
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Marcus et al. BMC Infectious Diseases         (2024) 24:1153 
https://doi.org/10.1186/s12879-024-10066-z

BMC Infectious Diseases

*Correspondence:
Ulrich Marcus
u.marcus@online.de

Full list of author information is available at the end of the article

Abstract
Introduction  During the mpox outbreak in 2022, the highest number of cases in Germany were registered in Berlin, 
almost all of them in men who have sex with men (MSM). However, the frequency of clinically undiagnosed infections 
is unknown.

Methods  A cross-sectional study was conducted among MSM in Berlin, Germany. Participants were recruited from 
private practices and community-based checkpoints specialised in HIV and STI care for MSM. They were asked to 
complete an online questionnaire on socio-demographic data, mpox diagnosis, vaccination history and sexual 
behaviour, and to provide a blood sample for serological analysis. The samples were tested for antibodies against 
a range of antigens to distinguish between antibodies induced by mpox infection and MVA vaccination, with pre-
immune sera from childhood smallpox vaccination as a confounding factor. Associations of behavioural variables 
with reported and suspected mpox diagnosis as the outcome were tested using univariable and multivariable logistic 
regression models.

Results  Between the 11th April and 1st July 2023, 1,119 participants were recruited in eight private practices and two 
community-based checkpoints in Berlin. All participants provided a blood sample for serological testing. Information 
for the online questionnaire was provided by 728 participants; core data on age and mpox history for participants 
who did not provide questionnaire data were provided by the practices for an additional 218 participants. A previous 
diagnosis of mpox was reported for/by 70 participants (7.4%). Using a conservative and strict case definition, we 
serologically identified an additional 91 individuals with suspected undiagnosed mpox infection. Individuals with 
reported or suspected mpox infections reported more condomless anal sex partners in the past 3 months (OR = 5.93; 
95% CI 2.10-18.35 for 5–10 partners; OR = 9.53; 95% CI 2.72–37.54 for > 10 partners) and were more likely to report 
sexual contact with partners diagnosed with mpox (OR = 2.87; 95% CI 1.39–5.84).
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Background
Mpox (formerly known as monkeypox) is caused by the 
monkeypox virus (MPXV), a virus of the genus Ortho-
poxvirus (OPXV) within the family Poxviridae. Two 
genetically distinguishable clades have been known, 
clade I circulating in Central Africa and clade II present 
in Western Africa. Earlier epidemiological data and ani-
mal experiments suggest a lower pathogenicity of clade II 
mpox viruses in humans [1].

No cases were reported outside Africa until 2003, when 
a cluster of 47 laboratory confirmed cases associated with 
infected pet prairie dogs was described in the United 
States [2]. Further outbreaks with usually individual cases 
were subsequently reported in the United Kingdom, 
Israel and Singapore [3]. In May 2022, an mpox outbreak 
was recognized in Europe which has subsequently spread 
to more than 100 countries and territories from all six 
World Health Organisation regions [4] and was caused 
by a clade II related virus referred to as clade IIb. There 
are some striking features that make this outbreak rather 
unusual compared with previous outbreaks, including a 
shift in the average age and most affected age group, the 
sex/gender affected, risk factors, clinical course, presen-
tation, and mode of transmission [5–7].

The first cases of mpox in Germany were identified in 
May 2022 [8]. To date, approximately 3,800 cases have 
been reported to the German mandatory surveillance 
system at the Robert Koch Institute (RKI), the majority 
of which (approximately 3,600 cases) occurred from early 
summer to autumn 2022. Berlin is the most affected city, 
with a cumulative total of 1,762 cases by the 15th April 
2024. After an initial sharp increase, the number of cases 
decreased significantly from August 2022 onwards. Only 
a few cases were reported in October 2022, and no cases 
were recorded between January 2023 and July 2023. 
Since August 2023, mpox cases have been reported again 
in several federal states (especially in Berlin), but the 
numbers are significantly lower than in 2022. No deaths 
associated with mpox infection have been reported in 
Germany. As part of the emergency response, mass vac-
cination with Modified Vaccinia Virus Ankara (MVA)-
based vaccines began in July 2022 [9, 10]. These vaccines, 
marketed as Imvanex (EU), Jynneos (USA) or Imvamune 
(Canada), are third-generation vaccines using non-repli-
cating live attenuated viruses. They have been shown to 
induce a robust and protective immune response against 

mpox [11] and have an improved safety profile com-
pared to second-generation replicating vaccines, which 
in rare cases have caused serious adverse reactions. Fig-
ure 1 shows the number of reported mpox cases and first 
MVA-based vaccinations in Berlin from May to October 
2022 [12]. By end of October 2022 slightly more than 
15,000 first shot vaccinations and 4,300 second shot vac-
cinations had been administered in Berlin. The number 
of self-defined gay men living in Berlin has been esti-
mated at approximately 60,000, the number of gay men 
at increased risk of MPXV acquisition (based on a num-
ber of more than 5 sexual partners in the previous 12 
months) has been estimated at 22,000 [13].

The epidemiology and clinical presentation of mpox 
in the current outbreak clearly suggest that the virus 
behaves like a sexually transmitted infection. Through-
out the outbreak, sexual venues and festivals have been 
associated with chains of transmission [14, 15]. Primary 
lesions were often localised in the anogenital region 
(73–94%) or oropharynx, with other manifestations such 
as lymphadenopathy (56–85%) and fever (53–72%) often 
occurring after the onset of cutaneous lesions [15, 16]. 
Painful proctitis has been reported as a serious complica-
tion leading to hospitalisation [15]. Concomitant sexually 
transmitted infections were frequently observed (15–
29%). These observations, together with data on high viral 
loads detected in genital lesions, support skin-to-skin/
mucosa-to-mucosa contact during sexual intercourse as 
a common route of MPXV transmission. Whether genital 
secretions (e.g. semen) led to sexual transmission before 
lesions appeared or after healing, and the duration of 
cutaneous/mucosal shedding of infectious virus, remain 
unknown. However, replication competent virus can be 
isolated from semen as well as urine.

Several groups have described asymptomatic or clini-
cally inapparent MPXV infections in male sexual health 
clinic attendees screened for gonorrhoea and chlamydia, 
or at baseline serological screening in MSM present-
ing for MVA vaccination. In these asymptomatic cases 
MPXV DNA has been identified in mucosal swabs taken 
for screening using orthopox virus-specific PCR assays 
[17–22]. There is a high degree of homology between 
antigens from different orthopoxvirus species [23–25]. 
This makes it difficult to distinguish the cross-reactive 
antibody immune response after MVA vaccination from 
an MPXV infection. In addition, the immune response 

Conclusion  A substantial proportion of mpox infections were clinically undiagnosed. The number of condomless 
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to multiple viral proteins is complex and long-lasting. 
For example, antibodies from childhood smallpox vac-
cination can be detected decades after vaccination [26], 
but the extent to which they provide protection against 
MPXV infection is unclear [23–32]. The antibody 
response to vaccination with attenuated MVA is weaker 
compared to infection and is dependent on the number 
of booster vaccinations and previous childhood smallpox 
vaccination, declining to a relatively stable baseline level 
within 3–6 months, but cellular immune mechanisms 
appear to provide good protection, although the duration 
of protection is unknown [33, 34].

In differentiating between vaccine-induced and infec-
tion-induced antibodies, several scenarios need to be 
considered.

First, orthopoxvirus-specific antibodies may be derived 
from childhood smallpox vaccination and may be detect-
able at low levels in older individuals even decades after 
vaccination. The validity of self-reported childhood 
smallpox vaccination may be low, making it difficult to 
classify individuals as vaccinated. However, as childhood 
vaccination was mandatory worldwide until 1980, with 
some variation in the exact date of discontinuation, age 
may serve as a reliable proxy for classifying individuals as 
likely vaccinated or likely naïve.

Second, orthopoxvirus-specific antibodies can be 
induced by MVA vaccination. In contrast to self-reported 
smallpox vaccination, the validity of self-reported MVA 
vaccination may be high, especially as MVA was only 
made available during the 2022 outbreak and there was 
a widespread shortage of vaccine at the beginning of the 
outbreak. In addition, MVA vaccination of an individual 
who has been vaccinated against smallpox is thought to 
lead to a boost in immune responses, including both cel-
lular and humoral immune responses [35, 36]. In con-
trast, individuals vaccinated with MVA alone may require 
at least two doses of vaccine to achieve longer lasting 
antibody responses [31, 33].

Finally, individuals with a clinically diagnosed MPXV 
infection (usually confirmed by detection of MPXV DNA 
in samples taken from skin or mucocutaneous lesions) 
are expected to mount a robust cellular and humoral 
immune response, but the duration and pattern of the 
antibody response is still under investigation [11].

Previously, we developed a robust machine learning 
(ML)-guided serological assay to discriminate between 
MVA immunised individuals, those infected with MPXV 
and those with no pre-existing immunity, consider-
ing childhood vaccination as a confounding factor in 
all groups. The assay measures immune responses to 15 

Fig. 1  Notified mpox cases and first shot MVA vaccinations in Berlin, May–October, 2022
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OPXV-specific antigens, with 13 antigens used to train 
and test different ML algorithms [37].

In that study, we confirmed that the majority of indi-
viduals with undiagnosed MPXV infection are likely to 
mount an immune response against the ATI-N antigen 
[31], which can be expressed only in replicating OPXV 
and not in the replication-deficient MVA strains used 
for vaccination due to its loss during attenuation. There-
fore, individuals vaccinated with MVA are not expected 
to react to this antigen unless they have received a child-
hood smallpox vaccination. This finding is crucial for the 
detection of undiagnosed MPXV infections in people 
who have received the MVA vaccination. In addition, we 
confirmed that the MPXV E8L antigen contributes signif-
icantly to detection of orthopoxvirus contact by infection 
or immunization. Both ATI-N and E8L have previously 
been described as excellent antigens for detecting and/
or differentiating between naïve individuals and those 
immunised with Dryvax® or MVA [31]. Therefore, that 
assay can be used to serologically discriminate between 
MVA-immunised and MPXV-infected individuals, mak-
ing it highly useful for determining unrecognised MPXV 
infections in a population also vaccinated with MVA, as 
was the case in the MSM population in Berlin after the 
2022 outbreak.

Our main research question was: How many clinically 
undiagnosed MPXV infections occurred among MSM in 
Berlin during the 2022 mpox outbreak?

Methods
Population and samples for analysis
Men and trans individuals who have sex with men were 
recruited in private practices and community-based 
checkpoints specialised in HIV and STI care in Ber-
lin from April to June 2023. Participants were asked to 
complete an online questionnaire on socio-demographic 
data, mpox diagnosis, vaccination history, and sexual 
behaviour, and to provide a blood sample for serological 
analysis. The samples were tested for antibodies against 
a range of antigens to distinguish between antibodies 
induced by MPXV infection, MVA vaccination and child-
hood smallpox vaccination. An English version of the 
online questionnaire is available as Supplementary File 1.

We stratified the sample by age group into a subgroup 
younger than 50 years and a subgroup 50 years and older, 
to account for confounding antibodies from the child-
hood smallpox vaccination, which was discontinued in 
West Germany from 1976 on and in East Germany in 
1982. This may cause misclassification of some individu-
als in the age group 40–49, especially if they grew up in 
East Germany or other Eastern European countries that 
still had childhood vaccination. However, the majority of 
individuals will be correctly classified as having received 

a smallpox vaccination at this age (born 1974 or earlier: 
presumably vaccinated).

Laboratory testing
Serum samples were tested against a panel of 15 OPXV-
specific antigens using a bead-based multiplex assay to 
detect OPXV-specific antibody immune responses (IgG, 
IgM) [37]. Briefly, 15 OPXV-specific antigens, including 
5 pairs of vaccinia virus and MPXV homologous pro-
teins, were coupled to MagPlex® beads and included in a 
19-plex assay with all necessary controls (positive, nega-
tive, IgG and IgM isotype controls). Two serum dilutions 
(1:100 and 1:1000) were used to quantify IgG and IgM 
antibodies, with vaccinia immune globulin (VIG; BEI 
Resources) used as the standard for quantification.

Population-level data were used to establish cut-off 
values for the E8L and ATI-N proteins to determine the 
OPXV-specific serostatus (positive or negative), allow-
ing for potential misclassification due to asymptomatic 
infection in younger unvaccinated or MVA-vaccinated 
individuals. For this purpose, a serum panel of patients 
younger than 40 years of age was used. Naïve patients 
with samples collected before the mpox outbreak and 
without known OPXV infections were considered sero-
negative (n = 44), while MPXV-infected patients from the 
study were considered seropositive for the determination 
of the E8L-specific cut-off (n = 41). For the ATI-N-spe-
cific cut-off, sera from MVA-vaccinated individuals from 
a controlled study population prior to the mpox out-
break were considered seronegative (n = 13) in conjunc-
tion with the naïve sera used to determine the E8L cut-off 
(n = 44, same panel as above), while again MPXV-infected 
patients from the study were considered seropositive 
(n = 41, same panel as above).

Case definition
We used the following case definitions for confirmed/ 
serologically suspected MPXV infection:

We defined a case as confirmed if a diagnosis of mpox 
was self-reported in the questionnaire or reported by the 
recruitment site.

We defined a case as serologically suspected.

1)	 If no mpox diagnosis and no MVA vaccination were 
reported (neither in the questionnaire nor by the 
recruitment centre).

�a.	 If the age was less than 50 years; and.
b.	 If antibodies to the OPXV E8 surface protein were 

detected.

2)	 If vaccinated against MVA.
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�a.	 If, in addition to antibodies against the E8 surface 
protein, antibodies to the ATI-N OPXV protein 
were detected at a detection threshold that had 
a specificity of 95% and a sensitivity of 41% as 
determined by receiver operating characteristic 
analysis for the population-based cut-off.

This means that our case definition likely underestimates 
the number of mpox infections in participants who had 
received MVA vaccination(s).

This case definition was used to determine the study 
subsample that was used to analyse the behavioural cor-
relates of an mpox diagnosis.

To approximate the maximum number of possible 
mpox infections in our study population we also defined 
an upper bound of possible mpox infections in MVA 
vaccinees, individuals aged 50 years and older who were 
likely to have received childhood smallpox vaccination, 
and participants of unknown age and missing question-
naire data. This upper bound was defined:

 	– in MVA recipients as serological detection of E8 
antibodies, and ATI-N antibodies above a threshold 
with 77% sensitivity and 78% specificity;

 	– in individuals aged 50 years or older with no clinical 
diagnosis of mpox, as serological detection of ATI-N 
antibodies above a threshold with 100% specificity;

 	– in individuals of unknown age and without 
questionnaire data by serologically detecting E8 
and ATI-N antibodies above a threshold with 77% 
sensitivity and 78% specificity.

A supplemental Table summarizing the case definition, 
the upper bound definition, and the expected serological 
profile in older age groups with smallpox childhood vac-
cination is available as Supplementary Table S1.

Analysis of OPXV antibody responses by subgroups and 
stratified by age
We evaluated serological results for three subgroups of 
seroprevalence study participants, based on reported 
exposure, and stratified by age group. The three sub-
groups were (1) participants with self- and/or physi-
cian-reported mpox diagnosis (mpox reported); (2) 
Participants who reported MVA vaccination (MVA); and 
(3) Participants who denied mpox diagnosis and MVA 
vaccination (presumed naïve). The antibody response to 
the OPXV antigen ATI-N, which is expressed in MPXV 
but not in MVA, was used to further classify immune 
responses in MVA vaccinees and study participants 50 
years of age and above.

Statistical analysis
Associations between demographic and behavioural 
characteristics and a binary outcome variable of 
reported/suspected mpox infection based on our case 
definition were tested in a multivariable logistic regres-
sion model. The analysed group was restricted to par-
ticipants with questionnaire data and under 50 years of 
age. MVA recipients who did not meet the 95% specific-
ity threshold but were above the 77% specificity threshold 
for ATI-N antibody detection were also excluded from 
the analysis to reduce the risk of biasing the results due to 
inclusion of falsely positive and falsely negative classified 
participants. In this group we tested associations between 
reported/suspected mpox infection and reported number 
of partners, number of condomless anal sex partners in 
the past 3 months, location of sexual encounters, social 
and sexual contact with known mpox-infected partners, 
HIV co-infection and PrEP use, in univariable and mul-
tivariable regression analysis. All statistical analyses were 
conducted in R (version 4.3.0).

Ethics approval
The Ethics Committee of the Berlin Medical Association 
approved the seroprevalence study on 14 February 2023 
(Eth-40/22). All study participants gave their informed 
consent. Participants did not receive any incentives.

Results
We collected 1,119 blood samples from study partici-
pants and tested them for anti-OPXV antibodies using 
a multiplex assay containing various OPXV-specific 
antigens.

Detection of anti-orthopoxvirus antibodies
Anti-OPXV antibodies (antibodies against the E8 surface 
antigen) were detected in the serum of 775 of the 1119 
study participants (69%). Table 1 shows the distribution 
of detectable antibodies in participants with a reported 
mpox diagnosis, reported MVA vaccination, and in 

Table 1  Prevalence of anti-OPXV (E8) antibodies (ab) stratified 
by potential antibody source

anti-E8 sero-
positive/group 
total (percent)

Total 775/1,119 (69%)
Reported mpox infection 69/70 (99%)
Reported MVA vaccination 449/507 (89%)
  vaccinated once with MVA 89/124 (71%)
  vaccinated twice with MVA 355/376 (94%)
  No data 5/7 (71%)
Neither infection nor vaccinated with MVA 138/366 (38%)
  Older than 50 years 72/81 (89%)
  50 or younger 66/285 (23%)
  No data 119/176 (68%)
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participants who reported neither infection nor vacci-
nation. The latter group was stratified by age (under 50 
vs. 50 years and older) to account for possible antibodies 
induced by smallpox vaccination in childhood.

Data on mpox diagnosis, MVA vaccination and child-
hood smallpox vaccination were collected from 728 study 
participants using an online questionnaire. Data on clini-
cally documented mpox diagnosis and age from study 
participants without online questionnaires were provided 
by recruiting practices for a further 218 participants, and 
data on clinically documented MVA vaccination for 117 
study participants.

Anti-OPXV E8 ab were detected in 69/70 (99%) study 
participants with reported mpox infection, in 314/334 
(94%) study participants younger than 50 years with two 
reported MVA vaccinations, and in 62/97 (64%) of those 
with one MVA vaccination.

The detection of anti-OPXV ab in study participants 
without a history of mpox diagnosis or MVA vaccination, 
and younger than 50 years suggests possible undiagnosed 
mpox infections in this group.

To investigate this further, the antibody response to 
the OPXV antigen ATI-N, which is expressed in MPXV 
but not in MVA, was used to further classify immune 
responses.

Table 2 shows a cross-tabulation of (self-)reported data 
on mpox diagnosis and MVA vaccination history with 
serological predictions based on our case definition.

Mpox
The results for self-reported mpox diagnoses show that 
serological testing was able to identify almost all (99%) 
reported clinically diagnosed mpox infections on the 
basis of E8 seroreactivity. Only one clinically diagnosed 
mpox infection had antibodies to E8 below the positivity 
threshold.

MVA
The largest group in our study sample were individuals 
without a clinical diagnosis of mpox who reported MVA 
vaccination (one or two shots, with or without a his-
tory of childhood smallpox vaccination). In individuals 

younger than 50 years, our antibody assay identified 80 
(19%) with antibodies to ATI-N (= upper bound). How-
ever, because of the performance of the assay, with some 
expected false positives, we used a stricter case defini-
tion for this subgroup with a specificity of 95%, but also 
a lower sensitivity (41%), leaving 22 cases meeting this 
stricter case definition for serological diagnosis of mpox 
infection before or after MVA vaccination.

Of the eight cases for which we have information that 
they had been diagnosed with mpox and had received the 
MVA vaccination, four met the strict case definition for 
MVA recipients with 95% specificity for ATI-N, and anti-
bodies against ATI-N (= upper bound) were detected in 
seven.

Presumed naïve
Sixty-six (23%) participants aged less than 50 years were 
classified as having a suspected mpox infection based on 
anti-E8 antibodies. Self-reported immunologically naïve 
participants who immunologically recognise E8 and have 
not received a childhood smallpox vaccination must have 
been exposed to an OPXV, most likely MPXV, as the 
performance of the assay was 100% sensitivity and 100% 
specificity based on the population-based cut-off values.

Age group 50 years and older
Among individuals aged 50 years and older who reported 
having been vaccinated with MVA, we found serological 
reactivity to E8 in 81 of 84 individuals (96%), which was 
higher than in the younger age group (87%). The higher 
prevalence in the older group is probably an indication of 
increased reactivity due to childhood smallpox vaccina-
tion. Using the highest possible specificity threshold of 
100% for ATI-N reactivity as a surrogate for differentiat-
ing between mpox infection and smallpox vaccination, 10 
of 84 individuals (12%) met this definition for the upper 
bound of possible mpox cases in this age group.

In the 50 + age group of self-reported immunologically 
naïve participants, E8 antibodies were detected in 72 of 
81 individuals (89%). Using the same case definition as 
for MVA-vaccinated individuals in this age group, 12 

Table 2  Self-reported status, serological prediction and preliminary estimate of history of mpox infection
mpox estimated 
upper bound (all 
age groups)

Serological prediction in study 
participants < 50 years 

Serological prediction in study partici-
pants ≥ 50 years (n = 173) (possible small-
pox childhood vaccination antibodies)

Classification Self-reported mpox mpox* MVA Naïve mpox MVA/smallpox Naïve
mpox 70 70 61 0 1 8 0 0
MVA 507 90** 22* 346 55 10** 71 3
Presumed naïve 366 78** 66* 0 219 12** 60 9
No data 176 38** 81 57
Total 1.119 276** 149* 427 332 30** 131 12
* Mpox prediction based on seropositivity for E8 (subgroup Presumed naïve) or E8 + ATI-N (subgroup MVA) antibodies according to case definition **upper bound 
of possible mpox infections in these subgroups
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individuals (15%) met the definition for the upper bound 
of possible mpox cases in this age group.

Smallpox childhood vaccination
Although we collected questionnaire data on childhood 
smallpox vaccination, the ability to reliably recall this 
vaccination is limited. Of the 779 respondents aged less 
than 50 years in our sample, 236 self-reported small-
pox vaccination as a child, despite growing up in a time 
when childhood smallpox vaccination had already been 
discontinued in most countries. We therefore decided 
not to use these questionnaire data for classification, but 
to make the conservative assumption for our strict case 
definition that any serological predictions of mpox infec-
tion in study participants aged 50 years and older might 
be biased by antibodies induced by childhood smallpox 
vaccination, unless we had a report of a clinical diagno-
sis of mpox. Among the 70 participants with a reported 
mpox diagnosis, there were eight survey participants 
aged 50 years and older. For estimating the upper bound 
of potential mpox infections in participants 50 years and 
older we used a 100% specificity cut-off for ATI-N ab, 
which would rarely if at all be surpassed in people having 
received a smallpox vaccination more than 50 years ago. 
Survey participants younger than 50 years were gener-
ally assumed not to have received a childhood smallpox 
vaccine. A small number of participants in their late 40s 
may have been misclassified by this assumption, particu-
larly because some countries in Eastern Europe stopped 
childhood smallpox vaccination later than countries in 
Western Europe, and we did not have information on 
the country of origin of the study participants. The total 
number of participants classified as suspected mpox 
infection in the 40–49 age group was 22, representing 
13% of the participants in this age group. In the lower age 
groups the proportions were 14% in the 30–39-year age 
group and 11% in the 18-29-year age group.

Unfortunately, age and reported data on mpox diagno-
sis and MVA vaccination were missing for 176 partici-
pants among whom 38 (22%) met the definition for the 
upper bound of potential mpox cases in this group, but 
none was included in the strict case definition.

Reported symptoms without mpox diagnostics
All study participants without a clinical diagnosis of 
mpox were asked if they had experienced mpox-related 
symptoms without being tested for mpox. This ques-
tion was answered positively by 18 study participants, of 
whom 15 (83%) had detectable E8 antibodies and seven 
(39%) had ATI-N antibodies (upper bound definition). 
Of these 15, 13 (87%) had received MVA vaccination(s) 
and two (13%) had not. These two and a further three 
who had received MVA (= 5/15, 33%) were classified as 

suspected mpox infection on the basis of E8 and ATI-N 
reactivity (strict case definition).

Serologically suspected mpox infections
We defined all cases younger than 50 years with no 
reported diagnosis of mpox and serological reactiv-
ity to E8 and ATI-N according to our case definition as 
serologically suspected mpox infections. This definition 
included 88 individuals.

After excluding all participants without question-
naire data (n = 391), participants aged 50 years and 
older (n = 120, due to uncertainty regarding the origin 
of anti-OPXV antibodies), and participants with ATI-N 
reactivity but not meeting the stricter 95% specificity 
requirements (n = 58), 549 participants could be included 
in univariable and multivariable regression analysis. 
These consisted of n = 41 with self-reported mpox diag-
nosis, n = 47 with suspected undiagnosed mpox infection, 
n = 294 recipients of an MVA vaccination, and n = 167 
participants who reported neither mpox diagnosis nor 
MVA vaccination.

Descriptive analysis showed good comparability 
between the mpox reported and mpox suspected groups 
with respect to the mpox exposure risk variables of sexual 
contact with persons diagnosed with mpox, number of 
partners, and visit to sex venues. The respective propor-
tions for the mpox suspected group are closer to those 
for the mpox reported group than for the MVA group 
(see Table 3).

For multivariable logistic regression analysis, we com-
bined the mpox reported and suspected groups and 
compared them with the combined MVA/presumed 
naïve participants. HIV diagnosis and PrEP use were not 
included in the multivariable model. HIV diagnosis was 
not significant in univariable analysis, PrEP use was not 
included because it was strongly correlated with con-
domless anal intercourse, thus it facilitates condomless 
anal intercourse and is not an mpox infection risk factor 
on its’ own. From the two variables measuring the use of 
gay sex venues for finding sexual partners we choose the 
categorical variable for the multivariable model. There 
were two variables quantifying the potential exposure 
risk: the number of sex partners and the number of part-
ners with condomless anal sex. Both variables are cor-
related, but they are sufficiently different because there 
is still a proportion of men with multiple partners who 
preferentially use condoms instead of PrEP. Using both 
variables we can show that the risk for mpox is primar-
ily associated with condomless anal intercourse, not with 
the number of sexual partners. In the multivariable anal-
ysis, reported sexual contact with people diagnosed with 
mpox, and two or more condomless anal sex partners in 
the past three months remained significantly positively 
associated with mpox infection (see Table 3).
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As a sensitivity analysis, we also performed two sepa-
rate analyses comparing only those with reported mpox 
and those with suspected mpox with the combined 
MVA/presumed naïve participants. The role of sexual 
contact with a partner diagnosed with mpox was stron-
ger for the mpox reported compared with the mpox sus-
pected group, but the number of condomless anal sex 
partners was of similar importance for both groups (see 
Supplementary Table S2).

Association of antibody responses with number of 
vaccinations and reported number of partners
To further analyse the association between MVA vaccina-
tion, partner number and OPXV E8 and ATI-N reactiv-
ity, we investigated whether there was any evidence of an 
effect of reported partner number (= mpox exposure risk) 
on anti-OPXV antibody prevalence among study par-
ticipants reporting MVA vaccination. In both subgroups 
of participants, with two or only one MVA vaccina-
tion, and younger than 50 years, we found an increasing 
OPXV ATI-N antibody prevalence with increasing num-
ber of partners (combining the two subgroups we tested 
the association with partner numbers in a Chi² test, 
which was highly significant p < 0.001), suggesting that 

undiagnosed Mpox infections may have contributed to 
the OPXV antibody prevalence (see Table 4).

Discussion
To our knowledge, this is the first cross-sectional, pop-
ulation-based study of mpox seroprevalence in the most 
at-risk population of an mpox hotspot city. Other studies 
reporting seroprevalence data excluded individuals with 
clinically diagnosed mpox infection and MVA vaccina-
tion and/or included pre-selected participants [19, 21], 
making it difficult to extrapolate prevalence to a larger 
population.

OPXV E8 antibodies were detected in serum samples 
from individuals who denied mpox diagnosis and MVA 
vaccination and who were maybe too young to have 
received childhood smallpox vaccination. The most 
likely explanation for these antibodies is undiagnosed 
mpox infection. OPXV ATI-N antibodies in MVA recipi-
ents and participants under 50 years of age who deny a 
mpox diagnosis are likely to identify a minimum num-
ber of people with undiagnosed mpox infection, partic-
ularly because for MVA recipients we used an antibody 
detection threshold with a sensitivity of just over 40%, 
i.e. we probably underestimate mpox infections in MVA 
recipients. As ATI-N reactivity was not detected in all 

Table 3  Associations between demographic and behaviour variables and risk for mpox infection, Berlin mpox seroprevalence study 
2023

Univariable 
(N = 549)

Multivariable 
(N = 549)

Mpox 
reported 
(N = 41)

Mpox 
suspected 
(N = 47)

MVA* 
(N = 294)

Naïve 
(N = 167)

OR 95% CI p OR 95% CI p

Age group 18–29 10 18 71 84 ref ref
30–39 21 18 148 57 1.05 0.62–1.80 0.848 0.81 0.44–1.49 0.488
40–49 10 11 75 26 1.15 0.61–2.13 0.656 0.85 0.42–1.71 0.658
50+ excluded

HIV diagnosed 5 (13%) 8 (19%) 33 (12%) 7 (5%) 1.81 0.89–3.49 0.085
PrEP use Daily

On demand
26 (72%)
5 (14%)

15 (39%)
9 (23%)

158 (61%)
54 (21%)

28 (18%)
18 (11%)

1.79
1.58

1.02–3.23 
0.74–3.27

0.048
0.227

Social contact** 
with Mpox

No
Yes

11 (27%)
14 (34%)

25 (53%)
7 (15%)

138 (47%)
128 (44%)

129 (77%)
29 (17%)

Ref
1.37

0.80–2.32 0.242 ref
1.04

0.57–1.86 0.902

Sexual contact** 16 (39%) 15 (32%) 28 (10%) 9 (5%) 4.61 2.45–8.62 < 0.001 2.87 1.39–5.84 0.004
Sexual partners 
(last three months)

None or 1
2–4
5–10
> 10

4 (10%)
11 (27%)
7 (17%)
19 (46%)

5 (11%)
12 (27%)
11 (24%)
17 (38%)

26 (9%)
101 (35%)
107 (37%)
57 (20%)

31 (20%)
73 (48%)
39 (26%)
9 (6%)

Ref.
0.84
0.78
3.45

0.38–2.00
0.34–1.92
1.59–8.19

0.673
0.571
0.003

ref
0.46
0.18
0.29

0.16–1.36
0.05–0.66
0.06–1.23

0.147
0.009
0.096

Condomless anal 
sex partners (last 
three months)

None or 1
2–4
5–10
> 10

8 (20%)
11 (27%)
8 (20%)
14 (34%)

10 (23%)
10 (23%)
10 (23%)
13 (30%)

107 (38%)
96 (34%)
49 (17%)
33 (12%)

91 (62%)
43 (29%)
11 (8%)
2 (1%)

Ref.
1.66
3.30
8.49

0.85–3.26
1.61–6.78
4.27–17.30

0.135
0.001
< 0.001

ref
2.21
5.93
9.53

1.02–5.04
2.10–18.35
2.72–37.54

0.049
0.001
< 0.001

Visiting sex venues Yes 30 (73%) 29 (62%) 145 (50%) 57 (34%) 2.60 1.62–4.25 < 0.001 1.65 0.91–3.01 0.102
Number of differ-
ent locations

(1–7) mean 2.54 1.94 1.71 1.40 1.53 1.28–1.84 < 0.001

Intercept 0.16 0.06–0.36 < 0.001
* n = 58 participants from the MVA group with ATI-N antibodies below the 95% specificity threshold were excluded from this analysis; **for the question wording 
see Q8, Supplementary File 1
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individuals with a reported clinical diagnosis of mpox, 
the true number of undiagnosed Mpox infections in our 
sample may be even higher.

A reliable serological distinction between infection- 
and vaccination-induced antibodies was not possible 
in individuals with childhood smallpox vaccination. We 
nevertheless tried to estimate the number of mpox 
infections in participants 50 years of age and above by 
requiring a high anti-ATI-N ab reactivity (above a 100% 
specificity threshold), which would exclude most partici-
pants with ATI-N reactivity due to smallpox childhood 
vaccination decades ago.

Given the epidemiological dynamics and the start of 
the vaccination campaign (see Fig.  1), we believe that 
most of the undiagnosed infections occurred by the end 
of July 2022 and that vaccine protection became a protec-
tive factor for MSM in Berlin only after August 2022. This 
assumption is supported by the results of an extensive 
screening study among Berlin checkpoint clients, which 
showed that clinically inapparent mpox infections were 
detected in the same time frame as clinically diagnosed 
infections [38]. Authors from other countries have also 
reported MVA recipients who were serologically positive 
for OPXV ab at baseline screening before MVA vaccina-
tion [19, 20, 39]. This does not exclude the possibility that 
suspected undiagnosed infections were acquired after 
September 2022 and/or after MVA vaccination. A short-
ened course of infection and attenuation of symptoms in 
vaccinated individuals could also be a reason for failure 
to clinically recognise mpox infections. The compara-
tively high proportion of suspected undiagnosed infec-
tions in our sample compared with other publications 
could also be related to the longer period between the 
peak of the outbreak and sample collection. The higher 
ATI-N reactivity among MVA recipients with fewer than 
10 condomless anal sex partners in the last 3 months and 
one vaccine dose compared with two vaccine doses might 

indicate a higher proportion of post-vaccination break-
through infections in this subgroup. Factors significantly 
associated with mpox infection in a multivariable regres-
sion model were having two or more partners with whom 
condomless anal intercourse was practised in the past 
three months and reporting sexual contact with people 
known to have mpox. The risk of exposure to mpox in 
gay sex venues reported by people with suspected undi-
agnosed infection ranged between the risk reported by 
people with diagnosed infection and people vaccinated 
with MVA. Thus, in addition to the absence of symp-
toms or mild symptoms, lower risk perception may be 
a factor contributing to the failure to clinically diagnose 
infections.

Limitations
There was a subgroup of study participants with miss-
ing data on age, history of mpox infection and vaccina-
tion which did not allow us to further classify these cases 
based on their ab patterns. The proportion of anti-E8 ab 
positivity was 68% among the 176 participants with miss-
ing data (16% of all participants). Anti-E8- ab positivity 
was thus almost identical among participants with miss-
ing data and the whole study sample (656/943 = 70%), 
suggesting that data were missing at random.

As the diagnosis of mpox and the history of MVA vac-
cination were collected by a self-administered question-
naire, recall bias cannot be excluded. However, we believe 
that these data are highly reliable because we asked 
about infections and vaccinations that had occurred in 
the previous 9–11 months and would generally be well 
remembered.

Due to the performance of our multiplex assay for 
ATI-N detection, we decided to use a compromise 
between specificity and sensitivity of ATI-N ab detec-
tion for our case definition of suspected undiagnosed 
infections. Thus, we are likely to underestimate the true 

Table 4  OPXV antigen exposure and potential mpox exposure in MVA recipients as predictors of OPXV AB prevalence
OPXV antigen exposure Age group Number of condomless anal 

partners in last three months
Proportion with OPXV E8 
antibodies

Proportion with 
ATI-N antibodies
(41% sensitivity, 
95% specificity)

Mpox reported 69/70 (99%) 34/70 (49%)
MVA 2 shots > 50 years 47/48 (98%) n.i.

≤ 50 years ≥ 10 partners 35/38 (92%) 7/38 (18%)
2–10 partners 145/156 (93%) 6/156 (4%)
0–1 86/90 (96%) 0/90 (0%)

MVA 1 shot > 50 years 34/36 (94%) n.i.
≤ 50 years ≥ 10 partners 8/12 (67%) 2/12 (17%)

2–10 partners 28/35 (80%) 3/35 (9%)
0–1 15/27 (56%) 1/27 (4%)

Naïve > 50 years 72/81 (89%) n.i.
Naïve ≤ 50 years 66/285 (23%) 19/285 (7%)
n.i. = not interpretable because ATI-N antibodies may be residual from childhood smallpox vaccination
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number of infections in the subgroup of participants vac-
cinated with MVA because we used a threshold that has a 
sensitivity of only 41%, and because not all true infections 
would be ATI-N ab positive. Using this stricter definition, 
41% (61/149) of the estimated mpox infections would 
have been clinically diagnosed (see Table  2). We also 
tried to estimate an upper range for undiagnosed mpox 
infections by using a lower threshold for anti ATI-N ab. 
Using this upper range estimate only 25% (70/276) of the 
estimated mpox infections would have been clinically 
diagnosed.

It is likely that our strict case definition underesti-
mated the number of undiagnosed mpox infections in 
the age groups 50 years and older because we assumed 
that all OPXV ab in these age groups were due to child-
hood smallpox vaccination, unless participants reported 
clinical mpox diagnoses. As eight of the 70 reported 
diagnoses were in people aged 50 and over, it is likely 
that there were some undiagnosed infections in this age 
group. On the other hand, some of the people with sus-
pected mpox infections in the age group 40–49 may have 
been misclassified because they may have received the 
smallpox vaccine as children. It might have been prefer-
able to document vaccination scars instead of asking for 
smallpox childhood vaccination. However, based on the 
very similar proportions with serologically suspected 
mpox infection in other age groups, we believe that the 
number of ppts aged 40–49 years who did receive small-
pox vaccination was small and probably did not exceed a 
handful of individuals. Last but not least, we are unable 
to exclude the possibility that individual cases of anti-E8 
and anti-ATI-N seropositivity could be due to ab against 
cross-reacting orthopoxviruses other than MPXV.

Conclusion
Based on our serological test results from the Berlin 
MSM sample, we estimate that only between 25 and 41% 
of individuals with mpox infection were clinically diag-
nosed. More research will be necessary to determine 
the timing of mpox infections in people vaccinated with 
MVA, e.g. by analysing anti-ATI-N reactivity in serum 
samples taken before and after MVA vaccination. Only 
a small proportion of those with serological suspicion 
but no clinically confirmed diagnosis of mpox reported 
experiencing symptoms consistent with mpox infection. 
While we cannot exclude the possibility that a larger pro-
portion of these individuals had mild clinical symptoms 
that did not raise suspicion and trigger further diagnostic 
efforts, it is clear that in real life a significant proportion 
of mpox infections will remain clinically undiagnosed. 
With such a high proportion of undiagnosed infections, 
it is highly likely that undiagnosed infections will play an 
important role in the spread of the virus in outbreak situ-
ations. Quarantine or other drastic contact restrictions 

for people diagnosed with mpox, or who have had social 
or sexual contact with people diagnosed with mpox, may 
therefore have a very limited impact on outbreak con-
tainment. Rapid and unrestricted access to the MVA vac-
cine is the best option for controlling the spread of mpox. 
In the absence of vaccine availability, condom use for 
anal/vaginal intercourse is likely to be protective against 
sexual transmission, based on our data, which identify 
the number of condomless anal sex partners, rather than 
the number of sexual partners, as the main risk factor for 
mpox infection.

Our findings raise serious doubts that mpox can ever 
be eradicated with currently available tools once the 
virus has established itself in a susceptible population in 
a country. Following the global mpox outbreak among 
MSM in 2022, it is therefore unlikely that mpox will dis-
appear from this population in the foreseeable future.
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