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Controlled human infection (CHI) models for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been proposed 
as a tool to accelerate the development of vaccines and drugs. Such models carry inherent risks. Participants may develop severe 
disease or complications after deliberate infection. Prolonged isolation may negatively impact their well-being. Through secondary 
infection of study personnel or participant household contacts, the experimental virus strain may cause a community outbreak. We 
identified risks associated with such a SARS-CoV-2 CHI model and assessed their likelihood and impact and propose strategies that 
mitigate these risks. In this report, we show that risks can be minimized with proper risk mitigation strategies; the residual risk, how-
ever, should be weighed carefully against the scientific and social values of such a CHI model.
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Since the first reported cases in December 2019, coronavirus 
disease 2019 (COVID-19), the disease caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly 
developed into a global pandemic. In the absence of preventive 
vaccines and effective treatments, the current control strategy 
is aimed at preventing viral transmission through behavioral 
changes at the population level and widespread implemen-
tation of testing, tracing, and isolation measures. Drafting of 
these public health guidelines is complicated by the incomplete 
knowledge about the transmission of the virus, the disease, and 
the acquisition of immunity.

An effective vaccine against SARS-CoV-2 is the key to con-
trol the COVID-19 pandemic. Currently there are >170 SARS-
CoV-2 vaccine candidates in development [1]. Since it is not 
feasible to test all these vaccine candidates for safety and efficacy 
in placebo-controlled phase 3 studies or noninferiority trials 
with tens of thousands of patients, a rapid assessment of vac-
cine candidates is needed to allow multiple vaccines to supply 
the world market. At the same time, implementation of public 
health measures and potential first-generation vaccines may 

cause a decline in the incidence of cases, complicating phase 
3 efficacy testing. Similarly, antiviral drugs, preferably active 
against the entire coronavirus family, will be crucial to manage 
new outbreaks in the long term, and rapid testing is essential.

Several investigators have proposed to develop a human ex-
perimental (challenge) model, or controlled human infection 
(CHI) model, for SARS-CoV-2 with a recent announcement of 
the initiation of such studies by Imperial College London [2]. 
In such models, healthy young volunteers would be experi-
mentally infected with SARS-CoV-2 to test the efficacy of novel 
vaccines or drugs. For other infectious diseases such as influ-
enza, respiratory syncytial virus, and malaria, use of these CHI 
models in product development has increased exponentially 
in recent years [3]. These models carry inherent risks and thus 
require thorough ethical examination. Discussions about the 
social values and conditions under which a SARS-CoV-2 CHI 
model could be ethically acceptable [4, 5] or unacceptable [6] 
have been published. The feasibility, potential value, and limita-
tions of such a model have been extensively assessed by a World 
Health Organization (WHO) advisory group [7]. Here we have 
performed a comprehensive quantitative analysis of the risks re-
lated to such experiments and potential mitigation strategies to 
ultimately weigh risks against the potential public health value 
and contribute to the roadmap for SARS-CoV-2 CHI studies.

RISKS OF ACQUIRING SEVERE DISEASE

How Likely is One to Develop Severe Disease After Infection?

Experimental infection of human volunteers with SARS-CoV-2 
will inherently come with a risk of causing severe COVID-
19 disease. Severe disease may be defined as the need for 
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hospitalization, including critical care and death. By combining 
publicly available hospitalization, intensive care unit (ICU) ad-
mission, and mortality numbers with data from nationwide 
seroprevalence studies, we set out to crudely estimate corre-
sponding hospitalization, ICU admission, and death rates for 
different age groups in different countries (Table 1). Methods 
for data acquisition and calculations are provided in the 
Supplementary Appendix. The observed overall risk for hos-
pitalization varies between 12.1 and 38.2 per 1000 infections, 
whereas the risk of ICU admission varies between 24.0 and 
42.2 per 10 000 infections with death rates of 289.9–1111.2 per 
100 000 infections. Rates are substantially lower for younger age 
groups with estimations of 0.8–3.9 per 1000, 0.9–4.5 per 10 000, 
and 1.2–6.1 per 100 000 infections for hospitalization, ICU ad-
mission, and death, respectively, in persons <30  years of age. 
Similarly, a recent publication of a comprehensive analysis of 
age-specific infection fatality rates found an infection fatality 
rate of 10 per 100 000 for persons aged 0–34 years [8]. In a de-
tailed assessment of our own regional epidemiological data in 
the Netherlands, we were able to estimate a risk for hospitaliza-
tion of 1 per 1000 infections for persons aged 18–29 years. None 
were admitted to the ICU or died at the time of the query. These 
rates are lower than initial estimates [9] upon which subse-
quent ethical assessments for use of CHI models were based [4, 
5]. Moreover, these data included persons with comorbidities, 
overestimating the risk in healthy individuals. In addition, our 
estimates included young children, which in most countries 
form a large proportion of all persons <30 years of age hospi-
talized, further overestimating the risk. Furthermore, for most 
countries the observed seroprevalence rates are probably an 
underestimation of the true infection rate for several reasons: 
(1) In most reports, only immunoglobulin G was measured; 
therefore, immunoglobulin M positives or immunoglobulin 
A positives were missed; (2) seroconversion may not occur in 
everyone; and (3) antibodies may wane [10, 11]. To put our es-
timations in perspective, we found risks between 1.2 and 6.1 

deaths per 100 000 infections in people aged <30 years, which 
is comparable to the risk of road deaths, which ranged from 
3.0 to 5.1 per 100 000 inhabitants [12] in Belgium, Denmark, 
the Netherlands, Spain, and Sweden in 2018. In fact, in the 
Netherlands, the number of road deaths in this age groups 
was 23 per 100  000 for all road participants, 3.8 per 100  000 
for bicycle riders, and 1.0 per 100 000 for pedestrians [13]. Live 
kidney donation reportedly had a 3-month and 12-month mor-
tality risk of 3.0 and 6.0 per 10 000 donors aged 18–39 years, 
respectively [14]. Of course, our crudely calculated rates should 
be interpreted with caution as epidemiological data may not 
fully reflect risks in challenge studies due to differences in, for 
example, the initial infecting viral dose.

Factors Associated With Disease Severity

The degree of disease severity is closely related with age, male 
sex, obesity, and possibly smoking [15], and the presence of 
chronic major comorbidities [16–19]. Between 70% and 80% 
of hospitalized patients reportedly had 1 or more comorbidities 
[16], of which chronic cardiac disease, uncomplicated dia-
betes mellitus, nonasthmatic chronic pulmonary disease, and 
chronic kidney disease are most common. Rare putative loss-
of-function variants of the X-chromosomal TLR7 gene were 
also associated with severe disease in young males [20]. The risk 
of severe disease may also be determined by the initial infecting 
viral dose. This could explain why dentists, otorhinolaryngolo-
gists, and anesthesiologists are at higher risk of severe COVID-
19 [21, 22]. Based on current findings from an animal challenge 
study [23], an influenza CHI study [24], and a human epidemi-
ological study [25], we may similarly assume a dose-dependent 
clinical response to infection with SARS-CoV-2. There are 
concerns that suboptimal antibody acquisition after a primary 
SARS-CoV-2 infection may enhance disease severity of a sub-
sequent infection with SARS-CoV-2 by so-called antibody-
dependent enhancement (ADE), as has been suggested to occur 
after vaccination [26]. Whether ADE occurs after SARS-CoV-2 
infection remains to be elucidated; 1 possible case has been de-
scribed recently [27]. However, the potential of this phenom-
enon should be recognized and potential mitigation strategies 
explored.

Risk Mitigation Strategies

The most evident mitigation strategy would be the availability of 
a rescue treatment option that would cure 100% of individuals, 
preferably after study endpoints are met. Two pharmaceutical 
treatments, remdesivir and dexamethasone, were shown to be 
effective in severely affected patients [28, 29], although this has 
been contested in more recent data for remdesivir [30]. More 
clinical trials evaluating the efficacy of immunomodulatory 
drugs are ongoing [31]. Antibody therapy may be another treat-
ment modality in the future [32, 33]. Incorrect timing of treat-
ment initiation may explain why clinical trials of convalescent 

Table 1.  Age-Stratified Ranges of Hospitalization, Intensive Care Unit 
Admission, and Death Rates After Infection

Age 
Group

Hospitalizations per 
1000 Infections

ICU Admissions per 
10 000 Infections

Deaths per 
100 000 In-

fections

<30 y 0.8–3.9 0.9–4.5 1.2–6.1

<40 y 1.3–7.4 2.0–7.1 3.1–12.0

<50 y 2.5–11.7 4.7–13.3 7.2–24.9

<60 y 4.8–17.2 8.8–26.3 9.6–57.9

<70 y 7.3–22.9 14.8–37.7 65.3–137.3

All 12.1–38.2 24.0–42.2 289.9–1111.2

For each age group, ranges from point estimates of hospitalization, ICU admissions, and 
death rates are shown. Crude point estimates were calculated from reported events and 
seroprevalence rates for Belgium, Denmark, the Netherlands, Spain, and Sweden (see 
Supplementary Data for calculations).

Abbreviation: ICU, intensive care unit.
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plasma therapy were seemingly ineffective [34, 35]. Early clinical 
trials of antibody therapy with specific neutralizing antibodies 
are underway [36, 37]. Proper dosing of anticoagulation in hos-
pitalized patients with COVID-19 is common practice, despite 
the lack of proven efficacy through randomized trials, and may 
reduce disease severity risk caused by a hypercoagulable state 
[38].

Selection of low-risk participants could further reduce the 
risk for severe disease. Healthy young adult volunteers, pref-
erably nonsmokers aged 18–29 years, who do not have any of 
the above-mentioned risk factors, including comorbidities and 
obesity, should be selected. The resulting probability of severe 
or critical disease and death after infection would then be a 
fraction of what we estimated it to be for the general population 
(Table 1), for example, 60% lower rates if we assume that 40% of 
young hospitalized adults had comorbidities and/or obesity. Of 
course, selection of volunteers will also compromise extrapola-
tion of results to the field.

Because of the uncertainty around the possible existence of 
ADE, exclusion of participants with previous exposure seems 
preferred. However, if ADE exists for SARS-CoV-2, participants 
could potentially have an increased risk of severe disease after 
the trial. The longevity of such antibody-mediated effects is cur-
rently unknown but may be short [10, 11].

To further mitigate risk, the SARS-CoV-2 challenge virus 
may be attenuated. Currently, very little is known about mu-
tations and their relation to virulence. However, as our know-
ledge on the SARS-CoV-2 virus increases, genetic engineering 
will allow for the design of potentially attenuated viral strains.

Besides attenuation, the challenge virus inoculum dose can be 
carefully titrated from the lowest possible dose up until a min-
imal viral inoculum dose that leads to relevant study endpoints. 
In addition, the study endpoint that can be achieved with the 
lowest risk (eg, measurable viral shedding or observable clinical 
symptoms) can be chosen.

RISKS OF (LONG-TERM) COMPLICATIONS

What Are Potential Complications After Getting Infected?

Severe COVID-19 is characterized by pneumonia or acute respi-
ratory distress syndrome (ARDS) associated with dysregulated 
and excessive cytokine release with subsequent multiorgan 
failure [39]. Survival of critical illness may be accompanied 
by long-term and sometimes permanent impairments in cog-
nition, psychological health, and physical functioning [40]. 
Infection of the lungs has led to concerns of long-term pul-
monary function decline after COVID-19, similar to what was 
observed after the severe acute respiratory syndrome outbreak 
[41], although this is mostly seen after ARDS and thus in pa-
tients who had severe symptoms [42]. Debilitating symptoms 
such as fatigue and headache for weeks or months have been 
reported after less severe illness—a condition now referred to 

as “postacute COVID-19” or “long-COVID” [43]. Symptoms 
lasting for more than 4, 8, and 12 weeks were observed in 
13.3%, 4.5%, and 2.3%, respectively, of persons who filled in the 
COVID Symptom Study app [44], although numbers in those 
aged <30 years were much lower, at 0.9% for males and 1.4% 
for females at 12 weeks (personal communication, Sudre and 
Steves) [44]. In this study, which inherently excludes asymp-
tomatic persons, occurrence of long-COVID was associated 
with female sex, higher age, and higher body mass index, and 
31.5% reportedly required hospital assessment during the acute 
period. The frequency of long-COVID in young and healthy 
(nonhospitalized) low-risk patients is currently unclear, but 
likely to be lower. Venous thromboembolism is frequently ob-
served in seriously ill patients [45, 46]. Ischemic stroke was ob-
served in 0.9% and 4.6% of hospitalized COVID-19 patients 
in New York [47] and Wuhan [48], respectively; however, the 
true effect of the association between COVID-19 and ischemic 
stroke remains uncertain [49]. A causal link with SARS-CoV-2 
infection is less clear for certain hyperinflammatory or auto-
immune complications temporally associated with COVID-19, 
of which the most well-known is the pediatric inflammatory 
multisystem syndrome [50]. Other potential complications ob-
served are rhabdomyolysis, autoimmune hemolytic anemia, 
immune thrombocytopenia, Guillain-Barré syndrome, and 
subacute thyroiditis [51]. It should be noted that most of the 
above-mentioned complications were observed in hospital-
ized patients. The probability of acquiring such complications 
is therefore a minor fraction of the probability of hospitaliza-
tion after SARS-CoV-2 infection. There are concerns that oc-
cult cardiac inflammation occurs in a substantial portion of 
nonhospitalized patients [52]; however, the exact clinical con-
sequences of these findings are still unclear. Last, while seem-
ingly rare complications (eg, Guillain-Barré syndrome) have 
been observed, the true incidence of such complications is un-
known. It might occur more often than perceived, but a direct 
connection between the complication and an earlier undetected 
SARS-CoV-2 infection may not be apparent. Future studies, 
particularly in the primary care setting, are needed to properly 
evaluate incidence rates.

Risk Mitigation Strategies

The risk of developing complications or long-lasting symptoms 
is probably mostly mitigated by minimizing the risk of devel-
oping severe disease. In addition, awareness by study physicians 
of potential (rare) complications, together with close observa-
tion of participants’ well-being during infection and after infec-
tion, may lead to early recognition and treatment should these 
complications occur. Regardless of mitigation strategies, proper 
compensation methods for volunteers in case of long-term 
sequelae or severe disease should be in place, either through 
mandatory clinical trial insurance or additional compensation 
methods.
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THIRD-PARTY RISKS

Should We Be Afraid of Community Transmission?

Persons most at risk of getting secondarily infected by study 
participants are study personnel and participants’ household 
contacts. In theory, infected study personnel or household con-
tacts could introduce the experimental strain into the commu-
nity. Community transmission of an experimental strain may 
fuel public distrust in science in general and CHI studies in par-
ticular. The likelihood, however, of infecting study personnel 
seems low with proper implementation of infection preven-
tion and control measures, including use of personal protective 
equipment (PPE). Nosocomial transmission of virus between 
healthcare workers and from inpatients to healthcare workers 
was almost not observed in hospitals that implemented proper 
infection control measures, including use of adequate PPE 
[53, 54]. These findings are supported by a study performing 
whole-genome sequencing of SARS-CoV-2 in clinical samples 
taken from healthcare workers and patients in 3 hospitals in 
the Netherlands, providing evidence for community exposure 
rather than nosocomial transmission [55]. In contrast, sec-
ondary transmission to household contacts is likely to occur 
if infected persons are not properly isolated [56, 57]. This be-
comes especially problematic when participants decide to pre-
maturely opt out from an ongoing challenge study while they 
are still shedding virus.

Risk Mitigation Strategies

Proper implementation of infection control measures and use 
of PPE will be of utmost importance to reduce the risk of trans-
mission to research staff. Repeated screening (eg, every other 
day) of research staff who have direct contact with infected par-
ticipants for at least 2 weeks after their latest high-risk contact, 
irrespective of symptoms, may lead to timely detection of sec-
ondary infection should it occur. The impact of transmission to 
research staff may be mitigated if only staff with low risk for the 
development of severe disease are allowed in proximity of parti-
cipants. Participants will have to stay inpatient until nasal shed-
ding of viable infectious virus has stopped. Because polymerase 
chain reaction (PCR) positivity does not always reflect the pres-
ence of viable viral particles and shedding may persist over a 
longer time, the use of viral culture seems the most appropriate 
parameter. Alternatively, short-term viral culture with immu-
nofluorescence virus detection methods can be considered. 
Negative results from nasal swab or throat swabs on several 
consecutive days would be needed to allow for safe lifting of 
isolation measures. To reduce the impact of community trans-
mission, local public health authorities should be notified to an-
ticipate contact tracing and isolation measures, should they be 
needed. Last, to mitigate the risk that participants infect others 
because they decided to leave the quarantine facility prema-
turely, participants will have to agree to be subjected to legally 
enforceable isolation.

RISKS ASSOCIATED WITH ISOLATION

What Is the Negative Effect of Participant Quarantine?

Sudden quarantine or isolation is associated with negative psy-
chological impact driven by different stressors such as duration 
of quarantine/isolation, frustration and boredom, inadequate 
information, financial loss, and stigmatization from others 
[58]. It is probably unlikely that these stressors play a role in 
participants who are expecting a certain study-related duration 
of isolation; however, unforeseen prolongation of isolation (eg, 
because of prolonged detection of viral RNA shedding) could 
induce negative psychological impact in participants including 
unexpected financial losses.

Risk Mitigation Strategies

While effects of isolation on the mental health of participants is 
unlikely, performing a mental health screening could mitigate the 
risk of mental health effects of unexpected prolonged isolation 
should this occur. Any losses of income due to unexpected pro-
longed isolation will have to be compensated as to reduce the im-
pact of this risk. The duration of isolation may be decreased when 
discharge criteria are based on the detection of viable (cultured) 
virus instead of PCR negativity. Viable virus was unlikely to be 
cultured after 9 days in patients with mild disease, whereas pa-
tients with severe or critical disease had culturable virus shedding 
for a median duration of 8 days (interquartile range, 5–11 days 
[range, 0–20 days]) [59]. As such, for SARS-CoV-2 CHI study 
participants, an isolation duration of approximately 2 weeks may 
be expected when discharge criteria are based on the detection of 
viable virus. Using PCR negativity as a discharge criterion could 
substantially prolong isolation for days to weeks as compared to 
basing discharge on viral culture assays [60, 61].

OVERALL RISK ASSESSMENT

In Table 2, we provide an overview of identified risks and risk 
mitigation measures. The level of risk (inherent risk score) and 
effectiveness of proposed risk mitigation measures (residual 
risk score) was determined by consensus between the authors. 
Likelihood was scored as almost certain/common, 5; likely, 4; 
possible, 3; unlikely, 2; rare, 1. Impact was scored as critical, 5; 
major, 4; moderate, 3; minor, 2; insignificant, 1. Resulting re-
sidual risk scores (product of likelihood and impact) were sep-
arated into 3 categories: risks of 18–25 were considered high, 
resulting risk scores in the range of 9–17 were considered mod-
erate, and resulting scores of 1–8 were considered low. We show 
that proposed mitigation measures may influence the residual 
risk score to different degrees, but overall, and especially when 
combined, risks may be mitigated to acceptable levels.

We should note that the proposed mitigation strategies 
would ultimately result in the selection of study participants 
who do not necessarily reflect the target population for SARS-
CoV-2 vaccines or therapeutics. The resulting loss of scientific 
value should be taken into consideration, as has been done by 
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the WHO advisory group, which concluded that such a model 
might still be useful in order to select among multiple vaccines, 
investigate correlates of protection, investigate viral dose–clin-
ical severity relationships, and helping to estimate transmission 
risks [7].

In summary, in this report, we show that risks associated with 
the experimental infection of human volunteers with SARS-
CoV-2 can be minimized if proper mitigation strategies are put 
in place, leaving a residual risk that should be weighed carefully 
against the scientific and social values of such a human SARS-
CoV-2 model.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility 
of the authors, so questions or comments should be addressed to the 
corresponding author.
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Table 2.  Risk Assessment Table

Risk
Inherent risk score

Total inherent 
risk score

Mitigation measures

Residual risk score
Total  residual 

risk scoreLikelihood Impact Likelihood Impact

1. Par�cipant develops severe COVID-19 possible (3) cri�cal (5) 15 1A. Selec�on of par�cipants with low risk for severe disease rare (1) cri�cal (5) 5

1B. Use of minimal infec�ous dose unlikely (2) cri�cal (5) 10

1C. Early ini�a�on of currently available therapeu�c op�ons unlikely (2) cri�cal (5) 10

1D. Treatment with highly effec�ve an�body (once available) unlikely (2) cri�cal (5) 10

1E. Use of an a�enuated SARS-CoV-2 strain (once available) unlikely (2) cri�cal (5) 10

1F. Exclusion of seroposi�ve individuals to prevent an�body-enhanced COVID-19   
disease unlikely (2) cri�cal (5) 10

3. Par�cipant develops debilita�ng complica�ons unlikely (2) cri�cal (5) 10 3A. Awareness of poten�al (rare) complica�ons by study physicians to facilitate 
early recogni�on and treatment unlikely (2) major (4) 8

3B. Close observa�on of well-being for a follow up period of sufficient dura�on unlikely (2) major (4) 8

4. Transmission of SARS-CoV-2 experimental strain 
into the community possible (3) cri�cal (5) 15 4A. Isola�on of trial par�cipants in quaran�ne facility un�l NPS PCR or viral 

culture nega�ve rare (1) cri�cal (5) 5

4B. Compulsory legally enforceable isola�on rare (1) cri�cal (5) 5

4C. Repeated screening of staff for SARS-CoV-2 infec�on rare (1) cri�cal (5) 5

4D. No�fy local public health authori�es before study ini�a�on to an�cipate on 
contact tracing and isola�on possible (3) moderate (3) 9

5. SARS-CoV-2 transmission to research staff unlikely (2) cri�cal (5) 10 5A. Appropriate infec�on preven�on measures including PPE rare (1) cri�cal (5) 5

5B. Only have research staff with low risk for severe disease work with infected 
par�cipants unlikely (2) moderate (3) 6

 

6. Mental health consequences of unexpected 
prolonged quaran�ne possible (3) major (4) 12 6. Mental health screening of par�cipants rare (1) major (4) 4 
7. Financial loss due to unexpected prolonged 
quaran�ne possible (3) major (4) 12 7. Financial compensa�on of losses possible (3) minor (2) 6 
8. Overall risk possible (3) cri�cal (5) 15 8A. Combine all of the above rare (1) cri�cal (5) 5
 

8B. Combine mi�ga�on measures currently available (excluding 1D and 1E) rare (1) cri�cal (5) 5
Likelihood risk scores:                                 1 = rare, 2 = unlikely, 3 = possible, 4 = likely, 5 = almost certain / common 
Impact  risk scores:                                  1 = insignificant, 2 = minor, 3 = moderate, 4 = major, 5 = cri�cal 
Total risk scores (inherent and residual):      1 – 8 = low, 9 – 17 = moderate, 18 – 25 = high   

For each risk, likelihood and impact scores (inherent risk score) were determined; the product of both determines the total inherent risk score. For each risk, at least 1 mitigation 
measure was proposed. Each mitigation measure may influence the residual risk score to a different degree. For example, the total residual risk scores for mitigation 1A and 1F are 5 
and 10, respectively, meaning that measure 1A is thought to be more effective at reducing risk 1 (development of severe disease) than 1F.
Abbreviations: COVID-19, coronavirus disease 2019; NPS, nasopharyngeal swab; PCR, polymerase chain reaction; PPE, personal protective equipment; SARS-CoV-2, severe acute 
respiratory syndrome coronavirus 2.
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