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The coronavirus disease 2019 (COVID-19) pandemic is a global crisis, and medical systems in many coun-
tries are overwhelmed with supply shortages and increasing demands to treat patients due to the surge
in cases and severe illnesses. This study aimed to assess COVID-19-related essential clinical resource
demands in China, based on different scenarios involving COVID-19 spreads and interventions. We used
a susceptible–exposed–infectious–hospitalized/isolated–removed (SEIHR) transmission dynamics model
to estimate the number of COVID-19 infections and hospitalizations with corresponding essential health-
care resources needed. We found that, under strict non-pharmaceutical interventions (NPIs) or mass vac-
cination of the population, China would be able to contain community transmission and local outbreaks
rapidly. However, under scenarios involving a low intensity of implemented NPIs and a small proportion
of the population vaccinated, the use of a peacetime–wartime transition model would be needed for
medical source stockpiles and preparations to ensure a normal functioning healthcare system. The imple-
mentation of COVID-19 vaccines and NPIs in different periods can influence the transmission of COVID-
19 and subsequently affect the demand for clinical diagnosis and treatment. An increased proportion of
asymptomatic infections in simulations will not reduce the demand for medical resources; however,
attention must be paid to the increasing difficulty in containing COVID-19 transmission due to asymp-
tomatic cases. This study provides evidence for emergency preparations and the adjustment of preven-
tion and control strategies during the COVID-19 pandemic. It also provides guidance for essential
healthcare investment and resource allocation.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

On March 11, 2020, the World Health Organization (WHO)
declared the coronavirus disease 2019 (COVID-19) epidemic to
be a pandemic [1]. As of January 16, 2021, 92 262 621 cases had
been confirmed and 1 995 037 deaths had been reported world-
wide [2]. In Chinese mainland, community transmission in the first
wave was fully contained through the implementation of stringent
interventions [3–5]. Due to multiple factors, for example, virus
variations and improvement in case detection and diagnosis capac-
ity [5], the proportion of asymptomatic infections among reported
cases has increased compared with the initial epidemiological
curve. Significant pressure to the healthcare system can result
whenever a large-scale outbreak occurs. The current increase in
the number of COVID-19 cases in the United States and the United
Kingdom has posed huge challenges to their healthcare systems
[6]. Moreover, the available number of essential healthcare
resources is also of importance. The number of hospital beds per
1000 people in Wuhan, China and in Italy is 7.28 and 3.49 [7],
respectively, which are both higher than the average global level
(2.7) and higher than that of middle- (2.4) and low-income (1.2)
countries [8]. During the period of exponential increase in the
number of cases, with a cumulative incidence rate of 0.59% in
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Wuhan, China and 0.05% in Italy, the case fatality rate increased
significantly because healthcare systems were overloaded [9,10].

Healthcare systems always bear the brunt in a pandemic
[11,12]. Once such systems become overloaded, an increasing
number of people cannot be admitted for treatment or isolation,
which not only amplifies disease transmission but also leads to
excess mortality [13,14]. It has been estimated that, on September
6, 2020, there may have been in excess of three million healthcare
workers infected worldwide [15]. Due to a lack of personal protec-
tive equipment (PPE), front-line healthcare workers in many coun-
tries have been at significant risk of infection. Furthermore, due to
the COVID-19 pandemic, healthcare professionals have suffered
psychological and physical fatigue to a significant extent, which
may reduce their ability to address the ongoing challenges of
COVID-19 in the future. According to reported data from the
WHO, every one in six patients hospitalized with COVID-19 will
suffer from severe illness and breathing difficulties, with non-
invasive ventilators often needed to assist with ventilation [16].
Should a patient’s condition deteriorate, an invasive ventilator
may be needed to provide further assistance with ventilation. With
the rapid increase in the number of severe cases of COVID-19, a
worldwide shortage of ventilators has resulted in patients in many
countries not receiving adequate treatment [6]. The total mortality
rate in Wuhan, China, increased to between 33% and 42% in the
first three months of 2020 compared with the same period in
2019. In total, 61% of excess deaths were related to COVID-19. A
lack of access to healthcare services might be the key reason for
the increase in non-pneumonia-related deaths, especially in rela-
tion to the long-term management and monitoring of chronic dis-
eases such as diabetes mellitus, hypertension, and ischemic heart
disease, as well as the failure of some emergency services to seek
timely clinical treatment, resulting in a significant increase in
out-of-hospital deaths [17].

Coping with a surge in clinical demands is challenging during a
pandemic [18,19]. The number of hospital beds per capita in many
countries such as China is lower than that in developed countries
[8], but those countries have struggled to implement appropriately
targeted measures to combat this severe pandemic. Additional
demands on medical resources during the pandemic have involved
a greater need for PPE (e.g., masks and protective coveralls), a
heavier workload for healthcare workers (doctors and nurses),
and a more extensive need for healthcare equipment (e.g., hospital
and intensive care unit (ICU) beds and respirators). The
co-circulation of other respiratory pathogens may involve symp-
toms similar to COVID-19, and the use of clinical resources will
also increase [20,21].

An evaluation of essential clinical demand is one of the most
urgent needs in terms of preparation and response for the next
waves of the pandemic. Globally, many countries have faced allo-
cation issues due to a shortage of healthcare resources since the
early stage of the pandemic [6]. Moreover, very few assessments
of clinical demand have been made in relation to COVID-19. In
some studies, tools have been developed to assess clinical resource
demands during the COVID-19 pandemic to predict the required
number of hospitalizations and beds [22,23]. In published studies,
estimations of clinical resources (e.g., beds and ventilators) have
mainly been based on a predicted number of infections [24,25].
However, there is a lack of detailed evaluations concerning clinical
resource demands, in terms of the status of regular epidemic pre-
vention and control, in relation to different parameters of preven-
tion and control effectiveness. Based on various scenario
assumptions, evaluated efficacy of the non-pharmaceutical inter-
ventions (NPIs) [3,4,26] and COVID-19 vaccines [27], and on a
revised transmission dynamics model, this study aimed to assess
clinical demands, using China as an example. Our results are
intended to put forward a theoretical reference for emergency
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preparedness concerning healthcare resources and fill a lack of
more effective adjustment of prevention and control strategies
based various scenarios during the COVID-19 pandemic, as well
as facilitating a better balance in terms of healthcare supply and
demand.
2. Research methods

2.1. Concept definition

Clinical resources consist of three components: ① human
resources, including doctors, nurses, and healthcare nursing work-
ers in the hospital; ② beds and equipment, including hospital or
isolation beds, ICU beds, and medical equipment (e.g., ventilators);
and ③ PPE, including protective coveralls, isolation gowns, face-
masks, gloves, isolation caps, face shields or goggles, and shoe
covers.

An asymptomatic patient is defined as an individual infected
with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) who does not exhibit symptoms during the course of infec-
tion. An inpatient refers to a symptomatic patient admitted to hos-
pital or an asymptomatic case in centralized isolation.

2.2. Study process overview

An expanded model was built to assess the demand for health-
care resources in a Chinese city with a population of 10 million
people. The epidemiological characteristics of COVID-19 were
incorporated into the transmission parameters. Study results con-
cerning the effectiveness of NPIs and an immunized population
were used to parameterize the model for simulations under vari-
ous scenarios. Taking the scale of a large city as an example, the
initial quantitative value was determined based on qualitative sce-
nario assumptions such as population size, transmission index, and
prevention and control strategies and measures. Under different
scenarios, the clinical demand was evaluated quantitatively in
terms of the proportion of infections, inpatients, and resources as
a result of hospitalization or isolation (Fig. 1). The estimated results
were then compared with actual reserves using an average per 10
million people in China [28,29] to determine whether the balance
of supply and demand was met.

In Italy, COVID-19-related cases were reported later than in
Wuhan, China but earlier than in other European countries, and
only a few early NPIs against COVID-19 had been implemented;
therefore, more accurate parameters of the natural spread of the
disease, such as infectious rate after exposure (b), could be
obtained through fitting data from Italy. Because of the lags
between infection, illness onset, and reporting, we fitted the curve
only from the start of the first reported inpatient case in Italy to the
announcement of the extended lockdown (i.e., from February 24 to
March 20, 2020), during which time the number of cases did not
exceed the load of the Italian healthcare system and China alerted
the world of the outbreaks. Therefore, we compared the number of
daily reported cases in Italy using data obtained from OurWorldIn-
Data.orgy with the number of confirmed cases estimated using the
model to verify its accuracy.

2.3. Transmission dynamics model construction

2.3.1. Model assumptions
The model was constructed with the following assumptions:
(1) COVID-19 is characterized as a pandemic [1].
(2) There is no specific antiviral drug to treat COVID-19 [3].

https://ourworldindata.org/coronavirus


Fig. 1. Data flow chart. PPE includes protective coveralls and surgical masks.

T. Zhang, Q. Wang, Z. Leng et al. Engineering 7 (2021) 948–957
(3) There are uncertainties in terms of medical support from
other regions and clinical demand relies solely on local prepara-
tions [12].

(4) Immunized people are age-distributed averagely throughout
the whole population [6].

(5) Initial infection numbers are based on an average distribu-
tion [24].

(6) Asymptomatic infection is contagious [30].
(7) After the infectious period, patients enter a recovery period,

during which they may have symptoms but no longer spread the
virus [5].

(8) Hospitalized patients, due to isolation and infection control
measures, are not considered as infectious [5].

(9) Once a patient has recovered, there will be no secondary
infection.

(10) The total population (N) was the sum of the number
of susceptible–exposed–infectious–hospitalized/isolated-removed
(SEIHR) individuals, including the immunized population in some
scenarios, which remained constant.

(11) Immunity, due to vaccination, is the result of the combined
effect of vaccine efficacy and coverage.

(12) The COVID-19 vaccination immunity period is not consid-
ered in this study.

2.3.2. Evaluation model
The susceptible–exposed–infectious–removed (SEIR) transmis-

sion dynamics model was extended to include hospitalization
and isolation and the SEIHR transmission dynamics model was
developed (Fig. 1). Susceptible (S) refers to the total population,
excluding the immunized population. Exposed (E) refers to people
in the latent period. Symptomatic infections (I_a) refer to people
who had been infected and who were infectious. Asymptomatic
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infections (I_b) refer to people who had been infected but had no
symptoms and were infectious to a certain degree. Symptomatic
hospitalizations (H_a) refer to hospitalized patients with mild-to-
severe symptoms. Asymptomatic hospitalizations (H_b) refer to
isolated patients without symptoms during the entire infection
period. Removed (R) refers to people who had recovered or who
had died (Fig. 2). Different parameters of clinical demand for those
hospitalized and isolated were used to differentiate between
asymptomatic and symptomatic infections. Symptomatic patients
who had been hospitalized required more clinical resources,
whereas asymptomatic patients who were isolated required the
isolation beds but fewer human resources and equipment. Many
countries did not attempt to detect asymptomatic infections and
did not hospitalize or isolate asymptomatic patients in centralized
locations; therefore, the context of this modeling study was set in
China.

dS
dt

¼ l � ðN � SÞ � b � ð1� vÞ � S � I
N

ð1Þ

dE
dt

¼ b � ð1� vÞ � S � I
N

� ðr aþ r bþ lÞ � E ð2Þ

dI
dt

¼ ðr aþ r bÞ � E� ðlþ c aÞ � I a� ðlþ c bÞ � I b ð3Þ

dH
dt

¼ ðlþ c aÞ � I aþ ðlþ c bÞ � I b�m a� H a�m b� H b ð4Þ

dR
dt

¼ m a� H aþm b� H b� l � R ð5Þ

N ¼ Sþ Eþ I þ H þ Rþ v � N ð6Þ



Fig. 2. An illustration of the extended SEIHR transmission dynamics model. v: the proportion of immunized population (vaccinated population x vaccine effectiveness); b: the
rate per unit of time at which the susceptible become infected; r_a: rate of a latent infection progressing to a symptomatic infection; r_b: rate of a latent infection
progressing to an asymptomatic infection; c_a: rate of a symptomatic infection progressing to inpatient admission; c_b: rate of an asymptomatic infection progressing to
inpatient admission; m_a: rate of a symptomatic inpatient progressing to recovery or death; and m_b: rate of an asymptomatic inpatient progressing to recovery or death.
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The relationships of the parameters in Fig. 2 are as the above
model. l is defined as the natural mortality rate which was not
considered in this calculation, t is for a particular moment, and H
and I are the hospitalizations/isolations and infections, respectively.
Other parameters are defined in the caption of Fig. 2.

2.3.3. Scenario construction
In this study, six scenarios were constructed based on differ-

ences in the immunized population, the effectiveness of NPIs, the
percentage of asymptomatic patients, and the contact warning
capability concerning cases in a city with a population size of 10
million people. Parameters regarding epidemiological characteris-
tics and clinical resource use during the COVID-19 pandemic were
obtained from previously published studies [31–34], unpublished
studies, expert professional opinion, and real-world investigations
as shown in Table 1 [30,34–36].

2.3.4. Clinical resource parameters
According to the model above, we predicted the distribution of

current patients in hospital or in isolation (H) and its peak. Based
on a previous study [36], the average length of hospitalization/iso-
lation was 12–15 days and the proportion of critical patients was
4.7%. We assumed that healthcare workers worked one of four
working shifts per day and worked six hours per day, and that
the ratio of on-duty doctors to inpatients was 1:10, whereas in
Table 1
Parameters for clinical demand evaluation in six scenarios concerning the COVID-19 pand

Parameter Scenario 1 Scenario 2 Scenario

N 10 000 000 10 000 000 10 000 0
S 10 000 000 10 000 000 10 000 0
E 50 000 1 360 1 360
I 5 600 1 320 1 320
H 2 000 900 900
R 0 0 0
b 0.49d 0.49 0.49

0.47d 0.47 0.47
r_a 1/3.2d 1/3.2 1/3.2
r_b 1/3.2 1/3.2 1/3.2
c_a 6 [35] 6 6
c_b 6.4d 6.4 6.4
m_a 15 [34,36] 15 15
m_b 14 [30] 14 14
fa 0.3 0.3 0.3
vb 0 0 0
gc 0.8 0.8 0.5

a f: the proportion of asymptomatic infections.
b v: the proportion of immunized population (vaccinated population � vaccine effect
c g: the effectiveness of NPIs.
d These parameters were derived from a group of experts.
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the ICU, this ratio was 1:1. We calculated the ratio of doctors to
patients (general hospital beds, 1:2.5; ICU beds, 1:1), the number
of nurses per patient (inpatients, 1:3; ICU, 2:1), healthcare workers
per patient (inpatients, 1:10; ICU, 1:2), and the demand for clinical
resources such as ICU beds, hospital beds, isolation beds, and ven-
tilators. Similarly, the model also calculated the peak demand for
human resources. Calculations concerning protective material
were determined according to the peak in medical staff and con-
cerning personal protection standards [26,36].
2.4. Model validation

The SEIHR transmission dynamics model was tested using inpa-
tient data obtained during the first epidemic wave in Italy, which
ran from February 14, 2020 to July 31, 2020. The daily number of
hospitalized cases was collected to distinguish between the results
calculated using the model and real-world results (Fig. 3). In Fig. 3,
the data from Italy refer to currently hospitalized patients, whereas
‘‘H” in the SEIHR model refers to currently hospitalized or isolated
patients as predicted using the model. The shadow represents the
difference between the data. We concluded from the results that
the fitting degree was high at the initial stage of the epidemic.
However, the peak value of the actual epidemic curve was lower
and the arrival time was later, which may be related to fewer early
interventions and an increase in prevention and control measures
emic.

3 Scenario 4 Scenario 5 Scenario 6

00 10 000 000 10 000 000 10 000 000
00 5 000 000 9 000 000 5 000 000

1 360 50 000 130
1 320 5 600 74
900 2 000 60
0 0 0
0.49 0.49 0.49
0.47 0.47 0.47
1/3.2 1/3.2 1/3.2
1/3.2 1/3.2 1/3.2
6 6 6
6.4 6.4 6.4
15 15 15
14 14 14
0.3 0.8 0.3
0.5 0.1 0.5
0.5 0.7 0.5

iveness).



Fig. 3. The reliability of the model was tested through comparing evaluation data
with real-world results in Italy. The pink shadow indicates the gap between the
model evaluation and the actual number of reported cases in Italy. The smaller the
gap, the more reliable the model parameters and the more accurate the results of
this study, with errors in the evaluation results regarded as acceptable.
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later on. Therefore, we concluded that the fitting effect of the
model was superior at a later course in time rather than earlier on.
3. Results

Based on different scenarios, the symptomatic and asymp-
tomatic was drawn from the SEIHR transmission dynamics model
(Fig. 4) and the medical resources was calculated based on the
number of infections.

3.1. Scenario 1

When the number of inpatients reached 2000, strict NPIs such
as lockdown could effectively control the epidemic within approx-
imately three months. We set the effectiveness of NPIs at 80% in
this scenario and asymptomatic infections at 30%. The peak num-
bers of symptomatic infections, symptomatic inpatients, asymp-
tomatic infections, and asymptomatic inpatients were 21 374,
29 889, 9569, and 12 361, respectively (Fig. 4(a)). In terms of num-
bers, doctor demand was 20 307 (Fig. 5(a)), nurse demand was
23 548 (Fig. 5(b)), and healthcare nursing worker demand was
13 085 (Fig. 5(c)). Hospital bed demand was 9367 (Fig. 6(a)), isola-
tion bed demand was 31 388 (Fig. 6(b)), ICU bed demand was 1494
(Fig. 6(c)), ventilator demand was > 2750 (Fig. 6(d)), and oxygen
machine demand was 5679 (Fig. 6(e)).

3.2. Scenario 2

On the basis of scenario 1, when strict NPIs such as lockdown
were implemented earlier, we assumed that the maximum number
of cases would not exceed 2000. We also assumed that 30% of
infections were asymptomatic. The peak numbers of symptomatic
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infections, symptomatic inpatients, asymptomatic infections, and
asymptomatic inpatients were 1027, 1560, 526, and 740, respec-
tively (Fig. 4(b)). Doctor demand was 1118 (Fig. 5(a)), nurse
demand was 1286 (Fig. 5(b)), and healthcare nursing worker
demand was 700 (Fig. 5(c)). The hospital bed demand was 501
(Fig. 6(a)), isolation bed demand was 1758 (Fig. 6(b)), ICU bed
demand was 80 (Fig. 6(c)), ventilator demand was 147 (Fig. 6(d)),
and oxygen machine demand was 304 (Fig. 6(e)). Compared with
scenario 1, the clinical demand was lower.

3.3. Scenario 3

Compared with scenario 1, we assumed that fewer NPIs would
lead to more serious consequences. We set the effectiveness of
NPIs at 50% in this particular scenario. The peak numbers of symp-
tomatic infections, symptomatic inpatients, asymptomatic infec-
tions, and asymptomatic inpatients were 263232, 607006,
127515, and 258857, respectively (Fig. 4(c)). Compared with sce-
nario 1, there was a 12–20 times increase in the infection or inpa-
tient rates. Doctor demand was 414724 (Fig. 5(a)), nurse demand
was 480099 (Fig. 5(b)), and healthcare nursing worker demand
was 265747 (Fig. 5(c)). Hospital bed demand was 190236
(Fig. 6(a)), isolation bed demand was 643 627 (Fig. 6(b)), ICU bed
demand was 30350 (Fig. 6(c)), ventilator demand was 55844
(Fig. 6(d)), and oxygen machine demand was 115331 (Fig. 6(e)).
Without strict NPIs, the maximum number of cases could approach
one million.

3.4. Scenario 4

On the basis of scenario 3, we assumed that the proportion of the
immunized population had reached 50%. The peak numbers of
symptomatic infections, symptomatic inpatients, asymptomatic
infections, and asymptomatic inpatients were 1057, 1784, 542,
and 830, respectively (Fig. 4(d)). Doctor demand was 1249
(Fig. 5(a)), nurse demand was 1436 (Fig. 5(b)), and healthcare
nursing worker demand was 781 (Fig. 5(c)). Hospital bed demand
was 559 (Fig. 6(a)), isolation bed demand was 1965 (Fig. 6(b)), ICU
bed demand was 89 (Fig. 6(c)), ventilator demand was 164
(Fig. 6(d)), and oxygen machine demand was 339 (Fig. 6(e)). When
an immunized population reaches 50%, the degree of NPIs can be
appropriately reduced to alleviate the serious socioeconomic effects
of implementing NPIs and promote social and economic recovery.

3.5. Scenario 5

Compared with scenario 1, we assumed 80% of those with a
positive nucleic acid test were asymptomatic, and that the total
number of cases would not change significantly. However, when
the proportion of asymptomatic infections reaches 80%, the cost
of medical supplies is likely to be extremely high. The peak num-
bers of symptomatic infections, symptomatic inpatients, asymp-
tomatic infections, and asymptomatic inpatients were 6401,
10583, 27 015, and 41123, respectively (Fig. 4(e)). Doctor demand
was 21889 (Fig. 5(a)), nurse demand was 20587 (Fig. 5(b)), and
healthcare nursing worker demand was 4633 (Fig. 5(c)). Hospital
bed demand was 3317 (Fig. 6(a)), isolation bed demand was
47 860 (Fig. 6(b)), ICU bed demand was 529 (Fig. 6(c)), ventilator
demand was 974 (Fig. 6(d)), and oxygen machine demand was
2011 (Fig. 6(e)).

3.6. Scenario 6

We assumed that if intervention measures were implemented
during an outbreak and there was a high vaccination rate, the total
number of cases would not exceed 200. The peak numbers of



Fig. 4. The number of infections and inpatients under six scenarios. Panels (a–f)
correspond to the number of asymptomatic and symptomatic infections and
inpatients that coincided with the duration of the epidemic under scenarios 1–6.

Fig. 5. Healthcare worker demand under the six scenarios, represented as different
colored panels: (a) doctors; (b) nurses; and (c) nursing workers.
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symptomatic infections, symptomatic inpatients, asymptomatic
infections, and asymptomatic inpatients were 90, 147, 103, and
151, respectively (Fig. 4(f)). Doctor demand was 136 (Fig. 5(a)),
nurse demand was 146 (Fig. 5(b)), and healthcare nursing worker
demand was 64 (Fig. 5(c)). Hospital bed demand was 46
(Fig. 6(a)), isolation bed demand was 244 (Fig. 6(b)), ICU bed
demand was 7 (Fig. 6(c)), ventilator demand was 13 (Fig. 6(d)),
and oxygen machine demand was 28 (Fig. 6(e)). The clinical
demand was lower than that in scenario 4. It is easy to control
an outbreak in this scenario and the clinical resource costs are low.

As well as evaluating the numbers of healthcare workers and
equipment resources needed, we also evaluated the total demand
of PPE under six scenarios. The overall demand for PPE was related
to the medical staff in different scenarios (Fig. 7; Table 2).

4. Discussion

Our six scenarios showed some important results. First, health-
care systems are clearly prone to overload during an emerging
pandemic. In scenarios 2, 4, and 6, our results showed no pressure
953
on clinical demand. In scenarios 1 and 5, our findings indicated
that the healthcare system would not collapse when improving
monitoring and early warning capabilities and when implementing
of NPIs similar to those used in Wuhan, accompanied with a speci-
fic coverage of the immunized population. However, in scenario 5,
there would be unmet demand for clinical resources and the
healthcare system would likely become paralyzed. Second, a more
sensitive early-warning system can provide additional time to pre-
pare for emergency management. Strict NPIs may be implemented
only when 2000 people have been hospitalized or isolated.
However, if these measures were adopted when only 900 people
had been hospitalized or isolated, clinical resources in terms of



Fig. 6. Equipment demand (a) hospital beds, (b) isolation beds, (c) ICU beds, (d) ventilators, and (e) oxygen machines under six scenarios, represented as different colored
panels.
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bed occupancy may be reduced more than ten times. Care would
be needed when the level of prevention and control is decreased
or when the capacity to manage cases is insufficient. This situation
would lead to many infected people not being hospitalized or iso-
lated, and essential clinical resource demands would likely exceed
those in scenarios 1 and 5. Third, strict NPIs are crucial in keeping
clinical demand at a low level. When the effectiveness of NPIs was
reduced from 0.8 to 0.5, doctor demand increased > 100 times.
Fourth, vaccination can reduce the necessity for strict NPIs while
maintaining a low level of clinical resource demand, which aids
in resuming standard services during COVID-19. Transmission
can also be stopped with a population immunized at a coverage
rate of 50% and with less strict NPIs (50% effectiveness). Fifth, chal-
lenges concerning asymptomatic infections and clinical resources
arise in relation to the number of asymptomatic cases and delays
in their identification, which reduces the effectiveness of NPIs.
954
Because patients who are asymptomatic remain infectious and
need to be isolated, an increase in the proportion of those who
are asymptomatic does not significantly reduce the demand for
clinical resources. However, due to the occult nature of asymp-
tomatic infections, NPIs only needs to maintain low levels of
effectiveness.

Our results highlight some points of concern. Two main factors
can cause the collapse of a healthcare system due to COVID-19.
First, a sharp increase in the number of cases within a short period
of time results in a high concentration of hospital personnel, which
leads to a high incidence of nosocomial infections. The equipment
and facilities available in other departments cannot meet the
required professional needs and hospitals may not be able to treat
severe cases effectively. For every 10 million people, the number of
registered doctors in hospitals in China in 2019 was 14 487. When
comparing certain cities with populations of approximately



Table 2
PPE demand in six scenarios.

PPE Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

Protective coveralls 2 716 050 148 617 112 277 210 220 139 3 499 596 22 309
Isolation gowns 2 716 050 148 617 112 277 210 220 139 3 499 596 22 309
N95 masks 2 716 050 148 617 112 277 210 220 139 3 499 596 22 309
Surgical masks 10 864 200 594 470 449 108 841 880 555 13 998 384 89 234
Goggles 2 716 050 148 617 112 277 210 220 139 3 499 596 22 309
Boot/leg covers 5 432 100 297 235 224 554 421 440 277 6 999 192 44 617
Shoe covers 2 716 050 148 617 112 277 210 220 139 3 499 596 22 309
Disposable gloves 8 148 150 445 852 336 831 631 660 416 10 498 788 66 926
Isolation hats 5 432 100 297 235 224 554 421 440 277 6 999 192 44 617

Fig. 7. The six scenarios of epidemiological resource demand. Panels (a–f) refer to scenarios 1–6.
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10 million in China, the total number of registered doctors and
nurses was reported to be 43100 and 57700 in Wuhan [29],
38519 and 44273 in Shenzhen [37], and 19736 and 238942 in
Shijiazhuang [38], respectively. The numbers of Wuhan could meet
the needs of scenario 3, even when differences in departments are
not considered. The average number of registered doctors and
nurses in an infectious disease hospital is 111 and 186, respec-
tively, per 10 million in China, whereas in Shijiazhuang, the aver-
age number of registered doctors and nurses has been reported
to be 225 and 328, respectively [28]. Neither in infectious disease
hospitals in China generally, nor in Shijiazhuang, would the needs
be met as outlined in the first five scenarios. In summary, different
scenarios require a different subset of preparations. Scenario 1
requires infectious disease professionals, stockpiles of protective
equipment, and the capacity to provide for early warnings. The
most important requirements in scenarios 2 and 3 are to find alter-
native measures that are not overly detrimental to the economy.
Scenarios 4–6 require increased attention to vaccine capacity and
application.
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Due to limited clinical human resources and equipment, adapt-
ing to a rapid increase in detection volumes is challenging, which
then delays results in terms of diagnosis. Moreover, sufficient
healthcare workers and relevant material cannot be easily pro-
vided in a short period of time. Specialist personnel, such as doc-
tors in critical care, respiratory medicine, and infectious disease
departments, become increasingly in demand and less available,
and experience greater physical fatigue and psychological stress,
in addition to facing the risk of infection during a pandemic, which
may lead to the collapse of the medical system due to overload and
poor management. Furthermore, medical systems can face other
challenges such as issues in relation to nucleic acid testing and
critical emergency treatment. However, when facing challenges
regarding healthcare resources in short supply, such as shown in
scenarios 1, 3, and 5, coping strategies from the following three
perspectives could be adopted to facilitate an alternative supply
of resources. First, prevention and preparation need to be the main
priorities [39] in terms of ensuring vaccine reserves, vaccination
coverage, and reducing the incidence rate, thereby reducing
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resource demands. Second, in terms of establishing a peace-time
and epidemic-time convertible reserve model, healthcare workers
in other departments could be trained as backup personnel in the
fields of infectious diseases and respiratory medicine. Hotels and
gymnasiums, for example, could be built according to Fangcang
shelter hospital criteria, with the possibility of adapting them
within a short period of time [6] when a pandemic occurs
[14,35]. Ventilator and PPE reserves need to be considered to
ensure that the surge in resource demands due to disease out-
breaks can be adequately addressed [40]; therefore, due to the
large demand in materials and the need to increase capacity
reserves, adequate physical reserves are required. Third, improve-
ments in technology, medical treatment, and in clinical examina-
tions are required, for example, through providing more effective
early warning systems. Big data have been used to establish a bal-
anced allocation mechanism of clinical resources. Telemedicine
should be implemented to reduce the demands on human
resources, hospitalization time, and medical expenses [41]. The
integration of relevant medical information can automatically gen-
erate diagnosis and treatment records, provide an informed alert,
and improve the efficiency of diagnosis and treatment. The full
benefits of science and technology need to be brought into play,
such as using robots to complete mechanical work for basic nurs-
ing, disinfection, remote consultation, and recording information,
for example, to obtain greater speed, enhanced precision, and a
reduction in the demand for human resources.

This study provided theoretical support and a reference for
emergency preparation of healthcare resources during the
COVID-19 pandemic. The study framework not only considered
the proportion of asymptomatic infections [42] in terms of health-
care resources and the effects of an immunized population, but
also considered the effectiveness of NPIs. A basic SEIR model has
previously been used to predict the spread of COVID-19 in the early
stages [3,43]. We extended the model to a SEIHR transmission
dynamics model, which was found to be methodologically robust.
When considering the latency time of case reports, our method can
be used to quickly and continuously assess clinical demand and
provide guidance for resource input and allocation strategies in
terms of prevention and control of resource production.

This study had several limitations. First, many factors affect the
assessment of healthcare resource demands, such as cultural back-
ground, regional emergency response capabilities, medical sup-
port, ethical issues, and other more complex factors. Therefore,
when preparing healthcare resources based on the results of this
study, it would also be necessary to closely evaluate the actual sit-
uation in the assessed area. Second, our study provided no evi-
dence concerning infectivity, the infectious period, and the
proportion of asymptomatic infections that could verify the accu-
racy of our results, which is a limitation given these are prone to
change due to the passage and mutation of the virus. Third, older
adults are known to be more vulnerable to COVID-19, which might
lead to a heavier disease burden and clinical resource demand for
resources in a city with an aging population. As knowledge and
understanding of COVID-19 increases, population age structures
could be considered in the model through the use of an
age-stratified model, which could be conducted in future studies.
Furthermore, we did not consider the efficiency period following
vaccination, which may have an effect on the range of the immu-
nized population. Finally, the scenarios data simulated using the
model cannot fully reflect a real-world situation.

5. Conclusions

Regions with differing economic development levels, popula-
tion sizes, and prevention and control capabilities should estimate
clinical resource demands during emergencies as soon as possible,
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and prepare healthcare resources in advance for possible epidemic
rebounds and outbreaks. Acute respiratory infections can impose
an extra load on medical systems; therefore, encouraging people
to have influenza, pneumococcal, and other vaccinations can alle-
viate and reduce the need for healthcare resources during the
COVID-19 pandemic. When responding to a situation of short sup-
ply in healthcare resources such as that occurring during the
COVID-19 pandemic, use of the window period to expand health-
care resources and make timely adjustments to existing strategies
is recommended.
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