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ABSTRACT

STUDY QUESTION: What is the impact of the EuroNet-PHL-C2 treatment protocol for children with classical Hodgkin lymphoma
(cHL) on gonadal function in girls, based on assessment of serum anti-Miillerian hormone (AMH)?

SUMMARY ANSWER: Serum AMH levels decreased after induction chemotherapy and increased during subsequent treatment and
2 years of follow-up, with lowest levels in patients treated for advanced stage cHL.

WHAT IS KNOWN ALREADY: Treatment for cHL, particularly alkylating agents and pelvic irradiation, can be gonadotoxic and result
in premature reduction of primordial follicles in females. The current EuroNet-PHL-C2 trial aims to reduce the use of radiotherapy in
standard childhood cHL treatment, by intensifying chemotherapy. This study aims to assess the gonadotoxic effect of the EuroNet-
PHL-C2 protocol.

STUDY DESIGN, SIZE, DURATION: This international, prospective, multicenter cohort study is embedded in the EuroNet-PHL-C2
trial, an European phase-3 treatment study evaluating the efficacy of standard cHL treatment with OEPA-COPDAC-28 (OEPA: vincris-
tine, etoposide, prednisone, and doxorubicin; COPDAC-28: cyclophosphamide, vincristine, prednisone, and dacarbazine) versus in-
tensified OEPA-DECOPDAC-21 (DECOPDAC-21: COPDAC with additional doxorubicin and etoposide and 25% more cyclophosphamide)
in a randomized setting. Participants were recruited between January 2017 and September 2021.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Female patients aged <18years, treated according to the EuroNet-PHL-C2 proto-
col for cHL were recruited across 18 sites in the Netherlands, Belgium, Germany, Austria, and Czech Republic. All parents and
patients (aged >12years old) provided written informed consent. Serum AMH levels and menstrual cycle characteristics were evalu-
ated over time (at diagnosis, one to three times during treatment and 2 up to 5years post-diagnosis) and compared between
treatment-levels (TL1, TL2, and TL3) and treatment-arms (OEPA-COPDAC-28 and OEPA-DECOPDAC-21). Serum samples obtained
from patients after receiving pelvic radiotherapy were excluded from the main analyses.

MAIN RESULTS AND THE ROLE OF CHANCE: A total of 104 females, with median age at diagnosis of 15.6 years (IQR 13.7; 17.0), were
included in the analysis. Ninety-nine were (post)pubertal. Eighteen girls were diagnosed with an early stage of cHL (TL1) and 86 with
intermediate or advanced stage disease (50 TL2 and 36 TL3, 66% received COPDAC-28 and 34% DECOPDAC-21). Five patients received
pelvic radiotherapy. Median AMH level at diagnosis was 1.7 pg/1 (IQR 0.9; 2.7). After two courses of OEPA chemotherapy, AMH levels
decreased substantially in all patients (98% <0.5 pg/l), followed by a significant increase during the consolidation treatment and
follow-up. After 2years, 68% of patients reached their baseline AMH value, with overall median recovery of 129% (IQR 75.0; 208.9)
compared to baseline measurement. Five patients (7%) had AMH <0.5 pg/l. In patients treated for advanced stage disease, AMH levels
remained significantly lower compared to early- or intermediate stage disease, with median serum AMH of 1.3 ug/1 (IQR 0.8; 2.1) after
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2 years. Patients who received DECOPDAC-21 consolidation had lower AMH levels during treatment than patients receiving COPDAC-
28, but the difference was no longer statistically significant at 2 years post-diagnosis. Of the 35 postmenarchal girls who did not
receive hormonal co-treatment, 19 (54%) experienced treatment-induced amenorrhea, two girls had persisting amenorrhea
after 2 years.

LIMITATIONS, REASONS FOR CAUTION: The studied population comprises young girls with diagnosis of cHL often concurring with
pubertal transition, during which AMH levels naturally rise. There was no control population, while the interpretation of AMH as a
biomarker during childhood is complex. The state of cHL disease may affect AMH levels at diagnosis, potentially complicating assess-
ment of AMH recovery as a comparison with baseline AMH. The current analysis included data up to 2-5 years post-diagnosis.

WIDER IMPLICATIONS OF THE FINDINGS: The current PANCARE guideline advises to use the cyclophosphamide-equivalent dose
score (CED-score, as an estimation of cumulative alkylating agent exposure) with a cut-off of 6000 mg/m? to identify females aged
<25years at high risk of infertility. All treatment-arms of the EuroNet-PHL-C2 protocol remain below this cut-off, and based on this
guideline, girls treated for cHL should therefore be considered low-risk of infertility. However, although we observed an increase in
AMH after chemotherapy, it should be noted that not all girls recovered to pre-treatment AMH levels, particularly those treated for
advanced stages of cHL. It remains unclear how our measurements relate to age-specific expected AMH levels and patterns.
Additional (long-term) data are needed to explore clinical reproductive outcomes of survivors treated according to the EuroNet-PHL-
C2 protocol.

STUDY FUNDING/COMPETING INTEREST(S): The fertility add-on study was funded by the Dutch charity foundation KiKa (project
257) that funds research on all forms of childhood cancer. CM-K., D.K.,, WHW., D.H,, M.C,, A.U,, and A.B. were involved in the devel-

opment of the EuroNet-PHL-C2 regimen. The other authors indicated no potential conflicts of interest.

TRIAL REGISTRATION NUMBER: N/A.
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Introduction

Current treatment for childhood classical Hodgkin lymphoma
(cHL) is highly effective with survival rates exceeding 90% (Mauz-
Korholz et al., 2022). Treatment protocols are constantly adapted
in effort to reduce late effects such as second malignancies and a
reduced reproductive function, that substantially affect quality
of life during survivorship (Absolom et al., 2008; Schaapveld et al.,
2015). In the European EuroNet-PHL-C1 randomized protocol, the
use of radiotherapy was reduced for early stage disease (to lower
the risk of secondary malignancies) and the gonadotoxic agent
procarbazine was successfully omitted in intermediate and
advanced stage disease by the introduction of cHL treatment
with OEPA-COPDAC-28 (OEPA: vincristine, etoposide, prednisone
and doxorubicin; COPDAC-28: cyclophosphamide, vincristine,
prednisone and dacarbazine) as an alternative to OEPA-COPP
(COPP: cyclophosphamide, vincristine, prednisone, and procarba-
zine) (Mauz-Korholz et al., 2022). The current EuroNet-PHL-C2
protocol aims to further reduce the use of radiotherapy by inten-
sifying chemotherapy (European Network-Paediatric Hodgkin
Lymphoma Study Group (EuroNet-PHL), 2015). The cumulative
dose of cyclophosphamide is increased by 25% in the intensified
treatment-arm, in which patients receive DECOPDAC-21 consoli-
dation chemotherapy (DECOPDAC-21: COPDAC with a higher
dose of cyclophosphamide and additional doxorubicin and etopo-
side) instead of COPDAC-28. Since cyclophosphamide is an
alkylating gonadotoxic agent, an adverse effect of treatment on
gonadal function could be more pronounced in patients receiving
the intensified chemotherapy-arm of the EuroNet-PHL-C2 proto-
col, as this contains higher doses of this drug. Knowledge, how-
ever, of the impact of the different treatment arms of the
underlying treatment protocol for cHL on gonadal function is
lacking, while this is utmost importance for adequate counseling
on future fertility and decisions on potential fertility
preservation.

As girls are born with a finite pool of primordial follicles in the
ovaries, any gonadotoxic insult may result in a reduction of the
number of primordial follicles by inducing apoptosis and atrophy
during and directly after treatment (Meirow, 2000; Wallace and
Kelsey, 2010; Sonigo et al., 2019). This premature reduction in
ovarian reserve can potentially reduce the fertile lifespan and

result in premature ovarian insufficiency (POI) during survivor-
ship (Webber et al., 2016; Spears et al., 2019). Anti-Mullerian hor-
mone (AMH) is generally considered a marker of ovarian reserve
and is produced by granulosa cells of early developing follicles
(Broer et al., 2014; Anderson and Su, 2020). Generally, an increase
of serum AMH is seen during infancy and puberty. After the age
of ~25years old, AMH progressively declines to undetectable lev-
els before menopausal transition (Kelsey et al., 2011; Lie Fong
et al., 2012; Broer et al., 2014). Previous studies have shown that
AMH levels tend to drop considerably in females during chemo-
therapy due to the acute cytotoxic effect of treatment (Anderson
et al., 2022). In the months thereafter, AMH commonly increases
as the follicular recruitment resumes. However, recovery pat-
terns are highly variable and in most female adult cancer survi-
vors AMH levels do not reach pre-treatment levels. There
appears to be a regimen- and dose-related effect, with higher
gonadotoxicity correlating with lower AMH levels post-treatment
(Krawczuk-Rybak et al., 2013; Anderson et al., 2018, 2022; Oktem
et al., 2018; Decanter et al., 2021).

The objective of the present study is to assess the gonadotox-
icity of the EuroNet-PHL-C2 treatment protocol for female child-
hood cHL patients <18years of age, by evaluating serum AMH
and menstrual cycle characteristics in newly diagnosed cHL
patients up to 5years post-treatment.

Materials and methods
Study design and study population

This international, prospective, multicenter cohort study is
embedded in the EuroNet-PHL-C2 study, an European phase-3
treatment study evaluating the efficacy of cHL treatment with
OEPA-COPDAC-28 versus OEPA-DECOPDAC-21 in a randomized
setting (Clinicaltrials NCT02684708; EudraCT number 2012-
004053-88). Boys and girls with a confirmed diagnosis of cHL be-
fore or at the age of 18years, treated according to the EuroNet-
PHL-C2 regimen between January 2017 and September 2021 in
one of the 18 participating study sites across five countries (The
Netherlands, Belgium, Germany, Austria, and Czech Republic)
were eligible for the fertility add-on study. The present report
comprises the results of the included girls in the fertility add-on
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study. Reproductive outcomes among the participating boys will
be described separately.

cHL treatment regimen

All patients were treated according to the EuroNet-PHL-C2 proto-
col (European Network-Paediatric Hodgkin Lymphoma Study
Group (EuroNet-PHL), 2015). The treatment flow is schematically
depicted in Supplementary Fig. S1. In brief, assigned treatment
depended on treatment level (i.e. TL-stage based on Ann Arbor
classification and the presence of risk factors) and treatment re-
sponse (determined by PET-CT, AR = adequate response, IR = in-
adequate response). Patients in all treatment arms initially
received two cycles of OEPA induction treatment. TL1 patients
(early stage) subsequently received either one cycle of COPDAC-
28 (if in AR) or 20 Gy involved-field radiotherapy (if in IR) as con-
solidation treatment. TL2 and TL3 patients (intermediate and
advanced stages of cHL) were randomized to receive either two
(TL2) or four (TL3) additional COPDAC-28 or DECOPDAC-21
courses. Patients who refused randomization, received COPDAC-
28 consolidation chemotherapy. IR patients underwent a second
(late) response assessment (LRA). TL2 and TL3 COPDAC-28
patients with IR received radiotherapy to all initially involved
sites (20 Gy + 10 Gy boost to LRA PET+ sites), whereas IR patients
of the DECOPDAC-21-group only received radiotherapy to LRA
PET-positive sites (30 Gy) or no radiotherapy if in AR at LRA. On
31 December 2020 enrolment onto the EuroNet-PHL-C2 trial
ended, while the fertility add-on study continued to enroll
patients until 30 September 2021. After the end of accrual of the
EuroNet-PHL-C2 trial, newly diagnosed cHL patients were treated
with the standard OEPA-COPDAC-28 regimen. On the discretion
of the treating physician and in special situations, if potential
large radiotherapy fields were assumed, also DECOPDAC-21 con-
solidation could be given (e.g. to advanced stage patients).
Received treatment was analyzed per protocol in the present ob-
servational study.

Data collection and measurements

Data were collected at diagnosis (T0) and during regular checkup
visits after 2x OEPA (T1), after 1x COPDAC-28 (T1b, only for TL1
patients), after 2x (DE)COPDAC (T2, for TL2/TL3 patients), after
4x (DE)COPDAC (T3, only for TL3 patients), 2 years post-diagnosis
(T4) and 5years post-diagnosis or as soon as the patient turned
18years old (T5). If the patient had reached the age of 18years
earlier than 2years post-diagnosis, data collection was consid-
ered complete after the T4 follow-up. Study participation and
data collection ended per direct in case of disease progression or
recurrence, death or lost to follow-up.

The primary outcome of the present study was gonadal func-
tion assessed by serum AMH, compared between the TL-stages
and COPDAC-28/DECOPDAC-21 consolidation schemes. Timing
of menarche, the occurrence of treatment-induced amenorrhea,
and regularity of the menstrual cycle during follow-up were in-
cluded as secondary outcomes. In order to adjust for relevant
confounders, data on age at time of sampling, the use of oral con-
traceptives and prescription of GnRH-analogues were recorded in
the dataset.

Blood sampling

Blood samples were drawn at diagnosis and at each follow-up
and stored at local sites at (minimal) —20°C. In 2023 (January-
April), all available samples were collected and shipped on
dry-ice to the Netherlands. AMH levels were assessed at the labo-
ratory of Amsterdam UMC, the Netherlands. Lower limit of quan-
titation was 0.03pg/l, with intra-assay variation <1.3% and

inter-assay variation of <3.5% over the whole concentration
range (Cobas, Roche Diagnostics).

Menstrual cycle characteristics and hormonal co-treatment

Data on Tanner stage M: mammae, menarchal status (including
age at time of menarche), menstrual cycle characteristics and
hormonal cotreatment were obtained using a predesigned case-
report form (CRF). Pubertal stage was considered prepubertal in
case of Tanner-M=1 and (post)pubertal if Tanner-M > 1. Post-
menarchal girls who were not receiving hormonal contraceptives
or GnRH-analogues (gonadotropin releasing hormone analogues)
during treatment and experienced at least 6months without
menses were considered to have ‘treatment-induced amenor-
rhea’. Regularity of the menstrual cycle after 2years was
self-reported.

cHL staging and received treatment

Treatment data (TL, randomization result, planned and adminis-
tered treatments including radiotherapy sites and doses) were re-
trieved from the central EuroNet-PHL-C2 study database, as well
as data regarding date of diagnosis, age, Ann arbor stage of dis-
ease, presence of B symptoms (i.e. drenching night sweats, unex-
plained fever >38.5°C and weight loss >10% in 6months),
elevated ESR (erythrocyte sedimentation rate >30mm in the first
hour), bulk tumour volume (>200cc), E-lesions, tumour site and
regions involved (infradiaphragmatic region includes tumour
sites in the porta hepatis, splenic hilum, mesenteric, upper para-
aortic, lower para-aortic, iliac and inguinal area) and potential re-
currence or secondary malignancies. Data of the patients who
were included in the fertility add-on study after December 2020
(and were not included in the main EuroNet-PHL-C2 study) were
collected from local medical files. All available data up to
October 2023 were included in the present analysis.

The cumulative alkylating agent exposure per TL and received
scheme was estimated by calculating the cyclophosphamide-
equivalent dose (CED-score), see Fig. 1 (Green et al., 2014).

Statistical analysis

To evaluate ‘very low’ AMH levels, measurements were dichoto-
mized into <0.5 pg/l and >0.5 pg/l (Revelli et al., 2016). Recovery
of AMH was calculated using the following equation; AMH level
at 2 years post-diagnosis (T4)/AMH level at diagnosis (T0) * 100%.
In cases where AMH recovery was >100%, patients were consid-
ered to have reached their baseline value. A total of 46 laboratory
measurements that were reported as ‘AMH <0.03 pg/l" were
recoded into 0.03 pg/1 to allow statistical analyses.

Baseline information, serum AMH, and data on the menstrual
cycle characteristics were compared between treatment-
schemes using Chi-square, Fishers exact or Mann-Whitney U
tests. Linear mixed models were used to estimate the effect of
treatment on log-transformed AMH levels over time (T0O-T5S) with
a random intercept at patient level to correct for correlated
observations within the same patient. Potential differences in
outcomes between treatment levels (TL1, TL2, TL3) and
treatment-schemes (TL2/TL3 DECOPDAC-21 and COPDAC-28)
were assessed in the analyses by adding these variables of inter-
est. Moreover, linear regression analyses were used to study the
impact of B-symptoms and/or elevated ESR (as signs of an ele-
vated inflammatory state) on log-transformed baseline
AMH levels.

All analyses were adjusted for age and use of oral contracep-
tives or GnRH-analogues at time of sampling. Outcomes were re-
transformed into the original scale and were presented as
geometric-mean ratio (GMR) with their corresponding 95%
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Figure 1. Study flowchart. Flow diagram of the fertility add-on study, depicting enrollment, assigned treatment according to the EuroNet-PHL-C2
protocol with corresponding cyclophosphamide equivalent dose (CED) score, and follow-up/end of study for the present study. cHL, classical Hodgkin
lymphoma; COPDAC-28, cyclophosphamide, vincristine, prednisone and dacarbazine; DECOPDAC-21, doxorubicin, etoposide, cyclophosphamide,
vincristine, prednisone and dacarbazine; OEPA, vincristine, etoposide, prednisone, doxorubicin; OPPA, vincristine, procarbazine, prednisone,
doxorubicin; TL, treatment level; RT, radiotherapy; n, number. *a total of 5 patients assigned to TL3 (receiving OEPA induction and COPDAC-28

consolidation chemotherapy) received pelvic radiotherapy.

confidence interval (95% CI) and P-value. Samples obtained from
patients after receiving radiotherapy were excluded from the
main analyses and separately assessed in unadjusted compara-
tive analyses (n=4 T4 samples and n=1 T5 sample). Statistical
analyses were performed using IBM SPSS Statistics version 28.0
(IBM Corp., 2021) and P-values below 0.05 were considered statis-
tically significant.

Ethical approval

All parents and patients (aged >12 years old) provided written in-
formed consent for study participation. The study was approved
by local ethical boards in each participating country. This study
was performed in accordance with Good Clinical Practice and the
Declaration of Helsinki.

Results
Included girls
A total of 106 girls were included in the fertility-add on study of
whom 104 girls were included in the present analysis. Two girls
were excluded, one because of a final non-cHL diagnosis and an-
other because she received procarbazine-based induction treat-
ment instead of the OEPA chemotherapy of the C2-protocol.
Baseline data are presented in Table 1. Median age at diagno-
sis was 15.6years (IQR 13.7-17.0, range 7.3-18.8). Ninety-nine
(95%) girls were (post)pubertal. Eighteen girls were diagnosed
with an early stage cHL (TL1) and 86 with intermediate (TL2,
n=>50) and advanced stages of disease (TL3, n=36). Fifty-seven
TL2/3 girls (66%) received COPDAC-28- and 29 (34%) received
DECOPDAC-21 consolidation chemotherapy. Overall, CED-score
of received treatment ranged between 0 and 5000 mg/?. Twenty-
one (20%) patients received radiotherapy, of whom five patients

(5%) were irradiated in the pelvic area (19.8Gy), all of these
patients were assigned to TL3 and treated with COPDAC-28
consolidation.

Median duration of follow-up was 24.0 months (IQR 23.0-28.0).
At present, 70 out of the 104 patients (67%) have completed
follow-up. A total of 53 patients reached the age of 18years, four
patients were 5years post-treatment and study participation
ended prematurely in 13 patients (n=3 progression of disease,
n=4recurrence, n=1 died during follow-up because of a second-
ary malignancy, n=5 lost to follow-up). The remaining 34
patients are still in follow-up. An overview of the inclusion,
assigned treatment and follow-up is included in the flowchart
in Fig. 1.

Anti-Mullerian hormone

At diagnosis

Blood samples at diagnosis were available for 97 (93%) girls, with
median age at time of blood sampling 15.6 years (IQR 13.7-17.2).
Median AMH levels were 1.7 pg/l (IQR 0.9; 2.7), 12 (12%) girls had
AMH levels <0.5 pg/1 (Table 2). Baseline AMH levels were not sta-
tistically significantly different between the TL stages, and there
were also no significant differences between the AMH levels of 81
patients who presented with signs of an elevated inflammatory
state (i.e. B symptoms and/or ESR >30 mm/h), compared to 23
patients without B symptoms and ESR <30 mm/h (adjusted GMR
0.76 (95% 0.5; 1.3) P=0.31).

During treatment

A total of 220 samples were drawn during treatment (T1: 100
samples, T1b: 15 samples, T2: 76 samples and T3: 29 samples). Of
these, 33 samples were obtained from TL1 patients, 121 from
TL2/TL3 COPDAC-28 patients and 66 from TL2/TL3 DECOPDAC-
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Table 1. Baseline characteristics of all included girls.

Treatment arms

COPDAC-28 vs

TL2/3 TL2/3 DECOPDAC-21
All included TL1 COPDAC-28 DECOPDAC-21
girls(n =104) (n=18) arm (n=>57) arm (n=29) (P-value)

Age at diagnosis (years), median (IQR) 15.6[13.7;17.0]  15.8[13.9;17.1] 15.8[14.4;16.8] 15.0[13.2;17.0] 0.40
(Post)pubertal at diagnosis® 99 (95%) 17 (94%) 56 (98%) 26 (90%) 0.11
Hormonal contraceptives during treatment® 38/87 (44%) 7/15(47 %) 25/49 (45%) 6/23 (26%) 0.06
GnRH-analogues during treatment® 17/87 (20%) 3/15 (20%) 9/49 (18%) 5/22 (23%) 1.000
Ann Arbor stage of disease

1 0 (0%) 0 (0%) — — 0.10

2 62 (60%) 18 (100%) 33 (58%) 11 (38%)

3 19 (18%) 0 (0%) 9 (16%) 10 (35%)

4 23 (22%) 0 (0%) 15 (26%) 8 (28%)
B-symptoms*© 33 (32%) 1(6%) 18 (32%) 14 (48%) 0.20
ESR > 30mm/h 75 (72%) 0 (0%) 51 (90%) 24 (83%) 0.50
Bulky disease® 53 (52%) 0 (0%) 36 (64%) 17 (59%) 0.78
Involved tumor sites in infradiaphragmatic region® 32 (31%) 1(6%) 12 (21%) 15 (52%) 0.008
Treatment level (TL) and ERA response

TL1, adequate response 16 (15%) 16 (89%) — — 0.24

TL1, inadequate response 2 (2%) 2 (11%) — —

TL2, adequate response 37 (36%) — 24 (42%) 13 (45%)

TL2, inadequate response 13 (13%) — 11 (19%) 2 (7%)

TL3, adequate response 18 (17%) — 9 (16%) 9 (31%)

TL3, inadequate response 18 (17%) — 13 (23%) 5(17%)
Radiotherapy

Received radiotherapy 21 (20%) 2 (11%) 17 (30%) 2 (7%) 0.03

Radiotherapy assigned but not given 3 (3%) 0 (0%) 3 (5%) 0 (0%)

Ended study participation before end of treatment 5 (5%) 0 (0%) 3 (5%) 2 (7%)
Pelvic radiotherapy’ 5 (5%) 0 (0%) 5 (9%) 0 (0%) 0.16
Median follow-up, months (IQR) 24.0[23.0:28.0] 25.0[23.0;26.0] 24.0[22.0;28.0] 25.0[23.0;29.0] 0.32
End of study

Recurrence/progression of disease 7 (7%) 0 (0%) 5 (9%) 2 (7%) 0.58

Secondary malignancy 1(1%) 0 (0%) 1(2%) 0 (0%)

Death 1(1%) 0 (0%) 1(2%) 0 (0%)

Lost to follow-up 5 (5%) 0 (0%) 4 (7%) 1(3%)

P values were calculated by Mann-Whitney U test (continuous) or Chi-square/Fishers exact (categorical). Assigned treatment was according to the EuroNET-PHL-
C2 protocol (see treatment-flow in Supplementary Fig. S1). TL1 patients receive 2x OEPA induction followed by either 1x COPDAC-28 or involved node
radiotherapy. TL2/TL3 patients are randomized between the COPDAC-28 and DECOPDAC-21 treatment-arm and receive 2x OEPA induction followed by 2x (TL2) or
4x (TL3) (DE)COPDAC consolidation. Indication for radiotherapy depends on treatment response and treatment-group.

OEPA, vincristine, etoposide, prednisone, doxorubicin; COPDAC-28, cyclophosphamide, vincristine, prednisone, and dacarbazine; DECOPDAC-21, doxorubicin,
etoposide, cyclophosphamide, vincristine, prednisone and dacarbazine; ESR, erythrocyte sedimentation rate; ERA, early response rate; IQR, interquartile range; TL,

treatment level.
@ (Post)pubertal is defined as tanner stage (mammae) >1.

Bulky disease is defined as contiguous tumour volume of at least 200 ml.

-0 a0 o

All patients received 19.8 Gy.

Table 2. Anti-Mullerian hormone (AMH) at diagnosis, and 2 years
post-diagnosis.

At 2 years
diagnosis post-diagnosis
(n=97) (n=73)**
Age at sampling in 15.6 [13.7; 17.2] 17.8[15.8; 19.1]

years, median (IQR)

Used HC at time of 25 (25.8%) 25 (34.2%)

blood sampling
AMH, median (IQR) 1.7 [0.9; 2.7] 2.1[1.1;3.8]
AMH <0.5 pg/l 12 (12%) 5 (7%)
Reached baseline AMH 46 (68%)

AMH recovery*, median (IQR) — 129 [75.0; 208.9]

HC, hormonal contraceptives; IQR, interquartile range.
*  Reached percentage of baseline AMH, calculated as AMH T4/AMH TO *100%.
**  Samples drawn in patients after receiving pelvic radiotherapy (i.e. n=4
blood samples) were excluded from the analyses.

21 patients. There was a significant decrease in serum AMH in all
patients after two courses of OEPA, with a median AMH of 0.06
pg/1 (IQR 0.03; 0.1) and 98% of measurements below 0.5 pg/l. In all

Reported percentages of girls using hormonal contraceptives or GNRH-analogues were calculated in post-menarchal girls.
B symptoms, i.e. unexplained fever >38.5°C, weight loss of 10% during the past 6 months and drenching night sweats.

Including tumour sites in the porta hepatis, splenic hilum, mesenteric, upper para-aortic, lower para-aortic, iliac and inguinal area.

treatment-arms, the serum AMH level significantly increased
during consolidation treatment. However, adjusted serum AMH
levels remained significantly lower at T2 and T3 checkups in the
DECOPDAC-21-group when compared to the COPDAC-28-group
(T2: estimated effect for DECOPDAC-21 GMR 0.17 (95% CI 0.10;
0.29), P =< 0.001; T3 GMR 0.30 (95% CI 0.07; 0.31), P =< 0.001).
AMH values over time are depicted in boxplots in Fig. 2 (split for
TL-stage) and Fig. 3 (split for COPDAC-28/DECOPDAC-21
scheme). Median values and prevalence of AMH<O0.5 pg/l per
checkup are included in Supplementary Table S1 and results of
the linear mixed models are reported in Table 3.

Up to 5 years post-diagnosis

Overall, median serum AMH after 2years was 2.1 pg/l (IQR 1.1;
3.8), measured in 73 samples with age at time of sampling
17.8years (IQR 15.8; 19.1) (Table 2). In total, 5 (7%) patients had
AMH levels <0.5 pg/l at 2years post diagnosis (i.e. n=2 TL2-
COPDAC-28, n=1 TL3-COPDAC-28, n=2 TL3-DECOPDAC-21).
Median AMH was 1.3 pg/l (IQR 0.8; 2.1) in TL3 patients and there
was a significant association with lower AMH levels in higher
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Figure 2. Serum anti-Millerian hormone (AMH) during treatment for
childhood classical Hodgkin lymphoma and follow-up, compared
between treatment levels. Boxplots depicting the distribution of
uncorrected serum AMH levels from diagnosis up to 5 years post-
diagnosis, including the median (centerline), interquartile range (end of
the box) and range (end of the whiskers). Separate dots are outliers.
Patients within TL1 are shown in green, TL2 in purple and TL3 in red. TL,
treatment level; N, number. Timing sampling: TO, at diagnosis; T1, after
2x OEPA,; T1b, after 1x COPDAC-28; T2, after 2x (DE)COPDAC; T3, after
4x (DE)COPDAC; T4, 2 years post-diagnosis; TS, 5 years post-diagnosis or
as soon as the patient turned 18 years old. Assigned treatment was
according to the EuroNet-PHL-C2 protocol (see treatment-flow in
Supplementary Fig. S1). TL1 patients received 2 x OEPA + 1x COPDAC,
TL2 patients received 2 x OEPA + 2 x (DE)COPDAC, TL3 patients received
2 x OEPA + 4x (DE)COPDAC. OEPA, vincristine, etoposide, prednisone,
doxorubicin; COPDAC-28, cyclophosphamide, vincristine, prednisone
and dacarbazine; DECOPDAC-21, doxorubicin, etoposide,
cyclophosphamide, vincristine, prednisone and dacarbazine. A total of
five patients in the TL3 group received pelvic radiotherapy. Samples
drawn in these patients after receiving radiotherapy (n=4 T4 samples
and n=1T5 sample) were excluded from the analyses.

treatment levels (intercept T4: estimated effect for TL3 versus
TL2 GMR 0.40 (95% CI 0.22; 0.73), P=0.003, estimated effect for
TL3 versus TL1 GMR 0.36 (95% CI 0.16; 0.77), P=0.009).

When considering AMH recovery, 68% of all patients reached
their baseline AMH (n=46/68), with an overall median observed
recovery of 129% (IQR 75.0; 208.9). More specifically, in the ad-
vanced stage TL3 group, 10 out of 20 patients (50%) achieved
their baseline AMH value and median recovery was 94% (IQR
34.0; 168.6), compared to 24 out of 33 patients (73%) and a me-
dian recovery of 139% (IQR 99.5; 225.0) in the TL2 group (P=0.17
reached baseline, P=0.06 median recovery, respectively)
(Supplementary Table S1). Furthermore, after 2 years, there were
no significant differences in median AMH levels and the observed
recovery rates between the COPDAC-28 and DECOPDAC-21
schemes (AMH: T4 estimated effect for DECOPDAC-21 GMR 1.14
(95% CI 0.65; 1.99), P=0.654, median recovery COPDAC-28 136%
(IQR 99.9; 209.3) versus DECOPDAC-21 117% (IQR 63.5; 207.4),
P=0.16 respectively). Unadjusted median AMH after 2 years was
lower among the patients who had received pelvic radiotherapy
compared to those who were not irradiated (in the pelvic area)
(median AMH 0.5 pg/l, IQR 0.3; 0.8, n =4 versus 2.1 ug/l (1.1; 3.8)
n=73, P=0.011). However, the irradiated patients also had re-
markably low AMH levels before treatment (AMH 0.3 pg/l, IQR
0.2; 0.5, versus 1.6 pg/l, IQR 1.0; 2.8, P=0.003). The patients who
received pelvic radiotherapy all had advanced stage cHL (all TL3
with inadequate treatment response).

A total of 12 TS samples were included in the analyses, with a
median time since diagnosis of 3.0years (range 2.3-5.2years).
The observed median AMH T5 level appeared lower in patients of

TL2 and TL3
L patients
° assigned to
EcoPDAC-28
= Epecorpac-21
g 10
z
s
<
£
2
& °
°
1 °
il B4 :
0
TO T T2 T3 T4 T5
N samples
COPDAC-28 51 54 50 17 36 5
DECOPDAC-21 28 28 26 12 22 5

Figure 3. Serum anti-Millerian hormone (AMH) during treatment for
childhood classical Hodgkin lymphoma and follow-up, compared
between COPDAC-28 and DECOPDAC-21 treatment schemes. Boxplots
depicting the distribution of uncorrected serum AMH levels from
diagnosis up to 5 years post-diagnosis, including the median (centerline),
interquartile range (end of the box) and range (end of the whiskers).
Separate dots are outliers. TL2/TL3 Patients who received COPDAC-28
consolidation are shown in blue and DECOPDAC-21 patients in orange.
TL, treatment level; N, number. Timing sampling: TO, at diagnosis; T1,
after 2 x OEPA; T2, after 2 x (DE)COPDAC; T3, after 4 x (DE)COPDAC; T4,
2 years post-diagnosis; TS5, 5 years post-diagnosis or as soon as the
patient turned 18 years old. Assigned treatment was according to the
EuroNet-PHL-C2 protocol (see treatment-flow in Supplementary Fig. S1).
TL2 patients received 2 x OEPA + 2x (DE)COPDAC, TL3 received 2x OEPA
+ 4x (DE)COPDAC. OEPA, vincristine, etoposide, prednisone,
doxorubicin; COPDAC-28, cyclophosphamide, vincristine, prednisone
and dacarbazine; DECOPDAC-21, doxorubicin, etoposide,
cyclophosphamide, vincristine, prednisone and dacarbazine. A total of
five patients in the TL3 group received pelvic radiotherapy. Samples
drawn in these patients after receiving radiotherapy (n =4 T4 samples
and n=1T5 sample) were excluded from the analyses.

the DECOPDAC-21 scheme, when compared to those treated with
COPDAC-28 (2.2 pg/l (1.2; 4.6) in five patients receiving
DECOPDAC-21 and 4.0 pg/l (1.9; 9.8) in five patients receiving
COPDAC-28, respectively). However, the sample size was fairly
limited and no statistically significant differences were observed
in the linear mixed models (intercept T5: estimated effect for
DECOPDAC-21 versus COPDAC-28 GMR 1.00 (95% CI 0.33;
3.01), P=0.994).

Menstrual cycle characteristics and hormonal
co-treatment

Data on the menstrual cycle characteristics at diagnosis and dur-
ing follow-up are presented in Supplementary Table S2.
Contraceptives and GnRH-analogues were prescribed to 38 (44%)
and 17 (20%) post-menarchal girls during treatment, respectively.
Out of the 35 post-menarchal girls who were not taking any con-
traceptives or GnRH-analogues, 19 (54%) experienced treatment-
induced amenorrhea. Self-reported regularity of the menstrual
cycle at 2years post-diagnosis was known in 89 girls. The men-
strual cycle was regular in 33 girls, irregular in 14 girls and absent
in 2 girls (i.e. n=1 TL3-COPDAC-28 and n=1 TL3-DECOPDAC-
21). Thirty-four girls used hormonal contraceptives, and the
remaining six had not yet experienced their menarche. There
were no statistically significant differences in the occurrence of
treatment-induced amenorrhea and regularity of the menstrual
cycle during follow-up between the COPDAC-28 and DECOPDAC-
21 treatment schemes.

Discussion

This study prospectively assessed markers of gonadal function
among girls treated for newly diagnosed cHL according to the
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current EuroNet-PHL-C2 protocol. In all patients, we observed a
rapid and steep decrease in serum AMH after the administration
of two OEPA induction chemotherapy courses. Serum AMH in-
creased significantly during consolidation chemotherapy and
2years of follow-up, although not all girls recovered to pre-
treatment AMH levels. There was a clear association between
higher TL-stage, i.e. a higher chemotherapy treatment burden,
and lower AMH during treatment and after 2 years, after adjust-
ment for age and hormonal co-treatment. There were no statisti-
cally significant differences in observed serum AMH between the
standard and intensified chemotherapy arms after 2 years.

The observed AMH levels at diagnosis seemed relatively low
for the age group of the studied cohort of girls, with an observed
group median of 1.7 pg/l and 12 girls with AMH levels <0.5 pg/l.
Normative models often report AMH reference values between 3-
4 pg/l for girls aged between 14 and 18years old (Kelsey et al.,
2011; Li et al, 2012; Lie Fong et al, 2012; Yates et al., 2019).
Previous studies have reported reduced baseline AMH levels in
newly diagnosed cancer patients, which were hypothesized to be
related to an overall impaired health status (Dorp et al., 2014;
Drechsel et al., 2023a). Most of our patients were diagnosed with
a more advanced stage of cHL, yet no significant association be-
tween serum AMH and the treatment-level nor the presence of B
symptoms or elevated ESR was established in the analyses. It is
unknown if there is a negative effect of the cHL disease on AMH
levels and if such an effect resolves after treating the disease.
However, if such an effect were to exist, we should be aware that
this could introduce bias when discussing AMH recovery relative
to baseline values.

Based on previous studies, recovery of AMH is to be expected
up to 1 or 2years after completion of treatment (Brougham et al.,
2012; Anderson et al., 2018, 2022; Anderson and Su, 2020; Berjeb
et al., 2020; Irene Su et al., 2020; Decanter et al., 2021). In our popu-
lation, AMH levels started to recover after induction chemother-
apy, i.e. during subsequent ongoing consolidation treatment and
2years of follow-up, and appeared to further increase between
the T4 and T5-checkups (2-5years post-diagnosis). However, it
remains uncertain how the observed values relate to expected
age-specific AMH (reference) values. Ideally, laboratory results
should have been compared to an age-matched control cohort,
which was unfortunately not available. The performance of addi-
tional statistical analyses based on AMH reference values was
considered unreliable because of the substantial impact of the
AMH assay variability and variance between the limited number
of available reference measurements in young and healthy chil-
dren. Nevertheless, observed median AMH was 1.3 pg/l among
girls receiving the highest number of chemotherapy cycles for
advanced stage disease and five girls had AMH <0.5 pg/l, which
will generally be considered low for women in the reproductive
phase in daily clinical practice. AMH may fluctuate during child-
hood and adolescence, and could potentially fall at the onset of
puberty (Hagen et al., 2012). However, most of the included girls
were aged between 16 and 19years old at their 2year post-
diagnosis check-up and it seems unlikely that lower AMH levels
during follow-up could be fully attributed to a peripubertal state.
Besides, an additional natural age-expected increase in AMH is to
be expected in the studied cohort, and returning to baseline AMH
alone may not be sufficient. The observed AMH levels in these
girls may still be relatively lower than expected, which, despite
the recovery, could still suggest gonadotoxicity.

Adjusted AMH levels remained significantly lower during
treatment with DECOPDAC-21 chemotherapy when compared to
the standard COPDAC-28 consolidation treatment. In addition to

intensified chemotherapy, the DECOPDAC-21 courses are given
every 3weeks instead of every 4 weeks in the COPDAC-28 arm,
which potentially allows less time for gonadal recovery during
treatment. At 2years post-diagnosis, we no longer observed sta-
tistically significant differences in AMH levels between the two
treatment schemes. However, given that the T5 analysis was
based only 10 samples collected from T12/TL3 patients between 2
and 5years post-diagnosis, there is still too little data available to
rule out potential long-term differences in recovery.

The overall objective of the introduction of DECOPDAC-21
chemotherapy is to reduce radiotherapy. Data on efficacy of the
EuroNet-PHL-C2 protocol are still pending. In our study, none of
the DECOPDAC-21 patients received pelvic radiotherapy, while
actually more of these patients had active tumour sites within
the infradiaphragmatic region at time of diagnosis, thus were po-
tentially at risk of receiving pelvic radiotherapy. The sample size
was too limited to perform adjusted sensitivity analyses on the
subgroup of patients that received pelvic radiotherapy, but unad-
justed AMH levels were considerably low after treatment and
based on previous research, the risk of impaired fertility is espe-
cially high among these patients (Wallace et al., 2003, 2005; Fong
et al., 2009; Elchuri et al., 2016; Van Den Berg et al., 2018; van de
Loo et al., 2019; van Dijk et al.,, 2020; Drechsel et al., 2023a).
Samples obtained from patients after receiving pelvic radiother-
apy were excluded from the primary analysis to more accurately
evaluate the impact of chemotherapy on serum AMH.
Nevertheless, any successful reduction of radiotherapy within
the DECOPDAC-21 arm should also be considered when compar-
ing overall gonadotoxicity (and risk of other late effects) of both
treatment schemes.

In line with previous evidence, treatment-induced amenor-
rhea was commonly reported (54%) among those girls not receiv-
ing hormonal co-treatment, with subsequent recovery in the vast
majority of girls (Behringer et al, 2013; Boltezar et al., 2016;
Jacobson et al., 2016). However, although the resumption of men-
ses confirms remaining gonadal function, it does not predict how
long the gonadal function will remain and it cannot offer reassur-
ance of future reproductive ability (Letourneau et al, 2012;
Jacobson et al., 2016). The menstrual cycle was absent in two girls
at 2years from diagnosis. Additional testing on the cause of sec-
ondary amenorrhea has not been performed within this study,
thus it was not possible to differentiate between POI or other
causes of amenorrhea.

Strengths and limitations

The fertility add-on study to the EuroNet-PHL-C2 protocol is the
first study to prospectively evaluate reproductive markers in
children treated for cHL, for this report focusing on females. The
longitudinal design of the study increases knowledge on the ef-
fect of cancer treatment on serum AMH in a larger context as a
surrogate marker for gonadal function. Nevertheless, several
study limitations should be addressed. The studied population
comprises young girls with diagnosis of cHL often concurring
with pubertal transition, during which AMH levels naturally rise.
There was no control population available, while the interpreta-
tion of AMH as a biomarker during childhood is complex. The
current analysis included data up to 2-5 years post-diagnosis and
potential long-term recovery and clinical reproductive outcomes
remain unknown. Serum follicle stimulating hormone (FSH) was
not included as a reproductive marker in this study. FSH mea-
surement would have required timing of blood sampling based
on the menstrual cycle, which was not feasible nor desirable
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during intensive treatment for cHL. In addition, most girls receive
oral contraceptives during chemotherapy to prevent excess
bleeding related to thrombocytopenia during menstruation,
which would have severely affected serum FSH levels. Still, the
measured circulating AMH could also have been affected by the
hormonal contraceptive use, although most girls used the con-
traceptives for a brief period. Contraceptive use was comparable
between both treatment schemes (COPDAC-28/DECOPDAC-21)
and results were adjusted for this potential confounder.
Furthermore, data on the regularity of the menstrual cycle after
treatment  was  self-reported, thus  potentially not
completely reliable.

The sample size of the DECOPDAC-21 treatment-arm was
lower than the COPDAC-28 treatment-arm and overall power to
study the effect of pelvic radiotherapy or potential differences
between pubertal stage groups was too limited. Similarly, our
planned analysis of the effect of GnRH-analogues on serum AMH
were impossible, as the sample size was too low to perform
analysis adjusted for confounding factors such as age and inten-
sity of received treatment.

Clinical implications and future research

In principle, cHL patients treated according to the EuroNet-PHL-
C2 protocol will receive chemotherapy with a CED-score <6000
mg/m?, which is considered low-risk of infertility in females aged
<25years according to the current PANCARE guidelines (Mulder
et al., 2021b). However, it should be acknowledged that the CED-
score calculator provides a conversion of only 10 alkylating
drugs, based on evidence derived from a fairly limited number of
studies (n=17) (Green et al., 2014). It is important to remain criti-
cal about the potential gonadotoxicity of treatment, since not all
alkylating agents used to treat cancer are part of the calculator
(e.g. dacarbazine) and risks could well be underestimated.
Although we observed an increase in AMH after chemotherapy, it
should be noted that not all girls recovered to pre-treatment
AMH levels, particularly those treated for advanced stages of
cHL. Additional data are needed to interpret our observations in
relation to expected age-specific AMH in healthy adolescents.
Present study results are still insufficient to provide full reassur-
ance regarding the gonadotoxic risk of both standard and intensi-
fied treatment arms of the EuroNet-PHL-C2 protocol, mostly due
to limited sample size and duration of follow-up.

Nevertheless, previous studies suggested that the chance to
become pregnant as a childhood cancer survivor is relatively
reassuring even in a setting where AMH levels are low, especially
when attempting pregnancy at a young age (van Dijk et al., 2020;
Drechsel et al., 2023a,b). The latter however would require careful
and appropriate counseling. Therefore, it remains valuable to
conduct research on gonadotoxicity of treatment and long-term
reproductive outcomes in cancer survivors.

Summarizing conclusions

A clear direct adverse effect of cHL treatment according to the
EuroNet-PHL-C2 protocol on AMH levels was observed in girls
aged <18years at time of treatment. Although we observed an in-
crease in AMH within 2 years following diagnosis, not all girls re-
covered to pre-treatment AMH levels. Additional (long-term)
data are needed to explore clinical reproductive outcomes of sur-
vivors treated according to the EuroNet-PHL-C2 protocol. These
data are also needed to determine whether gonadotoxicity of the

DECOPDAC-21 treatment-arm is comparable to the standard
COPDAC-28 treatment in the long term.

Supplementary data

Supplementary data are available at Human Reproduction online.
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