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Background: By estimating N95 respirator demand based on simulated epidemics, we aim 
to assist planning efforts requiring estimations of respirator demand for the healthcare system 
to continue operating safely in the coming months.
Methods: We assess respiratory needs over the course of mild, moderate and severe 
epidemic scenarios within Singapore as a case study using a transmission dynamic model. 
The number of respirators required within the respiratory isolation wards and intensive care 
units was estimated over the course of the epidemic. We also considered single-use, 
extended-use and prolonged-use strategies for N95 respirators for use by healthcare workers 
treating suspected but negative (misclassified) or confirmed COVID-19 patients.
Results: Depending on the confirmed to misclassified case ratio, from 1:0 to 1:10, a range of 
117.1 million to 1.1 billion masks are required for single-use. This decreases to 
71.6–784.4 million for extended-use and 12.8–148.2 million for prolonged-use, representing 
a 31.8–38.9% and 86.5–89.1% reduction, respectively.
Conclusion: An extended-use policy should be considered when short-term supply chains 
are strained but planning measures are in place to ensure long-term availability. With severe 
shortage expectations from a severe epidemic, as some European countries have experienced, 
prolonged use is necessary to prolong supply.
Keywords: COVID-19 pandemic, mathematical modelling, policy, healthcare resources, 
N95 respirators

Introduction
The COVID-19 pandemic is posing severe challenges to healthcare systems, lead-
ing to shortages of personal protective equipment (PPE) which leaves frontline 
healthcare workers (HCW) at grave risk. Among the lessons learned during the 
outbreaks of Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) in 
2003 and the Middle East Respiratory Syndrome coronavirus (MERS-CoV) in 
2012 were the need for stringent infection control in healthcare settings, clear 
criteria for isolation and quarantine measures, and continued evaluation of the 
effectiveness of PPE in infection prevention.1,2

The World Health Organisation (WHO) has warned of the risk of the global 
supply of PPE rapidly depleting.3 Despite these efforts, hospitals have faced severe 
shortages of PPE.4 Shortages of PPE lead to healthcare workers being dangerously 
ill-prepared to care for patients with COVID-19.5 Studies showed that N95 respira-
tors (N95s) offer good protection against viral respiratory pathogens, especially 
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during aerosol-generating procedures or when a patient’s 
COVID-19 status is positive or unknown.6–8 N95s are of 
critical importance for confronting the SARS-CoV-2 pan-
demic among the various PPEs. Strategies to optimise the 
usage of N95s are therefore vital. These should focus on 
conserving N95 use while providing adequate protection 
for HCWs working with COVID-19 patients. HCWs may 
need to have contact with confirmed or suspected patients 
and their surroundings within inpatient facilities, often 
over an entire work shift. Extended-use—or even reuse— 
of N95s has therefore been suggested, with recommenda-
tions in place to use respirators for up to 4 hours if N95s 
are in short supply.9–11 A study that screened 27 countries 
or regions revealed that only 5 countries (19%) allowed 
extended use; 2 countries (7%) mentioned reuse; and 3 
countries (11%) recommended both strategies for rationing 
N95 respirators.12 Several ways to decontaminate N95s for 
reuse have also been well studied.13

The potential extended-use of N95s requires serious con-
sideration as the demand for respirators will increase in 
response to rising case counts, especially among those with 
severe disease who require intensive care and prolonged hos-
pitalization. One in five confirmed cases in a hospital setting in 
China were reported to have severe symptoms requiring long 
stays at hospital facilities,14 while a quarter of those required 
admission to the intensive care unit (ICU) due to complications 
of acute respiratory distress syndrome, arrhythmia and shock, 
which significantly increase hospital stay.15 The same study 
observed a median hospital stay of 10 days (IQR 7–14) among 
those discharged. Per patient, multiple N95s are consequently 
required to avoid transmission between HCWs and patients.

In Singapore, a city of ~5.6M people in the Malay 
Archipelago, 51,197 cases have been reported as of 
2020–07–28.16 This number is expected to rise in the coming 
months, making it paramount to project the number of N95s 
required to ensure adequate provisioning. Here we estimate 
the number of N95s required over the course of the epidemic 
under three strategies: single-use, extended-use and pro-
longed-use. Through estimating the demand, we aim to aid 
planning efforts by assessing what preparations are required 
over the coming months for the healthcare system to run with 
the maximized possible protection for its workers. Although 
described for the Singapore setting, our results hold for 
planners in similarly sized cities elsewhere.

Methods
We developed a Susceptible-Exposed-Infectious-Recovered 
(SEIR) model to estimate the number of cases with COVID- 

19 being present in healthcare facilities, and necessary N95 
use under three policies: single-use, extended-use and pro-
longed-use. For planning purposes, we developed three var-
iants of the SEIR model which describe the relative outbreak 
size, labelled as mild, severe and moderate.

Epidemic Scenarios
In the SEIR model, we classified the outcomes of COVID- 
19 infection into six levels, relating to the need for hospi-
talization or being admitted to the ICU, and the risk of 
onward transmission (Figure 1). These were: level 1 for 
asymptomatic infections; level 2a for mild symptoms that 
remain undiagnosed at healthcare facilities; level 2b for 
mild symptomatic ambulatory cases which are identified; 
level 3 for those who required hospitalisation but not the 
ICU for their recovery; level 4 for those who entered ICU 
on admission; and level 5 for those dying among levels 3 
and 4. We combined levels 3–5 as severe and levels 1–2 as 
mild. We also combined levels 2b-4 as known and levels 
1–2a as cryptic i.e. cases which are not documented by the 
healthcare system.

We varied the parameters in the mild to severe scenar-
ios regarding the: (i) proportion of cases seeking medical 
attention (30%, 50% and 70% separately), (ii) proportion 
of cases requiring hospitalisation (10%, 20% and 30%, 
respectively), (iii) proportion of cases admitted in ICU 
among hospitalised cases (20%, 30% and 40% from mild 
scenarios to severe scenarios), (iv) case fatality rate (4.2%, 
1.8% and 0.43%),17 and (v) the basic reproduction number 
(2.0, 1.5, and 1.5)18 (Supplementary Figure 1, 
Supplementary Table 1). Full details of the methods are 
presented in the Supplementary Information.

All analyses were performed by R version 3.6.2. A web 
application was developed in R Shiny under the link: 
https://sshsphdemos.shinyapps.io/COVID2019_v4b/.

N95 Respirators Policies
Three N95 use policy scenarios were suggested based on 
the frequency of these inpatient visits (Supplementary 
Figures 2 and 3): single-use, extended-use and prolonged- 
use. Under the single-use policy scenario, new N95s are 
used by all staff for each patient encounter. For the 
extended-use policy scenario, new N95s are used after 
every three patient encounters for nurses, while other 
HCWs don a fresh set for each encounter. For prolonged- 
use, all staff change N95s after seeing 10 ICU patients 
concurrently and/or after every four hours.
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Ratio of Confirmed and Suspected but 
Negative Cases
Suspected cases are divided into negative cases and positive 
cases based on two consecutive coronavirus RT-PCR tests. 
Negative cases included those with mild symptoms that 
remain undiagnosed at healthcare facilities (level 2a) and 
suspected but negative cases. The positive cases included 
mild symptomatic ambulatory cases (level 2b), those requiring 
hospitalisation (level 3) and ICU cases (level 4). All suspected 
cases, who were quarantined in the isolation wards, were 
assumed to wait for three days in the isolation ward until 
laboratory confirmation. After three days, mild symptomatic 
ambulatory cases (level 2b) and mild symptoms that remain 
undiagnosed (level 2a) are discharged from the isolation ward.

To assess the effects of case misclassification, six ratios 
were used to reflect the proportion of suspected but negative 
cases with positive cases, ranging from 0 to 10 (0, 0.5, 1, 2, 5, 
10). A zero ratio (1:0) has no case misclassification and con-
versely a ratio of 10 indicates significant uncertainty in pre-
liminary diagnosis upon admission where a substantial 
proportion are incorrectly identified as being COVID-19 

positive but later are confirmed to be negative. A separate set 
of analyses were conducted where rapid testing was imple-
mented, or a zero ratio, at 2 to 5 months from the epidemic start 
point, to estimate its potential effects on usage of N95s.

Results
Epidemiological Features in Simulated 
Outbreaks Under Scenarios
A total of 4.5 million infections (80% of the total popula-
tion) were projected to occur in the severe scenario and 
2.6 million (45.6%) in the moderate or mild scenario over 
the span of a year. Hospitalized cases reached a peak at 
approximately 6.5 months (day 194), and 11 months (day 
324) after the first case. At the peak, 65,000 hospitalised 
cases were estimated to occur in the severe epidemic, 
15,000 in the moderate and 5000 in the mild scenario 
(Figure 2A). The peak in ICU admission occurred 3–4 
weeks later than hospital admission (day 197 and day 
328). At this time, the number of patients staying in the 
ICU amounted to 57,000, 9000 and 2000 (Figure 2B).

Figure 1 Flow chart of the model structure.
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Final N95 Respirators Usage Comparison 
According to Different Scenarios
HCWs working in an ICU will use 72, 39, or 6 N95s per 
case per day in the single-use, extended-use and pro-
longed-use policies, respectively. Workers in the respira-
tory isolation ward will use 29, 20, or 4 per case per day in 
these respective policies. Full details are presented in the 
Supplementary Table 2 and 3.

In the moderate scenario with the ratio of confirmed 
cases versus suspected cases at 1:0, the number of required 
N95s was found to be 117.1 million, 71.6 million and 
12.8 million under the three policies. A reduction of 
38.9% and 89.1% was observed in the final consumption 
when an extended-use and prolonged-use policy was 
implemented (Figure 3D and Supplementary Table 4). In 
the severe scenario, the final consumption amounted to 
512.8 million, 304 million, and 52.4 million for each 
policy. The implementation of an extended or prolonged- 
use policy created further savings of 40.7% and 89.8% 
(Figure 3A and Supplementary Table 4). In the mild sce-
nario, a total of 34.3 million, 21.9 million and 4.1 million 
N95s were estimated to be required for three policies. The 
reduction with extended and prolonged-use was 36.2% and 
88.1% compared to the single-use policy (Figure 3G and 
Supplementary Table 4).

Under the mild scenario, the peak month of N95 con-
sumption occurs 11 months later with the consumption of 
10.3 million sets during the peak month according to the 
single-use policy, with a reduction of 35.9% for extended- 
use and 87.4% in the prolonged-use policy 
(Supplementary Table 5). The peak month occurs 7 
months later than in the severe scenario (Supplementary 
Table 5) where N95 consumption reached 188.1 million. 

Compared to the single-use policy, the extended-use policy 
reduces N95 consumption by 40.6% and the prolonged-use 
policy by 89.7% (Supplementary Table 5).

We found that N95 consumption was sensitive to dif-
ferent ratios of confirmed cases versus suspected cases 
across the epidemic scenarios. With a ratio of 1:2, 
313.4 million, 207 and 39.9 million N95s were estimated 
for use in each policy within the moderate scenario. The 
consumption increased by ~3 times in the severe epidemic 
scenario and reduced by ~0.5 in the mild scenario 
(Figure 3B, E and H). With a high misclassification rate 
from a ratio of 1:10, N95 consumption amounted to 
1.10 billion, 748.4 million, and 148.2 million in the mod-
erate scenario across the three policies. This was substan-
tially reduced by 31.8% and 86.5% within the extended 
and prolonged-use policies (Figure 3F and Supplementary 
Table 4).

In the severe scenario, 2.84 billion, 1.98 billion, and 
386 million N95s were estimated to be used, representing 
a 30.4% and 86.4% reduction in the extended and prolonged- 
use policies (Figure 3C and Supplementary Table 4). In the 
mild scenario, N95 consumption was estimated to be 
623.2 million, 428 million and 85.3 million, reducing final 
N95 consumption by 31.3% and 86.3% in the extended and 
prolonged-use policies (Figure 3I and Supplementary 
Table 4).

The peak month of N95 use in the moderate scenario 
was at 11 months where N95 demand was at 317.5 
million according to single-use, 216.3 million for 
extended-use and 42.8 million for prolonged-use. 
However, for the severe scenario in the peak month 
occurring at seven months, N95 consumption increased 
to a high of 1.14 billion, 767.6 million and 

Figure 2 The epidemic curves in different scenarios (A) Hospitalized cases (B) ICU admitted cases. The colours indicate the scenarios. Black: Severe scenario, orange: 
moderate scenario, and green: mild scenario.
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150.7 million with these policies (Supplementary 
Table 5).

N95 Respirators Usage with 
Implementation of Rapid Testing
We also considered N95 usage in three epidemic scenarios 
under different policies with the introduction of rapid test-
ing kits. The introduction of rapid diagnostic kits can reduce 

N95 demand but are still required. In the severe scenario, 
a 5–month delay in switching to the the use of rapid diag-
nostic testing results in the usage of 620.6 million N95s 
with single-use, 413.1 million with extended-use and 
80.1 million with prolonged-use policies. In the same epi-
demic scenario, if the rapid diagnostic is released within 2 
months of the outbreak, N95 usage reduces substantially to 
348.1 million, 225.1 million and 42.5 million, respectively 
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Figure 3 The cumulative N95s consumption for selected ratios of confirmed cases versus suspected cases. The simulated scenarios in plots (A–C) are severe, (D–F) 
moderate, and (G–I) mild. The ratios of confirmed cases versus suspected cases for: (A, D and G) is 1:0; (B, E and F) is 1:2; (C, F and I) is 1:10. The line colours describe 
policies of N95 usage where the red line shows single use, blue line shows extended use, and green line shows prolonged use.
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(Figure 4A). In the mild and moderate epidemic scenario, 
the peaks for N95 use are reduced and delayed (Figure 3 and 
Supplementary Figure 4). In the moderate scenario, after 
a 5-month delay in switching to rapid diagnostic testing, 
90.7 million, 60.8 million and 11.9 million N95s are 
required. A further reduction is observed if introduced at 2 
months with 83.0 million, 55.4 million and 10.8 million 
N95s in demand (Figure 4B). Under the mild epidemic 
scenario, a 5–month and 2–month delay in the introduction 
of rapid diagnostic testing results in the N95 usage of 
33.3 million and 28.6 million for single-use, 22.4 million 
and 19.2 million for extended-use, and 4.4 million and 
3.8 million for prolonged-use (Figure 4C).

Discussion
Optimal N95 use is required for national and global sup-
plies to be sustained, ensuring HCW safety and allowing 
for proper patient care across all healthcare facilities. We 
projected N95 usage across a wide range of scenarios 
where for a moderate epidemic scenario, our projections 
of consumption for a single-use policy with no misclassi-
fication of disease at hospital entry (ratio 1:0) was found to 
be 117.1 million, 71.6 million and 12.8 million. This 
reduced by 38.9% and 89.1% when extended and pro-
longed-use policies were implemented. These considerable 
reductions can extend the lifetime of N95 stocks across 
time and allow for a wider distribution between different 

regions or countries to reduce the stress on demand. When 
more case misclassification occurrs at a ratio of 1:10, N95 
use increased to 1.10 billion, 748.4 million, and 
148.2 million, which would be considerably more challen-
ging to obtain and distribute effectively. The introduction 
of a rapid diagnostic kit at any point of the epidemic which 
can immediately ascertain if an individual is SARS-CoV-2 
positive therefore advantageous and should be immedi-
ately implemented when possible provided test accuracy 
is high.

Our approach can be utilised elsewhere with considera-
tions of the implementation of such extended-use policies. 
This is especially paramount at this time as the WHO, 
despite already shipping more than 900,000 surgical 
masks, 62,000 N95s and 34,000 face shields with other 
PPEs to 133 countries to supplement supplies for those at 
contingency or crisis capacities, has stated that overall 
global supplies are rapidly depleting.3 This is further com-
plicated by the fact that the PPE supply chain landscape is 
complex. Numerous national PPE stockpiling systems 
exist, such as the US Strategic National Stockpile, 
Canada’s National Emergency Strategic Stockpile, 
Australia’s National Medical Stockpile and Taiwan’s 
3-tier stockpile.19 These often require multiple private 
contractors and vendors to balance procurement and 
deployment to facilitate demand, and require prioritization 
in allocating resources to different hospitals and healthcare 

Figure 4 N95 use across time with the switch to rapid testing in different epidemic scenarios where (A) is severe, (B) is moderate and (C) is mild. The orange line series 
shows single use, blue the extended-use and green the prolonged-use policies. Each bar is stratified by the levels of health care setting. Darker colours describe ICU cases, 
medium shading the cases in regular beds and lighter shades the suspected COVID-19 cases.
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centres with the ongoing supply strain. Manufacturers, 
particularly in China, are also struggling to ramp up pro-
duction due to the travel restrictions and quarantining 
procedures in place which requires other strategies to be 
considered such as extended-use.

During the last pandemic (influenza A(H1N1-2009)), 
Hashikura and Kizu recommended a minimum of 8 weeks of 
PPE supply for stockpiling with 4 sets being utilised per day by 
high-risk workers, 2 sets for medium and low-risk groups, 2 
surgical masks for each worker and inpatient, and 1 for every 
suspected case.20 Recommendations at the Ministry of Health, 
Singapore, are more risk averse by aiming to maintain a 3- to 
6-month stockpile, with individual capacities set for each 
medical institution.21 The overall stockpile capacity is 
a function of the renewal rate among workers, the protective 
robustness of the equipment and corresponding costs. Based on 
our findings, the extended-use policy could be utilised within 
wards before supply chains are stressed where multiple 
infected patients are being visited simultaneously, provided 
infection risk can be mitigated. Should infection become wide-
spread with significant patient load at healthcare facilities, 
prolonged-use may have to be utilised to prevent supply 
shortages. Where possible, it is recommended that gowns and 
N95 use be prioritized for high-risk aerosol-generating proce-
dures including endotracheal intubation and bronchoscopy.11 

With 42% of 52 ICU patients requiring invasive mechanical 
ventilation and 13.5% of this group acquiring the infection in 
hospital, considerable transmission risk exists.22,23 This risk is 
further exacerbated by the presence of environmental contam-
ination from patients.24

Singapore is currently at an orange level of its 
Disease Outbreak Response System Condition, which 
reflects the high risk of case importation and ongoing 
outbreaks within foreign worker dormitories. Although 
PPE, including N95s, only forms a component of pro-
tective procedures, it remains crucial alongside limiting 
the number of encounters, implementation of negative 
pressure isolation rooms, physical barriers and exclusion 
of non-COVID-19 patients by testing. Communication 
with the public remains the first barrier of defence with 
recommendations of appropriate mask usage and prior-
itization of supplies for HCWs. Public engagement will 
not be sufficient however as infection events will con-
tinue to occur; therefore, countries facing even greater 
short and long-term shortages of N95s could potentially 
consider the policy findings here for implementation.25

As with all modelling studies, many assumptions were 
made. Firstly, the SEIR model did not account for any 

heterogeneities in the infection or symptomatic rates as 
a result of factors such as the age structure. We also did 
not consider the effects of ongoing control methods, pri-
marily social distancing, on the number of infections 
through time. This is due to Singapore’s outbreak in the 
community being kept relatively small, making estima-
tions of the control’s effects very challenging. Secondly, 
parameters such as the ratio of confirmed and suspected 
cases remain largely unknown. Thirdly, the number of 
N95s used assumes all healthcare workers adhere to the 
guidelines, not counting for accidents or personal prefer-
ences, which may inflate the requirements. It is further-
more unknown as to whether the reuse will cause an 
increased risk of infection among HCWs due to mask 
degradation. Fourthly, hospital procedures may change 
where fewer workers stay longer in N95s within the 
respiratory isolation wards so as to avert N95 use. Lastly, 
the proportions allocated to each level here may change 
according to specifications set out by policymakers should 
resources become more limited.

Determined by the epidemic size, an extended-use 
policy should be considered where short-term supply 
chains are strained but planning measures are in place to 
ensure long-term availability. With severe shortage expec-
tations from a severe epidemic, prolonged-use can be 
proposed as a necessary policy to significantly prolong 
supply. Should infection become widespread with signifi-
cant patient load at healthcare facilities, extensive reuse, 
via the extended-use and prolonged-use policy, may also 
have to be utilised to prevent supply shortages.

Abbreviations
PPE, personal protective equipment; HCW, healthcare 
worker; WHO, World Health Organisation; SEIR model, 
Susceptible-Exposed-Infectious-Recovered model; ICU, 
intensive care unit.
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