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IDIBELL Hospital Duran i Reynals—3a planta, Gran Via de l’Hospitalet, 199-203, 08908 L’Hospitalet de Llobregat, Barcelona, Spain. E-mail:
aveiga@idibell.cat;guidelines@eshre.eu https://orcid.org/0000-0002-0943-9904

Submitted on June 13, 2022; resubmitted on September 15, 2022; editorial decision on October 20, 2022

TABLE OF CONTENTS
................................................................................................................................

• Introduction
• Methods
• Results

COVID-19 impact on male reproductive organs, gametes and endocrine function
COVID-19 impact on female reproductive organs, gametes and endocrine function
Impact of COVID-19 on embryos
Impact of COVID-19 on ART outcomes
COVID-19 vaccination and human reproduction

• Conclusion

†These authors are shared first authors.
VC The Author(s) 2022. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

Human Reproduction Update, Vol.29, No.2, pp. 177–196, 2023
Advance Access Publication on November 14, 2022 https://doi.org/10.1093/humupd/dmac037

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/29/2/177/6827446 by guest on 07 M
arch 2023

https://orcid.org/0000-0003-1106-3747
https://orcid.org/0000-0001-8046-6799
https://orcid.org/0000-0002-3094-4892
https://orcid.org/0000-0002-6077-9840
https://orcid.org/0000-0001-6509-6320
https://orcid.org/0000-0002-3139-9128
https://orcid.org/0000-0002-0943-9904
https://orcid.org/0000-0002-0943-9904
https://orcid.org/0000-0002-0943-9904


BACKGROUND: In 2020, SARS-CoV-2 and the COVID-19 pandemic had a huge impact on the access to and provision of ART
treatments. Gradually, knowledge of the virus and its transmission has become available, allowing ART activities to resume. Still, questions
on the impact of the virus on human gametes and fertility remain.

OBJECTIVE AND RATIONALE: This article summarizes published data, aiming to clarify the impact of SARS-CoV-2 and the
COVID-19 disease on human fertility and assisted reproduction, as well as the impact of vaccination, and from this, provide answers to
questions that are relevant for people contemplating pregnancy and for health care professionals.

SEARCH METHODS: PUBMED/MEDLINE and the WHO COVID-19 database were searched from inception to 5 October 2022 with
search terms focusing on ‘SARS-CoV-2’ and gametes, embryos, reproductive function, fertility and ART. Non-English studies and papers
published prior to 2020 were excluded, as well as reviews and non-peer reviewed publications. Full papers were assessed for relevance
and quality, where feasible.

OUTCOMES: From the 148 papers included, the following observations were made. The SARS-CoV-2-binding proteins, angiotensin-
converting enzyme 2 (ACE2) and type II transmembrane serine protease (TMPRSS2), are expressed in the testis, but co-expression
remains to be proven. There is some evidence of SARS-CoV-2 RNA in the ejaculate of COVID-19 patients with severe disease, but not in
those with mild/moderate disease. SARS-CoV-2 infection can impair spermatogenesis, but this seems to resolve after one spermatogenic
cycle. Testosterone levels seem to be lower during and after COVID-19, but long-term data are lacking; disease severity may be
associated with testosterone levels. COVID-19 cannot be considered a sexually transmitted disease. There is no co-expression of ACE2
and TMPRSS2 in the myometrium, uterus, ovaries or fallopian tubes. Oocytes seem to have the receptors and protease machinery to be
susceptible to SARS-CoV-2 infection; however, viral RNA in oocytes has not been detected so far. Women contemplating pregnancy

GRAPHICAL ABSTRACT

The review summarizes the data concerning the SARS-CoV-2 virus, COVID-19 and SARS-CoV-2 vaccination and its impact on
human gametes, endocrinological processes, reproduction and fertility.
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following COVID-19 may benefit from screening for thyroid dysfunction. There is a possible (transient) impact of COVID-19 on menstrual
patterns. Embryos, and particularly late blastocysts, seem to have the machinery to be susceptible to SARS-CoV-2 infection. Most studies
have not reported a significant impact of COVID-19 on ovarian reserve, ovarian function or follicular fluid parameters. Previous asymptom-
atic or mild SARS-CoV-2 infection in females does not seem to negatively affect laboratory and clinical outcomes of ART. There are
no data on the minimum required interval, if any, between COVID-19 recovery and ART. There is no evidence of a negative effect of
SARS-CoV-2 vaccination on semen parameters or spermatogenesis, ovarian function, ovarian reserve or folliculogenesis. A transient effect
on the menstrual cycle has been documented. Despite concerns, cross reactivity between anti-SARS-CoV-2 spike protein antibodies
and Syncytin-1, an essential protein in human implantation, is absent. There is no influence of mRNA SARS-CoV-2 vaccine on patients’
performance during their immediate subsequent ART cycle. Pregnancy rates post-vaccination are similar to those in unvaccinated patients.

WIDER IMPLICATIONS: This review highlights existing knowledge on the impact of SARS-CoV-2 infection or COVID-19 on fertility
and assisted reproduction, but also identifies gaps and offers suggestions for future research. The knowledge presented should help to
provide evidence-based advice for practitioners and couples contemplating pregnancy alike, facilitating informed decision-making in an
environment of significant emotional turmoil.

Key words: COVID-19 / embryo / assisted reproduction / infertility / vaccination / clinical practice

Introduction
In March 2020, when SARS-CoV-2 spread across the globe, the World
Health Organization (WHO) declared the COVID-19 pandemic, which
initiated an abrupt and unexpected disruption of activities, including
provision of non-emergency health services. The benefit of continuing
fertility treatments did not outweigh the emerging risk of contamination
and infection with SARS-CoV-2, and significant unknowns on the SARS-
CoV-2 virus, including its mode of transmission, its ability to survive
freezing, and its impact on gametes, pregnancy and the health of chil-
dren born. In consequence, recommendations were made to tempo-
rarily suspend fertility services (ESHRE—European Society of Human
Reproduction and Embryology, 2020). ART activities were paused for a
mean of 7 weeks between March and May 2020 in many ART centres
across Europe (ESHRE Covid-19 Working Group et al., 2020) and in
other regions (Ory et al., 2020; Tan et al., 2020; Qiao and National
Expert Group for Quality Management on Assisted Reproductive
Technology, 2021). Urgent fertility preservation treatments, allowing for
instance cancer patients to store gametes prior to starting gonadotoxic
treatments, were carried out during this period in some centres under
specific safety measures to mitigate possible risks (Adiga et al., 2020).

The suspension of fertility services, even for a limited period of
time, affected treatment waiting lists, especially in countries where
such lists were already long. Two years down the road, the situation
does not seem to have resolved. An additional challenge remains the
age limit for access to or funding of treatment in public clinics. The
COVID-19 pandemic-related delays in treatment caused some
patients to reach the age limit strictly followed by funding institutions,
acting as a barrier to accessing treatment. Also, the significant eco-
nomic impact of the pandemic, including loss of jobs or temporary lay-
offs, made it impossible for some patients to start or continue with
their treatments.

As such, the suspension of fertility services had a huge impact for
patients and couples in the midst of fertility therapy or on a waiting list
to start ART. In addition, fertility treatments are known to be physi-
cally and financially challenging and cause a significant psychological
burden on patients. The COVID-19 pandemic, as well as the
pandemic-related increased waiting time to start fertility treatment, has
caused further anxiety, stress and sorrow among infertility patients

(Boivin et al., 2020; Esposito et al., 2020; Kaur et al., 2020; Rosielle
et al., 2021; Barra et al., 2022; Gurtin et al., 2022). Especially the un-
certainty regarding how long ART treatments would be suspended,
how the pandemic would evolve, and how it would affect fertility
treatment and pregnancy increased the psychological toll on patients.
The strict conditions under which clinics operated after resumption of
activities, for example partners not being allowed into the clinic in
some centres, also contributed to patients’ stress levels.

The impact of the suspension of activities in ART clinics on patients’
chances of achieving a live birth are debated. A study in the UK esti-
mated, based on a population data-based model, that a 6 month delay
in starting fertility treatment would reduce the chance of a live birth by
9.8% and 11.8%, in women aged 38–39 and 40–42 years, respectively
(Bhattacharya et al., 2021). Apart from age, the cause of infertility was
another factor affecting the chance of success after a delay in treat-
ment. Contradicting these results, two retrospective studies reported
no reduction in the chance of success with a treatment delay of up to
180 days in women with diminished ovarian reserve or for a delay of
up to 1 year in women aged 39 years or above with unexplained infer-
tility (Romanski et al., 2020; Carosso et al., 2022).

On a population level, it was estimated that the COVID-19 pan-
demic would have a profound impact on the IVF live birth in the USA,
with up to 25 143 fewer live births between 2020 and 2023 due to
the temporary suspension of ART activities and the economic reces-
sion associated with the pandemic (Gromski et al., 2021). The signifi-
cant impact on cumulative live birth rates due to the delay in fertility
treatment was specifically significant in older women (>40 years old)
(Smith et al., 2020). In contrast, a study in Italy reported a decrease of
5.1% in the monthly birth rate in 2020 as compared to 2019, but cal-
culated that this could be largely attributed to a decrease in natural
conceptions while the closing of ART centres only played a marginal
role (Somigliana et al., 2021). Others have suggested that the pan-
demic may increase the importance of family and increase family build-
ing (Lambalk et al., 2020). The prospective annual ESHRE IVF
monitoring data collection will in due course provide further data on
the specific impact of the pandemic on the number of ART proce-
dures performed and the possible rebound afterwards.

Another aspect is COVID-19 vaccination, which was largely recom-
mended by WHO and national governments to provide strong

SARS-CoV-2, fertility and assisted reproduction 179

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/29/2/177/6827446 by guest on 07 M
arch 2023



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
protection against serious illness, hospitalization and death from
COVID-19. The exclusion of pregnant women from the vaccine trials
resulted in a lack of data on whether the vaccines were safe to be
used before or during fertility treatment or during pregnancy. This un-
certainty led to some hesitancy towards vaccination, which lasted even
after the publication of the studies showing that the COVID-19
mRNA vaccines do not negatively affect the pregnancy or the new-
born baby.

Gradually, knowledge of SARS-CoV-2 and its transmission has be-
come available and has allowed ART activities to resume within certain
restrictions. COVID-19 vaccination was shown to be safe, including
for pregnant women. Still, questions remained on the impact of the vi-
rus and vaccination on gametes and fertility. Answers to such ques-
tions are needed to support clinics in proceeding with safe ART
treatments in the post-COVID-19 era, both in the short- and the long
term. Additionally, the lessons learned from the COVID-19 pandemic
should be recorded to allow for more informed guidance and recom-
mendations in future emerging situations. This article aims to elucidate
the impact of SARS-CoV-2, COVID-19 disease and vaccination on
human reproduction for the purpose of answering questions that
are relevant for people contemplating pregnancy and health care
professionals.

Methods
A literature review was performed to collect studies and reports fo-
cusing on SARS-CoV-2 and human reproduction (gametes, embryos,
reproductive function, fertility and ART) as well as the impact of vacci-
nation upon human reproduction and ART. PUBMED/MEDLINE was
searched, and studies were included from inception (1966) up to 5
October 2022; all retrieved references were checked for relevance.
Similar search terms were applied to the COVID-19 database of the
WHO (https://search.bvsalud.org/global-literature-on-novel-coronavi
rus-2019-ncov/).

Non-English language studies and papers published before the start
of the COVID-19 pandemic (prior to 2020) were excluded from the
retrieved references. Titles and abstracts of the remaining references
were screened against the inclusion criteria, which were to report on
SARS-CoV-2, COVID-19 or COVID-19 vaccination and to describe
the impact on reproductive tissues and cells, including gametes
(oocytes or sperm) and embryos, gamete development, reproductive
function, endocrine function, male and female fertility and ART treat-
ment outcomes. Full-text papers of relevant references were collected
and assessed. Papers that did not fit the inclusion criteria upon full-text
evaluation, e.g. those focusing on the impact of COVID-19 on ART
services and ART patients’ psychosocial factors, were further ex-
cluded. With regards to the publication type, original studies were se-
lected, and reviews, opinion papers, editorials and other types of
papers were excluded from the evidence. Conference abstract and
non-peer reviewed publications were excluded as well. The results of
the literature search are summarized in a PRISMA flowchart (Fig. 1)
(Page et al., 2021). Full papers were assessed for relevance and quality,
where feasible, as some of the published COVID-19 studies have small
samples and short durations, which undermines the relevance of per-
forming thorough assessment of quality.

Results
Coronaviruses enter hosts cells by binding of the viral spike (S) protein
to cell receptors and, upon S protein priming, by host cell proteases
(Laporte and Naesens, 2017; Hoffmann et al., 2020). SARS-CoV-2
uses the angiotensin-converting enzyme 2 (ACE2) receptor and the
cell protease type II transmembrane serine protease (TMPRSS2) to
bind to the cell and for virus–cell fusion (Hoffmann et al., 2020). This
indicates that the co-expression of ACE2 and TMPRSS2 can predict
the potential of cells to be prone to infection (Matsuyama et al., 2020;
Zang et al., 2020). In addition to ACE2 and TMPRSS2, another possi-
ble mechanism suggested for SARS-CoV-2 viral entry, although not
considered confirmed by others, is mediated through CD147 or
Basigin receptor (BSG) with cysteine protease cathepsin L (CTSL) as
the protease (Ulrich and Pillat, 2020; Vilella et al., 2021).

COVID-19 impact on male reproductive
organs, gametes and endocrine function
Receptors facilitating SARS-COV-2 entry in testicular tissue, Sertoli
cells, Leydig cells and spermatozoa
Studies using public single cell RNA sequencing (scRNA-seq) datasets
reported a high expression level of ACE2 and TMPRSS2 in the testis
including spermatogonia, peritubular myoid cell, testis somatic cells
and spermatogonial stem cells (Qi et al., 2021). The testis has thus
been categorized as an organ with a high susceptibility to SARS-CoV-
2. This conclusion is controversial as other authors reported that even
if ACE2 is highly expressed in the testis (Al-Benna, 2021; Cai et al.,
2021), co-expression with TMPRSS2 is not observed, suggesting that
testicular cells do not have a high risk of viral entry and infection
(Baughn et al., 2020; Pan et al., 2020; Borges et al., 2021).

In comprehensive studies, ACE2 protein expression has been docu-
mented in the testis by immunohistochemistry and compared with
transcriptomics, scRNA-seq datasets, western blot and mass spec-
trometry data (Fu et al., 2020; Hikmet et al., 2020).

Studies using scRNA-seq datasets of male embryo primordial germ
cells and normal testis cells to assess the possible effects of SARS-
CoV-2 demonstrated the expression of ACE2 in all testis cell types
and Sertoli cells (Liu et al., 2020; Shen et al., 2020). BSG and CTSL
co-expression, at lower levels, has been detected in Leydig cells,
myoid cells, endothelial cells and differentiating spermatogonia (Stanley
et al., 2020). COVID-19 has been shown to damage both Sertoli and
Leydig cells (Yang et al., 2020; Nie et al., 2021).

These studies point to the potential entry of SARS-CoV-2 infection
in the male reproductive system.

Histopathology, ultrastructural microscopy and immunofluorescence
investigations of prostate tissue, retrieved after surgery for benign indi-
cations in a man recovering from COVID-19, showed the presence of
viral particles in the prostate 4 months after the infection (Reddy
et al., 2022).

Through scRNA-seq datasets analysis, ACE2 expression, but no co-
expression of ACE2 and TMPRSS2, was reported in sperm (Stanley
et al., 2020), and BSG/CSTL co-expression was reported in early and
late primary spermatocytes (Stanley et al., 2020). The ACE2 protein is
expressed on mature spermatozoa after ejaculation, as documented
from western blot analysis (Ramal-Sanchez et al., 2022).
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Presence of SARS-CoV-2 RNA in semen
The presence of SARS-CoV-2 in the sperm of men affected by COVID-
19 has been extensively studied at different stages, including after patient
recovery, as well as in relation to the severity of the infection.

Some studies have suggested the absence of SARS-CoV-2 RNA in
semen samples of asymptomatic COVID-19-positive men or those
suffering or recovering from mild COVID-19, even though they were

still in the acute phase and positive for the virus in the nasopharyngeal
swab (Holtmann et al., 2020; Rawlings et al., 2020; Best et al., 2021;
Burke et al., 2021; Guo et al., 2021a; Gupta et al., 2021; Ma et al.,
2021; Paoli et al., 2021a; Ruan et al., 2021; Scroppo et al., 2021;
SharMa et al., 2021; Temiz et al., 2021; Donders et al., 2022; Fraietta
et al., 2022; Huang et al., 2022b; Pavone et al., 2022). Other authors
reported the presence of SARS-CoV-2 in the semen and in the
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Figure 1. PRISMA flow diagram.
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.seminal plasma fraction (by PCR testing) in the acute phase and after
recovery after mild and moderate COVID-19 in a limited percentage
of patients, respectively, in 4/15, 1/6, 1/31, 1/19 and 6/38 cases (Li
et al., 2020a; Delaroche et al., 2021; Machado et al., 2021; Purpura
et al., 2022). One study additionally reported SARS-CoV-2 in 2 of 23
patients (8.7%) who were recovering from COVID-19 (Li et al.,
2020a).

In men with severe COVID-19 disease, presence of the virus in the
semen was not shown in one study (Kayaaslan et al., 2020), while an-
other study detected SARS-CoV-2 in the semen of 4 out of 30 men,
all with acute infection, severe pneumonia and high viral load (Saylam
et al., 2021). Scrotal discomfort, orchitis and epididymitis have been
described in severe infections (Pan et al., 2020; Achua et al., 2021;
Chen et al., 2021; Ruan et al., 2021; Duarte-Neto et al., 2022). The
presence of viral particles in the semen due to residual urinary shed-
ding cannot be ruled out (Holtmann et al., 2020; Paoli et al., 2021b;
Saylam et al., 2021).

A recent systematic review calculated a detection rate of SARS-
CoV-2 mRNA in 7% (range 5–11%) of men with COVID-19, which
was independent of patient age, disease severity or associated comor-
bidities (Corona et al., 2022). The only factor significantly associated
with detection rate was found to be period between diagnosis of
COVID-19 and semen analysis; SARS-CoV-2 mRNA was more often
found if the semen sample was collected within 11 days of COVID-19
diagnosis (Corona et al., 2022).

COVID-19: impact on sperm parameters and spermatogenesis
Most publications have reported alterations in sperm quality when
compared to controls both in the number and motility of sperm during
the course of COVID-19 disease (Holtmann et al., 2020; Best et al.,
2021; Gacci et al., 2021; Gupta et al., 2021; Hajizadeh Maleki and
Tartibian, 2021; Ruan et al., 2021; Donders et al., 2022; Enikeev et al.,
2022). In a multicentre study, significant differences were reported in
sperm motility and vitality for mild symptomatic patients and in all
sperm parameters for moderate symptomatic patients after COVID-
19 as compared to before infection (Erbay et al., 2021). In contrast, a
recent study of 594 patients indicates that the number of patients who
presented for infertility in a urology clinic was not increased and sperm
quality was similar during the pandemic when compared to pre-
pandemic values (Sarier et al., 2022). Others also have reported no
significant difference in semen volume, sperm count or motility before
versus after COVID-19 (Gul et al., 2021; Pazir et al., 2021; Temiz
et al., 2021).

Sperm morphology was shown to be affected during the acute
phase of the infection (Holtmann et al., 2020; Hajizadeh Maleki and
Tartibian, 2021; Temiz et al., 2021; Fraietta et al., 2022). Data for
morphology before and after the infection are available in one pub-
lication which reported a significant decrease in normal morphol-
ogy, as well as sperm count and concentration, after SARS-CoV-2
infection as compared to pre-pandemic samples (Hamarat et al.,
2022).

While some authors report no differences in sperm morphology
between mild and moderate disease (Scroppo et al., 2021), other
publications support evidence for a strong correlation between
sperm parameters and the severity of the disease (Holtmann et al.,
2020). It seems that the infection affects spermatogenesis and that
this effect can last at least for a whole spermatogenic cycle after

recovery (Gacci et al., 2021; Guo et al., 2021b; Hajizadeh Maleki
and Tartibian, 2021; Donders et al., 2022). Return to normal sperm
morphology values is observed with increasing time after recovery
(Guo et al., 2021a; Donders et al., 2022; Hu et al., 2022). Emerging
evidence showed that key biological pathways relevant to male re-
productive function are disrupted in COVID-19 convalescent men
(Ghosh et al., 2022).

It remains to be elucidated whether impairment of spermatogene-
sis is due to direct or indirect effects of the infection. Specific patho-
genic mechanisms of the virus including viral replication and
dissemination leading to testicular inflammation and damage to-
gether with the effect of fever, medication and psychological stress
due to the COVID-19 can play complementary roles. Additionally,
the immune response in testicular tissues and the epididymis during
SARS-CoV-2 infection could result in impaired spermatogenesis (Li
et al., 2020b).

Most authors analysing possible transmission routes of SARS-CoV-2
do not consider that COVID-19 is a sexually transmitted disease.
However, it has to be considered that the blood–testis barrier can be
tampered during high viraemia and fever and the passage of viral par-
ticles cannot be completely ignored. Further research in this area is
needed.

COVID-19: impact on testosterone secretion
Sex differences in COVID-19 susceptibility, severity and fatality are
widely acknowledged (de Lusignan et al., 2020; Global Health 50/50,
2020; Peckham et al., 2020). Testosterone levels, which are higher in
men than women, are suspected to play a role in susceptibility to se-
vere COVID-19 (Coelingh Bennink et al., 2021). It has been suggested
that testosterone can upregulate ACE2 and TMPRSS2 expression and
thereby facilitate viral entry into host cells (Chen et al., 2020a).

Suggested future research

• Which factors determine SARS-CoV-2 presence in the ejaculate
of men with COVID-19?

• Can SARS-CoV-2 viral particles cross the blood–testis barrier,
for example during high viraemia and fever?

Conclusion

• ACE2 and TMPRSS2 are expressed in the testis, but co-
expression remains to be proven.

• SARS-CoV-2 RNA is not found in the ejaculate in asymptomatic
COVID-19-positive men, but there is some evidence of RNA
positivity in symptomatic cases of COVID-19.

• SARS-CoV-2 infection can, directly or indirectly, affect
spermatogenesis, but the impairment seems to resolve after one
complete spermatogenic cycle.

• SARS-CoV-2 infection cannot be considered a sexually
transmitted disease (male-to-female).
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Furthermore, testosterone exhibits an immunosuppressive effect
that may contribute to the severity of COVID-19 (Ghare Naz et al.,
2021). Interestingly, prostate cancer patients on testosterone
deprivation therapy were found to be significantly less likely to have
SARS-CoV-2 infection, supporting the testosterone theory (Montopoli
et al., 2020).

On the other hand, although comprehensive data are lacking,
an increasing number of studies suggest that testicular endocrine
function, i.e. testosterone secretion, is impaired during acute
COVID-19 infection (Çayan et al., 2020; Kadihasanoglu et al., 2021;
Papadopoulos et al., 2021; RastrelLi et al., 2021; Moreno-Perez
et al., 2022), and more severe disease is associated with lower lev-
els of testosterone (Camici et al., 2021; Dhindsa et al., 2021;
Salonia et al., 2021; Cinislioglu et al., 2022). It is unknown whether
these men had lower testosterone levels before SARS-CoV-2 infec-
tion or whether the virus affects the production of androgens.
There are studies suggesting the latter, as they showed that testos-
terone levels were low during the infection but increased during
the healing phase, at least in a proportion of COVID-19-infected
men (Apaydin et al., 2022; Salonia et al., 2022; Yamamoto et al.,
2022). Still, hypogonadism, defined by decreased testosterone
levels, was observed in about half of the patients during and after
recovery of COVID-19 (in studies with a follow-up from 71 days to
7 months) (Apaydin et al., 2022; Salonia et al., 2022; Yamamoto
et al., 2022).

COVID-19: testosterone levels and disease severity
In a cohort study of 152 COVID-19 patients, including 143 hospital-
ized patients, testosterone levels at the time of presentation and on
Day 3 were inversely related to disease severity and circulating in-
flammatory cytokines in men but not in women (Dhindsa et al.,
2021). Reports have also shown significant associations between se-
rum testosterone levels, markers of inflammation, disease progres-
sion and clinical outcome in male patients with COVID-19
irrespective of age and comorbidities (Camici et al., 2021; Dhindsa
et al., 2021; Ma et al., 2021; Salciccia et al., 2021). Lower testoster-
one levels increased the likelihood of having pneumonia (Okcelik,
2021), having a longer duration of hospitalization (Camici et al.,
2021; Apaydin et al., 2022), being transferred to intensive care
(ICU) or dying (Lanser et al., 2021; Papadopoulos et al., 2021;
RastrelLi et al., 2021; Vena et al., 2022). Moreover, in men with
COVID-19, normalization of testosterone levels or a failure to nor-
malize were found to be associated with survival or death, respec-
tively (Toscano-Guerra et al., 2022). Of interest, a study comparing
32 men diagnosed with COVID-19 while on testosterone replace-
ment therapy with 63 men with COVID-19 but not on testosterone
treatment, found no association between testosterone treatment
and the outcome of COVID-19 with regards to hospitalization, ICU
admission, complications or death (Rambhatla et al., 2021).

Further studies are needed to determine whether there is a causal
relationship between severe acute illness and testosterone levels and
to confirm pathophysiological assumptions. As low testosterone levels
during COVID-19 appear to be a marker of disease severity, it may
be relevant to consider testosterone levels in predictions of prognosis
and possibly also in treatment planning.

COVID-19 impact on female reproductive
organs, gametes and endocrine function
Several studies indicate that SARS-CoV-2 virus may affect female re-
productive functions, and thereby potentially also female fertility. As
described above, the virus has been shown to enter the host cells
through either the ACE2/TMPRSS2 route or the BSG/CTSL pathway.
Both of these mechanisms could play a role in mediating endometrial
and ovarian function during follicle development and corpus luteum
formation.

Impact on female lower genital tract
An evaluation of vaginal samples from 38 women with a positive naso-
pharyngeal SARS-CoV-2 PCR test did not detect the virus in any of
the samples (Takmaz et al., 2021a). These findings were supported by
others evaluating, respectively, vaginal fluid from 10 women with con-
firmed severe COVID-19 pneumonia, cervico-vaginal secretions from
35 COVID-19-positive women, and vaginal fluid and cervical exfoliated
cells retrieved from 35 women, between 8 and 41 days after COVID-
19 symptom onset (Cui et al., 2020; Qiu et al., 2020; Agarwal et al.,
2021). These publications indicate a low risk of transmission of the vi-
rus by vaginal intercourse from women to men.

However, contradictory results were also reported. In two studies,
SARS-CoV-2 RT-PCR-positive results were reported for 2 out of 35
(5.7%) vaginal samples from COVID-19-positive patients and for 10
out of 80 vaginal swabs of women with acute COVID-19 (Schwartz
et al., 2021; Atarod et al., 2022). A third study used transcription-
mediated amplification for SARS-CoV-2 detection, and found viral
presence in 5 out of 61 (8.2%) vaginal samples and 4 out of 38
(10.53%) cervical swabs (Khoiwal et al., 2022).

Impact on female upper genital tract and oocytes
From available scRNA-seq datasets, co-expression of ACE2 and
TMPRSS2 has been reported in the fallopian tube (Qi et al., 2021).
High mRNA expression as well as protein expression of ACE2 has
been reported in the placenta (Hikmet et al., 2020). No co-expression
of ACE2 with TMPRSS2 nor CTSL expression was found in the

Conclusion

• While testosterone at the physiological level for males may
predispose to COVID-19, testosterone levels seem to be lower
during and after COVID-19.

• In a significant proportion of male patients, hypogonadism is
detected in the mid-term after the infection, but long-term data
are lacking.

• Data indicate a link between testosterone levels and disease
severity.

Suggested future research

• Does the testosterone level modulate susceptibility to and the
severity of COVID-19?
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myometrium, uterus, ovaries or fallopian tubes when investigating pub-
lished scRNA-seq datasets and reproductive tissue from patients un-
dergoing hysterectomy (Goad et al., 2020).

Another analysis of scRNA-seq datasets reported low efficiency of
SARS-CoV-2 infection for the endometrium based on no significant ex-
pression of ACE2 in stromal or unciliated epithelial cells and no co-
expression of ACE2 and TMPRSS2 at the time of embryo implantation
(Vilella et al., 2021). Combining gene expression data from 5 studies of
112 patients confirmed low expression of ACE2, medium expression
of TMPRSS2 and limited co-expression in the endometrium
(Henarejos-Castillo et al., 2020). Both studies reported that BSG was
highly expressed in the endometrium, although they did not agree on
the relevance of the BSG machinery for viral infection (Henarejos-
Castillo et al., 2020; Vilella et al., 2021).

Endometrial samples were not found to contain SARS-CoV-2 RNA
(Boudry et al., 2022; de Miguel-Gomez et al., 2022). Follicular fluid and
cumulus cells from 16 women who had a positive SARS-CoV-2 naso-
pharyngeal RNA test < 48 h before oocyte retrieval were also investi-
gated, but viral RNA was not detected in any of the samples (Boudry
et al., 2022). In addition, endometrial biopsies taken during OPU
showed no histopathologic changes. The authors pointed out that
their results need to be considered with caution as the study included
only a small number of patients, none with severe COVID-19 symp-
toms, and they all had different viral loads. In addition, the tests were
performed with a technique validated for nasopharyngeal samples. Still,
other studies confirmed the absence of the virus in follicular fluid from
SARS-CoV-2-positive women (Demirel et al., 2021). Based on scRNA-
seq dataset research, the uterus is considered to be at low risk of
SARS-CoV-2 infection (Qi et al., 2021).

Ovarian follicular cells, i.e. cumulus and granulosa cells, showed BSG
and CTSL mRNA expression, and co-expression of both BSG and
CTSL proteins in low abundance (Rajput et al., 2021). ACE2 mRNA
and protein expression was reported to be upregulated in human ovu-
latory follicles after administration of hCG (Choi et al., 2021). SARS-
CoV-2 infection affecting ovarian follicles and their function seems pos-
sible and was recently confirmed, at least in the laboratory, through
co-culture of granulosa and cumulus cells with SARS-CoV-2 (Luongo
et al., 2022). No SARS-CoV-2 viral RNA was found in cumulus cells
from 16 COVID-19-positive women with no or light symptoms under-
going ART (Boudry et al., 2022).

Co-expression of ACE2 and TMPRSS2 was also reported in human
ovarian cortex and medulla, and oocytes based on scRNA-seq data-
sets (Stanley et al., 2020; Rajput et al., 2021; Wu et al., 2021). In
oocytes, the degree of ACE2 and TMPRSS2 co-expression increased
with maturity (Stanley et al., 2020). Another study using scRNA-seq
datasets reported that ACE2 is mainly expressed during gametogenesis
in oocytes of antral follicles, granulosa cells of antral follicles and pre-
ovulatory follicles, while TMPRSS2 has lower expression in oocytes or
granulosa cells (Cheng et al., 2021).

Immunohistochemistry and confocal microscopy studies of human
primary oocytes donated for research visualized ACE2 and BSG in hu-
man oocytes, and revealed the presence of BSG and absence of ACE2
in the oolemma (Essahib et al., 2020). However in another study, the
BSG protein was not detected in oocytes (Rajput et al., 2021).
Assessment of 16 mature oocytes from two women who underwent
ovarian stimulation and oocyte retrieval while SARS-CoV-2-positive

(PCR testing) showed no viral RNA in any of the oocytes (Barragan
et al., 2021).

Impact on endocrine function
SARS-CoV-2 infection can affect endocrine glands through various
mechanisms including a direct impact, indirect damage through im-
mune response and/or activation of hypothalamo–pituitary axis by the
inflammatory status (Geslot et al., 2022).

The effect of COVID-19 on thyroid function, the endometrium and
menstrual cycle has been studied, as well as the effect on female hor-
mones, ovarian reserve and follicular fluid parameters. As the latter
parameters are most often evaluated in women starting or undergoing
ART treatments, the information is covered in the section ‘Impact of
COVID-19 on ART’.

The thyroid gland seems to be particularly susceptible to damage by
SARS-CoV-2, with non-thyroidal illness syndrome, characterized by
normal thyroid functions, decreased free T3 and thyroiditis as the
most common clinical manifestations. Thyroid dysfunction seems to be
related to the severity of SARS-CoV-2 infection (Lui et al., 2021).

It is assumed that destruction of thyroid follicular cells during a cyto-
kine storm of the acute phase of SARS-CoV-2 infection can result in
thyroiditis. Between 11 and 15% of hospitalized patients have thyro-
toxicosis (Lania et al., 2020; Muller et al., 2020). The period between
respiratory symptoms and diagnosis of thyroiditis is variable, with aver-
age of 26 days (Christensen et al., 2022). Common symptoms include
fever, tachycardia and neck pain. Patients often have lymphopenia with
negative thyroid antibodies, while thyroid ultrasound findings are non-
specific. An increased risk of atrial fibrillation and thromboembolism is
reported in patients with thyrotoxicosis during COVID-19. Return to
normal thyroid function can take time; one study reported that 87% of
patients were still hypothyroid more than 3 months after COVID-19
(Brancatella et al., 2021). It seems prudent to screen COVID-19
patients for early and late thyroid dysfunction (Kazakou et al., 2021).

A number of publications have shown alterations in the menstrual
patterns in SARS-CoV-2 IgG-positive women with changes in the cycle

Conclusion

• The risk of transmission of the virus by vaginal intercourse is low.
• There is no co-expression of ACE2 and TMPRSS2 in the

myometrium, uterus, ovaries or fallopian tubes, indicating no or
very low susceptibility to SARS-CoV-2 infection.

• Oocytes seem to have the receptor/protease machinery to be
susceptible to SARS-CoV-2 infection, but viral RNA in oocytes
has not been detected so far.

Suggested future research

• Is the co-expression of entry factors for SARS-CoV-2 as
reported based on published scRNA-seq datasets confirmed
from evaluation of tissues and cells of infected patients?

• Can SARS-CoV-2 infect oocytes?
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length and bleeding volume. In two studies, menstrual irregularities
were reported in 16% and 28% of COVID-19 patients, respectively
(Li et al., 2021; Khan et al., 2022). An association between menstrual
irregularities and severity of COVID-19 disease, with respect to
symptoms, was reported only in one study (Khan et al., 2022). Within
1–2 months after discharge, normal menstrual volume and normal cy-
cle duration was reported by the majority of patients (84% and 99%,
respectively), suggesting a transient impact (Li et al., 2021). While both
studies give the impression that COVID-19 may be associated with oli-
gomenorrhea, possibly due to delayed ovulation or anovulation, they
have important limitations, such as small sample sizes, inclusion of only
hospitalized women, lack of assessment of either follicle development
by ultrasound or sex steroid levels, which prevent establishment of a
causal relationship (Li et al., 2021; Khan et al., 2022). An additional as-
pect to consider is that the menstrual cycle is influenced by stress or
anxiety (Demir et al., 2021; Nguyen et al., 2021). Indeed, studies have
reported a high prevalence of irregular menstrual cycles in the general
population during the pandemic, which were not related to a COVID-
19 diagnosis, but rather to levels of anxiety, depression and/or stress
(Takmaz et al., 2021b; Aolymat et al., 2022; Medina-Perucha et al.,
2022; Ozimek et al., 2022). Indeed, a prospective study including 3858
premenopausal women who were followed up with biannual question-
naires in the Nurses’ Health 3 study reported no change in menstrual
cycle length and regularity in analyses once adjusted for cycle charac-
teristics at baseline, healthcare worker status, mental health state and
local COVID-19 burden (Wang et al., 2022).

While the data on the impact of COVID-19 on the menstrual cycle
are reassuring, amenorrhea and hormone levels consistent with pre-
mature ovarian insufficiency have been reported at 7–8 months after
SARS-CoV-2 infection in two patients, respectively, aged 27 and
34 years (Wilkins and Al-Inizi, 2021; Puca and Puca, 2022).

Impact of COVID-19 on embryos
A few studies have investigated the presence of the viral cell entry
receptors and proteases in embryos and have showed variable levels
of co-expression of ACE2/TMPRSS2 and BSG/CTSL.

Based on published scRNA-seq datasets, ACE2 was reported to be
expressed in early embryos while TMPRSS2 expression started in the
late blastocyst stage, resulting in significant co-expression only in trophec-
toderm of late blastocysts (Cheng et al., 2021). Other studies confirmed
a strong co-expression of ACE2 and TMPRSS2 in Day 6 trophectoderm

cells in peri-implantation embryos, indicating susceptibility to SARS-CoV-
2 infection (Chen et al., 2020b; Weatherbee et al., 2020).

Analysis of zygotes and blastocysts donated for research showed
co-expression of ACE2 and TMPRSS2, but not the ACE2-independent
receptor system (BSG and CTSL) (Rajput et al., 2021). Co-expression
of ACE2 and TMPRSS2 proteins was confirmed in a proportion of epi-
blast and trophectoderm cells (Colaco et al., 2021). Another study
evaluating protein expression, reported that Days 5 and 7 blastocysts
exhibit ACE2 and BSG on the membrane of trophectoderm, epiblast
and hypoblast cells, which implicates that SARS-CoV-2 is, at least the-
oretically, able to bind and infect embryos (Essahib et al., 2020).

Using surplus embryos donated for research, Montano and col-
leagues demonstrated that pseudotyped virus particles expressing S
protein robustly infected human trophectoderm cells. Anti-S protein
and anti-ACE2 antibodies significantly decreased infection and con-
firmed viral entry to trophectoderm cells through the S protein—
ACE2 path. When human blastocysts were exposed to live SARS-
CoV-2 virus, both trophectoderm and inner cell mass cells were
infected. Infection could be prevented with neutralizing antibodies
against S protein or ACE2. The zona pellucida seemed protective
against infection, as only one non-hatching blastocyst demonstrated ev-
idence of infection, while infection was demonstrated on herniated
trophectoderm cells or cells closer to the zona opening in partially
hatched blastocysts. Infection was most common in totally hatched
blastocysts. Infected cells had signs of cell degeneration suggesting cy-
topathic effects of infection (Montano et al., 2022). Studies evaluating
the impact of COVID-19 on embryo developmental potential and
ART outcomes are discussed in the next section.

Impact of COVID-19 on ART outcomes
Early publications such as a large market research-based study
reported an association between severe illness in the male and/or fe-
male partner within 3 months prior to natural conception and compli-
cations like preterm birth and early pregnancy loss (Kasman et al.,
2020). Initial publications also raised concerns about the impact of the
SARS-CoV-2 virus upon reproductive function, by interrogating data-
bases in relation to cell entry pathways. However, further data

Conclusion

• Women contemplating pregnancy following COVID-19 may be
screened for thyroid dysfunction.

• There is a possible (transient) impact of COVID-19 on menstrual
pattern.

Suggested future research

• Does COVID-19 disease affect ovulation?

Conclusion

• Although data are conflicting, embryos and particularly late
blastocysts seem to have the receptor/protease machinery to be
susceptible to SARS-CoV-2 infection.

• The presence of SARS-CoV-2 viral RNA in embryos has not
been studied.

Suggested future research

• Are the entry factors for SARS-CoV-2 co-expressed in human
embryos at different developmental stages?

• Can the SARS-CoV-2 virus infect embryos in vivo?
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provided reassurance for resumption of ART services with specific
safeguards such as the acknowledged need for patients to be tested
and COVID-19 free at the start of therapy and for staff to follow strict
protocols (ESHRE Covid-19 Working Group et al., 2021).

COVID-19: impact on ovarian reserve and follicular function
Alterations of ovarian reserve and sex-related hormones could theo-
retically result from viral infection, such as SARS-CoV-2, and have a
potential impact on fertility and fecundity. In this context, studies have
evaluated anti-Mullerian hormone (AMH), antral follicle count (AFC),
follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol,
prolactin and testosterone levels in women with COVID-19.

Early follicular-phase serum levels of FSH, LH, estradiol and AMH
were similar between women hospitalized for COVID-19 and controls
(Li et al., 2021). Similarly, the difference between AMH levels mea-
sured within 12 months before and those measured while starting an
ART cycle was similar in asymptomatic women who tested positive or
negative for COVID-19 at the beginning of ART cycle (Kolanska et al.,
2021).

In contrast, significantly lower serum AMH levels were reported in
78 women with COVID-19 as compared with 151 healthy age-
matched controls (Ding et al., 2021). This study also reported higher
FSH, prolactin and testosterone levels in COVID-19 patients. This sug-
gested pituitary and ovarian dysfunction associated with viral infection,
but the validity of this conclusion remains to be confirmed as the
results of the study could have been impacted by a difference in the
time of sample collection (i.e. different phase of menstrual cycle) be-
tween patients and controls (Ding et al., 2021).

With regards to ovarian function, a small study compared women
who were IgG-positive from past COVID-19 with COVID-19-naı̈ve
controls, all undergoing ovarian stimulation for ART (Bentov et al.,
2021). No immunological studies were carried out for all these
patients. In fact, the authors re-allocated two patients from COVID-
19-naı̈ve group to the recovered group after selective serology testing
showed the presence of anti-SARS-CoV-2 IgG. Serum estradiol level
on the day of ovulation trigger, ratio of estradiol/oocyte, serum pro-
gesterone levels on day of oocyte retrieval, follicular fluid estradiol and
progesterone concentrations, ratio of oocytes/follicles aspirated, and
oocyte maturation rates were similar between the groups. The levels
of follicular fluid HSPG2 (pearlecan), an oestrogen-binding glycoprotein
produced by granulosa cells and considered a marker of follicular func-
tion, were also similar between the groups (Bentov et al., 2021). An
observational study evaluating ovarian parameters in 132 women with
unexplained infertility before and after COVID-19 reported no statisti-
cally significant differences in terms of serum levels of AMH, FSH, LH,
FSH/LH ratio or estradiol levels (Madendag et al., 2022). In this study,
there was an average of nine months between the two assessments.

While reassuring, these results were only partly confirmed by a
study comparing 34 women who never tested positive or reported
any symptoms of COVID-19 and 46 women who had COVID-19
symptoms and tested positive at least once (Herrero et al., 2022). As
in the other studies, there were no differences between the groups in
serum estradiol levels on the day of ovulation trigger, basal serum es-
tradiol, basal serum progesterone, AMH or AFC. However, the study
also reported that women in the COVID-19 group had significantly
lower follicular fluid interleukine-1 beta and vascular endothelial growth
factor (VEGF) levels. Follicular fluid from COVID-19 patients showed

decreased steroidogenic acute regulatory protein, oestrogen receptor
beta and VEGF expression and increased expression of cH2AX, a
marker of DNA damage, from cultured granulosa cells. Likewise, treat-
ment of endothelial cell cultures with follicular fluid from COVID-19
patients caused significantly decreased cell migration and increased
cH2AX expression, but VEGF expression or cell proliferation was not
affected. Women with medium or high SARS-CoV-2 IgG levels in fol-
licular fluid had significantly fewer (mature) oocytes collected com-
pared to women with low antibody levels. However, the authors did
not report whether women with different follicular fluid antibody levels
were similar for baseline characteristics such as age, BMI, AFC and
AMH. Compared to controls, significantly fewer oocytes were col-
lected from women over 35 years old in the COVID-19 group, but
the difference was not found in the younger age group (<35 years
old). While these molecular findings are intriguing, embryological and
clinical outcomes, such as fertilization, cleavage, blastulation, euploidy,
pregnancy and live birth rates, which are more relevant, were not
reported.

Other studies confirmed the presence of SARS-CoV-2 IgG antibod-
ies, but not viral antigens, in the follicular fluid of all women who were
going through ART post-COVID-19 (Bentov et al., 2021), but no ef-
fect on follicular function, measured as steroidogenesis or follicular re-
sponse to the LH/hCG trigger (Bentov et al., 2021).

COVID-19: impact on laboratory and clinical outcomes in ART
The impact of COVID-19 on ART treatment has been assessed
through evaluation of oocyte number and quality, embryo parameters
and, in a few studies, pregnancy rates after fresh or frozen embryo
transfers (ETs).

In a small case series including nine couples, no difference in ovarian
stimulation outcomes (length of stimulation, total dose of gonadotro-
pins, peak estradiol and progesterone) and embryological variables
(number of oocytes and mature oocytes, fertilization rate) was
reported when comparing treatment of the same couples before and
after (confirmed PCR negative) SARS-CoV-2 infection (Orvieto et al.,
2021b). The interval between disease recovery and ART treatment
varied between 8 and 92 days. The percentage of top-quality (�7
equally-sized blastomeres and �10% fragmentation) Day 3 embryos
per fertilized oocyte was significantly lower after COVID-19, irrespec-
tive of whether the male or female partner was previously infected.
The authors suggested avoidance of ART within the first 3 months af-
ter COVID-19, but such a recommendation requires cautious ap-
praisal due to the nature and size of the study, lack of details about
the laboratory procedures performed (IVF or ICSI) and absence of in-
formation on whether the embryologist assessing the embryos was
blinded for the patients’ COVID-19 status, a lack of which could have
introduced bias in assessment.

In a retrospective study, a group from Wuhan analysed patients at-
tending for IVF during a 10-month interval, and compared 65 SARS-
CoV-2 seropositive (IgM or IgG) women to 195 controls (Wang et al.,
2021). The minimum interval between infection and ART treatments
was 4 months and none of the patients had active COVID-19 when
treated. The number of mature oocytes and damaged oocytes, rates
of fertilization, cleavage, high-quality embryos and available blastocysts,
i.e. with expansion stage � 3 and inner cell mass grade � B, were
similar in both groups, as well as the implantation, biochemical and
clinical pregnancy, and early miscarriage rates. Only Day 3 embryos
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were transferred, and the remaining embryos were cultured to Day 5
or 6. Intriguingly, despite the ‘available blastocyst rate’ (number of
good quality blastocysts available for cryopreservation divided by the
number of blastocysts formed) being higher in the disease group
(72.9% vs 70%), the authors reported a lower ‘blastulation rate per
day 3 embryos’. This is likely a random finding due to multiple com-
parisons by hypothesis tests, which needs to be confirmed.
Reassuringly, there was no difference in high quality embryo rates be-
tween the past COVID-19 patients and the controls, 45.2% and
48.1%, respectively.

The outcomes of the first fresh ART cycle in 121 patients with pre-
vious COVID-19 (within 12 months from diagnosis) were retrospec-
tively compared with 121 patients that did not have COVID-19
previously (Youngster et al., 2022a). From this largest study to date,
recent past SARS-CoV-2 infection was found to have no impact on
oocyte yield, maturation rate, fertilization rate, number of vitrified em-
bryos and clinical pregnancy rates. In a subgroup analysis, a negative ef-
fect on oocyte yield was observed in patients who had the oocyte
retrieval more than 180 days after infection.

In line with recommendations to proceed to cryopreserving all em-
bryos (‘freeze all’) in women testing positive for COVID-19 at oocyte
retrieval, there are no data on IVF outcomes in patients who were di-
agnosed with COVID-19 during ART treatment and continued to ET.

Fertilization rates and the rates of excellent and good embryo qual-
ity were comparable between 16 women testing COVID-19 positive
(nasopharyngeal swab PCR test) with no or light symptoms while un-
dergoing ART and uninfected patients treated in the same clinic
(Boudry et al., 2022). All embryos were vitrified and used for frozen
ET after patients recovered from COVID-19. A total of 11 embryos
were transferred resulting in three live births, two miscarriages and
one ongoing pregnancy.

The outcomes of frozen ET cycles were also evaluated in 41
patients who recovered from COVID-19, with embryos generated
and frozen prior to infection, and 41 controls. Pregnancy rates were
not different between patients and controls (29% and 49% respec-
tively), but lower pregnancy rates were recorded in women who
underwent frozen ET < 60 days after infection as compared to those
with a longer interval between COVID-19 and ET (21% and 55%, re-
spectively) (Youngster et al., 2022b).

Another question is whether the presence of the SARS-CoV-2 S
protein impacts on the outcome of ART treatments. To answer this, a
single author publication compared frozen ET outcomes in SARS-CoV-
2 vaccine seropositive, infection seropositive, and seronegative women
(Morris, 2021). Both implantation and clinical pregnancy rates were
similar between groups.

Similarly, immune patients (recovered from COVID-19 infection or
having received the mRNA SARS-CoV-2 vaccine) were compared to
patients considered non-immune and those treated before the pan-
demic. Similar implantation rates and clinical and ongoing pregnancy
rates per transfer between the groups were reported (Aizer et al.,
2022). Of note, the authors did not report how immunity was
assessed.

Studies on the impact of COVID-19 on ART outcomes focus al-
most exclusively on COVID-19 in the female partner. To the best of
our knowledge, there are no studies specifically evaluating reproduc-
tive outcomes after COVID-19 in the male partner, although, as noted
above, SARS-CoV-2 infection affects spermatogenesis with an effect

that can last for an extended period after recovery. Some authors and
guidelines have therefore suggested an interval of 3 months between
COVID-19 recovery and ART treatment to allow for a new cycle of
spermatogenesis (Agence de la biomédecine, 2021; Orvieto et al.,
2021a).

COVID-19 vaccination and human
reproduction
After initial hesitancy regarding vaccination against COVID-19 in preg-
nant women or those wanting to conceive, based on the complete ab-
sence of data, widespread campaigns started to recommend
vaccination for all. Still, questions remain as to whether mRNA vac-
cines should be used in couples who wish to conceive, and whether
vaccination has any potentially deleterious effects upon reproduction in
humans. This section will try to bring answers to these questions by
perusing the published evidence.

COVID-19 vaccination and spermatogenesis
Semen parameters of samples collected from 75 fertile men, on aver-
age 37 days after vaccination, were predominantly within the normal
reference ranges as set by the WHO, with no indication of any causa-
tive detrimental effect from COVID-19 vaccination (Lifshitz et al.,
2022).

From prospective evaluation of semen parameters in sperm donors
before and after mRNA vaccination, no deleterious effect on total
sperm count or motility was reported (Barda et al., 2022). The study
included 425 samples before and 473 samples after vaccination col-
lected from 33 donors. In a similar study in 106 patients, COVID-19
vaccination had no impact on sperm parameters or fertilization rates,
even after considering different types of vaccines (mRNA and viral vec-
tor) (Reschini et al., 2022). The lack of a significant impact of mRNA

Conclusions

• Most studies did not report a significant impact of COVID-19 on
ovarian reserve, ovarian function or follicular fluid parameters.

• A history of asymptomatic or mild SARS-CoV-2 infection in
females does not seem to negatively affect laboratory and clinical
outcomes in fresh and frozen ET cycles.

• There are no data on the minimum required interval, if any,
between COVID-19 recovery (considering also the male
partner) and ART treatment. Clinical and laboratory assessment
should guide practice.

Suggested future research

• What is the impact of COVID-19 in the male partner on ART
outcomes?

• Is there a minimum interval between COVID-19 and ART
treatment to ensure optimal outcomes?
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.
vaccination on sperm parameters was further confirmed in three stud-
ies which examined semen samples of respectively 45, 72 and 41 men
at an interval of on average 75, 71 and 30 days, respectively, after vac-
cination (Gonzalez et al., 2021; Safrai et al., 2022; ZHu et al., 2022).
One study including 37 men who provided one pre- and three post-
vaccination samples in different periods after vaccination, reported a
temporary significant decline in sperm concentration, which also
reflected on total motile sperm count, despite unchanged motility, in
the samples provided between 75 and 125 days after vaccination (Gat
et al., 2022). Samples provided over 145 days after vaccination had re-
covered to pre-vaccination levels, without a permanent effect (Gat
et al., 2022). No man became azoospermic after vaccination
(Gonzalez et al., 2021).

COVID-19 vaccination and ovarian reserve
By comparing AMH levels before vaccination and 3 months after ad-
ministration of the second dose in 129 patients aged 18–42 years, the
impact of mRNA COVID-19 vaccination on ovarian reserve was evalu-
ated (Mohr-Sasson et al., 2022). Mean AMH levels were similar at the
two timepoints, indicating no impact of mRNA vaccination on AMH
levels. Similarly, no difference in AFC between 142 vaccinated and 138
unvaccinated women results was reported (Jacobs et al., 2022).

The small study by Bentov and colleagues mentioned previously, in-
cluded a subgroup of nine COVID-19 vaccinated women and com-
pared these with seven women who had recovered from COVID-19
and 16 women considered COVID-19 naı̈ve (Bentov et al., 2021). The
intervals between either infection or vaccination and fertility treatment
varied between 8 days (single dose vaccine) and 169 days (recovery af-
ter COVID-19). The patients with positive serum anti-SARS-CoV-2
IgG had detectable levels of anti-SARS-CoV-2 IgG in their follicular
fluid, with a linear association between both parameters, which was
suggested to be indicative of a non-regulated passage of the anti-
SARS-CoV-2 IgG across the follicular membrane. Interestingly, albeit
not significant, was the observation that women who had recovered
from COVID-19 had 10-fold lower IgG levels than those who were
vaccinated. Oestrogen and progesterone levels in follicular fluid and se-
rum, response to the LH/hCG trigger and an oocyte quality bio-
marker (HSPG2) in the aspirated follicular fluid were assessed. With
regards to follicular function, no difference was observed between the
vaccinated patients and other patients for any of the parameters mea-
sured. Interestingly, the progesterone levels on day of the ovulation
trigger were significantly lower in the naı̈ve patients, but the values
were similar on day of oocyte collection.

Multiple studies have evaluated the impact of COVID-19 vaccination
on the menstrual cycle and symptoms. From an analysis of self-
entered data to menstrual cycle tracking apps, including 23 754 cycles
from 2403 vaccinated and 1556 unvaccinated women (Edelman et al.,
2022), a temporary change of < 1 day in the duration of the cycle
was reported following vaccination (Edelman et al., 2022). Menstrual
irregularities were reported in three studies using online question-
naires, included a total of 37 905 women and reported that 40–66%
reported some change, mostly heavier periods (Lagana et al., 2022;
Lee et al., 2022; Muhaidat et al., 2022). However, another study with
an online questionnaire, which selectively included 76 North American
women who were prospectively monitoring their menstrual cycle
parameters daily including bleeding patterns, urinary hormone levels or
cervical mucus observations, reported no change in objective

parameters including length and duration of the cycle, estimated day of
ovulation and luteal phase between pre-vaccine, vaccine and post-
vaccine cycles, yet 22% of respondents reported some subjective
changes (Bouchard et al., 2022). There were no significant differences
between vaccine types in these studies. Overall, we consider the
observations on the data that were spontaneously logged in menstrual
cycle tracking apps, and the questionnaire on women who were pro-
spectively tracking their cycle seem more reliable than other studies,
since online surveys are more likely to be completed by and shared
among people affected by the condition being studied (Sharp et al.,
2022). COVID-19 vaccination does not seem to have a quantitative ef-
fect on menstruation and women seem to perceive that their cycles
are back to normal in as few as two cycles.

COVID-19 vaccination and natural conception
Through a questionnaire, the link between male and female COVID-19
vaccination, SARS-CoV-2 infection and fecundability, reported as the
per-cycle probability of conception, was interrogated in a North
American prospective cohort study of 2126 couples trying to conceive
(Wesselink et al., 2022). Data for the male partner were available in
only 1369 couples, and there was no request for confirmation of a posi-
tive test or vaccination. COVID-19 vaccination in either partner was
not appreciably associated with fecundability (female fecundability ratio
(FR) ¼ 1.08, 95% CI: 0.95–1.23; male FR¼ 0.95, 95% CI: 0.83–1.10).

COVID-19 vaccination and ART
Vaccination appears not to affect the outcome of ART. In a retrospec-
tive cohort study, the stimulation outcomes of fresh cycles were ana-
lysed in 222 fully vaccinated and 983 unvaccinated patients (Aharon
et al., 2022). The oocytes retrieved, mature oocytes retrieved, ma-
ture/total oocytes ratio, and blastulation, ICSI fertilization and euploidy
rates were similar between the vaccinated and the unvaccinated
patients after multivariate linear regression analysis. Also, the type of
vaccine used did not alter the results. The same study reported the
treatment outcomes from 947 cycles of frozen–thawed euploid ETs in
214 vaccinated and 733 unvaccinated patients. After multivariate linear
regression analysis, no significant difference was observed in clinical
and ongoing pregnancy rate per transfer, nor in biochemical or clinical
pregnancy loss rate. The clinical pregnancy rates were 59.5% and
63.7% in vaccinated and unvaccinated patients, respectively, and the
authors concluded that COVID-19 (mRNA) vaccination does not
seem to have an adverse effect on stimulation or early pregnancy out-
comes after ART.

Similar findings were published from an observational study report-
ing the outcomes of fresh ET in 36 patients that had their first IVF cy-
cle before the COVID-19 pandemic and a second cycle after full
vaccination (mRNA vaccine) (Orvieto et al., 2021b). The interval be-
tween the time of the second vaccine to the date of the subsequent
IVF treatment cycle was 7–85 days. No differences were observed in
stimulation outcomes or embryological variables such as number of
oocytes and mature oocytes retrieved, nor in the proportion of top-
quality embryos. Three pregnancies were recorded from 10 ETs per-
formed in the cycle following SARS-CoV-2 vaccination. Further studies
with a similar approach reported no differences in the mean number
of oocytes retrieved, fertilization rates, embryo quality or clinical preg-
nancy rate after fresh ET in vaccinated versus unvaccinated patients
(Avraham et al., 2022; Huang et al., 2022a; Jacobs et al., 2022).
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An initial concern regarding vaccination and human reproduction

was related to the homology between the SARS-CoV-2 S protein and
Syncytin-1, an essential element in human implantation. As the avail-
able SARS-CoV-2 vaccines target the S protein, the question of inter-
ference with Syncytin-1 function arose. To clarify, the cross reactivity
of anti-S protein antibodies with Synctin-1 was investigated in two clini-
cal circumstances: SARS-CoV-2 disease and vaccination (Prasad et al.,
2021). In the first experiments, no anti-Syncytin-1 antibodies were
detected in the plasma of 37 patients, analysed 28 days after infection.
Similarly, a group of 66 vaccinated patients had their plasma assessed
for S protein binding with plasma components at pre-vaccination, at
21 days after the first dose and 2 months after the second dose. The
analysis showed no cross-reactivity with Syncytin-1 in either the pre-
or post-vaccination samples, despite a measured increase in anti-S pro-
tein titres.

Conclusion
The current article summarizes published data on the theoretical im-
pact of SARS-CoV-2 upon human fertility and assisted reproduction
based on cell entry mechanisms, and explores the interaction of SARS-
CoV-2 viral RNA with reproductive tissues, gametes and embryos, as
well as the impact of SARS-CoV-2-infection, COVID-19 or COVID-19
vaccination upon human reproductive potential and ART outcomes. It
offers reassurance that human fertility or outcomes of ART are not se-
verely affected by either SARS-CoV-2 infection or vaccination.

Since the start of the pandemic, ESHRE and other professional soci-
eties have recommended a precautionary approach to assisted repro-
duction to avoid additional stress to overloaded healthcare systems,

but also based on uncertainty on the effect of the SARS-CoV-2 virus
on reproduction and pregnancy (ESHRE—European Society of Human
Reproduction and Embryology, 2020). The paucity of data, and call for
more research was echoed by others (Lambalk et al., 2020; Veiga
et al., 2020).

The current article documents and presents in an organized manner
the scientific knowledge and facilitates evidence-based management of
patients with current or previous SARS-CoV-2 infection, although fur-
ther data may still require adaptations. Additionally, as the long-term
impact of COVID-19 remains unclear, future studies should investigate
whether any long-term effects on human reproduction present and, in
particular, if these patients are more likely to require fertility assistance
in their desire to achieve parenthood.

Apart from the information gathered on the virus itself, the COVID-
19 pandemic has presented the ART sector with significant challenges,
some of which resulted in approaches which are and should be main-
tained. Such novel approaches include the wider application of tele-
medicine in the fertility clinic, new modes of communication to
patients and fast-track publication in research.
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Çayan S, U�guz M, Saylam B, Akbay E. Effect of serum total testosterone
and its relationship with other laboratory parameters on the prognosis
of coronavirus disease 2019 (COVID-19) in SARS-CoV-2 infected
male patients: a cohort study. Aging Male 2020;23:1493–1503.

Chen J, Jiang Q, Xia X, Liu K, Yu Z, Tao W, Gong W, Han JJ.
Individual variation of the SARS-CoV-2 receptor ACE2 gene ex-
pression and regulation. Aging Cell 2020a;19:e13168.

190 Ata et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/29/2/177/6827446 by guest on 07 M
arch 2023



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Chen L, Huang X, Yi Z, Deng Q, Jiang N, Feng C, Zhou Q, Sun B,
Chen W, Guo R. Ultrasound imaging findings of acute testicular infec-
tion in patients with coronavirus disease 2019: a single-center-based
study in Wuhan, China. J Ultrasound Med 2021;40:1787–1794.

Chen W, Yuan P, Yang M, Yan Z, Kong S, Yan J, Liu X, Chen Y,
Qiao J, Yan L. SARS-CoV-2 entry factors: ACE2 and TMPRSS2 are
expressed in peri-implantation embryos and the maternal–fetal in-
terface. Engineering (Beijing) 2020b;6:1162–1169.

Cheng GP, Guo SM, Zhou LQ. Suggestions on cleavage embryo and
blastocyst vitrification/transfer based on expression profile of
ACE2 and TMPRSS2 in current COVID-19 pandemic. Mol Reprod
Dev 2021;88:211–216.

Choi Y, Jeon H, Brannstrom M, Akin JW, Curry TE Jr, Jo M.
Ovulatory upregulation of angiotensin-converting enzyme 2, a re-
ceptor for SARS-CoV-2, in dominant follicles of the human ovary.
Fertil Steril 2021;116:1631–1640.

Christensen J, O’Callaghan K, Sinclair H, Hawke K, Love A,
Hajkowicz K, Stewart AG. Risk factors, treatment and outcomes
of subacute thyroiditis secondary to COVID-19: a systematic re-
view. Intern Med J 2022;52:522–529.

Cinislioglu AE, Cinislioglu N, Demirdogen SO, Sam E, Akkas F, Altay
MS, Utlu M, Sen IA, Yildirim F, Kartal S et al The relationship of se-
rum testosterone levels with the clinical course and prognosis of
COVID-19 disease in male patients: a prospective study. Andrology
2022;10:24–33.

Coelingh Bennink HJT, Foidart JM, Debruyne FMJ. Treatment of seri-
ous COVID-19 with testosterone suppression and high-dose es-
trogen therapy. Eur Urol 2021;80:523–525.

Colaco S, Chhabria K, Singh D, Bhide A, Singh N, Singh A, Husein A,
Mishra A, Sharma R, Ashary N et al Expression map of entry
receptors and infectivity factors for pan-coronaviruses in preim-
plantation and implantation stage human embryos. J Assist Reprod
Genet 2021;38:1709–1720.

Corona G, Vena W, Pizzocaro A, Pallotti F, Paoli D, Rastrelli G, Baldi E,
Cilloni N, Gacci M, Semeraro F et al Andrological effects of SARS-
Cov-2 infection: a systematic review and meta-analysis. J Endocrinol
Invest 2022;45:2207–2219. doi: 10.1007/s40618-022-01801-x.

Cui P, Chen Z, Wang T, Dai J, Zhang J, Ding T, Jiang J, Liu J, Zhang
C, Shan W et al Severe acute respiratory syndrome coronavirus 2
detection in the female lower genital tract. Am J Obstet Gynecol
2020;223:131–134.

de Lusignan S, Dorward J, Correa A, Jones N, Akinyemi O,
Amirthalingam G, Andrews N, Byford R, Dabrera G, Elliot A et al
Risk factors for SARS-CoV-2 among patients in the Oxford Royal
College of General Practitioners Research and Surveillance Centre
primary care network: a cross-sectional study. Lancet Infect Dis
2020;20:1034–1042.

de Miguel-Gomez L, Romeu M, Castells-Ballester J, Pellicer N, Faus
A, Mullor JL, Pellicer A, Cervello I. Undetectable viral RNA from
SARS-CoV-2 in endometrial biopsies from women with COVID-19:
a preliminary study. Am J Obstet Gynecol 2022;226:434–437.

Delaroche L, Bertine M, Oger P, Descamps D, Damond F,
Genauzeau E, Meicler P, Le Hingrat Q, Lamazou F, Gschwind R
et al Evaluation of SARS-CoV-2 in semen, seminal plasma, and
spermatozoa pellet of COVID-19 patients in the acute stage of in-
fection. PLoS One 2021;16:e0260187.

Demir O, Sal H, Comba C. Triangle of COVID, anxiety and men-
strual cycle. J Obstet Gynaecol 2021;41:1257–1261.

Demirel C, Tulek F, Celik HG, Donmez E, Tuysuz G, Gokcan B.
Failure to detect viral RNA in follicular fluid aspirates from a SARS-
CoV-2-positive woman. Reprod Sci 2021;28:2144–2146.

Dhindsa S, Zhang N, McPhaul MJ, Wu Z, Ghoshal AK, Erlich EC,
Mani K, Randolph GJ, Edwards JR, Mudd PA et al Association of
circulating sex hormones with inflammation and disease severity in
patients with COVID-19. JAMA Netw Open 2021;4:e2111398.

Ding T, Wang T, Zhang J, Cui P, Chen Z, Zhou S, Yuan S, Ma W,
Zhang M, Rong Y et al Analysis of ovarian injury associated with
COVID-19 disease in reproductive-aged women in Wuhan, China:
an observational study. Front Med (Lausanne) 2021;8:635255.

Donders GGG, Bosmans E, Reumers J, Donders F, Jonckheere J,
Salembier G, Stern N, Jacquemyn Y, Ombelet W, Depuydt CE.
Sperm quality and absence of SARS-CoV-2 RNA in semen after
COVID-19 infection: a prospective, observational study and valida-
tion of the SpermCOVID test. Fertil Steril 2022;117:287–296.

Duarte-Neto AN, Teixeira TA, Caldini EG, Kanamura CT, Gomes-
Gouvea MS, Dos Santos ABG, Monteiro RAA, Pinho JRR, Mauad
T, da Silva LFF et al Testicular pathology in fatal COVID-19: a de-
scriptive autopsy study. Andrology 2022;10:13–23.

Edelman A, Boniface ER, Benhar E, Han L, Matteson KA, Favaro C,
Pearson JT, Darney BG. Association between menstrual cycle
length and coronavirus disease 2019 (COVID-19) vaccination: A
U.S. cohort. Obstet Gynecol 2022;139:481–489.

Enikeev D, Taratkin M, Morozov A, Petov V, Korolev D, Shpikina A,
Spivak L, Kharlamova S, Shchedrina I, Mestnikov O et al
Prospective two-arm study of the testicular function in patients
with COVID-19. Andrology 2022;10:1047–1056.

Erbay G, Sanli A, Turel H, Yavuz U, Erdogan A, Karabakan M, Yaris M,
Gultekin MH. Short-term effects of COVID-19 on semen parame-
ters: a multicenter study of 69 cases. Andrology 2021;9:1060–1065.

ESHRE—European Society of Human Reproduction and Embryology.
Assisted Reproduction and COVID-19: A Statement From ESHRE for
Phase 1-Guidance on Fertility Services During Pandemic. 2020. https://
wwweshreeu/Europe/Position-statements/COVID19/#phase1 (3 June
2022, date last accessed).

ESHRE COVID-19 Working Group, Gianaroli L, Ata B, Lundin K,
Rautakallio-Hokkanen S, Tapanainen JS, Vermeulen N, Veiga A,
Mocanu E. The calm after the storm: re-starting ART treatments
safely in the wake of the COVID-19 pandemic. Human
Reproduction (Oxford, England) 2021;36:275–282.

ESHRE Covid-19 Working Group, Vermeulen N, Ata B, Gianaroli L,
Lundin K, Mocanu E, Rautakallio-Hokkanen S, Tapanainen JS, Veiga
A. A picture of medically assisted reproduction activities during the
COVID-19 pandemic in Europe. Hum Reprod Open 2020;2020:
hoaa035.

Esposito V, Rania E, Lico D, Pedri S, Fiorenza A, Strati MF, Conforti
A, Marrone V, Carosso A, Revelli A et al Influence of COVID-19
pandemic on the psychological status of infertile couples. Eur J
Obstet Gynecol Reprod Biol 2020;253:148–153.

Essahib W, Verheyen G, Tournaye H, Van de Velde H. SARS-CoV-2
host receptors ACE2 and CD147 (BSG) are present on human
oocytes and blastocysts. J Assist Reprod Genet 2020;37:2657–2660.

Fraietta R, de Carvalho RC, Camillo J, Groner MF, Truzzi J, Petkov
CN, Barradas V, Homsi C, Bellei N, Oehninger S. SARS-CoV-2 is

SARS-CoV-2, fertility and assisted reproduction 191

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/29/2/177/6827446 by guest on 07 M
arch 2023

https://doi.org/10.1007/s40618-022-01801-x
https://wwweshreeu/Europe/Position-statements/COVID19/#phase1
https://wwweshreeu/Europe/Position-statements/COVID19/#phase1


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..not found in human semen during mild COVID-19 acute stage.
Andrologia 2022;54:e14286.

Fu J, Zhou B, Zhang L, Balaji KS, Wei C, Liu X, Chen H, Peng J, Fu J.
Expressions and significances of the angiotensin-converting enzyme
2 gene, the receptor of SARS-CoV-2 for COVID-19. Mol Biol Rep
2020;47:4383–4392.

Gacci M, Coppi M, Baldi E, Sebastianelli A, Zaccaro C, Morselli S,
Pecoraro A, Manera A, Nicoletti R, Liaci A et al Semen impair-
ment and occurrence of SARS-CoV-2 virus in semen after recov-
ery from COVID-19. Hum Reprod 2021;36:1520–1529.

Gat I, Kedem A, Dviri M, Umanski A, Levi M, Hourvitz A, Baum M.
Covid-19 vaccination BNT162b2 temporarily impairs semen con-
centration and total motile count among semen donors. Andrology
2022;10:1016–1022.

Geslot A, Chanson P, Caron P. Covid-19, the thyroid and the pitui-
tary – the real state of play. Ann Endocrinol (Paris) 2022;83:103–108.

Ghare Naz MS, Banaei M, Dashti S, Tehrani FR. An overview of sex
hormones in relation to SARS-CoV-2 infection. Future Virol 2021;
16:555–564.

Ghosh S, Parikh S, Nissa MU, Acharjee A, Singh A, Patwa D,
Makwana P, Athalye A, Barpanda A, Laloraya M et al Semen pro-
teomics of COVID-19 convalescent men reveals disruption of key
biological pathways relevant to male reproductive function. ACS
Omega 2022;7:8601–8612.

Global Health 50/50. COVID-19 sex-disaggregated data tracker.
Sex, gender, and COVID-19 Project 2020. https://globalhealth5050.-
org/the-sex-gender-and-covid-19-project/the-data-tracker/ (7
November 2022, date last accessed).

Goad J, Rudolph J, Rajkovic A. Female reproductive tract has low
concentration of SARS-CoV2 receptors. PLoS One 2020;15:
e0243959.

Gonzalez DC, Nassau DE, Khodamoradi K, Ibrahim E, Blachman-
Braun R, Ory J, Ramasamy R. Sperm parameters before and after
COVID-19 mRNA vaccination. JAMA 2021;326:273–274.

Gromski PS, Smith A, Lawlor DA, Sharara FI, Nelson SM. 2008 finan-
cial crisis versus 2020 economic fallout: how COVID-19 might in-
fluence fertility treatment and live births. Reprod Biomed Online
2021;42:1087–1096.

Gul A, Zengin S, Dundar G, Ozturk M. Do SARS-CoV-2 infection
(COVID-19) and the medications administered for its treatment
impair testicular functions? Urol Int 2021;105:944–948.

Guo L, Zhao S, Li W, Wang Y, Li L, Jiang S, Ren W, Yuan Q, Zhang
F, Kong F et al Absence of SARS-CoV-2 in semen of a COVID-19
patient cohort. Andrology 2021a;9:42–47.

Guo TH, Sang MY, Bai S, Ma H, Wan YY, Jiang XH, Zhang YW, Xu
B, Chen H, Zheng XY et al Semen parameters in men recovered
from COVID-19. Asian J Androl 2021b;23:479–483.

Gupta P, Choudhary A, Gopal G, Kumar R, Kumar A, Tiwari P,
Malhotra N. Detection of SARS-CoV2 virus using the real-time re-
verse transcriptase polymerase chain reaction in semen and semi-
nal plasma from men with active COVID-19 infection—a pilot
study. Indian J Urol 2021;37:331–334.

Gurtin ZB, Jasmin E, Da Silva P, Dennehy C, Harper J, Kanjani S.
Fertility treatment delays during COVID-19: profiles, feelings and
concerns of impacted patients. Reprod Biomed Soc Online 2022;14:
251–264.

Hajizadeh Maleki B, Tartibian B. COVID-19 and male reproductive
function: a prospective, longitudinal cohort study. Reproduction
2021;161:319–331.

Hamarat MB, Ozkent MS, Yilmaz B, Aksanyar SY, Karabacak K.
Effect of SARS-CoV-2 infection on semen parameters. Can Urol
Assoc J 2022;16:E173–E177.

Henarejos-Castillo I, Sebastian-Leon P, Devesa-Peiro A, Pellicer A,
Diaz-Gimeno P. SARS-CoV-2 infection risk assessment in the en-
dometrium: viral infection-related gene expression across the men-
strual cycle. Fertil Steril 2020;114:223–232.

Herrero Y, Pascuali N, Velazquez C, Oubina G, Hauk V, de Zuniga I,
Pena MG, Martinez G, Lavolpe M, Veiga F et al SARS-CoV-2 infec-
tion negatively affects ovarian function in ART patients. Biochim
Biophys Acta Mol Basis Dis 2022;1868:166295.

Hikmet F, Mear L, Edvinsson A, Micke P, Uhlen M, Lindskog C. The
protein expression profile of ACE2 in human tissues. Mol Syst Biol
2020;16:e9610.

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T,
Erichsen S, Schiergens TS, Herrler G, Wu NH, Nitsche A et al
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 2020;181:
271–280.e8.

Holtmann N, Edimiris P, Andree M, Doehmen C, Baston-Buest D,
Adams O, Kruessel JS, Bielfeld AP. Assessment of SARS-CoV-2 in
human semen-a cohort study. Fertil Steril 2020;114:233–238.

Hu B, Liu K, Ruan Y, Wei X, Wu Y, Feng H, Deng Z, Liu J, Wang T.
Evaluation of mid- and long-term impact of COVID-19 on male
fertility through evaluating semen parameters. Transl Androl Urol
2022;11:159–167.

Huang J, Xia L, Lin J, Liu B, Zhao Y, Xin C, Ai X, Cao W, Zhang X,
Tian L et al No effect of inactivated SARS-CoV-2 vaccination on
in vitro fertilization outcomes: a propensity score-matched study.
J Inflamm Res 2022a;15:839–849.

Huang Z, Do DV, Beh D, Lee CK, Yan B, Foo R, Tambyah PA.
Effects of acute severe acute respiratory syndrome coronavirus 2
infection on male hormone profile, ACE2 and TMPRSS2 expres-
sion, and potential for transmission of severe acute respiratory
syndrome coronavirus 2 in semen of Asian men. F S Sci 2022b;3:
29–34.

Jacobs E, Summers K, Sparks A, Mejia R. Fresh embryo transfer cycle
characteristics and outcomes following in vitro fertilization via
intracytoplasmic sperm injection among patients with and without
COVID-19 vaccination. JAMA Netw Open 2022;5:e228625.

Kadihasanoglu M, Aktas S, Yardimci E, Aral H, Kadioglu A. SARS-
CoV-2 pneumonia affects male reproductive hormone levels: a
prospective, cohort study. J Sex Med 2021;18:256–264.

Kasman AM, Bhambhvani HP, Li S, Zhang CA, Stevenson DK, Shaw
GM, Simard JF, Eisenberg ML. Reproductive sequelae of parental
severe illness before the pandemic: implications for the COVID-19
pandemic. Fertil Steril 2020;114:1242–1249.

Kaur H, Pranesh GT, Rao KA. Emotional impact of delay in fertility
treatment due to COVID-19 pandemic. J Hum Reprod Sci 2020;13:
317–322.

Kayaaslan B, Korukluoglu G, Hasanoglu I, Kalem AK, Eser F, Akinci E,
Guner R. Investigation of SARS-CoV-2 in semen of patients in the
acute stage of COVID-19 infection. Urol Int 2020;104:678–683.

192 Ata et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/29/2/177/6827446 by guest on 07 M
arch 2023



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Kazakou P, Paschou SA, Psaltopoulou T, Gavriatopoulou M,
Korompoki E, Stefanaki K, Kanouta F, Kassi GN, Dimopoulos MA,
Mitrakou A. Early and late endocrine complications of COVID-19.
Endocr Connect 2021;10:R229–R239.

Khan SM, Shilen A, Heslin KM, Ishimwe P, Allen AM, Jacobs ET,
Farland LV. SARS-CoV-2 infection and subsequent changes in the
menstrual cycle among participants in the Arizona CoVHORT
study. Am J Obstet Gynecol 2022;226:270–273.

Khoiwal K, Kalita D, Kumari R, Dhundi D, Shankar R, Kumari R,
Gaurav A, Bahadur A, Panda PK, Tomy A et al Presence of SARS-
CoV-2 in the lower genital tract of women with active COVID-19
infection: a prospective study. Int J Gynaecol Obstet 2022;157:
744–747.

Kolanska K, Hours A, Jonquière L, Mathieu d’Argent E, Dabi Y,
Dupont C, Touboul C, Antoine J-M, Chabbert-Buffet N, Daraı̈ E.
Mild COVID-19 infection does not alter the ovarian reserve in
women treated with ART. Reprod Biomed Online 2021;43:
1117–1121.

Lagana AS, Veronesi G, Ghezzi F, Ferrario MM, Cromi A, Bizzarri M,
Garzon S, Cosentino M. Evaluation of menstrual irregularities after
COVID-19 vaccination: results of the MECOVAC survey. Open
Med (Wars) 2022;17:475–484.

Lambalk CB, van Wely M, Kirkegaard K, Williams AC, de Geyter C.
Safety first – assisted human reproduction second. Hum Reprod
2020;35:741–742.

Lania A, Sandri MT, Cellini M, Mirani M, Lavezzi E, Mazziotti G.
Thyrotoxicosis in patients with COVID-19: the THYRCOV study.
Eur J Endocrinol 2020;183:381–387.

Lanser L, Burkert FR, Thommes L, Egger A, Hoermann G, Kaser S,
Pinggera GM, Anliker M, Griesmacher A, Weiss G et al
Testosterone deficiency is a risk factor for severe COVID-19.
Front Endocrinol (Lausanne) 2021;12:694083.

Laporte M, Naesens L. Airway proteases: an emerging drug target
for influenza and other respiratory virus infections. Curr Opin Virol
2017;24:16–24.

Lee KMN, Junkins EJ, Luo C, Fatima UA, Cox ML, Clancy KBH.
Investigating trends in those who experience menstrual bleeding
changes after SARS-CoV-2 vaccination. Sci Adv 2022;8:eabm7201.

Li D, Jin M, Bao P, Zhao W, Zhang S. Clinical characteristics and
results of semen tests among men with coronavirus disease 2019.
JAMA Netw Open 2020a;3:e208292.

Li H, Xiao X, Zhang J, Zafar MI, Wu C, Long Y, Lu W, Pan F, Meng
T, Zhao K et al Impaired spermatogenesis in COVID-19 patients.
EClinicalMedicine 2020b;28:100604.

Li K, Chen G, Hou H, Liao Q, Chen J, Bai H, Lee S, Wang C, Li H,
Cheng L et al Analysis of sex hormones and menstruation in
COVID-19 women of child-bearing age. Reprod Biomed Online
2021;42:260–267.

Lifshitz D, Haas J, Lebovitz O, Raviv G, Orvieto R, Aizer A. Does
mRNA SARS-CoV-2 vaccine detrimentally affect male fertility, as
reflected by semen analysis? Reprod Biomed Online 2022;44:
145–149.

Liu X, Chen Y, Tang W, Zhang L, Chen W, Yan Z, Yuan P, Yang M,
Kong S, Yan L et al Single-cell transcriptome analysis of the novel
coronavirus (SARS-CoV-2) associated gene ACE2 expression in
normal and non-obstructive azoospermia (NOA) human male tes-
tes. Sci China Life Sci 2020;63:1006–1015.

Lui DTW, Lee CH, Chow WS, Lee ACH, Tam AR, Fong CHY, Law
CY, Leung EKH, To KKW, Tan KCB et al Thyroid dysfunction in
relation to immune profile, disease status, and outcome in 191
patients with COVID-19. J Clin Endocrinol Metab 2021;106:
e926–e935.

Luongo FP, Dragoni F, Boccuto A, Paccagnini E, Gentile M, Canosi T,
Morgante G, Luddi A, Zazzi M, Vicenti I et al SARS-CoV-2 infec-
tion of human ovarian cells: a potential negative impact on female
fertility. Cells 2022;11:1431.

Ma L, Xie W, Li D, Shi L, Ye G, Mao Y, Xiong Y, Sun H, Zheng F,
Chen Z et al Evaluation of sex-related hormones and semen char-
acteristics in reproductive-aged male COVID-19 patients. J Med
Virol 2021;93:456–462.

Machado B, Barcelos Barra G, Scherzer N, Massey J, Dos Santos Luz
H, Henrique Jacomo R, Herinques Santa Rita T, Davis R. Presence
of SARS-CoV-2 RNA in semen – cohort study in the United States
COVID-19 positive patients. Infect Dis Rep 2021;13:96–101.

Madendag IC, Madendag Y, Ozdemir AT. COVID-19 disease does
not cause ovarian injury in women of reproductive age: an obser-
vational before-and-after COVID-19 study. Reprod Biomed Online
2022;45:153–158.

Matsuyama S, Nao N, Shirato K, Kawase M, Saito S, Takayama I,
Nagata N, Sekizuka T, Katoh H, Kato F et al Enhanced isolation of
SARS-CoV-2 by TMPRSS2-expressing cells. Proc Natl Acad Sci U S
A 2020;117:7001–7003.
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