the Ann

Arbor staging system. Baseline PET was performed fol-

lowing histopathological diagnosis prior to treatment. All

patients were administered chemotherapy as determined by

the department of pediatric hematology and oncology in

our institution. Interim PET was performed followed by

2–4 cycles of chemotherapy just before the next cycle,

which was not earlier than 14 or later than 21 days.

Response to treatment was evaluated with post-treatment

PET, which was performed at least 15 days after the last

cycle of chemotherapy or after 8 weeks if radiotherapy was

performed.

18F-FDG-PET/CT imaging protocol and analysis

PET imaging was performed on a dedicated PET/CT

scanner (Siemens BiographTM TruePointTM PET/CT) as

determined by the Pediatric Committee of the European

Association of Nuclear Medicine [17]. All pathological

lymph nodes and sites of extra-nodal involvement were

evaluated. Maximum semiquantitative uptake values

(SUVmax) of the five target lesions with highest uptake

selected at baseline PET were followed up at interim and

post-treatment PET. The reviewers outlined regions of

interest for each lesion using semi-automated tools pro-

vided in Siemens Syngo image analysis software. Subse-

quently, percent reduction in interim and post-treatment

PET SUVmax from baseline PET values were calculated

and expressed as interim and post-treatment DSUVmax,

respectively.

PET data were qualitatively interpreted using IHP [3] as

the primary and Deauville 5-PS [12] as the secondary

reading criteria and compared to DSUVmax for both interim

and post-treatment PET data. The response definition cri-

teria are summarized in Table 1. In addition, Deauville

5-PS was carried out in two subcategories as conservative

and sensitive. In the conservative category, a score of 4 or 5

was positive, whereas in the sensitive category a score of 3

was also determined as positive.

Statistical analysis

IBM SPSS 21.0 software was used to perform the statistical

analysis. A p value less than 0.05 was considered statisti-

cally significant. In the descriptive statistics of age and

SUVmax, data were expressed as mean ± SD (standard

deviation). Non-parametric data were given as med-

ian ± SD. SUVmax, Interim DSUVmax, post-treatment

DSUVmax of all pathological lesions were determined, and

the performance of DSUVmax in the prediction of PFS was

assessed by receiver operating characteristic (ROC) curves

generated by plotting sensitivity vs. 1-specificity. Sensi-

tivity, specificity, positive-predictive value (PPV), nega-

tive-predictive value (NPV) and accuracy of interim and

post-treatment PET scans in the prediction of PFS were

calculated according to visual interpretation criteria pro-

posed by Deauville criteria and IHP and as well as

according to cut-off values obtained by ROC analysis.

Kaplan–Meier test was used for the survival analysis and

Spearman’s correlation tests for correlation, while Mann–

Whitney U, independent samples t test, Kruskal–Wallis
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and Chi-square tests were used to analyze the correlation

between methods.

Results

Patient characteristics are described in Table 2.

SUVmax and DSUVmax

Mean SUVmax of the primary lesions in baseline, interim

and post-treatment PET studies were 11.3 ± 5.5 (2.46–26),

2.1 ± 1.7 (0.4–8.7) and 2.8 ± 2.2 (0.3–10.6), respectively.

On the other hand, Interim DSUVmax and post-treatment

DSUVmax were 77.4 ± 19.5% (29.8–97.1%) and

68.8 ± 30.4% (37.6–97.73%). There was no significant

difference between Interim DSUVmax of early and

advanced stage patients (p = 0.073). However, mean

SUVmax of primary lesions on baseline PET was signifi-

cantly higher in the advanced stage (8.3 ± 10.5 vs.

12.7 ± 4.7, p = 0.003).

Progression-free survival

Progression-free survival was defined as the time from the

initial diagnosis until the first recurrence. Mean follow-up

duration was 33.6 ± 17.8 months (4.4–68.7). Overall, 1, 3

and 5-year PFS were 95.7 ± 0.2, 89.6 ± 0.3 and

80.8 ± 0.6%, respectively. The follow-up time ranged

from 4.4 to 68.7 months, and therefore some patients were

followed for only a short period. Accordingly, a sufficient

number of patients to calculate 5-year PFS was not reached

for all methods when patients were allocated into groups

according to the interpretation results. However, 3-year

Table 1 IHP and Deauville 5-point scale

IHP criteria Deauville criteria

Response Definition Score Definition

CR Disappearance of all evidence of disease 1 No uptake above the background

PR Regression of measurable disease and no new sites 2 Uptake B mediastinum

SD Failure to attain CR/PR or PD 3 Uptake[mediastinum but B liver

PD Any new lesion or increase by 50% of previously involved sites

from nadir

4 Uptake moderately increased compared to the liver at

any site

5 Uptake markedly increased compared to the liver at

any site

X New areas of uptake unlikely to be related to

lymphoma

CR complete remission, PR partial remission, SD stable disease, PD progressive disease

Table 2 Baseline clinical characteristics

Characteristic n

Total number 72

Gender

Male 45

Female 27

Mean age (range) 12.9 (3–18)

Histopathological subtype

Nodular sclerosing 32

Mixed cellular 26

Lymphocyte rich 2

Lymphocyte poor 2

Unspecified 10

Ann Arbor staging

1A 4 6

1B 2

2A 27 36

2B 9

3A 5 15

3B 10

4A 10 15

4B 5

Early 30

Advanced 42

Mean follow-up duration (months) 33.6 (4.4–68.7)

Treatment protocol

ABVD ? RT 41

OEPA ? COPP ? RT 31

Total 72

ABVD doxorubicin, bleomycin, vinblastine, dacarbazine, OEPA vin-

cristine, procarbazine, prednisone, doxorubicin, COPP cyclophos-

phamide, vincristine, procarbazine, prednisone, RT radiotherapy
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PFS could be calculated for all methods. Performance of

interpretation methods that predicted 3-year PFS with sta-

tistical significance are given in Table 4. Overall survival

(OS) was 100% at the time of the study.

PFS analysis by Interim DSUVmax

Cut-off value for Interim DSUVmax was 82% (Fig. 1) with

a sensitivity and specificity of Interim DSUVmax of 71.4

and 55.3%, respectively, in the prediction of PFS; however,

it was not statistically significant (AUC = 0.587, 95%

CI = 0.444–0.719, p = 0.434). Therefore, the significance

of Interim DSUVmax was also analyzed based on the cut-off

values (66 and 77%) reported in the literature [18–20].

Consequently, Interim DSUVmax predicted 1-year PFS as

81.8 ± 1.2 and 95 ± 0.3%, respectively, for cut-off values

66% (p = 0.604) and 77% (p = 0.431), yet no statistical

significance was found (Fig. 2).

PFS analysis by post-treatment DSUVmax

Cut-off value for post-treatment DSUVmax was 73%

(Fig. 1), with a sensitivity and specificity of 66.7 and

76.3% in the prediction of PFS (AUC = 0.706; 95%

CI = 0.550–0.834, p = 0.0437), respectively. In patients

with post-treatment DSUVmax below 73%, 1-year PFS was

93% and 4-year PFS was 55%.

Application of IHP criteria

In complete responders as determined by IHP mean

SUVmax was 1.5 for interim PET and 1.8 for post-treatment

PET. Accordingly, mean interim and post-treatment

DSUVmax were 80 and 78%, respectively. In complete

responders, 3- and 5-year PFS were 100 and 84.4% by

interim PET (p = 0.057) (Fig. 2). Post-treatment PET

predicted 1-, 2- and 3-year PFS as 95.8, 95 and 86.3%,

respectively, in complete responders (p = 0.014) (Fig. 2).

In partial responders, mean SUVmax was 2.6 for interim

PET and 1.9 for post-treatment PET while respective mean

interim and post-treatment DSUVmax were 71 and 72%. In

partial responders, 1-year PFS was 77.8%. In non-respon-

ders as concluded by post-treatment PET, mean SUVmax

was 6.1 and mean DSUVmax was 9% which were statisti-

cally significant values when compared to those of

responders (p = 0.007). Consequently, 1-year PFS for non-

responders was 60%.

Application of Deauville criteria

When Deauville criteria were applied using sensitive

reading, mean SUVmax was 1.3 for interim PET and 2.1

for post-treatment PET in PET-negative patients. In con-

servative reading, mean SUVmax was 1.5 and 2.1 for

interim and post-treatment PET, respectively. For sensi-

tive reading in the PET-positive group, mean SUVmax

were 3.2 and 4.1 for interim and post-treatment PET,

respectively, in contrast to respective conservative results

of 3.9 and 4.3. Conservative and sensitive evaluation

results were similar with no statistically significant

differences.

Statistically significant prediction of 3-year PFS with a

sensitivity, specificity and NPV of 80, 63.4 and 97.1% was

performed by interim PET (sensitive). However, respective

measured values by post-treatment PET (both conservative

and sensitive) were not statistically significant.

Fig. 1 The cut-off values for DSUVmax obtained by ROC analysis for interim and post-treatment which were 82.7% and 73.1, respectively
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Comparison of methods

Mean SUVmax of patients according to response criteria is

demonstrated in Table 3. In the interim interpretation,

PET-negative and positive groups by Deauville criteria

were (p = 0.002 and p = 0.001 for sensitive and conser-

vative readings, respectively) related to complete and

partial responders by IHP. On the other hand, the relation

was marginally statistically significant regarding post-

treatment PET (p = 0.055 and p = 0.058 for sensitive and

conservative readings, respectively). There was also a

strong correlation (r = -0.471, p = 0.000) between

Interim DSUVmax and Deauville criteria in Spearman’s

correlation test. Interim and post-treatment DSUVmax were

also correlated to partial and complete responders by IHP

which was also statistically significant (p = 0.03). In

addition, post-treatment DSUVmax was also correlated with

progressive disease (p = 0.004). Relation of methods with

one another is demonstrated in Table 4. In the prediction of

3-year PFS, Deauville criteria had higher sensitivity while

IHP criteria showed better specificity. On the other hand,

all methods demonstrated high NPV; however, PPV was

substantially low for all methods, reaching 40% at its best

by post-treatment evaluation using IHP (Table 5).

Discussion

Hodgkin lymphoma accounts for 10% of pediatric cancers

and is usually curable, with long-term survival rates

exceeding 90% after treatment. Superiority of PET over

conventional imaging has been shown by several studies

for staging of pediatric HL. Response to treatment with

interim PET is used as a criterion to identify non-respon-

ders, and thus the need for treatment intensification,

particularly RT. Moreover, responders can be spared the

long-term side effects of unnecessary treatment.

In this regard, interim PET provides prognostic infor-

mation in HL and can predict early response to treatment;

however, the number of studies in the pediatric group is

limited. Given that the clinical prognostic factors used for

adults are not used in children, interim and post-treatment

evaluation come into question. In a study by Cerci et al.

that investigated the predictive value of interim PET in 104

patients, 3-year PFS was 53 and 90.5% in PET-positive and

negative patients, respectively [21]. Likewise, Gallamini

et al. [22] found 2-year PFS 13 and 95%, respectively, in

PET-positive and negative groups in 260 adult advanced

HL patients. In addition, 2-year follow-up by PET was

superior to the International Prognostic Score (IPS) in the

prediction of prognosis and interim PPV and NPV were 86

and 95%, respectively. In a study by Zinzani et al. 24.5% of

interim PET-positive and 92% of interim PET-negative

patients were complete responders in a cohort of 304 HL

patients [23]. In this study, complete response was also

high in patients with negative interim PET; however, it was

also high in patients with positive interim PET when

compared to reported values in the literature. We assume

this has accounts for the high PFS rate in patients with

positive interim PET. This discrepancy may be due to the

limited number of patients in our cohort as well as patient

selection bias because of exclusion of patients without

entire PET data.

In a review of seven studies investigating the correla-

tions between early response and survival, interim PET

predicted OS with 79% sensitivity, 92% specificity, 90%

PPV, 81% NPV and 85% accuracy [24]. Hutchings et al.

[25] investigated the prognostic value of interim PET in 85

patients and found it to predict PFS independently with an

bFig. 2 Kaplan–Meier curves of PFS: a statistically significant cut-off

value for DSUVmax was only calculated for post-treatment PET (a).
On the other hand, using interim PET this study failed to report a

significant cut-off value and further analysis (b, c) using reported

values in the literature (66 and 77%) also failed to predict PFS.

Application of IHP criteria, yielded statistically significant results for

post-treatment but not interim PET data (d, e)

Table 3 Mean SUVmax of patients in respective categories

IHP complete

responders

PET-negative by Deauville IHP partial

responders

IHP non-

responders

PET-positive by Deauville

Interim PET 1.5 1.3 (sensitive) 1.6 (conservative) 2.6 n/a 3.2 (sensitive) 3.9 (conservative)

Post-

treatment

PET

1.8 2.1 (sensitive) 2.1 (conservative) 1.9 6.1 4.1 (sensitive) 4.3 (conservative)

Table 4 Correlation of IHP criteria to Deauville criteria and

DSUVmax by Chi-square test

Interim PET Post-treatment PET

Deauville sensitive reading p = 0.002 p = 0.055

Deauville conservative reading p = 0.001 p = 0.058

DSUVmax p = 0.03 p = 0.004
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NPV of 95% which is consistent with the result of our

study. Similarly, the prognostic value of DSUVmax has also

been documented in the literature [18]. However, in our

study, the calculated cut-off value for Interim DSUVmax

(83%) in the prediction of PFS was not statistically sig-

nificant (p = 0.434). Calculation of PFS according to

reported values in the literature [19] did not yield signifi-

cant results either (p = 0.604 and 0.431, for Interim

DSUVmax 66 and 77%, respectively). Consequently, we are

unable to report a significant cut-off value for Interim

DSUVmax in the prediction of PFS. In agreement with our

findings; in a study by Furth et al. [26], which was the first

prospectively conducted pediatric study, a cut-off value of

58% was found in a cohort of 40 children; however, it was

reported that it could not reliably predict the response to

treatment. Of note, NPV of Interim DSUVmax in the

determination of 3-year PFS was 88.6% and PPV 16.6%

which is in accordance with a number of studies reported in

the literature. On the contrary, some studies have reported

significant results in the prediction of PFS by Interim

DSUVmax. In a study by Torizuka et al., a cut-off value of

60% could reliably predict the response to treatment [27].

They also found Interim DSUVmax to be significantly

higher in patients with complete response than those

without (81 and 35%, respectively). Itti et al. calculated

2-year PFS for a cut-off value of DSUVmax below and

above 72.9%, as 32 and 79%, respectively [28]. In this

regard, this study failed to identify a statistically significant

DSUVmax value for interim PET to predict PFS. This par-

ticular contrast with previous studies discussed above could

be attributed to a variety of causes, such as the retrospec-

tive design of the study or the relatively limited number of

patients available. We also assume that unanticipated high

PFS rate below the calculated Interim DSUVmax and the

lack of predetermined PET timing due to the retrospective

design of the study may be other potential factors. Nev-

ertheless, further prospective studies, which consider these

variables, should be undertaken.

On the other hand, contrary to Interim DSUVmax, post-

treatment DSUVmax predicted PFS with strong statistical

significance (p = 0.000) for a calculated value of 73%. No

recurrence was observed in patients with post-treatment

DSUVmax above 73%, while under 73% 1-year PFS was

93% and 4-year PFS 55%. To the best of our knowledge,

the correlation between PFS and post-treatment DSUVmax

in a pediatric cohort has not been investigated. However, in

accordance with our results Barnes et al. [29] also found

that interim PET failed to predict 4-year PFS (p = 0.57)

and OS (p = 0.09), in contrast to post-treatment PET

which successfully predicted PFS and OS (p\ 0.0001) in

adolescent patients.

IHP vs. Deauville criteria

Using IHP criteria on interim PET data could not statisti-

cally predict 3-year PFS (p[ 0.05) in contrast to Deauville

criteria interpretation. However, there was a statistically

significant correlation when PET-positive and negative

groups divided by Deauville criteria were, respectively,

compared to complete and partial responders as determined

by IHP. This comparison was made using both sensitive

(p = 0.002) and conservative reading (p = 0.001) which

both yielded high NPV (97.06 and 88.84%, respectively) in

the prediction of 3-year PFS. Similarly, in a study by Furth

et al. in which 39 pediatric HL patients were evaluated by

visual analysis, NPV of Deauville criteria using sensitive

reading was found in 96% [26].

In contrast to interim evaluation, using IHP criteria for

post-treatment evaluation predicted 3-year PFS

(p = 0.014) with high NPV and specificity. Prediction

based on Deauville criteria was also statistically significant.

Interestingly, when IHP and Deauville criteria were com-

pared, the p value was at the limit of significance

(p = 0.057 and p = 0.058 for conservative and sensitive

reading, respectively). There was also a strong correlation

(r = -0.471, p = 0.000) between Deauville criteria and

DSUVmax and there was not a significant difference in the

prediction of PFS between the two methods. Likewise, in a

study by Pilkington et al., no statistically significant dif-

ference was found between Deauville criteria and

Table 5 Performance of interpretation methods in the prediction of 3-year PFS

Interim PET Post-treatment PET

Deauville sensitive Deauville conservative Deauville sensitive Deauville conservative IHP criteria DSUVend 73%

Sensitivity 80.0 28.6 80.0 80.0 28.6 50.0

Specificity 63.5 78.0 65.9 70.7 95.4 71.4

PPV 17.4 15.4 22.2 25.0 40.0 21.5

NPV 97.1 88.6 96.4 96.7 92.5 90.0

Accuracy 51.4 56.9 43.1 45.8 88.9 41.7
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DSUVmax [30]. High PPV is needed to better guide man-

agement; however, PPV has been found to be substantially

low by all interpretation methods in this study. PPV

reached 40% at its best by post-treatment evaluation using

IHP criteria. Low PPV may be a result of a typical false-

positive paradox, that is, false-positive results are more

probable than true positive when the overall population has

a low incidence of a condition. The limited number of

recurrences due to the excellent cure rate of pediatric HL is

another factor which relates to a small number of true-

positives, and thus low PPV in terms of statistics.

Another reason may be the lack of controlled PET

timing due to the retrospective design of the study. Con-

sequently, interim PET has not been performed following

the same cycle of chemotherapy in all patients while post-

treatment PET timing differed especially in patients

undergoing RT. This variability in the timing of interim

PET scans may have led to heterogeneity in the interim

data. The Deauville criteria were adopted to minimize

false-positive results and to allow for a relatively contin-

uous reading scheme. However, higher PPV was not

achieved with them either. Patient selection bias such as

the exclusion of patients with entire PET data and rela-

tively small sample size due to insufficient high numbers of

patients in respective interpretation categories may be

potential causes in addition to the ones discussed above.

Despite all the limitations, a negative PET scan is a strong

prognostic indicator of disease, whereas a positive scan

should be validated with other imaging modalities or

biopsy.

Conclusions

Our findings indicate the potential of improving the prog-

nostic value of post-treatment 18F-FDG-PET by using

SUV-based analysis in pediatric Hodgkin lymphoma. The

optimal cut-off value for SUVmax reduction from baseline

to end of therapy is 73% for predicting PFS. Although

quantitative evaluation is comparable to visual interpreta-

tion at the end of therapy with high NPV, our results failed

to demonstrate a significant cut-off value for interim PET

where Deauville criteria are superior to other methods. On

the other hand, IHP criteria perform better than Deauville

at the end of therapy. Potential implications for patient care

will be to provide a more reproducible assessment of

interim PET studies particularly to improve PPV and

eventually, to guide risk-adapted therapies.
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