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Background: The 76-day lockdown of Wuhan city has successfully contained the first wave of the
coronavirus disease 2019 (COVID-19) outbreak. However, to date few studies have evaluated the hospital
bed shortage for COVID-19 during the lockdown and none for non-COVID-19 patients, although such
data are important for better preparedness of the future outbreak.
Methods: We built a compartmental model to estimate the daily numbers of hospital bed shortage for
patients with mild, severe and critical COVID-19, taking account of underreport and diagnosis delay.
Results: The maximal daily shortage of inpatient beds for mild, severe and critical COVID-19 patients
was 43,960 (95% confidence interval: 35,246, 52,929), 2,779 (1,395, 4,163) and 196 (143, 250) beds in
early February 2020. An earlier or later lockdown would have greatly increased the shortage of hospital
beds in Wuhan. The overwhelmed healthcare system might have delayed the provision of health care to
both COVID-19 and non-COVID-19 patients during the lockdown. The second wave in Wuhan could
have occurred in June 2020 if social distancing measures had waned in early March 2020. The hospital bed
shortage was estimated much smaller in the potential second wave than in the first one.
Conclusions: Our findings suggest that the timing and strength of lockdown is important for the
containment of the COVID-19 outbreaks. The healthcare needs of non-COVID-19 patients in the
pandemic warrant more investigations.
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Introduction
An ongoing pandemic of coronavirus disease 2019
(COVID-19), caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has spread
throughout China and to over 200 countries since December
2019 (1). The rapid spread of COVID-19 in the early
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stage was largely facilitated by the traffic rush of the Lunar
New Year holiday in China, when around 3 billion trips
were expected from January 10 to February 18, 2020 (1).
By January 24, 2020, 76 exported cases from Wuhan
were found in 15 regions/cities of China and 6 overseas
countries (2). In order to contain the COVID-19 outbreak,
the Chinese government implemented a series of massive and
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unprecedented control measures (3).
The rapidly increased cases soon overburdened the
healthcare system in Wuhan in the early stage of the
outbreak. At the same time, suspension of non-emergency
healthcare services and implementation of stringent traffic
restrictions might have seriously delayed the hospitalization
of non-COVID-19 patients, some of whom might have
been in critical condition (4). Here non-COVID-19 patients
refer to those who had acute or chronic diseases not directly
caused by SARS-CoV-2 infection. Moreover, it was found
that the lockdown could have increased anxiety and stress
of local residents, thereby increasing their susceptibility
to infection (5,6). In addition, many cases exported from
Wuhan had been reported in other cities in China and
overseas weeks before the lockdown, suggesting the need to
evaluate the optimal timing of lockdown implementation.
Some studies have evaluated the effects of the lockdown
and social distancing measures on the COVID-19 outbreak
in and outside of Wuhan (3,7,8), and one estimated the
hospital bed shortage for COVID-19 patients in Wuhan (9).
However, none have evaluated the healthcare demands of
non-COVID-19 patients during the lockdown, when the
healthcare system was overwhelmed by COVID-19 patients.
In this study, we used a mathematical model to simulate
the epidemic curves of COVID-19 in Wuhan and 50
other cities in mainland China during the lockdown,
after adjustment for temporal variation in reporting rates.
We estimated the shortage of inpatient and ICU beds
for patients with mild, severe and critical SARS-CoV-2
infection. In addition, we proposed a simple model based
on the social media posts to estimate hospital bed shortages
for non-COVID-19 patients. We present the study in
accordance with the MDAR reporting checklist (available at
http://dx.doi.org/10.21037/atm-20-5248).
Methods
Data sources
We retrieved daily numbers of laboratory-confirmed cases
and deaths of SARS-CoV-2 infection in Wuhan , from
the daily reports of the National Health Commission of
China (http://www.nhc.gov.cn/) and published data during
December 22, 2019 to February 11, 2020 (10). Considering
that intra- and inter-city transmissions had occurred before
the Wuhan lockdown, we also retrieved daily numbers of
COVID-19 cases in Wuhan and 50 other cities in mainland
China with more reported cases than other cities/regions by
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the end of January 2020. A map of these cities is shown in
Figure S1. The daily numbers of hospital beds designated
for COVID-19 cases, as well as the proportion of inpatient
beds in isolation wards for severe patients and ICU beds
for critical patients, were retrieved from the published data
and the Wuhan Municipal Health Commission (WMHC)
(9,11) (Figure S2). Detailed descriptions of data sources can
be found in the Supplementary material. The dates cited
hereafter in this paper were all in 2020.
Statistical analysis
We built a susceptible-exposed-infected-recovered (SEIR)
model to simulate the inter-city transmission of SARSCoV-2 viruses, considering of underreport and test delay
in the early stage of the epidemic. We also incorporated
into the model the implementation of individual
and governmental control measures, the population
inflow/outflow between Wuhan and 50 other cities in
mainland China, and a higher transmission risk in public
transportation. Details of the model’s structure, parameters,
descriptions and ranges can be found in the Supplementary
material and Table S1.
We assumed that the lockdown and traffic restrictions
had reduced 99% of the population flow from and within
Wuhan since January 23. The daily number of diagnosed
cases of SARS-CoV-2 infection in China was assumed to
follow a Poisson distribution. Underreport of COVID-19
cases in the early pandemic has been widely reported
but it is nearly impossible to get the true reporting rates.
We therefore estimated the reporting rates according to
previous studies (12-16) and the public available data: 1.8%
on January 3, 3.0% on January 18, 14.0% on January 23,
34.0% on February 8 and 35.3% on February 18 (Table 1).
The daily reporting rates between these dates were
interpolated by a linear regression.
We built the second model to simulate the occupancy
of hospital beds designated for COVID-19 cases, based
on the clinical data of mild, severe and critical cases from
previous clinical and epidemiological studies (Table S2).
The daily hospital bed shortage for COVID-19 patients was
calculated from the daily number of COVID-19 patients
in the mild, severe and critical stages deducted by the total
number of designated inpatient and ICU beds. Details of
estimation for hospital bed shortages of non-COVID-19
patients are shown in Tables S3,S4.
During the lockdown, most hospitals in Wuhan
suspended non-emergency services due to manpower
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Table 1 Estimated reporting rates in Wuhan
Date
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Rate

Source

January 3

1.8% (0.9%, 3.3%)

Wu et al. (14)

January 18

3.0% (1.2%, 12.1%)

Imai et al. (15)

January 23

14.0% (10.0%, 18.0%)

Li et al. (16)

February 8

34.0% (30.3%, 37.7%)

Verity et al. (12)

February 18

35.3% (29.3%, 42.3%)

Wang et al. (13)

shortages and allocation of inpatient hospital beds to
COVID-19 patients. However, there are no official
reports about the numbers of non-COVID-19 patients
or hospital bed availability during the Wuhan lockdown.
Previous work has demonstrated the feasibility of using
social media posts and news to monitor and assess
unexpected disease outbreaks (17,18). Here we adopt
a simple model utilizing social media posts to estimate
hospital bed shortages of non-COVID-19 patients.
We first retrieved posts on the social media platform
Weibo and then sort for posts relevant to online medical
consultations, or complaints about hospital bed shortages
and suspension of non-emergency healthcare services (19).
We retrieved all relevant posts before February 29 and
found that the earliest date for such posts was February
3. We then deleted repeated posts from the same Weibo
users, and narrowed down the search to Weibo users
located in Wuhan to increase specificity. After screening
the contents, we retrieved the posts by COVID-19
patients (i.e., mentioned they had confirmed and suspected
SARS-CoV-2 infection), and by non-COVID-19 patients
(mentioned they did not have SARS-CoV-2 infection).
Daily numbers of these posts are plotted in Figure S3. We
assumed that COVID-19 and non-COVID-19 patients
had the same probability of posting messages on social
media. Hence, the daily ratio of hospital beds needed by
COVID-19 patients to those needed by non-COVID-19
patients was estimated in proportion to the daily ratio of
the posts by these two groups. Given the higher attention
and perceived risk to COVID-19, we also repeated the
estimation by assuming that COVID-19 patients were 2 or
10 times more likely to post messages. Because the earliest
post about hospital bed shortages appeared on February 3
and most hospitals in Wuhan had gradually resume normal
services by early March, we only calculated the hospital
bed shortage for non-COVID-19 patients in February.
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The Wuhan lockdown began on January 23 and nearly all
inter- and intra-city traffic was suspended. To study the
impact of traffic restrictions, we simulated three additional
scenarios: 80% and 50% decrease of traffic volume, and no
traffic restriction (0% decrease) under different assumptions
of reporting rates. In addition, the Wuhan lockdown was
implemented in the exponential phase of this outbreak,
therefore it would be interesting to examine the change in
efficacy if the implementation date were 20 days earlier/
later than the actual date (January 3 or February 12).
We simulated the transmission of COVID-19 under
these different scenarios, and subsequently calculated the
cumulative number of cases by February 11 and the final
epidemic size of the first wave. We quantified the relative
efficiency of different traffic restriction levels and timing by
comparing these estimates to the estimated real cumulative
cases in Wuhan and 50 other Chinese cities. We also
estimated the shortage of hospital beds in Wuhan under
these scenarios.
The experience of the 2009 influenza pandemic suggested
that infection control measures and human behaviour
change could disrupt the rapid spread of novel viruses, but
the gradual relaxation of these measures could result in
multiple waves of epidemics over months or years (20-22).
Similarly, during the lockdown, aggressive social distancing
measures and traffic restrictions could have gradually waned
as well. Hence, we also investigated the possibility of the
second wave based on different assumptions of gradual
relaxation of personal mitigation measures in Wuhan.
All data analyses were conducted using the R version
3.6.1. The datasets and codes used in this study can be
found at https://github.com/Larryzza/The-shortage-ofhospital-beds-for-COVID-19-Wuhan.
IRB approval
The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The IRB
approval is exempted since this study used only the public
available data.
Results
The model well fits the daily numbers of newly reported
cases and cumulative numbers by February 11 in Wuhan
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Figure 1 Plots of the observed data and model estimates for (I) the cumulative numbers and (II) the daily numbers of SARS-CoV-2 infection
in Wuhan, December 22, 2019–February 11, 2020. Each panel contains the observed data of actual reported numbers (blue dots), the fitted
line (gray line), the model estimates by onset date (red line) and by diagnosis date (blue line) with 95% confidence intervals (bars in the same
color).

(Figure 1). After adjustment for underreport and diagnosis
delay, we estimated that there were a total of 88,083 [95%
confidence interval (CI): 38,929, 139,796] symptomatic
COVID-19 cases in Wuhan as of February 11. These
numbers are much higher than the reported number
of 19 601 laboratory-confirmed cases, suggesting that
77.7% (95% CI: 49.6%, 86.0%) of cases were unreported.
Daily numbers of newly onset cases peaked on February
2 and February 3, and gradually declined afterwards.
Correspondingly, the daily hospital bed shortages were
estimated to have peaked on February 6, February 9 and
February 11, with estimates of 43,960 (95% CI: 35,246,
52,929), 2,779 (95% CI: 1,395, 4,163) and 196 (95%
CI: 143, 250) beds for mild, severe and critical cases,
respectively (Figure 2). The daily average shortage of
hospital beds for mild, severe and critical cases was 41,241
(95% CI: 32,852, 49,797), 1,498 (95% CI: 553, 2,563) and
160 (95% CI: 108, 215) in early February, 18,238 (95% CI:
13,824, 23,100), 1,553 (95% CI: 451, 3,072) and 143 (95%
CI: 100, 187) in mid-February, and 0 (95% CI: 0, 92), 0
(95% CI: 0, 0) and 39 (95% CI: 16, 69) in late February
(Table S5).
We retrieved a total of 1,215 Weibo posts relevant to
hospital bed demands for COVID-19 and non-COVID-19
patients. More than 90% of the posts were about the
hospital bed needs of COVID-19 cases, with the first
found on February 3. The daily numbers of posts about
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COVID-19 peaked on February 5 and gradually decreased
until February 29 (Figure S3). This pattern coincides with
the gradual increase of designated hospital beds and reveals
that healthcare services in Wuhan nearly broke down in
early February. A small number of posts about the hospital
bed needs of non-COVID-19 patients were retrieved, and
the maximal daily number was observed on February 18,
nearly 4 weeks after the start of the lockdown.
From the model, we estimated that the proportion of
mild, severe and critical cases in COVID-19 patients who
posted social media messages of seeking help was 1.6%
(95% CI: 1.4%, 2.2%) and 0.09% (95% CI: 0.01%, 0.1%),
and 20% (95% CI: 10%, 30%), respectively. On average,
the daily numbers of hospital bed shortages for mild cases
of non-COVID-19 patients were 919 (95% CI: 63, 5,087),
1,838 (95% CI: 127, 10,177) and 9,187 (95% CI: 639,
50,899) during February 3 to 10. The numbers slightly
increased during February 11 to 20, and decreased during
February 21 to 29 (Table S6). The corresponding numbers
of severe and critical non-COVID-19 cases were 13 (95%
CI: 1, 336), 26 (95% CI: 3, 675) and 126 (95% CI: 15,
3,408) in early February, doubled in mid-February and then
decreased to the similar level of early February (Table S6).
The estimates of the total cases and relative changes
under 5 different traffic restriction scenarios in Wuhan
are shown in Figure S4. Compared to the real situation
(lockdown since January 23 and 99% traffic restriction),
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Figure 2 Daily numbers of hospital beds designated for COVID-19 cases (blue line) and estimated hospital bed shortages (red line) with
95% confidence intervals (gray bars), February 1 to 29, 2020, Wuhan. The numbers allocated to mild (A), severe (B) and critical cases (C)
are plotted separately.

Table 2 Comparison of the effects of traffic restrictions in Wuhan under different scenarios
Total numbers and percentage change compared to the current situation
Variable

Late start on
February 12

Early start on January 3

Reduced traffic
volume by 80%

Reduced traffic volume
by 50%

No restrictions

Other 50 cities

5,275 (2,397, 9,645); −14,476 (−26,512, −7,142); 975 (454, 1,775);
26.4% (12.9%, 40.7%) −70.3% (−70.8%, −69.5%) 4.9% (2.5%, 7.6%)

2,552 (1,176, 4,654);
12.8% (6.3%, 19.8%)

5,283 (2,396, 9,655);
26.4% (12.9%, 41.1%)

Wuhan

9,150 (3,988, 15,376);
10.8% (3.8%, 18.2%)

12,848 (8,115, 19,524);
14.6% (13.9%, 15.2%)

4 456 (1,954, 7,524);
5.3% (1.8%, 9%)

9 381 (4,064, 15,889);
11.1% (3.8%, 19.1%)

All 51 cities

14,425 (6,386, 25,022);
13.7% (5.1%, 23.2%)

−1,628 (−8,044, 3,633);
−1.4% (−5.7%, 2.8%)

2,661 (1,199, 4,616); 7,008 (3,131, 12,178);
2.5% (1%, 4.3%)
6.7% (2.5%, 11.4%)

14,663 (6,460, 25,544);
13.9% (5.2%, 23.9%)

if there were no traffic restriction, by April 8 the number
of COVID-19 cases would have increased by 9,381 (95%
CI: 4,064, 15,889) in Wuhan, 5,283 (95% CI: 2,396,
9,655) in the other 50 cities, and 14,663 (95% CI: 6,460,
25,544) in all cities combined, respectively (Table 2). The
increased numbers correspond to 11.1%, 26.4% and 13.9%
of the actual observed numbers. Earlier implementation
of traffic restriction on January 3 would have increased
the total number of cases in Wuhan to 12,848 (95% CI:
8,115, 19,524) (14.6% of the actual cases), but dramatically
reduced cases in other cities by 14,476 (95% CI: 7,142,
26,512) (70.3% of the actual cases). The total number of
cases in all 51 cities would have decreased by 1,628 (95%
CI: −3,633, 8,044) (1.4% of the actual number) by February
11. If there were later implementation of restriction on
February 12, 9,150 (95% CI: 3,988, 15,376) more cases
would have been observed in Wuhan, 5,275 (95% CI: 2,397,
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1,686 (745, 2,841);
2% (0.7%, 3.4%)

9,645) in other cities, and 14,425 (95% CI: 6,386, 25,022)
in all 51 cities by April 8.
Compared to the real scenario, the hospital bed shortage
for mild, severe and critical COVID-19 patients would have
increased under all the five simulated scenarios (Figure 3
and Table S5). The greatest increase would have occurred
if the lockdown and traffic restrictions were enforced on
January 3, or if there were neither traffic restrictions nor
lockdown. Earlier implementation would have increased the
shortage of hospital beds earlier than February 21, whereas
completely no lockdown would have delayed the ICU
shortage peak, compared to the real scenario.
We simulated the second wave based on the assumption
that social distancing measures had gradually waned by
the daily ratio of 1/30, 1/40 after February 11. The larger
the waning weight, the earlier the second wave would have
started. The onset date of the second wave would have
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Figure 3 Estimated daily numbers of hospital bed shortages for mild, severe and critical COVID-19 cases in Wuhan, during three periods
of 1 to 10 February, 11–20 February, 21–29 February 2020. The estimates are from different scenarios: the real scenario of lockdown since
23 January 2020 with 99% traffic restriction (red bar); the simulation scenario of lockdown since 23 January 2020 with 0% traffic restriction
(orange bar); the simulation scenario of lockdown since 23 January 2020 with 50% traffic restriction (yellow bar); the simulation scenario of
lockdown since 23 January 2020 with 80% traffic restriction (light green bar); the simulation scenario of no traffic restriction; the simulation
scenario of late lockdown since January 3, 2020 with 99% traffic restriction (green bar); and the simulation scenario of early lockdown since
February 12, 2020 with 99% traffic restriction (blue bar).

been as early as in June if social distancing measures were
relaxed soon after the end of the lockdown (Figure S5). We
estimated that the second wave would have reached the
maximum (2,894, 95% CI: 523, 3,635) that were nearly half
of the peak numbers in the first wave (5,812, 95% CI: 2,531,
7,911, when the waning weight was assumed 1/30). But the
second wave would have lasted longer than the first wave. A
shortage of ICU beds would have occurred in critical cases
under the scenario that social distancing lasted for 30 and
40 days (Table S7). Overall, if the same number of hospital
beds were designated to COVID-19 as in the first wave, it
would have met the needs of mild and severe cases in the
second wave.
Discussion
In response to the COVID-19 outbreak, Wuhan had been
locked down for 67 days from January 23 to April 8. In line
with other studies, we demonstrated the Wuhan lockdown
and stringent control measures had effectively mitigated the
regional and national COVID-19 epidemics (3,23-25). In
this study, we did a further investigation on the shortage of
inpatient and ICU beds for COVID-19 patients across the
spectra of mild, severe and critical cases. We also adopted
a simple approach to estimate non-COVID-19 patients
hospital bed shortage by retrieving social media posts of
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seeking help with medical consultations and hospital beds.
The health authority in Wuhan recently updated the
death toll of COVID-19, bringing the number of cases
during the first wave to 50,333 and the death toll to 3,869,
which were 325 and 1,290 more than the previously
reported numbers (26). Our model estimates demonstrated
that the serious underreport of the deaths had most likely
occurred in February, when the reporting rate was low and
there was a great gap of hospital beds for severe and critical
cases (Figure 2 and Figure S6). According to our estimates,
as of April 8, when Wuhan reopened, there had been a total
of 4,037 (95% CI: 3,465, 4,642) deaths, which is largely
consistent with the total number of reported deaths after
adjustment for temporal change in reporting rates. In
addition, we estimated a final epidemic size of 95,336 (95%
CI: 41,762, 158,606) infected cases, twice as high as the
officially reported number. This result is consistent with
the underreporting rate estimated by Wang et al. (59% as
of February 18) (13). The daily shortage of ICU beds for
critical COVID-19 patients remained at the level of 100
beds during the entire first wave, although the shortage
was nearly resolved for severe cases in the late stage. This
could explain why such a large number of deaths were not
captured in surveillance.
Previous studies have suggested a high risk of virus
transmission while traveling in buses, trains and airplanes,
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due to increased direct and indirect human-to-human
contact (27,28). Compared to the real situation of city
lockdown and stringent traffic restrictions, no traffic
restrictions could have increased the total number of cases
by 11.1% (95% CI: 3.8%, 19.1%) and 26.4% (95% CI:
12.9%, 41.1%) in Wuhan and 50 other mainland Chinese
cities, respectively. This is not surprising, as in the early
stages of the COVID-19 epidemic, most of the cases in
other cities were imported from Wuhan (29). Our results
support that traffic restrictions in Wuhan were effective
in containing the spread of COVID-19 to other cities,
despite that the outbreak within Wuhan slightly escalated
soon after the restriction. This immediate surge could have
been explained by two reasons. First, many people rushed
to the designated hospitals and waited for a few hours to
get throat swabs for lab tests. This could have increased the
transmissions within the city. Second, all the infected cases
in their latent period were forced to stay in the city due to
traffic restrictions, leading to more sources of transmission.
However, it is of note that complete suspension of public
and private traffic creates problems in daily life and delays
access to critical and routine healthcare services. This is
particularly of concern for vulnerable populations, such as
the elderly and those with disabilities or chronic conditions
who need regular medication. To date, a few countries and
regions outside of China have been locked down in order to
mitigate the COVID-19 outbreak, and most have adopted
voluntary home quarantines. Hence, we investigated the
scenarios of partial traffic restrictions (80% and 50%
reduction), which would have only slightly increased the
final epidemic size and the hospital bed shortage compared
to the complete lockdown. Taken together, partial traffic
restrictions might have achieved a better balance between
the social and medical needs of different populations.
Our results demonstrate that the timing of the lockdown
had a greater effect than the intensity of the traffic
restrictions. It is interesting to find that January 23 now
appears to have been a better time point to lock down
Wuhan than January 3 and February 12, according to our
estimates. The implementation of traffic restrictions as early
as January 3 would have been more effective in reducing
the regional spread of the COVID-19 epidemic, but
significantly increased the case numbers inside Wuhan. This
would have overwhelmed the healthcare system in Wuhan
to a greater extent. Ai et al. (30) estimated that 1,420 (95%
CI: 1,059, 1,833) cases would have been prevented if the
city lockdown policy had been implemented 2 days earlier.
Nevertheless, our simulation shows early implementation
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on January 3 would also have increased case numbers in
Wuhan by 14.6% (95% CI: 13.9%, 15.2%) of total cases
estimated under the real scenario (as of April 8). This
would have placed even more unbearable burden on the
local healthcare system. Our results further suggest that an
earlier traffic restriction in Wuhan would have not changed
the local and regional epidemics, but later implementation
on February 12 would probably have significantly increased
the final size of the epidemic by 13.7% (95% CI: 5.1%,
23.2%) as of April 8, 2020.
The daily number of posts on social media that sought
for online medical consultations or complained about
the shortage of hospital beds or suspension of clinics,
had reached a peak in early February. This pattern was
similar to that of the hospital bed shortage for COVID-19
patients in Wuhan. It is of note that our estimates of
hospital bed shortages for non-COVID-19 patients
might need a cautious interpretation. We assumed that
the probability of sending posts to seek for help via social
media in non-COVID-19 patients was the same as that in
COVID-19 cases, which might not hold due to different
risk perceptions and media attention to the COVID-19
outbreak and chronic diseases. Also, high-risk populations
such as the elderly might not be familiar with social media.
Nevertheless, we observed that a large proportion of posts
were posted by relatives and friends for older people. As
suggested by previous studies (31,32), crowdsourcing from
online sources and social media could be an alternative
approach in the absence of reliable and timely data.
Conclusions
The overwhelmed healthcare system in Wuhan might have
delayed the provision of health care to both COVID-19
and non-COVID-19 patients during the lockdown.
However, earlier or later lockdowns of Wuhan would have
caused more serious shortages. Although the city lockdown
is an effective mitigation measure to control the regional
and national COVID-19 epidemics, such stringent control
measures require considerable manpower and economic
costs, making them unlikely to be sustainable or affordable
in many cities or countries. As we demonstrated in this
study, the suspension of routine healthcare services might
have seriously delayed the hospitalization of patients
without SARS-CoV-2 infection. The decision to lock
down a city in future should ensure equality of access to
healthcare services among vulnerable populations, with
careful consideration of societal and economic costs.
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