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ABSTRACT
Study objectives  This study evaluates the feasibility and 
accuracy of a pragmatic approach to predicting hospital 
bed occupancy for COVID-19-positive patients, using only 
simple methods accessible to typical health system teams.
Methods  We used an observational forecasting design 
for the study period 1st June 2021 to –21st January 
2022. Evaluation data covered individuals registered 
with a general practitioner in North West London, 
through the Whole Systems Integrated Care deidentified 
dataset. We extracted data on COVID-19-positive tests, 
vaccination records and admissions to hospitals with 
confirmed COVID-19 within the study period. We used 
linear regression models to predict bed occupancy, 
using lagged, smoothed numbers of COVID-19 cases 
among unvaccinated individuals in the community as the 
predictor. We used mean absolute percentage error (MAPE) 
to assess model accuracy.
Results  Model accuracy varied throughout the study 
period, with a MAPE of 10.8% from 12 July 2021 to 
18 October 2021, rising to 20.0% over the subsequent 
period to 15 December 2021. After that, model accuracy 
deteriorated considerably, with MAPE 110.4% from 
December 2021 to 21 January 2022. Model outputs 
were used by senior healthcare system leaders to aid the 
planning, organisation and provision of healthcare services 
to meet demand for hospital beds.
Conclusions  The model produced useful predictions of 
COVID-19-positive bed occupancy prior to the emergence 
of the Omicron variant, but accuracy deteriorated after 
this. In practice, the model offers a pragmatic approach 
to predicting bed occupancy within a pandemic wave. 
However, this approach requires continual monitoring of 
errors to ensure that the periods of poor performance are 
identified quickly.

BACKGROUND
During the COVID-19 pandemic, effec-
tive hospital bed management was essen-
tial because of the increased demand for 
acute care among patients with severe infec-
tions. Demand for beds was driven by large 
numbers of infected patients, which neces-
sitated additional healthcare protection 
measures to keep staff and patients safe.1–3 
Health systems faced increasing demand for 
the beds, staff and equipment needed to 

manage patients effectively, requiring addi-
tional ‘surge’ capacity. This temporary addi-
tional capacity took the form of repurposed 
ward space within the existing hospital estates 
and new sites opening to care for patients 
with COVID-19.4 5 Given that such additional 
capacity is expensive and takes time to open, 
the accurate predictions of demand can be 
valuable in planning and managing resources 
effectively.6 7

Previous studies on predicting bed occu-
pancy due to COVID-19 fall into two broad 
categories. First, those using an epidemi-
ological modelling approach based on 
the susceptible–exposed–infected–recov-
ered (SEIR) model or its variants, focusing 
on infections severe enough to lead to 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Many published studies have applied and reviewed 
state-of-the-art modelling techniques for predict-
ing bed occupancy during the COVID-19 pandemic. 
However, very few studies set out to evaluate prag-
matic models designed with typical health system 
analysis teams in mind.

WHAT THIS STUDY ADDS
	⇒ This study established that it is feasible to deploy 
a pragmatic model predicting bed occupancy for 
COVID-19-positive patients at a regional level, with 
a reasonable degree of accuracy. Furthermore, the 
resulting predictions were useful in planning and 
operational delivery of care during the pandemic.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The model evaluated in this study could be deployed 
in future pandemics where more sophisticated mod-
els are not feasible. More broadly, the findings of 
this study support collaboration between research 
teams and healthcare providers in developing, im-
plementing and evaluating modelling practices on a 
regional and local level, as well as the importance of 
using and reporting model error metrics when shar-
ing, discussing and publishing results.
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hospitalisation.8–12 Second, those combining a model 
predicting the number of admissions with a model 
predicting length of stay for admitted patients to yield 
a predicted bed occupancy.13–18 One study used linear 
regression to predict future bed occupancy based on the 
current and past hospital bed occupancy.19 While some 
of these studies demonstrated good predictive accuracy, 
the statistical knowledge and experience required to 
apply and interpret these models are often absent in 
local health systems.20

In North West London (NWL), the National Health 
Service (NHS) response to the pandemic was coordi-
nated and strategically led by the COVID-19 NWL Gold 
Command group, where senior representatives from 
across the integrated care system would come together 
at least once a week to look at operational and strategic 
actions, which were required to support the system. This 
study evaluates models developed to support this group in 
decision-making, in particular, to focus resources where 
needed during the pandemic. These models, initially 
developed within an NHS analyst team, were predicated 
on the idea that COVID-19 vaccines are protective against 
hospital admission for COVID-19, and that, therefore, 
hospital bed occupancy for COVID-19 is influenced by 
the number of unvaccinated individuals in the popula-
tion.21–23 Furthermore, older people are known to be 
more susceptible to severe COVID-19, and hence more 
likely to be admitted to hospital.24 25 This study aimed 
to develop and evaluate the effectiveness of pragmatic 
predictive models for COVID-19-positive bed occupancy 
in hospital trusts, using information on the number of 
reported COVID-19 cases in the community and the 
proportion of the population vaccinated.

METHODS
Study design
We used an observational forecasting design for the 
study period 1 June 2021–21 January 2022. This period 
coincided with two large waves of COVID-19 infection in 
the UK, driven by the Delta SARS-CoV-2 variant in the 
summer of 2021 and the Omicron variant in the winter 
of 2021–2022. The research question we sought to answer 
was: how accurately can we predict future hospital bed 
occupancy by fitting a linear regression model on the 
number of cases in the community some fixed number 
of days previously? The underlying hypothesis is that 
if the rate of severe disease in the community, and the 
distribution of length of stay in hospital, remained suffi-
ciently stable over time, a model could be fit to extrapo-
late this pattern into the future. We compared a simple 
model, using only the number of cases of COVID-19 in 
the community, with a multivariable model incorporating 
case numbers by age band. Age bands were incorporated 
to allow for differing hospitalisation rates by age. The first 
model was run on 12 July 2021, and the final model was 
run on 11 January 2022.

Data source
NWL Whole Systems Integrated Care deidentified data 
hold collated records of 2.2 million residents of NWL26 
and contain information on COVID-19 community 
testing, vaccination status and daily hospital bed occu-
pancy from NWL NHS Trust situation reports.27 We 
extracted positive COVID-19 community test results, 
records of all COVID-19 vaccinations and bed occupancy 
in NWL hospitals during the study period.

Participants
We included patients registered with a general practi-
tioner and aged 18 or over at the time the model was run. 
Inclusion criteria for hospital spells were that the patient 
occupied a general or acute bed in an NWL hospital at 
any time during the study period and that the patient 
was reported as COVID-19-positive in the daily situation 
report.28

Primary outcome
The primary outcome measure is the mean absolute 
percentage error (MAPE) in the daily number of COVID-
19-positive adults predicted to occupy general and acute 
hospital beds in NWL hospitals, compared with the 
number observed.

Predictor variables
Predictor variables were daily counts of cases of COVID-19 
in the community where the individual was not protected 
by vaccination. Total cases in each age band (18–24, 
25–34, 35–44, 45–54 and over 55) were defined as the 
number of individuals with positive COVID-19 tests with 
a given sample date. To estimate the number of unpro-
tected cases each day, we took the proportion of the 
overall population in each age band who were not double 
vaccinated each day and multiplied this by the total cases 
in that age band. This yielded an estimate of the cases in 
people who were not double vaccinated. We added a fixed 
small proportion of the estimated number of vaccinated 
cases to allow for imperfect vaccine efficacy. Therefore, 
at timepoint ‍t ‍ in age band j, the number of unprotected 
cases was given by the following formula:

	﻿‍
σt

j ϵ Pt
j +

(
1 − σt

j

)
Pt

j ‍�
where ﻿‍σ‍tj is the proportion vaccinated in age band j at 

time t, ﻿‍ϵ‍ is 1 − efficacy of vaccination and Pt
j is the number 

infected in the population in age band j at time t. Based 
on the available evidence, we used a vaccine efficacy of 
90% ‍(ϵ = 0.1)‍

29 (see online supplemental appendix 1 for 
more details).

We applied a 14-day moving average to smooth these 
unprotected case numbers to avoid spurious fluctuations 
impacting the predictions.

Statistical analysis
Each time the model was run, we split the available 
data into training and test periods. The training period 
start date was fixed until model accuracy was reduced 
due to changes in the relationship between cases in the 
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community and occupied beds. When this occurred, a 
new start date was set, based on the discussions with clini-
cians and data patterns, which often conformed with 
‘waves’ of the pandemic and vaccination programme. 
This defined a series of phases each with a fixed starting 
date for the training period. The end date of the training 
data advanced as more data became available. Training 
datasets for phases would overlap, as each phase would 
use some, but not all the data from the previous phase 
(see online supplemental appendix 1). The test period 
was set to be the last 14 days of available data at each 
point the model was run. We used linear regression 
models with zero intercept to predict adult general and 
acute bed occupancy from unprotected cases. The first 
model was a simple linear regression, using unprotected 
cases in all age bands as the independent variable. The 
second model was a multiple linear regression, with one 
independent variable for each age band. We allowed for 
a lag between COVID-19 community cases and hospital-
isation, by regressing the daily occupancy on unprotected 
cases between 3 and 10 days prior. This lag is referred 
to as the prediction horizon. Each time a prediction was 
required, we fitted models on the training data for each 
horizon and selected the horizon that yielded the lowest 
mean square error on the test data. The model with this 
prediction horizon was then applied to the latest available 
data to make the predictions for subsequent days. For 
example, assuming the lowest error was found for 6 days, 
we then applied this 6-day prediction horizon and made 
predictions for each of the following 6 days beyond the 
date of the latest available community case data. We also 
calculated the 95% prediction interval for each of these 
daily predictions. New data were made available two times 
a week a new model was fitted, and the resulting predic-
tions were made available to Gold Command.

Test of model performance and external validation
Model performance was evaluated in two ways. First, each 
instance of the model, covering a specific time period, 
was evaluated once the actual COVID-19-positive bed 

occupancy counts were available for the dates covered by 
its predictions. This was done using mean absolute error 
and MAPE. Second, to evaluate the performance of the 
overall modelling strategy, the predictions made over 
the whole study period were compared with the actual 
occupancy using the same metrics. We also calculated 
the percentage of predictions within the 95% prediction 
interval. Where two or more predictions were available 
for the same date, the prediction from the most recent 
model was used.

RESULTS
During the study period, 1 June 2021–21 January 2022, 
429 473 COVID-19-positive tests were recorded, with the 
highest rate of cases in the 18–24-year olds (26 733 per 
100 000) and lowest in the over 80-year olds (6085 per 100 
000) (table 1). By 21 January 2022, 1 453 108 residents of 
NWL had received their second dose of vaccine, repre-
senting 65.9% of eligible individuals. The percentage of 
individuals who had received two COVID-19 vaccinations 
ranged from 86.1% in the oldest age band, offered their 
first dose on 8 December 2020, to 54.5% in the youngest, 
offered their first dose on 18 June 2021. This was consis-
tent with national data showing highest vaccine uptake 
in older people. At the start of the study period in June 
2021, the average number of COVID-19 occupied beds in 
NWL hospitals was below 50, rising to plateau in August 
with around 200 occupied beds before a rapid increase 
to 500 COVID-19-positive patients occupying beds by the 
end of the study.

Prediction results from simple and multivariable 
example models are shown in figure  1 and table  2. 
Both were fitted on 21 July 2021 using all data from 
the study period before this date. On this occasion, the 
multivariable model, incorporating age, on average 
overpredicted by 7.8 occupied beds, with an absolute 
error of 10.2% of the actual occupancy. The simple 
model on average overpredicted by 3.3 occupied 

Table 1  COVID-19-positive tests from 1 June 2021 to 21 January 2022 and percentage of NWL population who have received 
two COVID-19 vaccinations by 21 January 2022

Age band

Count of recorded COVID-19-positive 
tests
(rate per 100 000)

Count of population with two COVID-19 
vaccinations
(% of age band vaccinated)

Total 
population

18–24 66 203 (26 733) 134 920 (54.5%) 247 642

25–34 136 643 (24 885) 315 407 (57.4%) 549 091

35–44 97 027 (19 984) 287 535 (59.2%) 485 516

45–54 65 799 (18 416) 251 121 (70.3%) 357 293

55–64 38 633 (14 453) 209 936 (78.5%) 267 292

65–79 20 372 (9318) 186 296 (85.2%) 218 635

80+ 4796 (6085) 67 893 (86.1%) 78 818

TOTAL 429 473 (19 484) 1 453 108 (65.9%) 2 204 287

NWL, North West London.
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beds, with an absolute error of 6.3% of the actual 
occupancy. During the study period, the training 
period start date for our models changed four times, 
due to changes in the behaviour of COVID-19 in the 
population (see online supplemental table 1). Phase 
1 ran from 11 December 2020 to 29 April 2021, Phase 
2 from 1 June 2021 to 25 October 2021, Phase 3 from 
1 August 2021 to 27 February 2022 and Phase 4 from 
1 November 2021 to 29 December 2022.

Performance of the overall modelling strategy
The first instance of the model was fitted on 12 July 
2021 and the last on 11 January 2022. Both predictive 
models were run on 49 dates during the study period, 
averaging two times per week. The estimated number 
of unprotected cases and actual bed occupancy are 
plotted in figure 2a. The bed occupancy predictions 
made by each model are shown, along with actual bed 
occupancy, in figure 2b.

Figure 1  Results of example simple and multivariable models run on 21 July 2021, showing predicted number of COVID-
19-positive patients occupying hospital beds in NWL, along with unprotected cases in the community. (a) shows results of 
the simple model and (b) the multivariable model incorporating age. The stacked area plots show the estimated number of 
unprotected cases in the community stratified by age band. The line plots show the actual bed occupancy used to train the 
model and the subsequent daily predictions made by the model.

Table 2  Example model from 21 July comparison between predicted and observed number of COVID-19-positive hospital 
beds

Date Actual

Simple model
Not incorporating age bands

Multivariable model
Incorporating age bands

Prediction (95% prediction 
interval) Error

Absolute % 
error

Prediction (95% 
prediction interval) Error

Absolute % 
error

21 113 114 (105 to 123) 1 0.9 % 118 (20 to 217) 5 4.4%

22 110 120 (111 to 130) 10 9.1% 125 (11 to 239) 15 13.6%

23 126 127 (118 to 137) 1 0.8% 136 (14 to 258) 10 7.9%

24 132 138 (128 to 147) 6 4.5% 147 (5 to 290) 15 11.4%

25 136 151 (140 to 161) 15 11.0% 159 (0 to 325) 23 16.9%

26 151 161 (150 to 171) 10 6.6% 162 (0 to 353) 11 7.3%

27 192 164 (154 to 175) −28 14.6% 165 (0 to 387) −27 14.1%

28 161 167 (157 to 178) 6 3.7% 171 (0 to 419) 10 6.2%

29 162 171 (161 to 182) 9 5.6% – – –

Mean 3.3 6.3% 7.8 10.2%
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Over all predictions made using the simple model, the 
MAPE was 45.6% for 12 July 2021–21 January 2022. Simi-
larly, for the multivariable model, the MAPE was 33.3% for 
this period (table 3). Initially, low error levels increased 
beyond specific timepoints, with errors remaining low for 

substantially longer for the multivariable model. Retro-
spectively, as a part of this study, we used statistical process 
control analysis to identify the time at which these changes 
occurred. To do so, we constructed a c-chart and used the 
standard shift rule of runs of length 8 or more to identify 

Figure 2  (a) Estimated unprotected COVID-19 cases and (b) model predictions from simple and multivariable model from 1 
June 2021 to 21 January 2022. (a) The area plot shows the daily number of estimated unprotected cases in the community, 
and the line plot shows the actual bed occupancy. Both measures are plotted over the entire study period. (b) The solid green 
line shows the actual general and acute bed occupancy for COVID-19-positive patients across NWL hospitals. The orange and 
purple lines show the predictions made by the simple and multivariable models, respectively, with solid lines showing the point 
prediction and dotted lines showing the 95% prediction interval. For each date on the horizontal axis, the prediction plotted 
is that from the most recently run model before that date. Any breaks in these plotted lines are due to breaks in the model 
predictive outputs due to changing the model training period or unavailable data.
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timepoints where errors deviated from the prior stable 
level.30 This identified that 19 October and 16 December 
were the dates after which there was statistical evidence 
that the errors for the multivariable model deviated 
from the previous period. By splitting the results of both 
models at these timepoints, errors for both models were 
much lower in the first and second time period compared 
with the third (table 3). These splits also demonstrated 
that the multivariable model produced a lower error 
during the first period, 10.8%, and the second period, 
20.0%, with the simple model producing a higher error 
in both these periods, 29.7% and 22.4%, respectively. The 
actual COVID-19-positive bed occupancy fell within the 
multivariable prediction interval on 98% of predictions 
up to 19 October and a much lower 42%, then 8% in the 
two following periods.

All of the statistical analyses, with the exception of 
this retrospective analysis of the errors, were conducted 
throughout the study period, as the results were used 
both to inform the Gold Command group and in moni-
toring the accuracy of the predictions made (phases 1–4 
as described above).

In all instances, the multivariable model produced 
negative coefficients in some age bands. While it is 
impossible to calculate variance inflation factors for 
zero-intercept models, the negative coefficients are 
likely due to multicollinearity between different age 
bands experiencing very similar patterns of cases. 
Experimenting with different age bands did not resolve 
this issue.

DISCUSSION
We implemented and evaluated two regression-based 
approaches to predicting COVID-19 bed occupancy 
across acute hospitals in NWL during the pandemic’s 
third (Delta variant) and fourth (Omicron variant) waves. 
Both models were based on the hypothesis of a stable 
linear relationship between unvaccinated cases in the 
community and occupied acute beds several days later. 
The simple model used total unvaccinated cases, and 
the multivariable model split these cases across five age 
bands. The multivariable model outperformed the simple 
model on MAPE, except during the rapid growth in cases 
associated with the start of the Omicron wave in London. 
During that time, neither model performed well. One 
factor contributing to this may be the different clinical 
characteristics of the Omicron variant when compared 
with the Delta variant of the virus.31 Another factor is that 
this model does not account for the protective effect of 
prior infection against subsequent infection and hospi-
talisation. This could result in the overestimation of both 
the number of unprotected individuals and the number 
of COVID-19-positive patients occupying hospital beds.

The predictions made by the multivariable model for 
bed occupancy between 12 July and 18 October 2021 had 
an MAPE of 10.8%, representing a reasonable degree of 
accuracy for the intended use of managing bed capacity. 
However, even during the subsequent reasonably stable 
period, this error doubled. Furthermore, likely multi-
collinearity in this model may render the coefficients 
unstable and the model unreliable when applied to 

Table 3  Model comparison of predicted number of COVID-19-positive hospital beds over different time periods within the 
study period

(a) 12 July 2021–
21 January 2022

(b) 12 July 2021–
18 October 2021

(c) 19 October 2021–
15 December 2021

(d) 16 December 2021–
21 January 2022

Model run count 49 26 15 8

Simple model

 � MAPE 45.6% 29.7% 22.4% 89.8%

 � Number of predictions 177 99 48 30

 � Mean prediction horizon (range) 8.5 (3 to 10) 9.9 (9 to 10) 6.1 (3 to 10) 8.8 (3 to 10)

 � Mean prediction interval range (coverage*) 149.6 (49%) 77.7 (34%) 234.4 (96%) 248.5 (23%)

Multivariable model

 � MAPE 33.3% 10.8% 20.0% 110.4%

 � Number of predictions 185 95 53 37

 � Mean prediction horizon (range) 7.5 (3 to 10) 7.5 (3 to 10) 6.8 (3 to 10) 8.8 (3 to 10)

 � Mean prediction interval range (coverage*) 107.9 (64%) 122.3 (98%) 70.5 (42%) 125.5 (8%)

MAPE rates are shown across the whole study period and split across three subperiods. Since training periods increased as more data 
were added and were reset when accuracy reduced, these errors are calculated across models fitted using a range of different training 
periods (online supplemental table 1). Average absolute percentage errors are the percentage errors for each daily prediction against the 
observed bed occupancy, averaged across the time period. (a) Averages of the whole study period, (b) from 12 July 2021 to 18 October 
2021 when error rates increase, (c) from 19 October 2021 to 15 December 2021 and (d) from 16 December 2021 to 21 January 2022. 
* Mean prediction interval range coverage is the percentage of days on which the observed bed occupancy fell within the prediction 
interval.
MAPE, mean absolute percentage error.
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subsequent time periods. The lack of an intercept term in 
the model meant that variance inflation factors were not 
well defined, making this issue harder to address. This is 
likely a fundamental limitation of the age-band stratified 
approach. Predictions made by the simple model were 
worse on average, with MAPE of 29.7% and 22.4% for 
the two relatively stable periods. The multivariable model 
in particular appeared to overpredict bed occupancy 
after actual occupancy levelled off following a period of 
increase. This effect was driven by increased numbers of 
unprotected cases in the community that did not trans-
late into commensurate bed occupancy. This may be due 
to differences in case severity or virus variants at different 
stages of each wave and potentially to variations in hospital 
admission and discharge criteria at high occupancy levels. 
In principle, such differences could be accounted for by 
retraining the model to reflect the new system dynamics. 
However, in practice, this is problematic since, at the 
point of change, there is insufficient data to capture the 
new relationship between cases and occupancy.

Previous studies of bed occupancy prediction for 
COVID-19 use various approaches to model validation 
and evaluation, making direct comparisons of predictive 
accuracy difficult. For example, Baas et al report a mean 
absolute error of 1.96 beds for a 5-day prediction horizon 
at one site and 4.25 at another. Still, they do not report a 
suitable denominator to convert these to an MAPE.14 Ryu 
et al achieved a 3.4% MAPE using a 12-hour prediction 
horizon.19 Bekker et al report a weighted MAPE of 8% with 
a 3-day horizon and 13% with a 7-day horizon,18 compa-
rable with our multivariable model’s best performance.

The available data limit the modelling approach 
described in this study, and now that COVID-19 testing 
is not universally available free of charge in London, 
the relationship between reported cases in the commu-
nity and hospital admissions is unlikely to be stable 
enough for this approach to work effectively. Even when 
testing is widely available, as it was at the height of the 
pandemic, the approach will be sensitive to changes in 
population behaviour. The model approximates unpro-
tected cases using the overall population coverage of 
the vaccine for infected cases. However, the bulk of any 
inaccuracy caused by this approximation is absorbed into 
the model coefficients, and this approximation is, there-
fore, unlikely to adversely impact the performance of 
the model. We used a fixed value from the literature for 
vaccine efficacy in this evaluation. In practice, this param-
eter will vary with the type of vaccine given (eg, mRNA 
(messenger ribonucleic acid) vaccines generally provided 
better longer term protection against hospitalisation than 
viral vector vaccines), individual demographic and clin-
ical factors and the dominant virus variant at the time. 
We did not account for immunity acquired through prior 
infection with COVID-19; in future work, this protective 
effect could be incorporated into the model in a similar 
way to that of vaccination. We did not account for local 
variations in prevalence within NWL nor bed occupancy 
at individual hospital sites. Although more geographical 

granularity might enable increased single-site accuracy, 
smaller sample size would decrease accuracy as London 
hospitals do not have fixed catchment areas, with patients 
exercising choice over where to present.

Despite these limitations, the pragmatic modelling 
approach evaluated in this study appears to match the 
accuracy of more involved approaches during the periods 
of relative stability, although not during periods of more 
fundamental change. Another strength of the approach 
is the use only of routinely collected data. This approach 
may, therefore, be suited to rapid response modelling, 
where health systems need a ‘good enough’ prediction 
tool in place quickly and without specialised expertise, 
perhaps at the beginning of a new epidemic or wave. If 
used in this way, prediction outputs need to be closely 
monitored against true bed occupancy to detect when 
a period of poor predictive accuracy is entered. Rapid 
increases in MAPE can provide a timely indication 
of a fundamental change in the epidemiology of the 
pandemic. Additional parameters could also be agreed 
between analysts and decision makers, for example, 
setting a threshold for acceptable error rates. The model 
can be retrained as needed once a new pattern is estab-
lished. Where expertise is available for more sophisticated 
modelling, for example, using modified SEIR-D models, 
there may be potential to adapt more readily to changes 
in the nature of the virus or the system response.

All model predictions presented in this study were 
shared on creation, two times a week, and discussed at 
weekly GOLD Command meetings, aiding understanding 
of future pressure on hospital bed occupancy, allowing 
the safe and coordinated opening and closing of addi-
tional COVID-19 prioritised areas to support clinical care 
across multiple departments.

Our evaluation method closely follows the use of the 
model in practice, with each model run drawing on the 
latest available data and repeated runs over an extended 
period. Many previous studies only evaluate the applica-
tion of the models in question for one or two model runs 
or use patient-level cross validation of the data rather than 
evaluating against actual bed occupancy. Our approach 
yields a more realistic picture of the likely accuracy of the 
modelling approach.

Future research should investigate whether allowing 
the vaccine efficacy parameter to be selected during 
model fitting would improve this approach. There may 
be benefits in applying this simple modelling approach to 
other scenarios, such as predicting pressures on the acute 
hospital system during winter. Although population-wide 
testing data are unlikely to be available going forward, a 
similar approach might be adopted using primary care 
data to provide an early warning for increased emergency 
department attendance and hospital admissions. Stan-
dardised approaches to evaluating bed occupancy predic-
tion models should also be explored through consensus 
building methods. The existing literature encompasses 
disparate methods and metrics, making meaningful 
comparisons of predictive accuracy difficult.
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CONCLUSIONS
Linear regression models may offer a pragmatic rapid 
approach to predicting hospital bed occupancy based 
on the community testing data in future waves of the 
COVID-19 pandemic or other respiratory virus epidemics. 
While this approach can yield reasonably accurate predic-
tions during relatively stable periods of such an epidemic, 
it is important to monitor error rates in real time while 
such a model is in use since predictions can become inac-
curate with changes in the virus itself and in population 
protection against serious illness and hospitalisation, as 
well as through the societal response, such as the imple-
mentation of non-pharmaceutical interventions like 
home working, social distancing and use of face masks.

X Thomas Woodcock @DrTomWoodcock and Azeem Majeed @azeem_majeed

Acknowledgements  The authors would like to acknowledge the contribution of 
Kavitha Saravanakumar, Associate Director of Business Intelligence, WSIC, James 
Biggin-Lamming, Director of Strategy and Transformation, London North-West 
University Healthcare NHS Trust, Martin Kuper, Medical Director, London North-West 
University Healthcare NHS Trust and the Discover Now team.

Contributors  DL (guarantor)—methodology, software, formal analysis, data 
curation and writing—original draft and writing—review and editing, visualisation 
and project administration. TW (guarantor)—conceptualisation, methodology, 
validation, formal analysis and writing—original draft and writing—review 
and editing, supervision and project administration. JN—conceptualisation, 
methodology, validation and writing—review and editing. JR—conceptualisation 
and writing—review and editing. AM—resources, funding acquisition and writing—
review. PA—conceptualisation, methodology, validation and writing—review and 
editing, supervision and funding acquisition.

Funding  This study is funded by the National Institute for Health and Care 
Research Applied Research Collaboration Northwest London (Grant no. 
NIHR200180). AM is an NIHR Senior Investigator. PA is also funded by the NIHR 
Imperial Patient Safety Translational Research Centre (NIHR204292) and NIHR 
Imperial College Biomedical Research Centre (NIHR203323).

Disclaimer  The views expressed are those of the authors and not necessarily 
those of the NIHR or the Department of Health and Social Care.

Competing interests  None declared.

Patient consent for publication  Not applicable.

Ethics approval  The NHS Health Research Authority West Midlands—Solihull 
Research Ethics Committee provided ethical approval covering this study under 
the Discover Research Platform (IRAS project ID: 252449), waiving the need for 
informed consent since the study was retrospective and used deidentified data only. 
Data access for this study was approved by the North West London Data Access 
Committee (ID-324). All methods within this study were carried out in accordance 
with the guidelines and regulations of the ethics and study approval.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data may be obtained from a third party and are not 
publicly available. The WSIC deidentified data used in this study are available on 
application, but restrictions apply to the availability of these data, which were used 
under licence for the current study and so are not publicly available. Researchers 
wishing to access discover data can apply as described in Bottle et al. (https://doi.​
org/10.1186/s12911-020-1082-7)

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 

others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/​
licenses/by/4.0/.

ORCID iDs
Derryn Lovett http://orcid.org/0000-0002-6338-5919
Thomas Woodcock http://orcid.org/0000-0002-4735-4856

REFERENCES
	 1	 Phua J, Weng L, Ling L, et al. Intensive care management 

of coronavirus disease 2019 (COVID-19): challenges and 
recommendations. Lancet Respir Med 2020;8:506–17. 

	 2	 Vlachos S, Wong A, Metaxa V, et al. Hospital Mortality and Resource 
Implications of Hospitalisation with COVID-19 in London, UK: A 
Prospective Cohort Study. Crit Care Res Pract 2021;2021:8832660. 

	 3	 Cusinato M, Gates J, Jajbhay D, et al. Increased risk of death in 
COVID-19 hospital admissions during the second wave as compared 
to the first epidemic wave: a prospective, single-centre cohort study 
in London, UK. Infection 2022;50:457–65. 

	 4	 Bushell V, Thomas L, Combes J. Inside The O2: the NHS Nightingale 
Hospital London education center. J Interprof Care 2020;34:698–701. 

	 5	 Proudfoot AG, O’Brien B, Schilling R, et al. Rapid establishment of 
a COVID-19 critical care unit in a convention centre: the Nightingale 
Hospital London experience. Intensive Care Med 2021;47:349–51. 

	 6	 Currie CSM, Fowler JW, Kotiadis K, et al. How simulation modelling 
can help reduce the impact of COVID-19. Journal of Simulation 
2020;14:83–97. 

	 7	 Garcia-Vicuña D, Esparza L, Mallor F. Hospital preparedness during 
epidemics using simulation: the case of COVID-19. Cent Eur J Oper 
Res 2022;30:213–49. 

	 8	 Booton RD, MacGregor L, Vass L, et al. Estimating the COVID-19 
epidemic trajectory and hospital capacity requirements in South 
West England: a mathematical modelling framework. BMJ Open 
2021;11:e041536. 

	 9	 Campillo-Funollet E, Van Yperen J, Allman P, et al. Predicting 
and forecasting the impact of local outbreaks of COVID-19: use 
of SEIR-D quantitative epidemiological modelling for healthcare 
demand and capacity. Int J Epidemiol 2021;50:1103–13. 

	10	 Darapaneni N, Gm M, Paduri AR, et al. Predicting hospital beds 
utilization for covid-19 in telangana, india. 2021 IEEE International 
IOT, Electronics and Mechatronics Conference (IEMTRONICS); 
Toronto, ON, Canada: IEEE, 1–6. Toronto, ON, Canada. 

	11	 Donker T, Bürkin FM, Wolkewitz M, et al. Navigating hospitals 
safely through the COVID-19 epidemic tide: Predicting case 
load for adjusting bed capacity. Infect Control Hosp Epidemiol 
2021;42:653–8. 

	12	 Warde PR, Patel S, Ferreira T, et al. Linking prediction models to 
government ordinances to support hospital operations during the 
COVID-19 pandemic. BMJ Health Care Inform 2021;28:e100248. 

	13	 Vekaria B, Overton C, Wisniowski A, et al. Hospital length of stay 
for covid-19 patients: data-driven methods for forward planning. In 
Review [Preprint] 2020. 

	14	 Baas S, Dijkstra S, Braaksma A, et al. Real-time forecasting of 
COVID-19 bed occupancy in wards and Intensive Care Units. Health 
Care Manag Sci 2021;24:402–19. 

	15	 Calabuig JM, Jiménez-Fernández E, Sánchez-Pérez EA, et al. 
Modeling Hospital Resource Management during the COVID-19 
Pandemic: An Experimental Validation. Econometrics 2021;9:38. 

	16	 Leclerc QJ, Fuller NM, Keogh RH, et al. Importance of patient bed 
pathways and length of stay differences in predicting COVID-19 
hospital bed occupancy in England. BMC Health Serv Res 
2021;21:566. 

	17	 Roimi M, Gutman R, Somer J, et al. Development and validation of 
a machine learning model predicting illness trajectory and hospital 
utilization of COVID-19 patients: A nationwide study. J Am Med 
Inform Assoc 2021;28:1188–96. 

	18	 Bekker R, Uit Het Broek M, Koole G. Modeling COVID-19 hospital 
admissions and occupancy in the Netherlands. Eur J Oper Res 
2023;304:207–18. 

	19	 Ryu AJ, Romero-Brufau S, Shahraki N, et al. Practical development 
and operationalization of a 12-hour hospital census prediction 
algorithm. J Am Med Inform Assoc 2021;28:1977–81. 

	20	 The Health Foundation. Untapped potential: investing in health and 
care data analytics. 2019.

	21	 Lopez Bernal J, Andrews N, Gower C, et al. Effectiveness of the 
Pfizer-BioNTech and Oxford-AstraZeneca vaccines on covid-19 

B
M

J H
ealth &

 C
are Inform

atics: first published as 10.1136/bm
jhci-2024-101055 on 5 F

ebruary 2025. D
ow

nloaded from
 https://inform

atics.bm
j.com

 on 11 June 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

https://x.com/DrTomWoodcock
https://x.com/azeem_majeed
https://doi.org/10.1186/s12911-020-1082-7
https://doi.org/10.1186/s12911-020-1082-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-6338-5919
http://orcid.org/0000-0002-4735-4856
http://dx.doi.org/10.1016/S2213-2600(20)30161-2
http://dx.doi.org/10.1155/2021/8832660
http://dx.doi.org/10.1007/s15010-021-01719-1
http://dx.doi.org/10.1080/13561820.2020.1823949
http://dx.doi.org/10.1007/s00134-020-06334-6
http://dx.doi.org/10.1080/17477778.2020.1751570
http://dx.doi.org/10.1007/s10100-021-00779-w
http://dx.doi.org/10.1007/s10100-021-00779-w
http://dx.doi.org/10.1136/bmjopen-2020-041536
http://dx.doi.org/10.1093/ije/dyab106
http://dx.doi.org/10.1017/ice.2020.464
http://dx.doi.org/10.1136/bmjhci-2020-100248
http://dx.doi.org/10.1007/s10729-021-09553-5
http://dx.doi.org/10.1007/s10729-021-09553-5
http://dx.doi.org/10.3390/econometrics9040038
http://dx.doi.org/10.1186/s12913-021-06509-x
http://dx.doi.org/10.1093/jamia/ocab005
http://dx.doi.org/10.1093/jamia/ocab005
http://dx.doi.org/10.1016/j.ejor.2021.12.044
http://dx.doi.org/10.1093/jamia/ocab089


9Lovett D, et al. BMJ Health Care Inform 2025;32:e101055. doi:10.1136/bmjhci-2024-101055

Open access

related symptoms, hospital admissions, and mortality in older adults 
in England: test negative case-control study. BMJ 2021;373:n1088. 

	22	 Glampson B, Brittain J, Kaura A, et al. Assessing COVID-19 
Vaccine Uptake and Effectiveness Through the North West London 
Vaccination Program: Retrospective Cohort Study. JMIR Public 
Health Surveill 2021;7:e30010. 

	23	 Vasileiou E, Simpson CR, Shi T, et al. Interim findings from first-
dose mass COVID-19 vaccination roll-out and COVID-19 hospital 
admissions in Scotland: a national prospective cohort study. Lancet 
2021;397:1646–57. 

	24	 Nyberg T, Twohig KA, Harris RJ, et al. Risk of hospital admission 
for patients with SARS-CoV-2 variant B.1.1.7: cohort analysis. BMJ 
2021;373:n1412. 

	25	 Docherty AB, Harrison EM, Green CA, et al. Features of 20 133 UK 
patients in hospital with covid-19 using the ISARIC WHO Clinical 
Characterisation Protocol: prospective observational cohort study. 
BMJ 2020;369:m1985. 

	26	 Bottle A, Cohen C, Lucas A, et al. How an electronic health record 
became a real-world research resource: comparison between 

London’s Whole Systems Integrated Care database and the Clinical 
Practice Research Datalink. BMC Med Inform Decis Mak 2020;20:71. 

	27	 NHS Digital. COVID-19 situation reports. 2022. Available: https://​
digital.nhs.uk/about-nhs-digital/corporate-information-and-​
documents/directions-and-data-provision-notices/data-provision-​
notices-dpns/covid-19-situation-reports [Accessed 09 Feb 2024].

	28	 NHS England. COVID-19 hospital activity. 2021.
	29	 Chung H, He S, Nasreen S, et al. Effectiveness of BNT162b2 and 

mRNA-1273 covid-19 vaccines against symptomatic SARS-CoV-2 
infection and severe covid-19 outcomes in Ontario, Canada: test 
negative design study. BMJ 2021;374:n1943. 

	30	 Mohammed MA, Worthington P, Woodall WH. Plotting basic control 
charts: tutorial notes for healthcare practitioners. Qual Saf Health 
Care 2008;17:137–45. 

	31	 Menni C, Valdes AM, Polidori L, et al. Symptom prevalence, duration, 
and risk of hospital admission in individuals infected with SARS-
CoV-2 during periods of omicron and delta variant dominance: a 
prospective observational study from the ZOE COVID Study. Lancet 
2022;399:1618–24. 

B
M

J H
ealth &

 C
are Inform

atics: first published as 10.1136/bm
jhci-2024-101055 on 5 F

ebruary 2025. D
ow

nloaded from
 https://inform

atics.bm
j.com

 on 11 June 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

http://dx.doi.org/10.1136/bmj.n1088
http://dx.doi.org/10.2196/30010
http://dx.doi.org/10.2196/30010
http://dx.doi.org/10.1016/S0140-6736(21)00677-2
http://dx.doi.org/10.1136/bmj.n1412
http://dx.doi.org/10.1136/bmj.m1985
http://dx.doi.org/10.1186/s12911-020-1082-7
https://digital.nhs.uk/about-nhs-digital/corporate-information-and-documents/directions-and-data-provision-notices/data-provision-notices-dpns/covid-19-situation-reports
https://digital.nhs.uk/about-nhs-digital/corporate-information-and-documents/directions-and-data-provision-notices/data-provision-notices-dpns/covid-19-situation-reports
https://digital.nhs.uk/about-nhs-digital/corporate-information-and-documents/directions-and-data-provision-notices/data-provision-notices-dpns/covid-19-situation-reports
https://digital.nhs.uk/about-nhs-digital/corporate-information-and-documents/directions-and-data-provision-notices/data-provision-notices-dpns/covid-19-situation-reports
http://dx.doi.org/10.1136/bmj.n1943
http://dx.doi.org/10.1136/qshc.2004.012047
http://dx.doi.org/10.1136/qshc.2004.012047
http://dx.doi.org/10.1016/S0140-6736(22)00327-0

	Evaluation of a pragmatic approach to predicting COVID-­19-­positive hospital bed occupancy
	Abstract
	Background﻿﻿
	Methods
	Study design
	Data source
	Participants
	Primary outcome
	Predictor variables
	Statistical analysis
	Test of model performance and external validation

	Results
	Performance of the overall modelling strategy

	Discussion
	Conclusions
	References


