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Summary 
 

Background 
Procarbazine-containing chemotherapy regimens are associated with cytopenias and infertility, 
suggesting stem cell toxicity. When treating Hodgkin lymphoma, procarbazine in eBEACOPP 
(escalated dose bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, 
procarbazine, prednisolone) is increasingly replaced with dacarbazine (eBEACOPDac) to 
reduce toxicity. The aim was to investigate the impact of this drug substitution on the mutation 
burden in stem cells, patient survival and toxicity. 
 
Methods 
This was a retrospective study with two co-primary objectives: to define 1) the comparative 
stem cell mutation burden and mutational signatures following treatment with or without 
procarbazine-containing chemotherapy, and 2) progression-free survival (PFS) of Hodgkin 
lymphoma patients treated with eBEACOPP or eBEACOPDac. Secondary objectives explored 
differences in specific toxicity outcomes including transfusion requirements and measures of 
reproductive health. We compared mutational landscapes in haematopoietic stem and 
progenitor cells (HSPCs) from patients treated with different Hodgkin regimens and children, 
sperm and bowel tissue from procarbazine-treated patients. We compared efficacy and toxicity 
data of a UK multicentre eBEACOPDac-treated patient cohort, with the German HD18 
eBEACOPP clinical trial and UK eBEACOPP real-world datasets. Participants were adults 
>16 years with previously untreated Hodgkin lymphoma. 
 
Findings 
eBEACOPP-treated patients exhibit a higher burden of point mutations in HSPCs compared to 
eBEACOPDac and ABVD (doxorubicin, bleomycin, vinblastine, dacarbazine)-treated patients 
(excess mutations: 1150 (CI95=934-1366) vs 290 (CI95=241-339), vs 186 (CI95=116-254) 
respectively). Two novel mutational signatures, SBSA (SBS25-like) and SBSB were identified 
in HSPCs, a single neoplastic and normal colon from only procarbazine-treated patients. SBSB 
was also identified in germline DNA of three children conceived post-eBEACOPP and sperm 
of an eBEACOPP-treated male. The dacarbazine substitution did not appear to compromise 
efficacy. 312 eBEACOPDac patients (treated 2017-2022, 63% male, median follow-up 36.0 
months (IQR=25.2-50.1)) had a 3-year PFS of 93.3% CI95=90.3-96.4%, mirroring that of 1945 
HD18-trial eBEACOPP patients (93.3%; CI95=92.1-94.4%). eBEACOPDac-treated patients 
required fewer blood transfusions, demonstrated higher post-chemotherapy sperm 
concentrations, and experienced earlier resumption of menstrual periods. 
 
Interpretation 
Procarbazine induces a higher mutation burden and novel mutational signatures in 
eBEACOPP-treated patients and their germline DNA raising concerns for the genomic health 
of patient survivors and hereditary consequences for their offspring. However, replacing 
procarbazine with dacarbazine appears to mitigate gonadal and stem cell toxicity while 
maintaining comparable clinical efficacy. 
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Introduction: 

Classical Hodgkin lymphoma (cHL) is highly curable with modern therapies. Escalated 

BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine 

and prednisolone at escalated doses; eBEACOPP) remains a gold standard first-line treatment 

for advanced-stage Hodgkin lymphoma conferring superior long-term progression-free 

survival compared with other polychemotherapy regimens(1,2). However, there are significant 

short- and long-term side-effects, including gonadal and stem cell toxicity. Combination 

chemotherapy protocols containing procarbazine have long been known to cause dose-

dependent infertility(3,4), and procarbazine has been shown to have mutagenic effects in 

animal models(5). Replacing procarbazine with dacarbazine in COPP consolidation therapy 

reduced gonadal toxicity and conferred comparable long-term event-free survival in paediatric 

cHL(6). This successful substitution in paediatric practice encouraged adult clinicians to make 

the same substitution within the 7-drug eBEACOPP regimen and the resulting eBEACOPDac 

protocol is increasingly used in the UK and other countries despite no published data defining 

the efficacy or toxicity of this regimen. 

While the late effects of eBEACOPP have been well documented(4,7), the mutational impact 

on stem cells is less well defined. Certain chemotherapy agents are known to induce specific 

mutational signatures in cancer cells. In the Catalogue of Somatic Mutations in Cancer 

(COSMIC) database(8), chemotherapy is proposed to be responsible for 7 out of 67 mutational 

signatures, with the aetiology of many other mutational signatures yet to be defined. 

Chemotherapy-induced mutagenesis has also been reported in normal somatic cells, including 
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colon stem cells(9) and peripheral blood cells(10). Mutational signatures caused by platinum 

and alkylating agents have been identified in the germline of children with paternal 

chemotherapy exposure prior to conception(11). 

To investigate the genomic impact of cHL therapies in normal stem cells, we compared the 

mutational burden and signatures in the haematopoietic stem and progenitor cells (HSPCs) of 

long-term remission patients previously treated with doxorubicin, bleomycin, vinblastine, 

dacarbazine (ABVD), eBEACOPP or escalated BEACOPDac (eBEACOPDac) where 

procarbazine was replaced by dacarbazine. We then defined the extent of chemotherapy-

induced mutagenesis in other stem cell compartments and in tumour and normal tissues from 

one patient. To study the impact of eBEACOPP on both maternal and paternal gonadal stem 

cells, we mapped mutational signatures and burdens in 5 children of a female patient (two 

conceived pre- and three post-eBEACOPP) as well as in sperm from a male donor treated with 

eBEACOPP.  

To validate the clinical efficacy of the eBEACOPDac regimen we collected multicentre data 

on eBEACOPDac-treated patients and compared clinical outcomes with two independent 

eBEACOPP datasets: the German HD18 trial to compare treatment efficacy and maximise 

statistical power, and a real-world UK eBEACOPP dataset to compare specific toxicity 

outcomes. 

Methods: 

Study design and datasets 

This was a retrospective study comparing genomic and clinical consequences of treating 

Hodgkin lymphoma patients with or without procarbazine-containing chemotherapy. 
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For the stem cell mutational studies, patients donated blood for research to the Cambridge 

Blood and Stem Cell Biobank (CBSB), which has Health Research Authority and NHS 

Research Ethics Committee approval (REC reference 18/EE/0199, IRAS 149581). Peripheral 

blood mononuclear cells (PBMC) were isolated from 12 advanced-stage Hodgkin lymphoma 

patients who had been in remission for ≥6 months (appendix p12). The patients had been 

previously treated with either eBEACOPDac (n=4), eBEACOPP (n=5) or ABVD (n=3). 

 

The clinical dataset was a retrospective study of 312 adults aged >16 years with advanced-

stage cHL, treated with first-line escalated BEACOPDac at 25 centres in the UK, Ireland and 

France. The study was conducted with Health Research Authority (REC reference 

20/HRA/3762, IRAS 278806) and Public Benefit and Privacy Panel approval. 

We compared survival outcomes to 1945 adults (aged 18-60 years) treated with first-line 

eBEACOPP in the randomised HD18 trial. Toxicity outcomes were compared with a 

retrospective UK dataset of 73 adults aged >16 years treated with first-line eBEACOPP. 

 

Procedures 

PBMCs were cultured for 14 days and single-cell derived HSPC colonies were harvested.  

DNA was extracted from each colony and 6-8 single-cell derived HSPC colonies were whole-

genome sequenced from each of the 12 patients (n=91; mean sequencing depth 26X). 

CaVEMan (Wellcome Sanger Institute, Cambridge, UK) (12), used for calling single 

nucleotide variants (SNVs), was run against an unmatched synthetic normal genome. Insertions 

and deletions (indels) were identified using the Pindel algorithm applied to a matched normal 

sample.  
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The linear regression of age and SNV or indel mutation burden(13) from a control cohort 

(n=110; mean sequencing depth 24X) was used as a baseline against which to compare the 

mutation burden of the chemotherapy-exposed individuals. The mutation burden confidence 

intervals were calculated using the output from the linear mixed models performed in R 4.2.2. 

Whole-genome sequencing (WGS) was performed on a caecal adenocarcinoma from a 

Hodgkin lymphoma survivor treated with Chlorambucil, Vinblastine, Procarbazine, 

Prednisolone (ChlVPP) nine years before sampling(14). Previously published(14) normal 

colorectal epithelium from the same individual was also interrogated.  

Buccal DNA was obtained from five children and the spouse of a cHL female patient (who was 

treated with eBEACOPP prior to conceiving her 3rd child) and subjected to WGS (appendix 

p2-3). Mutational burden and signatures were compared between pre- (n=2) and post-

chemotherapy children (n=3). 

The sperm DNA of a patient with mild oligospermia (13M/ml) 3.5 years post 4 cycles of 

eBEACOPP treatment was sequenced using Nanoseq WGS (Wellcome Sanger Institute, 

Cambridge, UK) (15) (appendix p3-4). To establish a control cohort for comparison, the 

parental germline de novo point mutation burden (DNM) was predicted based on pedigree 

studies from parents and offspring trio WGS(16). 

 

Treatment with eBEACOPP has been previously described(17). eBEACOPDac is a modified 

version of the eBEACOPP protocol, in which oral procarbazine is removed and replaced with 

intravenous dacarbazine (250mg/m2 D2-3) (appendix p13). 

Progression-free survival (PFS) of the 312 eBEACOPDac-treated patients was compared with 

1945 eBEACOPP-treated HD18 trial patients(17), through collaboration with the German 

Hodgkin Study Group (GHSG). 265 (85%) of 312 eBEACOPDac patients were treated using 
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an ‘HD18-like’ approach(17), namely those with a metabolic remission on interim PET-CT 

after 2 cycles (iPET2) received 2 additional cycles of eBEACOPDac, and those with positive 

iPET2 received 4 additional cycles of eBEACOPDac. iPET2 Deauville score of 3 or less was 

considered a complete metabolic remission. 47 (15%) of 312 patients followed the AHL2011 

protocol (18) with 2 cycles of eBEACPODac given upfront and if iPET2 negative were 

deescalated to 4 cycles of ABVD. 

To refine our comparative analysis, we used propensity score matching (PSM) based on age, 

sex, stage, and international prognostic score (IPS, potential range: 0-7) to match HD18-like 

patients with a subgroup of HD18 trial patients. Sex (male/female) was defined as per the 

medical records. PFS was calculated from the date of diagnosis to the date of relapse, death, or 

last follow-up (see appendix p18 for reasons for censoring). Survival analyses were performed 

using the Kaplan-Meier method. Pre-PSM hazard ratios (HR) were obtained from Cox 

regression adjusted for IPS, age and sex, while post-PSM HRs were obtained from Cox 

regression analysis adjusted for the propensity score. 

Toxicity outcomes of the eBEACOPDac cohort were compared with a real-world eBEACOPP 

cohort of 73 patients treated at 7 UK centres. Toxicity data were only collected from patients 

who had received ≥4 cycles of chemotherapy (261 eBEACOPDac patients and 72 eBEACOPP 

patients), in order to match known confounding variables and limit bias. 

 

Outcomes 

This was a retrospective study with two co-primary objectives to define: 1) the comparative 

stem cell point mutation and indel burden as well as mutational signatures following 

treatment with or without procarbazine-containing chemotherapy and 2) PFS of patients 

treated with eBEACOPP or eBEACOPDac. Secondary objectives were to define differences 
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in specific toxicity outcomes: day 8 (D8) neutrophil count, D8 alanine transaminase (ALT), 

units of red cells transfused, days of non-elective hospital admission, time to return of 

menstrual periods in women <35 years, spermiogram data pre-and >2 years post-

chemotherapy.  

While the duration of follow-up has allowed comparison of survival outcomes, and the above 

toxicities, eBEACOPDac has not yet been in use long enough for data collection on longer 

term toxicities such as the incidence of second cancers and birth rate after chemotherapy. 

 

Statistical analysis 

The Hierarchical Dirichlet process (HDP) was employed to extract mutational signatures from 

SBS/Indels derived from HSPCs, germline DNMs from the offspring of an eBEACOPP-treated 

female, and mutations from the sperm of an eBEACOPP-treated male (appendix p4-5). 

Clinical statistical analyses were performed using R 4.2.2 software and SPSS V.28. No power 

calculation was performed for this retrospective study. When comparing toxicity data, the two-

sided Mann-Whitney U test and t-test were used for continuous variables and Fisher’s exact 

test for categorical variables. The results are presented in Table S4 (appendix p15). A p-value 

of <0.05 was considered statistically significant. Patients were excluded if they had missing 

data points for the variable under analysis.  

 

Role of the funding source 

The funders of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. 
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Results: 

We found a linear correlation between both the number of SNV and indel burdens with age 

across all cohorts (Figure 1A and appendix p14, Pearson correlation coefficient for normal 

population 0.985 for SNV, 0.908 for indels). In line with previous studies, normal adult HSPCs 

accumulated ~18 SNVs per year post birth(13). Consequently, the mutation burden increases 

from 400 SNVs in 20-year-old individuals to nearly 1500 SNVs at the age of 80 years. 

Additionally, HSPCs from all chemotherapy-exposed individuals demonstrated higher than 

expected mutation loads for their respective ages. ABVD-treated patients and eBEACOPDac-

treated patients had a minor excess somatic mutation burden of 186 (CI95=116-254) and 290 

(CI95=241-339), respectively, compared to age-matched normal HSPCs. However, we 

observed significant elevations in SNV burdens in patients receiving eBEACOPP treatment, 

with 1150 (CI95=934-1366) excess mutations. A similar pattern was also observed while 

analysing small indels in HSPCs. There was a comparative indel mutation burden of -0.4 

(CI95=-2.9-2.1) in ABVD-treated patients, 11.2 (CI95=6.9-15.6) in eBEACOPDac-treated 

patients and 64.8 (CI95=53.1-76.5) in eBEACOPP-treated patients (appendix p6). 

 

The post-chemotherapy children had a modest but significant number of de novo germline 

point mutations (DNMs). After correcting for the paternal component of DNMs, we observed 

a significant increase (~2.3 times; appendix p11) in the maternally inherited DNMs among the 

post-chemotherapy children (p-value 0.025; t-test; Figure 2C). Moreover, analysis of sperm 

DNA of a patient post-eBEACOPP revealed a 3-times higher mutation burden, after correcting 

for his age, compared to the control cohort(16) (Figure 2D).  
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Figure 1: (A) Burden of HSPC single nucleotide variants across the chemotherapy donor and 
a comparable normal donor cohort. The boxplots represent data from individual HSPC colonies 
(n = 201; 6-10 colonies per individual) and are coloured by chemotherapy exposure. The boxes 
indicate the median and interquartile range and the whiskers denote the range. The blue line 
represents a regression of age on mutation burden for the normal donors, with 95% CI shaded 
in grey. (B) Mutational signatures extracted using HDP. (C) Proportion of extracted signatures 
active in eBEACOPP, cBEACOPDac, ABVD and normal individuals.  

HSPC = Haematopoietic stem and progenitor cells, HDP= Hierarchical Dirichlet process 
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Figure 2: (A) Pedigree of female Hodgkin lymphoma patient who received 6 cycles 
eBEACOPP. 2 children were born pre-chemotherapy, and 3 children were conceived post-
chemotherapy. (B) SBS mutational signature contribution in pre- and post-chemotherapy 
children and sperm sample from the patient treated with 4 cycles eBEACOPP. (C) Number of 
de novo mutations in pre- and post-chemotherapy children plotted against maternal age (p-
value 0.011). P-value was generated using t-test to check significance of the pre-chemo 
probands burden to the post-chemo probands. (D) Mutation burden in sperm of oligospermic 
patient treated with 4 cycles eBEACOPP compared with paternal mutation burden in trio 
studies10. 

DNMs = De novo mutations. SBS = single base substitution. Bp = base pair 
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Four SNV mutational signatures were extracted from HSPCs, namely: SBS clock-like, SBSA, 

SBSB, and SBSC (Figure 1C). Other than SBS clock-like signature, the remaining three 

signatures are novel and have not been reported in the COSMIC database. SBS clock-like is a 

combination of SBS1, associated with the deamination of 5-methylcytosine, SBS5 of unknown 

aetiology, and ‘SBSBlood’, the predominant ‘clock-like’ signature present in HSPCs. SBSA is 

only observed in eBEACOPP treated patients and shares 0.84 cosine similarity to COSMIC 

v3.4 signature SBS25. Similarly, SBSB, also with predominant T>A substitutions, is found in 

all patients exposed to eBEACOPP, but with smaller contributions. These two mutational 

signatures have been recently ascribed to procarbazine treatment(19,20). SBSC was detected 

in patients treated with either ABVD or eBEACOPDac (Figure 1C). The sole shared 

chemotherapy agent in these protocols is Dacarbazine, implying an association between this 

drug and SBSC. Specific SBS mutational signatures were not obviously associated with 

topoisomerase inhibitors, vinca-alkaloids or bleomycin. 

Two indel signatures were extracted, of which one signature was a combination of the 

COSMIC v3.4 indel clock-like signatures. The second signature was a novel signature that was 

observed only in eBEACOPP-treated patients and recently attributed to procarbazine(19) 

(appendix p6). 

Mutational signatures were extracted from the five children of the eBEACOPP-treated female. 

SBS clock-like signature was extracted from all the children, consistent with the previously 

reported mutational signatures in germline DNMs(21). Additionally, the procarbazine-

associated signature SBSB, was identified in all three children conceived post-chemotherapy 

and was absent in the two children born prior to chemotherapy. 
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Intriguingly, mutational signature analysis of sperm from the eBEACOPP-treated male 

revealed that approximately one third of mutations were attributed to SBSB (Figure 2B). The 

remaining mutations were mapped to SBS clock-like signatures as previously reported(15,22). 

To investigate whether ABVD, eBEACOPDac, or eBEACOPP exert consistent effects across 

multiple HSPC colonies, we examined the HSPC phylogenetic trees from all donors (Figure 

3). The dacarbazine-associated signature, SBSC, was identified in all HSPC colonies of three 

ABVD-treated individuals and in 50-100% of colonies of four eBEACOPDac-treated 

individuals. In eBEACOPP-treated patients, the procarbazine-associated signatures, SBSA and 

SBSB, were jointly detected in all colonies, except in patient PD55816, where the signatures 

co-occurred on only two branches. HSPC colonies from normal donors only exhibit SBS clock-

like signature (appendix p7). 

WGS of colon from a procarbazine-exposed patient revealed a significant burden of the 

procarbazine-associated signature, SBSA, in both normal colonic crypts and cancer micro-

biopsies (appendix p8). There is no increased frequency of SBSA in subclonal crypts relative 

to adjacent normal crypts, suggesting that mutations bearing this signature likely originated 

from a colorectal stem cell or occurred during early stages of tumorigenesis. These findings 

imply a long-term impact of procarbazine on normal solid tissues, beyond haematological 

effects. 
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Figure 3: Phylogenetic trees with assigned mutational signatures from individuals treated with 
ABVD, eBEACOPDac or eBEACOPP. Individuals are ordered by age. Branch lengths are 
proportional to the mutation count. The mutational signatures contributing to each branch are 
colour coded as indicated at the bottom right. “SBSunassigned '' indicates mutations that are 
not confidently attributed to any signature.    

The dacarbazine-associated signature, SBSC, was identified in all HSPC colonies of three 
ABVD-treated individuals. In BEACOPDac-treated patients, the presence of SBSC was 
observed in all colonies from patient PD55824, in 7/8 colonies from PD55818, in 6/8 
colonies from PD55817, and in 4/8 colonies from PD55823. In eBEACOPP-treated patients, 
the procarbazine-associated signatures, SBSA and SBSB, were jointly detected in all 
colonies, except in patient PD55816, where the signatures co-occurred on only two branches. 
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Between 1st January 2017 and 31st December 2022, 312 patients with advanced-stage cHL were 

treated with first-line eBEACOPDac at 25 centres in the UK, Ireland and France (appendix 

p15). Their survival outcomes were compared with 1945 patients treated with eBEACOPP in 

the HD18 trial(17) between 14th May 2008 and 18th July 2014. Using propensity score matching 

(PSM), 248 eBEACOPDac-treated HD18-like patients were matched with 248 patients treated 

with eBEACOPP in the HD18 trial. Patients were well-matched for age, sex, stage and IPS 

(Table 1). No data on race/ethnicity were collected. eBEACOPDac-treated patients received 

fewer cycles of chemotherapy than HD18 patients (median: 4 vs 6). 14 (5.7%) of 246 of the 

eBEACOPDac cohort received radiotherapy compared to 71 (28.6%) of 248 of the HD18 

cohort. Median follow-up was 36 months (IQR 25.2-50.1; eBEACOPDac) and 57 months (IQR 

35.4-64.7; HD18). 

The 3-year PFS of the eBEACOPDac cohort mirrors the HD18 3-year PFS both before PSM 

(93.3% (CI95=90.3-96.4%) vs 93.3% (CI95=92.1-94.4%)) and after (92.1% (CI95=88.5-95.8%) 

vs 91.7% (CI95=88.1-95.3%)) (Figure 4). 3-year overall survival of the eBEACOPDac cohort 

is 99.3% (CI95=98.4-100%) (appendix p9). 

Of 312 patients who started eBEACOPDac, 3 patients had primary refractory disease, and 14 

have relapsed at 6 to 60 months. 13 of 17 patients with relapse/refractory disease are currently 

in remission following subsequent treatment including haematopoietic stem cell 

transplantation (appendix p10). One 56-year-old patient died with bowel perforation during 

cycle 1 eBEACOPDac, one 30-year-old died during allogeneic stem cell transplantation for 

relapsed disease, one 34-year-old with alcoholic liver disease died in remission 8 months after 

eBEACOPDac, and one 44-year old died from suicide while in remission 3 years post-

treatment for relapsed cHL.  
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From 1st January 2009 to 31st December 2022, 73 patients with advanced-stage cHL were 

treated with first-line eBEACOPP at 7 UK centres. Toxicity was compared between the 

eBEACOPDac cohort (n=312) and the real-world UK eBEACOPP cohort (n=73) over the first 

4 cycles (appendix p16). eBEACOPP and eBEACOPDac patients were well-matched with no 

significant differences in age, sex, or stage (stage 3-4: 58 (79%) of 73 vs 260 (83%) of 312), 

although the eBEACOPP patients had higher risk disease (IPS≥3 in 56 (77%) of 73 vs 194 

(62%) of 311; p=0.021). 178 (57%) of 312 eBEACOPDac patients received only 4 cycles (vs 

12 (16%) of 73 eBEACOPP patients; p<0.0001), as the eBEACOPDac cohort was largely 

treated after publication of HD18 trial data(17). Most real-world eBEACOPP patients were 

treated with an HD15 approach(23) (6 cycles of escalated BEACOPP followed by PET-guided 

radiotherapy). 

When comparing patients who had received ≥4 cycles in the eBEACOPDac (n=261) versus 

the eBEACOPP cohort (n=72), there was no significant difference in mean D8 ALT (46.0 (SD 

29.2) vs 38.8 (SD 29.5); p=0.081); or in mean D8 neutrophil count (2.55 (SD 2.18) vs 3.00 (SD 

1.95) ; p=0.13) in patients given granulocyte-colony stimulating factor from D9. 

There were fewer non-elective days of inpatient care for eBEACOPDac patients compared to 

eBEACOPP patients (mean 3.23 (SD 5.96) vs 5.23 (SD 7.23); p=0.031). However, as 

eBEACOPDac patients were treated more recently there may be some era effect. Importantly, 

eBEACOPDac patients received fewer red cell transfusions compared to eBEACOPP patients 

(mean 1.70 (SD 2.77) vs 3.69 (SD 3.89); p<0.0001). Of the women aged <35 years who 

completed ≥4 cycles of chemotherapy, 65 (100%) of 65 had a return of menstrual periods after 

eBEACOPDac compared to 25 (89%) of 28 after eBEACOPP. eBEACOPDac patients 

appeared to restart menstruation earlier post-chemotherapy (mean 5.04 (SD 3.07) vs 8.77 (SD 

5.57) months; p=0.0036). However, eBEACOPP patients received more cycles of 

chemotherapy. The use of Goserelin to suppress ovulation varied between centres. 
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eBEACOPDac and eBEACOPP-treated patients had similar sperm concentrations pre-

treatment (median 22.5 (IQR 0.2-75.7) vs 27.5 (14.9-46.0) Million/ml, p=0.68; Figure 4C). 

However, >2 years post-chemotherapy, there was a striking difference between the two cohorts 

and 6 (85%) of 7 eBEACOPDac-treated males (median age 21 years, IQR 20-25) had a normal 

sperm concentration, while 6 (85%) of 7 eBEACOPP-treated patients (median age 32 years, 

IQR 26-43) were azoospermic (median 23.4 (IQR 11.0-32.3) vs 0.0 (0.0-0.001) Million/ml; 

p=0.0040; Figure 4D). Sperm motility was also normal in the 7 eBEACOPDac-treated males, 

but the proportion of sperm with normal morphology was low (median=2.5% (IQR 2.0-3.4); 

appendix p17). 
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Table 1: Baseline characteristics (after propensity score matching) of escalated 
BEACOPDac patients (n=248) versus HD18 trial escalated BEACOPP patients (n=248) 

Patient 
Characteristics 

Escalated BEACOPDac  
(after PSM) 

N=248 

HD18 Escalated 
BEACOPP  

(after PSM) 
N=248 

Median Age, years 
(IQR) 

25.5 (21-32.5) 
 

25 (22-33) 
 

Age ≤ 45 years 
Age >45 years 

229 (92.3%) 
19 (7.7%) 

225 (90.7%) 
23 (9.3%) 

Male sex (%) 157 (63.3%) 157 (63.3%) 

Stage    II 
              III 
              IV 

41 (16.5%) 
44 (17.7%) 

163 (65.7%) 

26 (10.5%) 
65 (26.2%) 

157 (63.3%) 
IPS   0-2 
IPS   >2 

93 (37.5%) 
155 (62.5%) 

91 (36.7%) 
157 (63.3%) 

Median number of 
cycles, (range) 

 
4 (1-6) 

 
6 (1-8) 

Number of cycles* 
 
1-3 
4 
5 
6 
7-8 
 
N 

iPET2 pos 
 

2 (3.3%) 
0 (0.0%) 
3 (5.0%) 

55 (91.7%) 
0 (0.0%) 

 
60 

iPET2 neg 
 

2 (1.0%) 
167 (90.3%) 

2 (1.0%) 
14 (7.6%) 
0 (0.0%) 

 
185 

iPET2 pos 
 

3 (2.1%) 
0 (0.0%) 
1 (0.7%) 

133 (93.7%) 
5 (3.5%) 

 
142 

iPET2 neg 
 

1 (1.0%) 
50 (50.5%) 

1 (1.0%) 
47 (47.5%) 

0 (0.0%) 
 

99 
Radiotherapy 14/246 (5.7%) 71 (28.6%) 

Progressive 
disease/relapse 

16 (5.8%) 21 (8.5%) 

Death 4 (1.6%) 3 (1.2%) 

Median follow-up in 
months (IQR) 

36.0 (25.2-50.1) 57.3 (35.4-64.7) 

 

PSM = Propensity score matching, IPS = International Prognostic Score. 

*eBEACOPDac patients: iPET2 negative = DS 1-3. 

eBEACOPP HD18 patients: iPET negative = DS 1-2. Note HD18 iPET2 negative patients were 
randomised to complete 4 or 6 cycles of eBEACOPP in total. 

IQR=interquartile range 
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  3-year PFS  95% CI 

eBDAC  92.1%   (88.5-95.8) 

eBCPP  91.7%   (88.1-95.3) 

HR= 1.117     (0.595-2.097) 

B 

  3-year PFS  95% CI 

eBDAC  93.3%   (90.3-96.4) 

eBCPP  93.3%   (92.1-94.4) 

HR= 1.114    (0.678-1.830) 

A 
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Figure 4: (A) Kaplan-Meier estimates of progression-free survival of the escalated 
BEACOPDac-treated patients (n=312) compared to the HD18 trial escalated BEACOPP-
treated patients (n=1945) before propensity score matching. (B) Kaplan-Meier estimates of 
progression-free survival of the escalated BEACOPDac-treated patients (n=248) compared to 
the HD18 trial escalated BEACOPP-treated patients (n=248) after propensity score matching.  
The hazard ratio was obtained from Cox regression adjusted for propensity score. The 
proportional hazards assumption was tested using the Schoenfeld residuals test and confirming 
by visual inspection. For the Cox regression comparing the 1945 HD18 vs 312 eBEACOPDac 
patients (predictors: trial, IPS, age, sex) the proportional hazards assumption was not met. For 
the Cox regression of the propensity score matched comparison (248 vs 248 patients; 
predictors; trial, PS) on the other hand, the proportional hazards assumption could be verified. 
(C) Sperm concentration of Hodgkin lymphoma patients prior to treatment with escalated 
BEACOPDac (n=21) or eBEACOPP (n=4) chemotherapy. (D) Sperm concentration >2 years 
following completion of eBEACOPDac (n=7) or eBEACOPP (n=7) chemotherapy. 

eBPDac = escalated BEACOPDac, eBCPP = escalated BEACOPP, HR = Hazard ratio, PFS = 
progression-free survival, 95% CI = 95% Confidence interval 
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Panel: Research in context 

Evidence before this study: 

The multinational randomised EuroNet-PHL-C1 trial showed that replacing procarbazine with 
dacarbazine in COPP consolidation therapy reduced gonadal toxicity and conferred comparable long-
term event-free survival in paediatric classical Hodgkin lymphoma. This successful substitution in 
paediatric practice encouraged adult clinicians to make the same substitution within the 7-drug 
eBEACOPP regimen. The resulting eBEACOPDac protocol is increasingly used in the UK and other 
countries despite no published data defining the efficacy or toxicity of this regimen. We searched 
PubMed between 1st January 1998 and 31st August 2024 using the terms “BEACOPP” and 
“dacarbazine” however there are no publications on this topic. 

Added value of the study: 

Our study shows that replacing procarbazine with dacarbazine in eBEACOPP is unlikely to 
compromise the efficacy of treatment. 3-year progression-free survival of 312 eBEACOPDac patients 
(93.3%; CI95=90.3-96.4%) mirrored that of 1945 HD18-trial eBEACOPP patients (93.3%; CI95=92.1-
94.4%). eBEACOPDac-treated patients required fewer blood transfusions, demonstrated higher post-
chemotherapy sperm concentrations, and experienced earlier resumption of menstrual periods. 

Mutational analysis of HSPCs revealed a grossly elevated mutation burden in eBEACOPP-treated 
patients as well as two novel mutational signatures (SBSA (SBS25-like), and SBSB). Analysis of sperm 
and children of procarbazine-treated patients demonstrates that SBSB, but not SBSA, is inherited in 
the germline.   

Implications of all the available evidence: 

There is strong supportive evidence that eBEACOPDac is highly efficacious Hodkgkin lymphoma 
therapy. The clear benefits in terms of stem cell genomic health and fertility provide even more 
reason for clinicians offering frontline eBEACOPP to consider replacing procarbazine with 
dacarbazine. This drug substitution is easily accomplished in routine clinical practice, can be 
implemented rapidly with minimal resource implications, and constitutes and immediate means to 
reduce treatment toxicity and improve genomic and reproductive health in young Hodgkin 
lymphoma patients across the world. 

 

 



23 
 

Discussion: 

To our knowledge, this is the first study demonstrating the impact of lymphoma 

polychemotherapy on genomic health of normal somatic tissues, tumour and the germline.  

The SBS25 mutational signature has previously been described in two Hodgkin lymphoma cell 

lines from patients exposed to chemotherapy(24), and has also been identified in cell-free DNA 

of treated cHL patients(25). A recent study demonstrating SBS25 in relapsed cHL suggested a 

link with procarbazine/dacarbazine(26). Our study has demonstrated that SBSA (SBS25-like), 

SBSB, and a novel indel signature are caused by procarbazine and contribute to the large excess 

mutation burden in the HSPCs of eBEACOPP-treated patients. 

We have observed an increased number of de novo mutations and the procarbazine-associated 

signature, SBSB, in the sperm of an eBEACOPP-treated male, and in the germline DNA of 

children conceived after maternal procarbazine exposure. Although the patient numbers are 

small for generalisation, this observation marks the first direct detection of a chemotherapy 

signature in sperm, underscoring the potential long-term impact of treatment on germline DNA 

integrity. However, currently the duration of these effects in sperm and their potential 

implications for fertility are unknown. Our findings align with previous reports of 

chemotherapy-induced signatures in offspring(11) and highlight the need for continued 

research into the hereditary implications of chemotherapy treatment. 

cHL survivors are known to be at risk of treatment-related second cancers. A large Dutch 

registry study has shown that procarbazine-containing chemotherapy increases the risk of 

gastrointestinal cancers, non-Hodgkin lymphoma and leukaemia/MDS (HR 2.7, 3.9, 1.2, 

respectively) compared with no chemotherapy(7). The consequences of procarbazine-induced 

mutational burden and signatures in normal tissues remain unknown, however in some contexts 

procarbazine can cause the acquisition of driver mutations. Recent data from paediatric cHL 
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survivors suggest that SBS25 is the likely cause of the STAT3 Y640F mutation, which has 

previously been identified as a gain-of-function driver mutation in T-cell large granular 

lymphocytic leukaemia(27). Our data indicate that SBS25 is not confined to HSPCs in 

procarbazine-exposed patients but is also induced in other stem cell compartments, including 

colonic mucosa(14). However, as the driver mutations in this cHL survivor’s caecal 

adenocarcinoma were in the C>T context (in KRAS and APC), and not in the T>A context, the 

role of SBS25 in this malignancy remains unclear. 

Although not a prospective non-inferiority study, our data strongly suggest that replacing 

procarbazine with dacarbazine is unlikely to compromise the efficacy of eBEACOPP. There is 

no discernible difference in the 3-year PFS of the eBEACOPDac cohort and the HD18 trial 

cohort when comparing whole cohorts or in the sensitivity analysis, which matched 248 UK 

patients with 248 HD18 trial patients following PSM. The data also indicate that replacing 

procarbazine with dacarbazine has toxicity benefits. Although the data are retrospective, and 

do not detail CTCAE grading, they reveal a marked reduction in blood transfusion requirement 

in patients receiving eBEACOPDac compared to eBEACOPP, a finding that is mirrored closely 

in the prospective randomised HD21 trial, where patients treated with the  procarbazine-free 

arm,  BrECADD (brentuximab vedotin, etoposide, cyclophosphamide, doxorubicin, 

dacarbazine, dexamethasone), had a reduced blood transfusion requirement compared with 

eBEACOPP-treated patients (28). 

Although only a minority of cases were studied for male gonadal toxicity, there appears to be 

a clear reduction in gonadal toxicity in patients treated with eBEACOPDac compared to those 

receiving eBEACOPP. Sperm concentration was normal >2 years post-chemotherapy in most 

eBEACOPDac-treated males, whereas there was a high incidence of azoospermia and 

oligospermia after eBEACOPP. These findings are consistent with the previously published 

comparative study of mechlorethamine, vincristine, procarbazine, and prednisone (MOPP) vs 
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ABVD(29), GHSG data(30) and the EuroNet PHL C1 trial where the same drug substitution 

was made(6). A return of menstrual periods was observed in all eBEACOPDac-treated females 

<35y and this occurred significantly earlier than in the real-world eBEACOPP cohort. Previous 

studies of reproductive patterns among Scandinavian cHL survivors have shown that males 

and females who receive ABVD have higher fertility rates than matched controls(31), and 6-8 

cycles eBEACOPP is associated with reduced childbirth rates compared with ABVD in males, 

but not in females(32). Ideally, a larger study is needed to evaluate sperm quality after 

eBEACOPDac and a study with longer follow-up to analyse the birth rate after treatment. 

In conclusion, our study provides strong supportive evidence that eBEACOPDac is highly 

efficacious Hodgkin lymphoma therapy. The clear benefits in terms of stem cell genomic health 

and fertility demonstrated here provide even more reason for clinicians offering frontline 

eBEACOPP to consider replacing procarbazine with dacarbazine. The prospective HD21 

trial(28) has already demonstrated toxicity benefits of BrECADD compared with eBEACOPP 

and in healthcare environments with resources sufficient to fund Brentuximab vedotin, it is 

anticipated that BrECADD will become a widely adopted standard of care. However, in many 

less well-resourced healthcare environments replacing procarbazine with dacarbazine in 

frontline eBEACOPP is easily accomplished in routine clinical practice and can be 

implemented rapidly with minimal resource implications. This provides an immediate means 

to reduce treatment toxicity and improve genomic and reproductive health in young Hodgkin 

lymphoma patients across the world. 

 

 



26 
 

Contributors: 

GAF, AKM and PJC conceived of the study. GAF, KS, EM and AS designed the study. AS, 

KS, PB, TFM, WO, TC, KMA, SB, KB, SB, NDC, GPC, DJC, KC, AD, AD, DD, MF, EGE, 

AH, DH, HH, SI, SGJ, MK, KML, OCL, NMC, AM, PM, SKN, EHP, NP, NKS, GS, AS, 

RT, BJU, NW, XYZ, AKM collected the clinical data from 25 centres. PB and SB 

contributed data from the HD18 clinical trial. AS, EM, RS, HLS and JB prepared the samples 

for mutational analysis in the laboratories of EL, RR and NC. EM, MHP, RS and HLS 

verified the data and performed the mutational analysis, supervised by RR, MRS, and PJC. 

AS, EM, MHP, JFR and JJ performed statistical analysis. The manuscript was first drafted by 

AS, EM, MHP, RS, RR and GAF. The manuscript was critically revised by GCP and SB. All 

authors gave final approval of the version to be published and have contributed to the 

manuscript. 

Delcaration of interests:  

AS reports support for meetings/conferences from Takeda. WO reports payment or honoraria 

for lectures, presentations, speakers, bureaus, manuscript writing or educational events from 

Roche, Takeda, Pfizer, Servier, Kite Gilead, MSD, Novartis, Beigene, Astra Zeneca, Syneos, 

Autolus, Kywoa Kirin, Abbvie, Incyte, BMS, Janssen, Sobi. GCP reports honoraria for 

speaker and advisory work from Takeda, Roche, Kite, Abbvie, Beigene, Astra Zeneca, Sobi, 

Secura Bio; and support for research from Beigene, Pfizer, BMS, Amgen, Astra Zeneca. DD 

reports speaker fees from Abbvie and support for travel to conferences from Astrazeneca and 

Beigene. PM reports support for meetings/conferences from Takeda. EHP reports honoraria 

for advisory work and support for meetings/conferences from Takeda. EL reports research 

support from CSL Behring. PB reports consulting fees from Takeda, BMS, Roche, Amgen, 

Novartis, Celgene, Miltenyi Biotech, and Gilead; payment or honoraria for lectures, 



27 
 

presentations, speakers bureaus, manuscript writing, or educational events from Takeda, 

Novartis, BMS, Roche, MSD, Celgene, Miltenyi Biotech, Gilead, and AbbVie; and funding 

for scientific research from Takeda Oncology, MSD, and Novartis. SB reports consulting fees 

from Galapagos; payment or honoraria for lectures, presentations, speakers bureaus, 

manuscript writing, or educational events and consultation from Takeda; support for 

attending meetings or travel from Takeda; having a leadership role in another board, society, 

committee, or advocacy group (paid or unpaid), and holding stock or stock options for 

Liqomics. GAF reports honoraria for advisory work and support for meetings/conferences 

from Takeda. 

Data sharing: 

Data supporting this study are not publicly available due to confidentiality of the research 

participants. Please contact the corresponding authors (GAF and RR). The sample identifiers 

contained in this manuscript are not known to anyone outside of the research group. 

 

Acknowledgements: 

This work was supported by the Addenbrooke’s Charitable Trust (Grant 900225). 

Investigators at the Sanger Institute are supported by a core grant from the Wellcome Trust. 

Work in the EL laboratory is supported by a core grant from the Wellcome Trust and Medical 

Research Council to the Cambridge Stem Cell Institute and by a Wellcome Trust – Royal 

Society Sir Henry Dale Fellowship. Work in the RR laboratory is supported by Wellcome 

core funding and CRUK: C66259/A27114 grant. We thank the investigators at the Sanger 

Institute for the whole genome sequencing of HSPCs, sperm and buccal DNA for this study. 

We are grateful to the donors for tissue donation. 



28 
 

This research was funded in whole, or in part, by the Wellcome Trust. For the purpose of 

open access, the author has applied a Creative Commons Attribution (CC BY) licence to any 

Author Accepted Manuscript version arising from this submission. 

 

References: 

1. Diehl V, Franklin J, Pfreundschuh M, Lathan B, Paulus U, Hasenclever D, et al. Standard and 
Increased-Dose BEACOPP Chemotherapy Compared with COPP-ABVD for Advanced Hodgkin’s 
Disease. New England Journal of Medicine. 2003;348(24):2386–95.  

2. Russell J, Collins A, Fowler A, Karanth M, Saha C, Docherty S, et al. Advanced Hodgkin 
lymphoma in the East of England: a 10-year comparative analysis of outcomes for real-world 
patients treated with ABVD or escalated-BEACOPP, aged less than 60 years, compared with 5-
year extended follow-up from the RATHL trial. Ann Hematol. 2021;100(4):1049–58.  

3. Whitehead E, Shalet SM, Blackledge G, Todd I, Crowther D, Beardwell CG. The effects of 
Hodgkin’s disease and combination chemotherapy on gonadal function in the adult male. 
Cancer. 1982 Feb 1;49(3):418–22.  

4. Behringer K, Breuer K, Reineke T, May M, Nogova L, Klimm B, et al. Secondary amenorrhea 
after Hodgkin’s lymphoma is influenced by age at treatment, stage of disease, chemotherapy 
regimen, and the use of oral contraceptives during therapy: A report from the German 
Hodgkin’s Lymphoma Study Group. Journal of Clinical Oncology. 2005;23(30):7555–64.  

5. Maurice C, Dertinger SD, Yauk CL, Marchetti F. Integrated In Vivo Genotoxicity Assessment of 
Procarbazine Hydrochloride Demonstrates Induction of Pig‐a and LacZ Mutations, and 
Micronuclei, in MutaMouse Hematopoietic Cells. Environ Mol Mutagen. 2019 Jul 
18;60(6):505–12.  

6. Mauz-Körholz C, Landman-Parker J, Balwierz W, Ammann RA, Anderson RA, Attarbaschi A, et 
al. Response-adapted omission of radiotherapy and comparison of consolidation 
chemotherapy in children and adolescents with intermediate-stage and advanced-stage 
classical Hodgkin lymphoma (EuroNet-PHL-C1): a titration study with an open-label, 
embedded, mult. Lancet Oncol. 2021;1–13.  

7. Schaapveld M, Aleman BMP, van Eggermond AM, Janus CPM, Krol ADG, van der Maazen 
RWM, et al. Second Cancer Risk Up to 40 Years after Treatment for Hodgkin’s Lymphoma. 
New England Journal of Medicine. 2015 Dec 24;373(26):2499–511.  

8. Bamford S, Dawson E, Forbes S, Clements J, Pettett R, Dogan A, et al. The COSMIC (Catalogue 
of Somatic Mutations in Cancer) database and website. Br J Cancer. 2004 Jul 8;91(2):355–8.  

9. Kuijk E, Kranenburg O, Cuppen E, Van Hoeck A. Common anti-cancer therapies induce 
somatic mutations in stem cells of healthy tissue. Nat Commun. 2022 Oct 7;13(1):5915.  

10. Ueda S, Yamashita S, Nakajima M, Kumamoto T, Ogawa C, Liu Y yu, et al. A quantification 
method of somatic mutations in normal tissues and their accumulation in pediatric patients 
with chemotherapy. Proceedings of the National Academy of Sciences. 2022 Aug 2;119(31).  



29 
 

11. Kaplanis J, Ide B, Sanghvi R, Neville M, Danecek P, Coorens T, et al. Genetic and 
chemotherapeutic influences on germline hypermutation. Nature. 2022 May 
19;605(7910):503–8.  

12. Jones D, Raine KM, Davies H, Tarpey PS, Butler AP, Teague JW, et al. cgpCaVEManWrapper: 
Simple Execution of CaVEMan in Order to Detect Somatic Single Nucleotide Variants in NGS 
Data. Curr Protoc Bioinformatics. 2016 Dec 8;56(1).  

13. Mitchell E, Spencer Chapman M, Williams N, Dawson KJ, Mende N, Calderbank EF, et al. 
Clonal dynamics of haematopoiesis across the human lifespan. Nature [Internet]. 2022 Jun 
9;606(7913):343–50. Available from: https://www.nature.com/articles/s41586-022-04786-y 

14. Lee-Six H, Olafsson S, Ellis P, Osborne RJ, Sanders MA, Moore L, et al. The landscape of 
somatic mutation in normal colorectal epithelial cells. Nature [Internet]. 
2019;574(7779):532–7. Available from: http://dx.doi.org/10.1038/s41586-019-1672-7 

15. Abascal F, Harvey LMR, Mitchell E, Lawson ARJ, Lensing S V., Ellis P, et al. Somatic mutation 
landscapes at single-molecule resolution. Nature. 2021 May 20;593(7859):405–10.  

16. Sasani TA, Pedersen BS, Gao Z, Baird L, Przeworski M, Jorde LB, et al. Large, three-generation 
human families reveal post-zygotic mosaicism and variability in germline mutation 
accumulation. Elife. 2019 Sep 24;8.  

17. Borchmann P, Goergen H, Kobe C, Lohri A, Greil R, Eichenauer DA, et al. PET-guided 
treatment in patients with advanced-stage Hodgkin’s lymphoma (HD18): final results of an 
open-label, international, randomised phase 3 trial by the German Hodgkin Study Group. The 
Lancet. 2017;390(10114):2790–802.  

18. Casasnovas RO, Bouabdallah R, Brice P, Lazarovici J, Ghesquieres H, Stamatoullas A, et al. PET-
adapted treatment for newly diagnosed advanced Hodgkin lymphoma (AHL2011): a 
randomised, multicentre, non-inferiority, phase 3 study. Lancet Oncol. 2019;20(2):202–15.  

19. Mitchell E, Pham M, Clay A, Sanghvi R, Pietsch S, Hsu J, et al. The long-term effects of 
chemotherapy on normal blood cells. bioRxiv. 2024 May 20;  

20. Santarsieri A, Mitchell E, Sturgess K, Brice P, Menne TF, Osborne W, et al. Replacing 
Procarbazine with Dacarbazine in Escalated Beacopp Dramatically Reduces the Post 
Treatment Haematopoietic Stem and Progenitor Cell Mutational Burden in Hodgkin 
Lymphoma Patients with No Apparent Loss of Clinical Efficacy. Blood. 2022 Nov 
15;140(Supplement 1):1761–4.  

21. Rahbari R, Wuster A, Lindsay SJ, Hardwick RJ, Alexandrov LB, Al Turki S, et al. Timing, rates 
and spectra of human germline mutation. Nat Genet. 2016 Feb 14;48(2):126–33.  

22. Moore L, Cagan A, Coorens THH, Neville MDC, Sanghvi R, Sanders MA, et al. The mutational 
landscape of human somatic and germline cells. Nature. 2021 Sep 16;597(7876):381–6.  

23. Engert A, Haverkamp H, Kobe C, Markova J, Renner C, Ho A, et al. Reduced-intensity 
chemotherapy and PET-guided radiotherapy in patients with advanced stage Hodgkin’s 
lymphoma (HD15 trial): A randomised, open-label, phase 3 non-inferiority trial. The Lancet. 
2012;379(9828):1791–9.  



30 
 

24. Petljak M, Alexandrov LB, Brammeld JS, Price S, Wedge DC, Grossmann S, et al. Characterizing 
Mutational Signatures in Human Cancer Cell Lines Reveals Episodic APOBEC Mutagenesis. 
Cell. 2019;176(6):1282-1294.e20.  

25. Sobesky S, Mammadova L, Cirillo M, Drees EEE, Mattlener J, Dörr H, et al. In-depth cell-free 
DNA sequencing reveals genomic landscape of Hodgkin’s lymphoma and facilitates 
ultrasensitive residual disease detection. Med [Internet]. 2021 Oct;2(10):1171-1193.e11. 
Available from: https://linkinghub.elsevier.com/retrieve/pii/S2666634021003172 

26. Maura F, Ziccheddu B, Xiang JZ, Bhinder B, Rosiene J, Abascal F, et al. Molecular evolution of 
classic Hodgkin lymphoma revealed through whole genome sequencing of Hodgkin and Reed 
Sternberg cells. Blood Cancer Discov [Internet]. 2023 Feb 1; Available from: 
https://aacrjournals.org/bloodcancerdiscov/article/doi/10.1158/2643-3230.BCD-22-
0128/716329/Molecular-evolution-of-classic-Hodgkin-lymphoma 

27. Koskela HLM, Eldfors S, Ellonen P, van Adrichem AJ, Kuusanmäki H, Andersson EI, et al. 
Somatic STAT3 Mutations in Large Granular Lymphocytic Leukemia. New England Journal of 
Medicine [Internet]. 2012 May 17;366(20):1905–13. Available from: 
http://www.nejm.org/doi/abs/10.1056/NEJMoa1114885 

28. Borchmann P, Ferdinandus J, Schneider G, Moccia A, Greil R, Hertzberg M, et al. Assessing the 
efficacy and tolerability of PET-guided BrECADD versus eBEACOPP in advanced-stage, classical 
Hodgkin lymphoma (HD21): a randomised, multicentre, parallel, open-label, phase 3 trial. The 
Lancet. 2024 Jul;  

29. Bonadonna G, Santoro A, Viviani S, Lombardi C, Ragni G. Gonadal Damage in Hodgkin’s 
Disease from Cancer Chemotherapeutic Regimens. In 1984. p. 140–5.  

30. Sieniawski M, Reineke T, Nogova L, Josting A, Pfistner B, Diehl V, et al. Fertility in male 
patients with advanced Hodgkin lymphoma treated with BEACOPP: A report of the German 
Hodgkin Study Group (GHSG). Blood. 2008;111(1):71–6.  

31. Øvlisen AK, Jakobsen LH, Kragholm KH, Hutchings M, Frederiksen H, Kamper P, et al. Fertility 
Rates in Young Hodgkin Lymphoma Survivors: A Danish Nationwide Cohort Study of 769 
Patients. Blood. 2019 Nov 13;134(Supplement_1):2841–2841.  

32. Entrop JP, Weibull CE, Smedby KE, Jakobsen LH, Øvlisen AK, Molin D, et al. Reproduction 
patterns among classical Hodgkin lymphoma survivors treated with <scp>BEACOPP</scp> 
and <scp>ABVD</scp> in Sweden, Denmark and Norway—A population‐based matched 
cohort study. Int J Cancer. 2023 Aug 15;153(4):723–31.  

  

 


	Summary
	Introduction:
	Methods:
	Study design and datasets
	Procedures
	Outcomes
	Statistical analysis
	Results:
	Discussion:
	Contributors:
	Delcaration of interests:
	Data sharing:
	Acknowledgements:
	References:

