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Abstract 22 

 23 

The outbreak of the novel coronavirus SARS-CoV-2 has raised major health policy 24 

questions and dilemmas. Whilst respiratory droplets are believed to be the dominant 25 

transmission mechanisms, indirect transmission may also occur through shared contact of 26 

contaminated common objects that is not directly curtailed by a lockdown. The 27 

conditions under which contaminated common objects may lead to significant spread of 28 

COVID-19 during lockdown and its easing is examined using the SEIR model with a 29 

fomite term added. Modelling the weekly death rate in the UK, a maximum likelihood 30 

analysis finds a statistically significant fomite contribution, with 0.009 ± 0.001 (95% CI) 31 

infection-inducing fomites introduced into the environment per day per infectious person. 32 

Post-lockdown, comparison with the prediction of a corresponding counterfactual model 33 

with no fomite transmission suggests fomites, through enhancing the overall transmission 34 

rate, may have contributed to as much as 25 percent of the deaths following lockdown. It 35 

is suggested adding a fomite term to more complex simulations may assist in the 36 

understanding of the spread of the illness and in making policy decisions to control it. 37 

 38 

Keywords: COVID-19; infectious disease epidemiology; mathematical modelling 39 
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 45 

1. Introduction 46 

 47 

On 23 March 2020, the UK government introduced a partial lockdown in an attempt to 48 

curtail the spread of COVID-19 through the transmission of the SARS-CoV-2 virus. 49 

Leaving home was allowed only for essential reasons: food, health and work. Just over 50 

three weeks after the partial lockdown, the weekly death rate of registered COVID-19 51 

deaths peaked at 9495 [1], but had fallen to 6680 two weeks later, and continued to 52 

decline through July. Allowing for the time from exposure to death, the decline is 53 

evidence that non-pharmaceutical intervention successfully suppressed the spread of the 54 

epidemic [2, 3]. 55 

 56 

The main transmission mechanisms of COVID-19 are believed to be through viral-loaded 57 

respiratory droplets and close contact [4], although fomites [4, 5] and respiratory aerosols 58 

[4, 5, 6] are also suspected to be factors in the transmission. The restrictions on 59 

movement, whilst reducing person-to-person direct transmission, potentially continued to 60 

allow transmission through the indirect means of objects contaminated by an infectious 61 

person. Although viable amounts of the SARS-CoV-2 virus survive under laboratory 62 

conditions on contaminated surfaces [5] and articles in proximity to an infectious patient 63 

may show traces of the viral RNA [7], it has not been demonstrated that viable viruses 64 

survive in a natural environment in sufficient concentration to transmit the infection 65 

through this route. On the other hand, experiments suggest the lifetime of SARS-CoV-2 66 

on fomites is prolonged in a protein-rich environment like airway secretions [8]. 67 
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 68 

The relative importance of indirect transmission compared with direct is unknown, even 69 

under lockdown conditions. WHO reports there is no conclusive evidence for fomite 70 

transmission, direct evidence for which is complicated by the frequent presence of 71 

infectious individuals with the fomites, making it difficult to establish which is the 72 

causative agent [4]. The report none the less cautions that the consistent presence of 73 

fomites in the environment of infected cases suggests fomite transmission is an active 74 

means of transmission of the SARS-CoV-2 virus, as it is for other coronaviruses.  75 

 76 

Epidemic stochastic models and simulations (eg [3], [9], [10], [11]), generally do not 77 

include transmission by fomites, as the effective reproduction number may be adjusted 78 

for their effects to account for gross population statistics such as infection and death rates. 79 

As discussed below, direct estimates of the rate of fomite transmission are made difficult 80 

by the rarity of fomites in the general population. Yet the policy implications for 81 

transmission through direct and indirect transmissions may differ. Given that a 82 

moderately high proportion of the infectious population is suspected to be asymptomatic 83 

[4], there is a potential for infectious individuals working in essential services and who 84 

have not yet had reason to self-isolate, to unwittingly contaminate material that reaches 85 

the public with respiratory droplets. Whilst a lockdown will curtail direct transmission, 86 

indirect communication of the virus through essential services such as post deliveries or 87 

food supplies may be relatively unaffected. Additional policies may be required to 88 

mitigate their effects. 89 

 90 
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As an alternative to direct case studies for establishing the prevalence of fomite 91 

transmission of COVID-19, this note seeks to constrain the possible impact of indirect 92 

transmission through population modelling using the SEIR model with an added fomite 93 

term. As discussed in the next section, the constraint is nearly independent of the nature 94 

of the fomites, depending only weakly on the decay times of viruses on fomites. To focus 95 

the analysis, transmission within the UK is examined. An illustrative example is also 96 

presented of the possible implications for postal deliveries in the UK, although only 97 

upper limits may be determined for any particular source of fomite transmission since 98 

they all add together to the net fomite contribution inferred from a global population 99 

analysis. 100 

 101 

2. Methods 102 

 103 

2.1 Model equations 104 

 105 

The standard set of SEIR differential equations for a population follows the dynamics of 106 

four sub-populations: the fraction s of the population susceptible to infection, the fraction 107 

e exposed to infection, the fraction i of infectious individuals, and the fraction r of 108 

removed or recovered individuals. It is assumed no removed individual becomes 109 

susceptible again. Sub-populations s and i are coupled through a term Rtsi/Di where Rt, 110 

the (time-dependent) effective reproduction number, is the average number of people an 111 

infectious person infects. The exposed and infectious periods are assumed to be 112 

exponentially distributed in time, with mean durations De and Di, respectively. 113 
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 114 

A fomite term f is added to represent the number of contaminated objects per capita. If Cf 115 

is the average number of potentially contaminated objects a person comes into contact 116 

with per day, then Cfi is the per capita number of objects contaminated per day. (The 117 

infectious fraction among individuals able to contaminate the objects is assumed the same 118 

as in the general population.)  The possibility of inter-article contamination is not 119 

included. It is assumed a contaminated object transmits the infection to an average Tf 120 

members of the susceptible population. The coupling term between the susceptible 121 

population and fomites is then Tfs f/Df. This represents the transmission rate per capita to 122 

an average Tf members of the susceptible population per capita by a number f of 123 

contaminated objects per capita for a duration Df that viruses survive on a contaminated 124 

object.1 The form corresponds to an exponential decay in infectiousness of the fomites, 125 

where Df is the mean duration. The epidemic is initiated by the introduction of exposed 126 

and infectious carriers at the respective rates ce and ci per capita (of the initial 127 

population). 128 

 129 

The model equations are 130 

 131 

 
1 For simplicity, an article that comes into close proximity to an infectious carrier is 
considered contaminated, and the average effectiveness of the contaminated article to 
transmit the illness is quantified through Tf. 
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         (1) 132 

 133 

The susceptible, exposed and infectious fractions depend only on the product Nf = CfTf, 134 

the number of infection-inducing fomites introduced into the population per day per 135 

infectious person. 2 Initially, Rt = R0, where R0 is the basic reproduction number when the 136 

epidemic starts.  137 

 138 

2.2 Input parameter values 139 

 140 

The parameter ranges considered are summarized in Table 1. Estimates for values of the 141 

SEIR parameter are taken from Davies et al. [9] and Flaxman et al. [3] for COVID-19 in 142 

the UK.  Estimates for the mean duration Df of SARS-CoV-2 on materials are 0.41 (0.34-143 

0.49 95% CI) day on plastic, 0.34 (0.28-0.41 95% CI) day on stainless steel, and 0.21 144 

 
2 This may be seen by introducing the variable f* defined by f = Cf f*. Then the first two 
equations in Eq.(1) become ds/dt = -(Rt i/Di + Nf f*/ Df)s and de/dt = (Rt i/Di + Nf f*/ 
Df)s-e/De + ce, the final equation becomes df*/dt = i – f*/Df, and the third equation 
remains unchanged. Thus any constraints from infections and their consequences are on 
Nf, and not the particular kind of fomite, except weakly through Df . Only actual fomite 
numbers depend on a particular choice for the value of Cf; the exposed and infectious 
populations and the consequent fatalities depend instead on Nf. 
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(0.14-0.30 95% CI) day on cardboard [5], although it is noted the measurements were 145 

under ideal laboratory conditions and may not be applicable in a real-world setting. 146 

 147 

The number of cases of COVID-19 introduced into the UK is unknown, but estimates 148 

suggest at least 1356 infected individuals entered the UK, and likely more, peaking in 149 

mid-March (day 77 in the year) at the rate of just under 70 per day with a full width at 150 

half maximum (FWHM) of about 8 days [12]. A normal distribution with this FWHM 151 

fails to capture the tails in the distribution. The source distribution is modelled instead as 152 

c(t) = c0/[1+4(t-tc0)2/ FWHM2], and apportioned to the exposed and infectious carrier 153 

sources in proportion to the duration of their respective periods: ce = De c/ (De+Di), ci = 154 

Di c/ (De + Di). Once normalized to the initial rise in death rates, the results after 155 

lockdown are found insensitive to these choices. 156 

 157 

Although Rt will not have changed to a new fixed value instantaneously after lockdown, 158 

for simplicity lockdown conditions are modelled by taking Rt = R0 before the lockdown 159 

and Rld after. After lockdown easing, the reproduction number is taken to be Rlde. 160 

 161 

2.3 Means for estimating transmission rates 162 

 163 

The posterior parameter values and predicted death rates are based on a maximum 164 

likelihood analysis, where the likelihood of a given model is given by the product of the 165 

Poisson probabilities of the reported weekly deaths compared with the mean weekly 166 

death rates predicted by the model. The intervals for the modelled parameters listed in 167 
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Table 1 are sampled uniformly. The derived confidence intervals for a given parameter 168 

are given by marginalizing the model likelihoods over the remaining parameters to obtain 169 

posterior distributions for each parameter. 170 

 171 

A mean infected fatality ratio 0.0050 is adopted. This is based on the age-stratified case 172 

fatality ratio, adjusted for underestimates from limited case reporting [9], the projected 173 

age distribution in the UK for 2020 from the Office for National Statistics [13], and 174 

allowing for a factor two smaller infected fatality ratio compared with case fatality ratio 175 

[14], as summarized in Table 2. The daily death rate per capita for all cases is estimated 176 

from 177 

 178 

            (2) 179 

 180 

where nd is the total number of deaths per capita, and allowing for a mean three-week 181 

delay from exposure to death [9]. The delay is slightly enlarged to four weeks during the 182 

initial rise to ensure the peak death rate is captured, necessary to provide representative 183 

infection rates leading into the post-lockdown period. All models assume the same value 184 

for R0 before lockdown to provide a fair comparison. 185 

 186 

By mid-July, it was becoming apparent that the decrease in the incidence rate of COVID-187 

19 in the general population in the UK had levelled off, but was on the rise again in 188 

August and September [2]. Rather than model the immediate impact of the initial 189 

lockdown and the rise in August and later, only data from weeks 18-34 (allowing for a 190 
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mean three-week delay from onset to death) are used to solve for Nf, , Rld  and Rlde. The 191 

data used are provided in Table 3. 192 

 193 

3. Results 194 

 195 

3.1 Fit parameters 196 

 197 

The rise in the number of weekly deaths before lockdown corresponds to R0  = 3.072± 198 

0.003 (95% CL) for the maximum likelihood model, allowing for uniform sampling over 199 

1.5 < R0 < 5.5. This is consistent with the range R0 = 2.68 ± 0.57 estimated by Davies et 200 

al. [9] from a meta-analysis of published studies.3  The results below for indirect 201 

transmission are based on the post-lockdown rates, with models assuming 0 £ Nf < 0.05, 202 

sampled uniformly over this interval. 203 

 204 

 
3 Using the determination of R0 from [9] as a prior makes little difference to the derived 
parameter values once R0  < 1.5 is excluded. 
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 205 

  206 

                                                                     Figure 1 207 

 208 

The reproduction numbers and infection-inducing fomite rates found for fomite decay 209 

times of Df = 0.21, 0.34 and 0.41 day are summarized in Table 4. They vary little for 210 

different values of Df, as the decay times are very short compared with the evolutionary 211 

timescale of the epidemic. They all represent the data equally well. A weighted average 212 

of all three (allowing for small differences in variances and likelihoods) after lockdown 213 

gives Rld  = 0.79 ± 0.01 (95% CI) and Nf   = 0.009 ± 0.001 (95% CI). The post-lockdown 214 

value of Rt < 1 reflects the reduction in the infection rate following lockdown [2, 3].  215 

 216 

The UK began to ease the lockdown on 4 July 2020. The decline in the fraction of the 217 

population in England testing positive for COVID-19 levelled off over the following 218 

week [2]. The average reproduction number found from a maximum likelihood fit to the 219 
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numbers of registered weekly deaths after easing is Rlde  = 0.99 ± 0.03 (95% CI). 220 

Significantly, a value exceeding unity is included in this range, suggesting the epidemic 221 

may have already returned to a growing phase by August. 222 

 223 

Compared with a counterfactual model with the same values of Rld and Rlde as for the 224 

best-fitting model with fomites, the model including fomites suggests the presence of 225 

fomites contributed to an increase in the total number of deaths by about 25%, as shown 226 

in Fig.1 (dashed cyan line). These arise both through contamination by fomites and the 227 

subsequent direct transmission by the consequent infectious cases to the susceptible 228 

population. 229 

 230 

3.2 Illustrative case: postal deliveries in UK 231 

 232 

To give the constraint on Nf some context, potential indirect transmission by delivered 233 

post in the UK is considered. The Royal Mail adheres to public health guidelines for its 234 

employees, and it has placed several further protective measures in place in the delivery 235 

of post to customers [15]. Potential points of further accidental contamination not readily 236 

eliminated are the distribution of post to post carriers and during the sorting and final 237 

delivery to customers. 238 

 239 
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 240 

                                                                     Figure 2 241 

 242 

Approximately 14 billion letters and parcels are delivered per year by the Royal Mail 243 

[16]. The number of objects delivered per day per capita for a UK population of 67 244 

million is then C f  = 0.57 day-1 capita-1.4  The lifetime for SARS-CoV-2 on post is 245 

unknown. The value Df = 0.2 day for cardboard is adopted. The maximum likelihood 246 

model for Nf  ≥	0 gives Tf   = 0.015 ± 0.002 (95% CI). Thus only an average of three in 247 

200 contaminated articles transmits the illness. Since other fomites may be expected to be 248 

present, this should be regarded as an upper limit, Tf  < 0.017 (98% CI). The 249 

corresponding transmission rate is shown in Fig. 2. At its post-lockdown peak, the 250 

transmission rate by fomites is about 2x10-4 per day per susceptible person (Table 4). By 251 

 
4 The delivery rate is assumed to differ little from the mean for 2018-2019. Whilst the 
volume of letters delivered fell by 33% from April to May 2020, the volume of parcels 
increased by 37%. For the full year 2019-2020, there was little difference in the net 
volume of delivered letters and parcels from the previous year [17]. 
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the end of the lockdown period, it has declined to under 5x10-6. These are well below the 252 

direct transmission rates of about 4x10-3 per day per susceptible person at its post-253 

lockdown peak, and 10-4 at the end of lockdown. None the less, the slowing down by 254 

fomite transmission of the reduction in the total infection rate during the lockdown may 255 

have been sufficient to increase the death rate by as much as 25% (Fig.1). 256 

 257 

4. Discussion 258 

 259 

4.1 Effect of fomites on epidemic evolution 260 

 261 

Because of the practical difficulties involved in making direct measurements of the 262 

transmission rate of COVID-19 through fomites, a global population approach is adopted. 263 

It is found that adding a fomite term to the standard SEIR equations greatly improves the 264 

agreement of the model with the weekly death rate from COVID-19 reported in the UK.  265 

Compared with a best-fitting model with no fomites (Nf  =0), shown in Fig.1, with post-266 

lockdown reproduction number Rld = 0.84 (Table 4), a somewhat smaller reproduction 267 

number value (Rld = 0.79) is required to match the data when fomites are allowed for. The 268 

lower reproduction number is compensated for by the additional contributions from 269 

fomite transmission. 270 

 271 

A less intuitive consequence of fomite transmission is the larger reproduction number 272 

after lockdown is eased when allowing for fomites, Rlde  = 0.99, compared with the fit 273 

with no fomites, Rlde  = 0.92, a value the fit including fomites excludes with over 99.9% 274 
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confidence. The value for the fit without fomites is smaller because the infection rate was 275 

declining less slowly in the model before lockdown was eased compared with the model 276 

including fomites, as shown in Fig.1. To match the relatively small death rates after the 277 

lockdown was eased requires a smaller reproduction number than the model allowing for 278 

fomites. This shows that not allowing for fomites in a model may lead to an under-279 

estimate of the reproduction number following a reduction phase in the epidemic. In the 280 

case modelled, the reproduction number found in the model with fomites includes within 281 

its 95% confidence interval Rlde  > 1, so that the epidemic in the UK may have already re-282 

entered a growing phase by August. 283 

 284 

Direct verification of a fomite contribution would help validate the model, but this is 285 

made difficult by the low prevalence of infectious-inducing fomites, as shown in Fig.2 286 

and Table 4. The most direct means of ascertaining the contribution of indirect 287 

transmission may be through direct random testing for contaminated material. As 288 

illustrated for UK postal deliveries, however, at most only a few in a thousand letters and 289 

parcels delivered in a day would be contaminated. Post-lockdown easing, the numbers are 290 

even smaller, below one in ten thousand. This would require the testing of tens of 291 

thousands of independent, randomly selected delivered articles, which is likely 292 

prohibitive. Another approach would be to search for a statistically significant increase in 293 

COVID-19 among recipients of post from infectious (pre-symptomatic) postal workers 294 

later verified by testing to have been ill, but the numbers again will be small. 295 

 296 
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Studies similar to this one could be repeated for other countries to see if similar 297 

improvements in matching the data are found, particularly if similar values of Nf were 298 

found. Smaller, isolated environments may also be modelled, although small samples are 299 

increasingly prone to variations particular to each case. Cruise ships [18, 19], and 300 

possibly large work spaces [20], may be especially helpful for establishing the production 301 

rate and prevalence of fomites. Surveys of potential fomites even in non-infected 302 

environments would help to assess how frequently fomites may be introduced into a 303 

given environment that could provide data for epidemic population modelling. 304 

 305 

4.2 Limitations 306 

 307 

Further measurements of the duration of SARS-CoV-2 on substances in real world 308 

situations are required. Other factors than direct transmission and fomites may also 309 

contribute to the spread of the illness, such as aerosols, blood, urine and feces, although 310 

transmission by any of these has not been demonstrated conclusively [4]. The differences 311 

found here from a model allowing only for direct transmission may partly, or even 312 

entirely, arise from other means of transmission such as these. Alternatively, it could 313 

reflect a continuously evolving reproduction number Rt. The relative simplicity with 314 

which the fomite term improves the fit to the data, however, would seem to argue in its 315 

favour. 316 

 317 

Both direct and indirect transmission rates may differ among sub-populations of different 318 

ages. Allowing for age-dependent transmission rates and transmission between age 319 
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groups would further add to the uncertainty in the contribution by fomites. Another 320 

limitation of the SEIR model is that it implicitly assumes exponential distributions for the 321 

exposed and infectious phases. The actual distributions are still unknown [21]. Other 322 

statistical distributions may prove more accurate once more data become available. 323 

 324 

A maximum likelihood approach requires a probabilistic model for the data. In this study 325 

the weekly reports of the number of registered deaths in the UK resulting from COVID-326 

19, as reported by the Office of National Statistics, were used. The numbers were 327 

modelled by the minimal assumption of Poisson fluctuations, as these depend only on the 328 

reported numbers. The determinations are based on a combination of testing and 329 

physician assessments. As such they are prone to testing limitations and possibly 330 

subjective judgement. Large day-to-day variations are found, suggestive of large 331 

correlations in time. Following ONS practice, weekly numbers were used to smooth these 332 

fluctuations and suppress their correlations. Further understanding of the nature of the 333 

fluctuations and possible remaining week-to-week correlations would likely broaden the 334 

error estimates provided here. These uncertainties are common to any population models 335 

of the epidemic. 336 

 337 

4.3 Policy Implications 338 

 339 

The possibility of transmission from fomites may be especially relevant to policies 340 

designed to protect the more than two million clinically extremely vulnerable people in 341 

the UK, as self-shielding alone may not be adequate. Modelling differences in the 342 
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infection rates between shielded and unshielded sub-populations may be a means of 343 

determining how great a risk factor indirection transmission is. If the risk of indirect 344 

transmission through postal deliveries is assessed to be a significant contributor to the 345 

spread of COVID-19, a possible means of mitigation is the effective use of face 346 

coverings, under appropriate guidance [22], by postal workers coming into direct contact 347 

with postal items within a day of delivery. A solution considered in the context of re-348 

using PPE equipment is heating used equipment or exposing it to UV radiation [23]. Such 349 

an approach could be considered for post, such as exposure to sunlight for periods of 350 

several minutes to a half hour [24], and for other articles that commonly come in contact 351 

with the public such as food packages. The tests on PPE equipment, however, were 352 

inconclusive in terms of re-required dosages in realistic scenarios [23]. It is unknown 353 

how effective exposure to sunlight would be on post in a realistic environment; post is 354 

also often concealed until delivered for security reasons, so procedural adjustments would 355 

be required. Until improved assessments are made, or other means of removing or 356 

preventing contamination become available, perhaps the simplest advice to give the 357 

public is to isolate potentially contaminated articles for 24 hours before handling or at 358 

least to wash their hands after doing so. 359 

 360 

Conclusions 361 

 362 

A maximum likelihood analysis of a SEIR model with an added fomite term applied to 363 

the COVID-19 epidemic in the UK suggests a significant fomite contribution, with 0.009 364 

± 0.001 (95% CI) infection-inducing fomites introduced into the environment per day per 365 
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infectious person. The fomite term significantly shifts the inferred values of Rt compared 366 

with best-fit non-fomite solutions. It is suggested fomites be incorporated into more 367 

refined stochastic models and simulations to better assess the effectiveness of non-368 

pharmaceutical interventions in curbing the epidemic. 369 

 370 

Data Availability Statement 371 

 372 

All the data used to support this work are available through the cited references. 373 

 374 

Acknowledgements 375 

 376 

The author thanks J. Elmes and R. Meiksin for helpful comments and suggestions on an 377 

early draft of this work, and an anonymous referee for comments and suggestions that 378 

helped to improve this work. The online transparency of Royal Mail (at royalmail.com) in 379 

providing statistics on postal deliveries and actions in response to COVID-19 also helped 380 

to facilitate the analysis. 381 

 382 

Financial support: This research received no specific grant from any funding agency, 383 

commercial or not-for-profit sectors. 384 

 385 

Conflicts of Interest: None. 386 

 387 

 388 



 20 

References 389 

 390 

1. Office for National Statistics (ONS). Data on registered deaths listing COVID-19 as a 391 

cause available at: 392 

https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/death393 

s/datasets/weeklyprovisionalfiguresondeathsregisteredinenglandandwales 394 

 (Accessed 7 October 2020.) 395 

 396 

2. Office for National Statistics (ONS). Coronavirus (COVID-19) Infection Survey pilot: 397 

England, 2 October 2020. Available at 398 

https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsa399 

nddiseases/bulletins/coronaviruscovid19infectionsurveypilot/previousReleases 400 

(Accessed 6 October 2020.) 401 

 402 

3. Flaxman S, Mishra S, Gandy A, Unwin HJT, Mellan TA, Coupland H, Whittaker C, 403 

Zhu H, Berah T, Eaton JW, Mondo M., Ghani AC, Donnelly CA, Riley SM, Vollmer 404 

MAC, Ferguson NM, Okell LC, Bhatt S.  Estimating the effects of non-pharmaceutical 405 

interventions on COVID-19 in Europe. Nature. Published online: 8 June 2020. doi: 406 

10.1038/s41586-020-2405-7. 407 

 408 

4. World Health Organization (WHO). Transmission of SARS-CoV-2: Implications for 409 

infection prevention precautions. 9 July 2020. Geneva: WHO. Available at 410 



 21 

https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-411 

implications-for-infection-prevention-precautions 412 

(Accessed 1 October 2020.) 413 

 414 

5. van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A, Williamson 415 

BN, Tamin A, Harcourt JL, Thornburg NJ, Gerber SI, Lloyd-Smith JO, de Wit E, 416 

Munster VJ. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-417 

CoV-1. New England Journal of Medicine. 2020; 382: 1564-1567. 418 

 419 

6.  Lewis D. Is the coronavirus airborne? Experts can't agree.  Nature, News 2 April 420 

2020. Available at https://www.nature.com/articles/d41586-020-00974-w 421 

 422 

7. Ong SWX, Tan YK, Chia PY, Lee TH, Ng OT, Wong MSY, Marimuthu K. Air, 423 

Surface Environmental, and Personal Protective Equipment Contamination by Severe 424 

Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) From a Symptomatic 425 

Patient. Journal of the American Medical Association. 2020; 323: 1610-1612. Published 426 

online: 4 March 2020. doi: 10.1001/jama.2020.3227. 427 

 428 

8. Pastorino B, Touret F, Gilles M, de Lamballerie X, Charrel RN. Prolonged Infectivity 429 

of SARS-CoV-2 in Fomites. Emerging Infectious Diseases. 2020; 26: 2256-2257. 430 

Available at https://dx.doi.org/10.3201/eid2609.201788 431 

 432 



 22 

9. Davies NG, Kucharski AJ, Eggo RM, Gimma A, Edmunds WJ. Effects of non-433 

pharmaceutical interventions on COVID-19 cases, deaths, and demand for hospital 434 

services in the UK: a modelling study. The Lancet. 2020; 5: e375. 435 

 436 

10. Kerr CC, Stuart RM, Mistry D, Abeysuriya RM, Hart G, Rosenfeld K, Selvaraj 437 

P, Nunez RC, Hagedorn B, George L, Izzo A, Palmer A, Delport D, Bennette C, Wagner 438 

B, Chang S, Cohen JA, Panovska-Griffiths J, Jastrzebski M, Oron AP, Wenger 439 

E, Famulare M, Klein DJ. Covasim: an agent-based model of COVID-19 dynamics and 440 

interventions. Available at https://doi.org/10.1101/2020.05.10.20097469 441 

(Accessed 8 October 2020.) 442 

 443 

11. Kucharski AJ, Russell TW, Diamond C, Liu Y, CMMID nCoV working group, 444 

Edmunds J, Funk S, Eggo RM. Early dynamics of transmission and control of COVID-445 

19: a mathematical modelling study.  The Lancet. Infectious Diseases. 2020; 20: 553-558. 446 

 447 

12. Pybus O, Rambaut A., COG-UK consortium. Preliminary analysis of SARS-CoV-2 448 

importation and establishment of UK transmission lineages. Posted 8 June 2020. 449 

Available at 450 

https://virological.org/t/preliminary-analysis-of-sars-cov-2-importation-establishment-of-451 

uk-transmission-lineages/507 452 

(Accessed 7 October 2020.) 453 



 23 

 454 

13. Office for National Statistics (ONS). Principal projection - UK population in age 455 

groups, published at: 456 
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populat457 

ionprojections/datasets/tablea21principalprojectionukpopulationinagegroups 458 

(Accessed 7 October 2020.) 459 

 460 

14. Russell TW, Hellewell J, Jarvis CI, van Zandvoort K, Abbott S, Ratnayake R, 461 

CMMID COVID-19 working group, Flasche S, Eggo RM, Edmunds WJ, Kucharski AJ. 462 

Estimating the infection and case fatality ratio for coronavirus diseases (COVID-19) 463 

using age-adjusted data from the outbreak on the Diamond Princess cruised ship. 464 

Euroserveillance. 2020; 25, pii=2000256.  465 

 466 

15. Royal Mail plc. Coronavirus: how we're protecting our staff and customers. 467 
Available at https://www.royalmail.com/d8/coronavirus-protection  468 

(Accessed 7 October 2020.)  469 

 470 

16. Royal Mail plc. Annual Report and Financial Statements 2018-19.  Available at  471 

https://www.royalmailgroup.com/en/investors/annual-reports/ 472 

(Accessed 7 October 2020.) 473 

 474 

17. Royal Mail plc.  Annual Report and Financial Statements 2019-20.  Available at   475 



 24 

https://www.royalmailgroup.com/media/11212/royal-mail-plc-annual-report-and-476 

accounts-2019-20.pdf  477 

(Accessed 7 October 2020.) 478 

 479 

18. National Institute of Infectious Diseases (NIID). Field Briefing: Diamond Princess 480 

COVID-19 Cases. Tokyo: NIID; 19 Feb 2020. Available at 481 

https://www.niid.go.jp/niid/en/2019-ncov-e/9407-covid-dp-fe-01.html 482 

(Accessed 6 October 2020.) 483 

 484 

19. Moriarty LF, Plucinski MM, Marston BJ, et al. Public Health Responses to COVID-485 

19 Outbreaks on Cruise Ships – Worldwide, February-March 2020. MMWR. Morbidity 486 

and Mortality Weekly Report. 2020; 69; 347-352. 487 

 488 

20. Park S, Kim Y, Yi S, Lee S, Na B, Kim C, et al. Coronavirus Disease Outbreak in 489 

Call Center, South Korea. Emerging Infectious Diseases. 2020;26:1666-1670.   490 

 491 

21. Park M, Pawliuk C, Nguyen T, Griffitt A, Dix-Cooper L, Fourik N, Dawes M. 492 

Determining the period of communicability of SARS-CoV-2: A rapid review of the literature. 493 

Available at https://doi.org/10.1101/2020.07.28.20163873 494 



 25 

(Accessed 6 October 2020.) 495 

 496 

22. World Health Organization (WHO). Advice on the use of masks in the context of 497 

COVID-19. 5 June 2020. Geneva: WHO. Available at 498 

https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance-499 

publications 500 

(Accessed 7 October 2020.) 501 

 502 

23. Derraik JGB, Anderson WA, Connelly EA, Anderson YC. Rapid Review of SARS- 503 

CoV-1 and SARS-CoV-2 Viability, Susceptibility to Treatment, and the Disinfection and 504 

Reuse of PPE, Particularly Filtering Facepiece Respirators. International Journal of 505 

Environmental Research and Public Health. 2020; 17, 6117. doi:10.3390/ijerph17176117 506 

 507 

24. Herman J, Biegel B, Huang L. Inactivation times from 290 to 315 nm UVB in 508 

sunlight for SARS coronaviruses CoV and CoV-2 using OMI satellite data for the sunlit 509 

Earth. Air Quality, Atmosphere, and Health. 2020 Sep 15:1-17. Available at 510 

https://doi.org/10.1007/s11869-020-00927-2. 511 

(Accessed 6 October 2020.) 512 

 513 



 26 

 514 

 515 

Parameter Description Value Reference 

R0 initial reproduction number 1.5 < R0 < 5.5         9, 3 

Rld post-lockdown reproduction number      0.3 ≤ Rld ≤ 2 3 

Rlde post-easing reproduction number 0 ≤ Rlde ≤ 2 Assumed 

Nf fomite transmission rate (per day per inf. person) 0 ≤ Nf ≤ 0.05 Assumed 

De duration of exposed period 4 days 9 

Di duration of infectious period 5 days 9 

Df duration of fomite infectious period   0.21, 0.34, 0.41 day 5 

c0 peak source rate per capita 10−6 day−1 12 

tc0 time of source peak day 77 12 

FWHM source distribution full width at half maximum 8 days 12 
 516 

         Table 1: Model parameters. 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 
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 526 

Age range 
(yrs) 

Population fraction 
(ONS projection for 2020) 

Case Fatality Rate 
(from [9]) 

0-9 0.12 0.00% 

10-19 0.11 0.09% 

20-29 0.13 0.10% 

  30-39 0.13 0.12% 

40-49 0.13 0.23%  

50-59 0.14 0.68%  

60-69 0.11 1.87% 

70-79 0.086 4.14%  

80-89 0.042 7.68% 

  527 

     Table 2:        Age-stratified case fatality rates from COVID-19 in UK 528 
 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
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 546 

 547 
Week 
 

Registered deaths Week Registered deaths 

11 5 23 1697 

12 114 24 1204 

13 607 25 849 

  14 3801 26 651 

15 6888 27 561 

16 9495 28 388 

17 9008 29 303 

18 6680 30 231 

19 4426 31 201 

20 4214 32 162 

21 2872 33 146 

22 2000 34 149 

    

       Table 3: Weekly registered deaths in the UK5 548 
 549 

 550 

 551 

 552 

 
5 Data reported by the Office for National Statistics [1]. 
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 553 

Df Rld Rlde Nf Nff*max/Df Relative 
likelihood 

      

(day)   (fomites 
day−1 (inf. 
person)−1) 

(infections 
day−1 (susc. 
person)−1) 

 

0.21 0.786 
±0.009 

0.994 
±0.034 

0.0086 
±0.013 

(2.3±0.2)x10-4         1.00 

0.34 0.785 
±0.009 

0.991 
±0.034 

0.0089 
±0.013 (2.4±0.2)x10-4 1.02 

0.41 0.784 
±0.009 

0.991 
±0.034 

0.0090 
±0.013 (2.4±0.2)x10-4 1.01 

Avg 0.785 
±0.009 

0.992 
±0.034 

0.0088 
±0.014 (2.4±0.2)x10-4  

    − 0.842 
±0.003 

0.922 
±0.032        0 −  

 554 

         Table 4: Model results.3 555 

 556 

3Indicated uncertainties show 95% CI. The ‘Avg’ in the fourth row is the statistical 557 

average over the cases Df = 0.21, 0.34 and 0.41 day. The last row with Nf = 0 corresponds 558 

to the case with no fomites. The second to last column shows the peak rate of infections 559 

from fomites per susceptible person per day. 560 

 561 

 562 

 563 

 564 

 565 
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 566 

Figure 1: Predicted weekly death rates for the maximum likelihood (MLH) model 567 

including fomite transmission (blue solid line, with 95% CI), excess deaths compared 568 

with a counterfactual model assuming the same reproduction numbers as for the 569 

maximum likelihood model but without fomite transmission (cyan dashed-line, with 95% 570 

CI), and the maximum likelihood model assuming no fomite transmission (magenta 571 

dotted-line, with 95% CI). The data points are the total weekly number of deaths in the 572 

UK due to COVID-19 as reported by the Office for National Statistics (Table 3). 573 

 574 

Figure 2: The average daily rate of new infections per susceptible person per day 575 

produced by fomites, Tf f/Df , (blue solid line), and by direct transmission, Rt i/Di , (cyan 576 

dashed line), both for the maximum likelihood model for a mean fomite duration time Df 577 

= 0.2 day and Cf = 0.57 day-1 capita-1. 578 

 579 


