
Human mpox is an infectious zoonotic disease 
caused by monkeypox virus (MPXV) that was 

first discovered in 1958 in nonhuman primates in a lab-
oratory setting (1). Even though exact animal reservoirs 
are unknown, small mammals are thought to maintain 
MPXV in West and Central Africa (2,3), where the virus 
is endemic (4) and periodic spillover into humans and 
limited onward transmission occur (5). Historically, 
MPXV cases have been identified sporadically outside 
of endemic regions, mostly related to travel, nosocomi-
al contact, or contact with imported rodents (6). 

There are 2 known clades of MPXV: clades I (for-
merly Congo Basin clade) and II (formerly West Africa 
clade) (7). In May 2022, the largest known human out-
break of mpox began; this multinational outbreak is 
caused by clade IIb MPXV. On July 23, 2022, the World 
Health Organization declared the human mpox out-
break a Public Health Emergency of International Con-
cern (8). Since then, >87,000 laboratory-confirmed cases 
have been reported, most outside of endemic regions. 

Human-to-human transmission of MPXV is 
likely to occur through direct contact or, potentially,  
fomites such as clothes, utensils, and bedding (7). Dur-
ing the ongoing outbreak, most cases have involved 
men who have sex with men (MSM). Sexual activity 
has been shown to be a likely route of transmission 
through skin-to-skin contact or sharing of body fluids. 
MPXV has been detected in a wide variety of samples 
including blood, saliva, urine, feces, semen, and skin, 
as well as rectal and oropharyngeal swab specimens 
(9,10). Environmental sampling detected low amounts 
of viable MPXV on household surfaces, even 15 days 
after initial discovery (11). In addition, MPXV genetic 
material has been detected in wastewater streams (12), 
prompting concern about risk of infection for waste-
water workers or possible reverse spillover into popu-
lations (13). We evaluated stability in body fluids on 
surfaces and in wastewater of MPXV isolate hMPXV/
USA/MA001/2022 (MA001), isolated in May 2022 
from a human case-patient in Massachusetts, USA, and 
assessed the effectiveness of decontamination methods 
using chlorination. 

Methods
We performed all experiments using 4.8 × 106 plaque 
forming units (PFU)/mL clade II MPXV MA001 
under maximum containment conditions at Rocky 
Mountain Laboratories (Hamilton, MT, USA). We 
propagated the virus in VeroE6 cells in Dulbecco 
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An outbreak of human mpox infection in nonendemic 
countries appears to have been driven largely by trans-
mission through body fluids or skin-to-skin contact during 
sexual activity. We evaluated the stability of monkeypox 
virus (MPXV) in different environments and specific body 
fluids and tested the effectiveness of decontamination 
methodologies. MPXV decayed faster at higher tempera-
tures, and rates varied considerably depending on the 
medium in which virus was suspended, both in solution 
and on surfaces. More proteinaceous fluids supported 
greater persistence. Chlorination was an effective decon-
tamination technique, but only at higher concentrations. 
Wastewater was more difficult to decontaminate than 
plain deionized water; testing for infectious MPXV could 
be a helpful addition to PCR-based wastewater surveil-
lance when high levels of viral DNA are detected. Our 
findings suggest that, because virus stability is sufficient 
to support environmental MPXV transmission in health-
care settings, exposure and dose-response will be limit-
ing factors for those transmission routes. 
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modified Eagle medium (DMEM; Sigma-Aldrich, 
https://www.sigmaaldrich.com) supplemented with 
10% fetal bovine serum, 1 mmol L-glutamine, 50 
U/mL penicillin, and 50 µg/mL streptomycin (10% 
DMEM). We completed all experiments in triplicate 
at room temperature (21°C–23°C) unless otherwise 
indicated. We quantified MPXV using a plaque assay; 
limit of detection for all replicates was 2 PFU/mL. All 
experimental measurements are reported as medians 
across 3 replicates. We acquired human body fluids 
commercially from Lee BioSolutions Inc. (now Me-
dix Biochemica USA Inc., https://www.leebio.com). 
Wastewater samples were collected from a munici-
pal wastewater treatment plant in northern Indiana, 
USA, then shipped frozen overnight to Rocky Moun-
tain Laboratories, where they were stored at –80°C 
until used as described elsewhere (14). 

Stability of MPXV on Surfaces under Different  
Environmental Conditions
We evaluated the surface stability of MPXV MA001 on 
15 mm polypropylene, AISI 316L alloy stainless steel 
disks, and cotton in conditions representing temper-
ate fall (4°C/40% relative humidity [RH]), controlled 
room (21°C–23°C/40% RH), and tropical (28°C/65% 
RH) environments. We produced controlled environ-
mental conditions in environmental chambers (MMM 
Group, https://www.mmm-medcenter.com) with 
protection from UV-B and UV-C exposure. After each 
environmental condition was established and main-
tained, we deposited 50 µL (7–10 drops) of MPXV 
stock containing 105 PFU on the surface of a disk. 
At time of deposition (day 0) and 7 additional pre-
defined timepoints (1, 3, 5, 7, 10, 15, and 20 days after 
deposition), we recovered deposited virus by rinsing 
with 1 mL of DMEM supplemented with 2% fetal bo-
vine serum, 1 mmol L-glutamine, 50 U/mL penicillin, 
and 50 µg/mL streptomycin (2% DMEM) and froze 
the samples at –80°C until time of titration. 

MPXV Stability in Human Body Fluids 
We measured stability of MPXV on surfaces by pi-
petting 50 µL of each body fluid containing 105 PFU 
of MPXV on surface plastic or in solution containing 
2.0 × 106 PFU/mL (105 PFU/50 µL) stored in a screw-
top vial at 21°C/40% RH. To determine the stability 
of MPXV in body fluids we spiked blood, semen, 
serum, saliva, urine, and feces with MPXV MA001. 
To determine the stability of the virus in body fluids 
deposited on surfaces and allowed to dry naturally, 
we aliquoted 50 µL of each fluid containing 105 PFU 
of MPXV onto a polypropylene disk and left them at 
21°–23°C/40% RH. We recovered samples for each 

fluid at time of deposit and 1-, 3-, 5-, 7-, 10-, 15-, and 
20-day timepoints by rinsing with 1 mL of 2% DMEM 
and froze the samples at −80°C until titrated. To de-
termine the virus stability in solution, we initially 
prepared fluid containing 2.0 × 106 PFU/mL (105 
PFU/50 µL). We stored solution samples (5 mL each) 
in screw-top vials at room temperature between sam-
pling times. At time of deposition and 1-, 3-, 5-, 7-, 10-, 
15-, and 20-day timepoints, we pipetted 50 µL of each 
fluid-virus mix into 1 mL of 2% DMEM and froze the 
samples at –80°C until time of titration. 

MPXV Stability in Wastewater and Deionized Water
To assess the stability of MPXV in wastewater and 
deionized water, we diluted 50 µL of stock virus in 5 
mL of wastewater (irradiated with 5 millirads to in-
activate possible contaminants, 1:100) and deionized 
water (1:100 dilution) in triplicate. At time of deposi-
tion and 1-, 3-, 5-, 7-, 10-, 15-, and 20-day timepoints, 
we placed 100 µL of virus-spiked sample in 900 µL of 
DMEM supplemented with 2% DMEM and froze the 
samples at −80°C until time of titration. Physiochemi-
cal parameters of the wastewater have been reported 
elsewhere (14) 

Wastewater Disinfection
To test the efficacy of free chlorine for disinfecting 
MPXV in wastewater, we diluted stock virus 100 
times in wastewater and added 1.098 mL to each well 
in the top row of a deep-well 96-well plate. We took 
a sample from the solution before adding chlorine to 
obtain the initial virus concentration in the sample. 
For each concentration we added Acros Organics 
sodium hypochlorite (ThermoFisher, https://www.
thermofisher.com) to 3 wells each to obtain initial 
doses of 0, 1, 5, or 10 parts per million (ppm). At ini-
tiation and 1-, 5-, 10-, 30-, and 60-minute timepoints, 
we added 100 µL samples of the wastewater solution 
to 100 µL of 0, 1, 5, and 10 ppm sodium thiosulfate 
solution to quench remaining free chlorine. We titrat-
ed the resulting solution and transferred it in total to 
800 µL of DMEM supplemented with 2% DMEM. We 
froze samples at –80°C until time of titration. 

Virus Quantification Using Endpoint Titration  
Plaque Assay
We thawed frozen samples and performed 10× serial 
dilutions. We added 250 µL of each dilution to a well 
of confluent Vero E6 cells in a 12-well plate and incu-
bated them for 2 h. After 2 h, we added an additional 
1 mL of 2% DMEM to each well. We incubated plates 
at 37°C with 5% CO2 for 4 d. On day 4, we removed 
the medium from the wells and replaced it with 10% 
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formaldehyde for 10 min. After 10 min, we removed 
the formalin and replaced it with a 1% solution of 
crystal violet. The crystal violet remained on the cells 
for 10 min, at which point we removed it and rinsed 
the plates with water. After drying, we assessed the 
plates for plaques. We inferred individual titers and 
virus half-lives in a Bayesian framework (Appendix), 
modeling the plaque counts observed in titration wells 
as Poisson distributed, as reported elsewhere (15). 

Results
In DMEM on surfaces, MPXV showed a biphasic 
pattern of initially slow, followed by rapid, decay. 
Because the transition in pace of decay typically oc-
curred when all visible liquid had evaporated from 
the surface, consistent with observations for SARS-
CoV-2 (15), we termed those periods the wet and dry 
phases. MPXV was less stable at higher temperatures, 
consistent with theoretical expectations (15) (Figure 
1, panel A). It was more stable on stainless steel and 
polypropylene surfaces than on cotton, although re-
covering viable virus from a porous, absorbent sur-
face like cotton may differ from recovery from non-
porous, nonabsorbent surfaces, such as stainless steel 
(Figure 1, panel A). We calculated posterior median 

estimated half-lives (T1/2) (interquartile range [IQR] 
2.5%–97.5%) for the wet and dry phases (Appendix 
Table). T1/2 on cotton during the dry phase could not 
be estimated for the 21°C–23°C room temperature 
and 28°C tropical conditions because we could detect 
no viable virus after the point of macroscopically ob-
served drying of surfaces (Figure 1, panel A).

Next, we investigated the stability of MPXV in 
body fluids: blood, semen, serum, saliva, urine, and 
feces (Figure 2, panel A). We evaluated all matri-
ces both on surfaces and in solution. Virus half-life 
showed no obvious differences between the wet and 
dry phases in blood, semen, and serum; half-lives dur-
ing both phases were similar to half-lives in DMEM 
solution (Figure 2, panel B). In contrast, for saliva, 
urine, and feces on surfaces, virus half-lives were no-
tably longer during the wet than the dry phase, and 
for all 3 secretions, half-lives were similar in solution 
(Figure 2, panel B). 

MPXV in blood and semen showed little or no de-
tectable decay either in solution or on surfaces during 
the 20-day test period (Figure 2, panel A; Appendix 
Table 1). Results for blood on surface and in solution 
varied notably. T1/2 for blood in solution was 58.90 
days (IQR 10.00–1,638.42 days) and on surfaces (dry 
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Figure 1. Monkeypox virus decay on cotton, polypropylene, and stainless steel under different environmental conditions. A) Regression 
lines showing predicted exponential decay of virus titers over time compared with measured (directly inferred) virus titers. Points 
show posterior median of measured titers; black lines show 95% credible intervals. Colored lines indicate random draws from the joint 
posterior distribution of exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range of possible 
decay patterns for each experimental condition. Blue lines show virus titers during the inferred wet phase, when residual moisture 
remains visible on the surface; red lines show virus titers during the inferred dry phase, when evaporation has reached a state of quasi-
equilibrium. The exact breakpoint was inferred from the data with a previous measurement from the last day of observable liquid. B) 
Inferred virus half-lives by surface and temperature condition. Dots show the posterior median half-life estimate and black lines show 
68% (thick) and 95% (thin) credible intervals. Violin plots show the shape of posterior distribution. Blue show inferred virus half-lives on 
surfaces during wet phase and red on surfaces during dry phase. 
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phase) was 38.75 days (IQR 6.75–1,234.38 days). T1/2 
for semen in solution was  4.63 days (IQR 3.94–5.70 
days) and on surfaces (dry phase) was 4.57 days (IQR 
3.35–7.09 days). MPXV in serum decayed over the 
test period, but with long half-lives of >1 days. T1/2 
for serum in solution  was  1.93 days (IQR 1.71–2.27 
days) and on surfaces (dry phase) was 1.32 days (IQR 
0.98–1.78 days) (Figure 2, panels A, B). 

MPXV had a long half-life in saliva, both in so-
lution and on surfaces during the wet phase. T1/2 for 
saliva in solution was 6.49 days (IQR 4.72–10.75 days) 
(Figure 2, panel B, Appendix Table 1) and on surfaces 
(wet phase) was 2.05 days (IQR 0.66–9.84 days), but 
it decayed rapidly during the dry phase: T1/2 = 0.16 
days (IQR 0.05–0.25 days). MPXV was less stable in 
urine and feces, but similar to results for some other 
body fluids, decay accelerated during the dry phase 
on surfaces (Figure 2, panel B). T1/2 for urine in solu-
tion was 1.69 days (IQR 1.35–2.17 days); on surfaces 
(wet phase), 0.86 days (IQR 0.32–4.10 days); and on 
surfaces (dry phase), 0.11 days (IQR 0.03–0.21 days). 
T1/2 for feces in solution was 1.28 days (IQR 1.07–1.53 
days); on surfaces (wet phase), 0.76 days (IQR 0.35–
2.51 days); and on surfaces (dry phase), 0.06 days 
(IQR 0.01–0.14 days). 

Overall, MPXV was consistently at least as stable 
in bulk liquid environments as on surfaces, especially 
wet surfaces. Stability on wet versus dry surfaces dif-
fered notably for MPXV in saliva, urine, and feces but 

not for MPXV in blood, semen, and serum. On the ba-
sis of those differences in decay patterns for MPXV 
and for other viruses, as reported elsewhere (16), we 
hypothesized that a highly proteinaceous environ-
ment provides protection against decay of the virus, 
perhaps particularly during and after evaporation of 
residual water following deposition. To investigate 
this hypothesis, we assessed stability of MPXV in so-
lution incorporating increasing percentages (0%, 40%, 
80%, 100%) of serum mixed with DMEM. Virus stabil-
ity (measured in half-lives) monotonically increased 
as a function of the percentage of serum (Figure 3). 

Finally, we determined the stability of MPXV and 
effectiveness of sodium hypochlorite to inactivate 
MPXV in wastewater and deionized water (Figure 4). 
In untreated deionized water, MPXV did not decay 
during the sampling period: T1/2  =  60.79 days (IQR 
22.67–1078.62 days) (Figure 3). MPXV decayed to a 
meaningful level in wastewater, but with a half-life of 
multiple days (T1/2 = 5.74 [IQR 4.58–8.05] days) (Figure 
3; Appendix Figure 1). MPXV rapidly became inacti-
vated in deionized water with added sodium hypo-
chlorite; T1/2 was 1.19 minutes (IQR 0.85–1.71 minutes) 
at 5 ppm free chlorine and 0.17 minutes (IQR 0.10–0.34 
minutes) at 10 ppm. Higher chlorine concentrations 
were required for rapid inactivation of MPXV in con-
taminated wastewater samples: T1/2 of viable virus was 
8.13 minutes (IQR 6.45–10.50 minutes) at 5 ppm chlo-
rine and 1.17 minutes (IQR 1.05–1.28 minutes) at 10 
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Figure 2. Monkeypox virus decay in human blood, semen, serum, saliva, urine, and feces solutions deposited on surfaces. A) 
Regression lines showing predicted exponential decay of virus titers over time compared with measured (directly inferred) virus titers. 
Points show posterior median measured titers; black lines show 95% credible intervals. Colored lines indicate random draws from joint 
posterior distribution of exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range of possible 
decay patterns for each experimental condition. Top row shows experiments in bulk solution (liquid); bottom row shows experiments on 
surfaces. For surface experiments, light blue lines show the inferred titers during the wet phase, when visible residual moisture remains 
on the surface; red lines show the inferred dry phase, when evaporation has reached a state of quasi-equilibrium. The exact breakpoint 
was inferred from the data with a previous measurement from the last day of observable liquid. B) Inferred virus half-lives by condition 
and state. Dots show the posterior median half-life estimate and black lines show 68% (thick) and 95% (thin) credible intervals. Violin 
plots show the shape of posterior distribution. Dark blue show inferred virus half-lives in bulk solution, light blue on surfaces during wet 
phase, and red on surfaces during dry phase. 
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ppm. Differences in required chlorine concentrations 
could be because of high free-chlorine consumption by 
the wastewater (17). These results suggest that MPXV 
is quite stable in untreated water, including wastewa-
ter, but that wastewater can be disinfected quickly, 
substantially reducing levels of viable virus.

Discussion
Different studies investigating the stability of viruses 
of the genus Orthopoxvirus (family Poxiviridae) have 
arrived at similar conclusions as this study. Prolonged 
variola stability has been reported in scabs, vesicle and 
pustule fluids, lymph system, and purulent sores of 
patients (18). Also, investigations of variola in raw cot-
ton and vaccinia in storm water and feces showed that 
a few virus particles may survive for long periods of 
time (18–21). Only a few studies have tested the sta-
bility of MPXV. An experimental study conducted on 
MPXV aerosol indicated the virus could remain viable 
in aerosol form for a prolonged period (22). Two other 
studies measuring stability and inactivation of MPXV 
showed the virus could be efficiently inactivated by 
alcohol- and aldehyde-based surface disinfectants. 
When World Health Organization–recommended al-
cohol-based hand rub solutions were used to test disin-
fection, MPXV displayed greater stability than all other 
emerging or reemerging enveloped viruses (23,24). 

We found that MPXV indeed shows strong en-
vironmental persistence on surfaces and in solution. 
MPXV in some media (DMEM with human saliva, 
urine, and feces) showed clear biphasic decay on sur-
faces but not in others (blood, semen, and serum). The 
observed biphasic decay was indicative of stability ki-
netics differing from the virus initially deposited on 
surfaces in a liquid solution to virus remaining after 
macroscopic evaporation of the solution. Stability also 
varied depending on the various MPXV-containing 
fluids and wastewater we tested. MPXV persisting in 
clinical specimens (25–27) or tissues also suggested 
fluid-dependent rates of decay. More proteinaceous 
solutions, such as blood, serum, and semen, favored 
virus stability. We confirmed experimentally that the 
protective effect of serum was directly proportional to 
the concentration of serum. That finding was consis-
tent with observations from other recent studies that 
environmental inactivation of viruses can be slowed 
by proteins in the solution and is strongly dependent 
on physicochemical properties of the medium (16). 

Environmental risk assessment has typically fo-
cused on properties of the ambient environment (tem-
perature, humidity, surface type for fomite transmis-
sion, ventilation rate for airborne transmission). Taken 
together with previous work on other viruses, our 
results suggest that route and type of contamination 
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Figure 3. Monkeypox virus decay in different human serum dilutions in Dulbecco modified Eagle medium. A) Regression lines showing 
predicted exponential decay of virus titers over time compared with measured (directly inferred) virus titers. Points show posterior 
median measured titers; black lines show 95% credible intervals. Colored lines indicate random draws from joint posterior distribution of 
the exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range of possible decay patterns for each 
experimental condition. B) Inferred virus half-lives by serum concentration. Dots show posterior median half-life estimate and black lines 
show 68% (thick) and 95% (thin) credible intervals. Violin plots show the shape of posterior distribution of virus half-lives. 
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should also be considered, because viability of virus-
es may also depend on the body fluids from which 
they are shed. That factor may partly account for 
variability in persistence of environmental MPXV 
contamination on different surfaces (11) and in dis-
crepancies between the longevity of MPXV on cotton 
in this study compared with results from epidemio-
logic investigations in which exudate (vesicular or 
pustular fluids) provided more virus-protective en-
vironments (18). So far, of the many cases reported 
among healthcare workers, only a few have been oc-
cupationally acquired (28–32), suggesting that risk for 
workplace transmission of MPXV to healthcare work-
ers is notably low. In addition, many environmental 
surfaces are regularly exposed to UV light and com-
mon household disinfectants, which decrease viral 
infectivity. Nevertheless, persistence of MPXV in the 
environment suggests that precautions are required 
to avoid environmental and nosocomial transmis-
sion, in particular in hospital settings. 

MPXV transmission and spread through sexu-
al contact, especially among MSM, has been con-
firmed. That means long half-lives of viable MPXV 
in blood and semen increase risk of transmission 
through fluid exchange or skin-to-skin contact dur-
ing sexual activity. Potential long-term viability in 
semen presents further implications for viral load in 
infected persons and for duration of infectiousness 
even after viral replication stops. Genetic material 
from other viruses, including Zika and Ebola, has 
been detected in semen months or years after initial 
infection, but how this relates to MPXV infectiv-
ity remains an open question (33). Estimated viral 
half-lives in our work are consistent with infectious 
MPXV remaining in semen for weeks after virus 
replication ends, as reported elsewhere (34,35). It 
should be noted however, that in patient blood, so 
far only DNA has been detected, and what roles 
blood and serum can play in MPXV transmission 
remains unclear (36). 
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Figure 4. Monkeypox virus exponential decay and decontamination in wastewater and DI water. A) Regression lines showing predicted 
exponential decay of virus titer over time compared with measured (directly inferred) virus titers. Points show posterior median 
measured titers; black lines show 95% exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range 
of possible decay patterns for each experimental condition. B) Inferred virus half-lives as a function of free chlorine concentration in 
parts per million. Violin plots show the shape of the posterior distribution of virus half-lives. Dots show credible intervals for posterior 
median half-life estimates and black lines show 68% (thick) and 95% (thin) credible intervals. Violin plots show the shape of posterior 
distribution. Dark blue show inferred virus half-lives in DI water and red in wastewater. DI, deionized; ppms, parts per million.
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Our finding that MPXV can remain infectious for 
weeks in untreated wastewater raises the potential for 
risk of exposure among sanitation workers, peridomes-
tic animals, and wildlife (13). Given the suspected role 
of rodents as reservoirs of MPXV, this possibility raises 
hypothetical concerns about zoonotic reservoirs becom-
ing established in previously nonendemic countries. 
However, we emphasize that dilution and chemical 
disinfection can mitigate these risks. Because previous 
studies only tested for viral DNA (12,37–40), we suggest 
that testing for infectious MPXV could be a valuable 
complement to PCR-based wastewater surveillance 
when significant quantities of viral DNA are detected. 

In conclusion, our results suggest that MPXV sta-
bility is dependent on the surface, the environmen-
tal conditions, and the matrix of the virus. Overall, 
we found MPXV showed long half-lives in a variety 
of body fluids, both in bulk solutions and when de-
posited wet then allowed to dry on common clinical 
and residential surfaces, and half-lives approaching 
a week in untreated wastewater. Our findings sug-
gest that, because virus stability is sufficient to sup-
port environmental or fomite transmission of MPXV, 
exposure and dose-response will be limiting factors 
for those transmission routes. 
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Stability of Monkeypox Virus in Body Fluids 
and Wastewater 

Appendix 

Appendix Table. Posterior median (2.5%, 97.5%) values for human Mpox half-lives on surfaces during the wet and dry phases.* 
Medium Surface Temperature, ◦C Relatively humidity, % Wet-phase half-lives, d (IQR) Dry-phase half-lives, d (IQR) 
Blood Polypropylene   86.36 (11.96–2,812.03) 38.75 (6.75–1,234.38) 
Feces Polypropylene   0.76 (0.35–2.51) 0.06 (0.01–0.14) 
Saliva Polypropylene   2.05 (0.66–9.84) 0.16 (0.05–0.25) 
Semen Polypropylene   7.85 (4.19–47.67) 4.57 (3.35–7.09) 
Serum Polypropylene   1.74 (1.21–5.81) 1.32 (0.98–1.78) 
Urine Polypropylene   0.86 (0.32–4.10) 0.11 (0.03–0.21) 
DMEM Cotton 4 40 0.83 (0.55–1.99) 0.20 (0.02–0.62) 
DMEM Polypropylene 4 40 1.88 (1.06–6.95) 0.42 (0.11–0.82) 
DMEM Stainless steel 4 40 4.74 (2.10–18.18) 0.32 (0.11–0.51) 
DMEM Cotton 21 40 0.16 (0.10–0.24) 0.05 (0.00–0.17) 
DMEM Polypropylene 21 40 3.26 (1.13–14.25) 0.15 (0.11–0.22) 
DMEM Stainless steel 21 40 1.74 (0.66–9.13) 0.29 (0.19–0.40) 
DMEM Cotton 28 65 0.17 (0.10–0.29) 0.06 (0.01–0.20) 
DMEM Polypropylene 28 65 1.14 (0.47–5.71) 0.16 (0.05–0.31) 
DMEM Stainless steel 28 65 0.79 (0.36–2.18) 0.05 (0.01–0.15) 
*DMEM, Dulbecco modified Eagle medium 
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Appendix Figure. Regression fits for decontamination control conditions (untreated sample) out to 20 

days. All data were used for the fit shown in the main text, but for direct comparison with the 120-minute 

treatment experiments only the first 120 minutes are shown there.  

Additional Methods 

The following pages contain additional methods for this article. 



2 Bayesian inference methods

2.1 Conceptual overview
As in our prior virus stability work [1]–[4], we infer individual titers and virus half-lives in a Bayesian 
framework. Such models can be used either to infer individual titers or to fit an exponential decay rate 
(equivalently, a half-life) to a set of samples taken at different timepoints. In the latter case, we jointly 
infer the decay rate and the individual sample titers, for maximally-principled error propagation. By also 
estimating individual titer values (without any assumptions about their relationship or the decay process), 
we are able to check the goodness-of-fit of the exponential decay model.

Our prior work quantified viable virus via an endpoint titration assay; here, we instead use a plaque assay. 
The underlying inferential models are the same except for the final step of the observation process, where 
a Poisson model for the observed number of plaques replaces the “single-hit” model [5] for the positive or 
negative status of an individual well.

When inferring virus decay rates, we typically describe models in terms of exponential decay rates of 
viable virus 𝜆, which has units of log𝑏 viable virus per unit time, for some base 𝑏. It is typically easier to 
interpret the mathematically equivalent half-life values ℎ, given by:

ℎ =
log𝑏 (2)

𝜆
(1)

Here, we measure titers in log base 10, so:

ℎ =
log10 (2)

𝜆
(2)

We typically place priors on log half-lives log(ℎ) rather than on decay rates 𝜆, and then calculate the 
implied 𝜆.

2.2 Notation
In the text that follows, we use the following mathematical notation.

2.2.1 Logarithms and exponentials

log(𝑥) denotes the logarithm base 𝑒 of 𝑥 (sometimes called ln(𝑥)). We explicitly refer to the logarithm 
base 10 of 𝑥 as log10 (𝑥). exp(𝑥) denotes 𝑒𝑥 .

2.2.2 Probability distributions

The symbol ∼ denotes that a random variable is distributed according to a given probability distribution. 
So for example

𝑋 ∼ Normal(0, 1)

indicates that the random variable 𝑋 is normally distributed with mean 0 and standard deviation 1.

We parameterize normal distributions as:

Normal(mean, standard deviation)

S2



We parameterize positive-constrained and negative-constrained normal distributions (i.e. truncated Nor-
mal distributions with lower limit 0 and upper limit ∞, or lower limit −∞ and upper limit 0, respectively)
as:

PosNormal(mode, standard deviation)
NegNormal(mode, standard deviation)

More generally, we parameterize truncated normal distributions with arbitrary lower and upper limits of
truncation as:

TruncNormal(mode, standard deviation, lower limit,upper limit)

We parameterize Poisson distributions as:

Poisson(mean)

2.3 Poisson observation model
Given a sample with underlying virus concentration 𝑣𝑖 in units of log10PFU/volume diluted by a log10
dilution factor 𝑑𝑖 and then plated onto susceptible cells in a volume 𝑝𝑖 , we model the observed plaque
count 𝑦𝑖 as:

𝑦𝑖 ∼ Poisson(𝑝𝑖10𝑣𝑖−𝑑𝑖 + 𝑓 ) (3)

where 𝑓 is an inferred or assumed false hit rate that can be used to model false positive plaques.

That is, we treat the observed plaque count as Poisson distributed with a mean given by the underlying
virus concentration, the volume plated, the dilution performed, and any sources of error that could lead to
spurious “plaques”.

Here, for simplicity, we assume a fixed negligible false hit rate of 10−20. It is both unbiological and
impractical to use a true zero false hit rate ( 𝑓 = 0), as this makes Markov Chain Monte Carlo inference
less numerically stable.

2.4 Titer inference
To infer individual titers, we use a weakly informative Normal prior for the true virus concentrations 𝑣𝑖 in
units of PFU/mL:

𝑣𝑖 ∼ Normal(3,3) (4)

We then apply the Poisson plaque assay model described in section 2.3 above.

2.5 Fluid half-life inference
We infer half-lives of infectious virus in various bulk liquid media by adapting a model previously pre-
viously described [2], [4], which allows us to account for variation in initial virus concentration, among 
other sources of experimental error.

There are multiple experimental conditions: the various liquid media tested. These include authentic 
human secretions including blood, saliva, and serum at several distinct concentrations, as well as deionized 
water and wastewater subjected to several distinct levels of chlorination.
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Broadly, our model assumes that each replicate begins with some initial concentration of viable virus 𝑣(0),
which then decays exponentially at some rate 𝜆, so that at time 𝑡, we have

log10 [𝑣(𝑡)] = log10 [𝑣(0)] −𝜆𝑡 (5)

To model our experiments, we need to account for the fact that we performed multiple replicates for each
experimental condition. Each of these replicates might have begun with different initial virus concentra-
tions. Additionally, individual samples taken over time and plaque counts derived from those samples
might be over-dispersed relative to the ideal predicted Poisson counts (due to processes of sampling, plat-
ing, infection, and counting processes not being mathematically ideal).

We use hierarchical modeling to handle the potential differences in initial virus concentration among repli-
cates. For each replicate 𝑘 of experimental condition 𝑗 , we model the initial log10 concentrations of viable
virus log10 [𝑣0 𝑗𝑘] as Normally distributed about an inferred condition-specific mean initial concentration
log10 [𝑣̄0 𝑗 ], with an inferred condition-specific standard deviation 𝜎𝑣0 𝑗 :

log10 [𝑣0 𝑗𝑘] ∼ Normal(log10 [𝑣̄0 𝑗 ],𝜎𝑣0 𝑗 ) (6)

Across all replicates, viable virus then decays exponentially at an inferred condition-specific rate 𝜆 𝑗 . So
we predict that if a sample 𝑣𝑖 𝑗𝑘 is taken for replicate 𝑘 of condition 𝑗 at a time 𝑡𝑖 𝑗𝑘 :

log10 [𝑣𝑖 𝑗𝑘] = log10 [𝑣0 𝑗𝑘] −𝜆 𝑗 𝑡𝑖 𝑗𝑘 +𝜎𝑣 𝑗𝜖𝑖 𝑗𝑘 (7)

where:

𝜖𝑖 𝑗𝑘 ∼ Normal(0,1) (8)

The Normally distributed errors 𝜖𝑖 𝑗𝑘 represent deviations from ideality / potential over-dispersion of plaque
counts. The condition-specific scaling factor 𝜎𝑣 𝑗 represents an inferred degree of deviation from ideality.
In particular, note that this is equivalent to stating:

log10 [𝑣𝑖 𝑗𝑘] ∼ Normal(log10 [𝑣0 𝑗𝑘] −𝜆 𝑗 𝑡𝑖 𝑗𝑘 ,𝜎𝑣 𝑗 ) (9)

Any observed plaque count(s) for 𝑦𝑖 𝑗𝑘𝑙 are then modeled as Poisson distributed per equation 3:

𝑦𝑖 ∼ Poisson(𝑝𝑖 𝑗𝑘10𝑣𝑖 𝑗𝑘−𝑑𝑖 𝑗𝑘 + 𝑓 ) (10)

In practice we typically have a single count 𝑦𝑖 𝑗𝑘 for each sample 𝑣𝑖 𝑗𝑘 , corresponding to the first dilution
at which plaques were countable.

We use the following priors.

Log half-lives log(ℎ 𝑗 ) for each experimental condition 𝑗 , where ℎ𝑖 has units of days:

log(ℎ 𝑗 ) ∼ Normal(log[0.1], log[20]) (11)

Mean initial log10/PFU/mL virus titers log10 [𝑣̄0 𝑗 ] for each experimental condition 𝑗 :

log10 [𝑣̄0 𝑗 ] ∼ Normal(3,2) (12)
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Condition-specific standard deviations 𝜎𝑣0 𝑗 for the Normally-distributed replicate log10 initial virus con-
centrations:

𝜎𝑣0 𝑗 ∼ PosNormal(1,0.25) (13)

Condition-specific standard deviations 𝜎𝑣 𝑗 for the predicted titer errors:

𝜎𝑣 𝑗 ∼ PosNormal(0,0.5) (14)

2.6 Surface half-life inference
We modeled decay on surfaces analogously to how we modeled decay in bulk fluid form (section 2.5),
with the additional detail that we allowed for biphasic decay to take account of potential effects of medium
evaporation [3].

In particular, we allowed each surface experiment to have a inferred breakpoint time 𝑤 𝑗 , during which
the half-life switches from a “wet-phase” half-life ℎ𝑤 𝑗 to a “dried-phase” half-life ℎ𝑑 𝑗 . We placed a
Truncated Normal prior on the 𝑤 𝑗 on the interval between the last day in which the sample was observed
to be macroscopically wet 𝑡𝑤 and the first day it was observed to be macroscopically dry 𝑡𝑑 , with a mode
at the midpoint (𝑡𝑑 − 𝑡𝑤)/2, and a standard deviation of 2. In practice, this is very similar to a uniform
prior on the interval (𝑡𝑤 , 𝑡𝑑).

𝑤 𝑗 ∼ TruncNormal
( 𝑡𝑑 − 𝑡𝑤

2
,2, 𝑡𝑤 , 𝑡𝑑

)
(15)

Until 𝑤 𝑗 , virus then exponentially at an inferred condition-specific rate 𝜆𝑤 𝑗 =
log10 (2)
ℎ𝑤 𝑗

and afterward at an

inferred condition-specific rate 𝜆𝑑 𝑗 =
log10 (2)
ℎ𝑑 𝑗

. So we predict that if a sample 𝑣𝑖 𝑗𝑘 is taken for replicate 𝑘

of condition 𝑗 at a time 𝑡𝑖 𝑗𝑘 :

log10 [𝑣𝑖 𝑗𝑘] =
{

log10 [𝑣0 𝑗𝑘] −𝜆𝑤 𝑗 𝑡𝑖 𝑗𝑘 +𝜎𝑣 𝑗𝜖𝑖 𝑗𝑘 𝑡𝑖 𝑗𝑘 ≤ 𝑤 𝑗

log10 [𝑣0 𝑗𝑘] −𝜆𝑤 𝑗𝑤 𝑗 −𝜆𝑑 𝑗 (𝑡𝑖 𝑗𝑘 −𝑤 𝑗 ) +𝜎𝑣 𝑗𝜖𝑖 𝑗𝑘 𝑡𝑖 𝑗𝑘 > 𝑤 𝑗
(16)

The observation process was then the same as for titer inference and fluid half-life inference.

To parameterize the half-lives during the two phases in a principled way while avoiding identifiability
issues, we placed a normal prior on the log wet-phase half-life ℎ𝑤 𝑗 , and the modeled the log dried-phase
half-life ℎ𝑑 𝑗 as offset from ℎ𝑤 𝑗 by some inferred offset 𝑜 𝑗 = log(ℎ𝑑 𝑗 ) − log(ℎ𝑤 𝑗 ). We placed a negative-
constrained normal prior on 𝑜 𝑗 (that is, we assumed dried-phase half-lives were shorter than wet-phase
half-lives, consistent with prior empirical and thereotical work [3]:

log(ℎ𝑤 𝑗 ) ∼ Normal(log(0.25), log(20)) (17)

𝑜 𝑗 ∼ Normal(log(0.25), log(20)) (18)

where
log(ℎ𝑑 𝑗 ) = log(ℎ𝑤 𝑗 ) + 𝑜 𝑗 (19)

All other aspects of the model, including prior distribution choices, were identical to the fluid half-life
inference model, with the except that we modeled condition-specific standard deviations 𝜎𝑣 𝑗 for the pre-
dicted titer errors as potentially larger, since surface experiments are noisier:

𝜎𝑣 𝑗 ∼ PosNormal(0,1) (20)
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3 Code and data
All code and data needed to reproduce our analyses is archived on Github (https://github.com/
dylanhmorris/mpox-stability) and Zenodo (https://example.com), and licensed for reuse, with 
appropriate attribution and citation.
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