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ABSTRACT

Objective The QCovid 2 and 3 algorithms are risk
prediction tools developed during the second wave of
the COVID-19 pandemic that can be used to predict the
risk of COVID-19 hospitalisation and mortality, taking
vaccination status into account. In this study, we assess
their performance in Scotland.

Methods We used the Early Pandemic Evaluation and
Enhanced Surveillance of COVID-19 national data platform
consisting of individual-level data for the population of
Scotland (5.4 million residents). Primary care data were
linked to reverse-transcription PCR virology testing,
hospitalisation and mortality data. We assessed the
discrimination and calibration of the QCovid 2 and 3
algorithms in predicting COVID-19 hospitalisations and
deaths between 8 December 2020 and 15 June 2021.
Results Our validation dataset comprised 465058
individuals, aged 19-100. We found the following
performance metrics (95% Cls) for QCovid 2 and 3:
Harrell's C 0.84 (0.82 to 0.86) for hospitalisation, and
0.92 (0.90 to 0.94) for death, observed-expected ratio of
0.24 for hospitalisation and 0.26 for death (ie, both the
number of hospitalisations and the number of deaths were
overestimated), and a Brier score of 0.0009 (0.00084 to
0.00096) for hospitalisation and 0.00036 (0.00032 to
0.0004) for death.

Conclusions We found good discrimination of the QCovid
2 and 3 algorithms in Scotland, although performance
was worse in higher age groups. Both the number

of hospitalisations and the number of deaths were
overestimated.

INTRODUCTION

In December 2019, a novel cCOVID-19
(SARS-CoV-2) emerged in Wuhan, China.
The WHO declared the outbreak a public
health emergency of international concern
on 30 January 2020, and then a pandemic
on 11 March 2020. The index case in Scot-
land was identified on 1 March 2020. As of 26
March 2023, there have been over 2.1 million

STRENGTHS AND LIMITATIONS OF THIS STUDY

= We used a population-level dataset to perform an
external validation of the QCovid 2 and 3 algorithms.

= We validated these algorithms on the same time in-
terval as in the original derivation study.

= We only used a 10% sample of the population due to
computational issues.

= Some data used in the algorithms were missing.

COVID-19 cases in Scotland, with over 17000
deaths.'

Algorithms have been developed to identify
people who are at risk of severe COVID-19
outcomes such as hospitalisation and death
and guide public health policy.>” The QCovid
algorithms are risk-scoring systems that
predict the probability of COVID-19 hospital-
isation and death. The original QCovid algo-
rithm was commissioned by the chief medical
officer (CMO) for England on behalf of the
UK Government. QCovid was used by the UK
Government to inform policies on shielding
and vaccine prioritisation for England,? and
has been independently and externally vali-
dated in England,3 Scotland* and Wales.” In
Scotland, the original QCovid algorithm was
found to perform well, with close correspon-
dence between the observed and predicted
risks. The Harrell’s C scores for hospitalisa-
tions and deaths in males and females were
0.809 and 0.946, respectively, over the first
period of testing (1 March 2020-30 April
2020)." England® and Wales’ had similar
results, finding very good performance.

QCovid was updated at the request of the
CMO for England to take account of the
evolving nature of the pandemic and vaccina-
tion status.’ This consisted of two algorithms:

BM)

Kerr S, et al. BMJ Open 2023;13:6075958. doi:10.1136/bmjopen-2023-075958 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0002-0260-0515
http://orcid.org/0000-0001-7169-4087
http://orcid.org/0000-0002-0061-6089
http://dx.doi.org/10.1136/bmjopen-2023-075958
http://dx.doi.org/10.1136/bmjopen-2023-075958
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjopen-2023-075958&domain=pdf&date_stamp=2023-11-27
http://bmjopen.bmj.com/

QCovid 2 which predicted the probability of hospitalisa-
tion and death for unvaccinated individuals, and QCovid
3 which predicted the probability of hospitalisation and
death for individuals who had received one or two doses
of either the ChAdOx1 nCov-19 (Oxford AstraZeneca) or
BNT162b2 (Pfizer-BioNTech) vaccines. These algorithms
were developed using the QResearch database.’

The training cohort for QCovid2 consisted of unvacci-
nated individuals aged 19-100 years, observed between 1
September 2020 and 31 May 2021. The training cohort
for QCovid3 consisted of vaccinated individuals aged
19-100 years old, observed between 8 December 2020
and 15 June 2021.

Following a request from the Scottish Government,
we sought to externally validate these QCovid2 and 3
algorithms for the adult Scottish population. We used a
common protocol for validating these algorithms across
the four UK nations.® We studied the performance of
QCovid 2 and 3 between 8 December 2020 and 15 June
2021, the same time period that the algorithm was trained
on.

METHODS

The following information largely overlaps with our
previous report” validating the first QCovid algorithm,
because the methodology was very similar.

Study design

We carried out an external validation of the QCovid 2 and
3 algorithms using the Early Pandemic Evaluation and
Enhanced Surveillance of COVID-19 (EAVE II) platform,
which contains electronic health records for 5.4 million
(~99% of the population) people in Scotland. QCovid
3 accounts for competing risks, whereas QCovid and
QCovid 2 do not. Calculating absolute risk of the outcome
of interest in a Cox model with competing risks comes
with a significant increase in computational demand. Due
to limitations on computational resources, we performed
this validation using a random 10% sample of the cohort.

Datasets

We had data from all 940 Scottish primary care prac-
tices. These were linked to the Electronic Communica-
tion of Surveillance in Scotland (national database for
all virology testing including NHS and UK Government
test centre data), the Scottish Morbidity Record (record
of hospitalisation data) and National Records Scotland
(death certification) data as part of the EAVE II platform.
A more detailed description of the data can be found
in our cohort profile in online supplemental material.
Online supplemental table S1 shows a description of the
cohort as well as the 10% sample. A data dictionary for
the EAVE II project is available online.’

Selection criteria
Any individual in the linked dataset aged between 19 and
100 years on 8 December 2020 was eligible for inclusion.

Anyone who had a COVID-19 related hospitalisation
before the start of follow-up for each dose was excluded
from the hospitalisation analysis.

Exposures

Predictor variables were those used in the QCovid 2 and
3 algorithms.® These are detailed in online supplemental
box 1. All predictor variables were taken as the most
recent recorded value in the data at cohort entry.

Outcomes

The primary outcomes were time to COVID-19 hospital-
isation, and time to COVID-19 death. COVID-19 hospi-
talisation was defined as hospitalisation with a positive
reverse-transcription PCR (RT-PCR) COVID-19 test
within 28 days prior to or admission with ICD-10 (Inter-
national Classification of Disease version 10) codes for
COVID-19 (U07.1, U07.2). COVID-19 death was defined
as all-cause death within 28 days of a post-positive RI-PCR
test, or death with ICD-10 codes for COVID-19 on the
death certificate from National Records Scotland.

Missing data
We could not obtain data relating to some conditions
used in the QCovid 2 and 3 algorithms. We did not
have reliable data available indicating whether the indi-
vidual had a bone marrow or stem cell transplant in the
last 6 months, whether they had received radiotherapy
in the last 6months, whether they had been prescribed
immunosuppressants, oral steroids or antileukotriene or
long acting beta2-agonists four or more times in the last
6 months, whether they had irritable bowel syndrome, and
whether they had received a solid organ transplant. The
values of these variables were set to ‘none’. We had data
on the type of diabetes, but not if it was controlled. If the
individual had type 1 diabetes, we took them to be in the
uncontrolled category, and if they had type 2 diabetes, we
took them to be in the controlled category, as these were
the most populous categories in the training data.’ For
all other comorbidities/treatments, a missing value was
taken to indicate absence of that comorbidity/treatment.
Reliable ethnicity data were not available, and all indi-
viduals were assigned to ‘white British’. In the 2011 Scot-
tish census, 96% of the population was in this ethnic
group.'’ The most fine-grained residential location infor-
mation available in our dataset was data zone, which is
a geographical designation comprising groups of UK
Census output areas. Output areas typically consist of ~300
people, whereas data zones typically consist of 500-1000
people.'! Townsend Deprivation Scores'? for each output
area were obtained from the 2011 UK census."" We took
the median value of Townsend Deprivation Scores for the
output areas comprising each data zone to get a depriva-
tion score for each data zone. Missing values for Townsend
Deprivation Scores were replaced with the mean value for
the cohort. Missing values in the housing category vari-
able were taken to indicate the individual was neither
homeless, nor resident in a care home.
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We used single imputation by chained equations'”

to impute missing values for body mass index (BMI).
There is some evidence of an association between
lower levels of socioeconomic status and higher BMI in
economically developed countries.'” Sex is known to be
associated with BMI, as is coronary artery disease and
diabetes."*

There were no missing values for any of the other inde-
pendent variables.

Model validation

To calculate the risk for those who were unvaccinated, the
baseline survival rate was provided on the following days:
0, 30, 60, 90, 183, 210 and 240. We linearly interpolated
the logarithm of the baseline survival rate to obtain values
for intermediate days. We calculated the probability of an
event for an individual either on the day of the event, or
the day of censoring.

We applied versions 2 and 3 of the QCovid algorithm
to a random 10% sample of our cohort, and computed
Harrell’s Concordance,15 the Brier score, Royston’s D,16
R?'7 and observed-expected (OE) ratio for the period 8
December 2020 to 15 June 2021. As well as calculating
these metrics for the entire cohort sample, we also
calculated them for several subcohorts. These subco-
horts consisted of unvaccinated individuals, individuals
followed up after first and second dose, and the age
ranges, 19-64, 65-79 and 80-100.

Harrell’s concordance is a performance metric that
characterises the tendency for people with higher hazard
rates (HRs) to have earlier events. It takes values between
0 and 1, with 0 indicating poorer performance and 1 indi-
cating better performance. The Brier score is a measure
of forecast accuracy that is equal to the mean squared
prediction error in the case of a binary outcome variable.
It takes values greater than 0, with 0 indicating the best
performance. Royston’s D is a measure of ‘separation’
between survival curves. Higher values of Royston’s D
indicate predicted HRs have more discriminative ability.
R? is a measure of the proportion of variation in survival
time explained by the model. It takes values between 0
and 1, with 0 indicating poorer performance and 1 indi-
cating better performance. We calculated R® for survival
models as defined in.'” The OFE ratio is the number of
observed events divided by the expected number of
events predicted by the model. A value of 1 indicates that
the total number of events is exactly correctly predicted,
and a value less than 1 indicates that the total number
of events predicted was greater than observed. We made
plots of observed versus expected risk on the day of event/
censoring by vigintiles (20 groups) of predicted HR. We
also calculated recalibrated risk by scaling predicted risks
by a multiplicative constant so that the expected total
number of events predicted was equal to the observed
total number of events. We used this recalibrated risk to
calculate recalibrated Brier scores and made recalibrated
observed versus expected plots.

Reporting

This study is reported in accordance with the Transparent
Reporting of a multivariable prediction model for Indi-
vidual Prognosis or Diagnosis guidelinf:s.18

Patient and public involvement

The EAVE II Public Advisory Group reviewed the online
QCovid tools and the preliminary results from this study.
Although overall in favour of this work, they expressed
some concern at the lack of ethnicity data for our results,
and that the online tools would need significant editing
to be accessible to the public.

RESULTS

In our 10% cohort sample, there were 763 COVID-19
hospitalisations in the validation period, and 393
COVID-19 deaths. Table 1 shows the OFE ratio, Harrell’s
C, Brier score, Royston’s D, R? and recalibrated Brier
score with outcomes of COVID-19 hospitalisation and
COVID-19 death for the entire cohort sample, as well as
subgroups stratified by follow-up after different vaccine
doses. Table 2 shows the same statistics, stratified by age
group. Figure 1 plots the observed and expected risk of
hospitalisation and death by vigintiles of the HR for the
entire sample, the subset who were unvaccinated and
those during follow-up after first and second dose, and
figure 2 shows the same set of figures but recalibrated
with the actual number of events. The vigintiles were
numbered so that higher vigintiles had a higher HR (ie,
those in vigintile 1 were in the lowest HR category, those
in vigintile 20 were in the higher HR category).

Vaccine dose

Focusing first on hospitalisations stratified by vaccine
dose (shown in the top half of table 1), according to
Harrell’s C, Royston’s D and the R? metric, performance
was similar across all subgroups, but better for the entire
sample cohort. This is because combining data for unvac-
cinated with vaccinated people created a large number of
additional concordant pairs. Both the Brier score and the
recalibrated Brier scores were noticeably worse for the
unvaccinated than for those who had one or two vaccine
doses, or the entire sample cohort.

In terms of COVID-19 deaths (shown in the bottom half
of table 1), we found that the model performed similarly
according to Harrell’s C across the vaccine dose follow-up
categories. Again, across the other metrics bar the OE
ratio, performance was worse for the unvaccinated than
for those who had one or two vaccine doses, or for the
entire sample cohort.

For both events, the performance according to Harrell’s
C was very good and was similar to that in the original
study on their validation cohort (0.84 (0.82, 0.86) for
hospitalisation in this analysis versus 0.85 in the original
study, and 0.92 (0.90-0.94) in this analysis versus 0.93 in
the original study).6 The D statistic performance in this
analysis was worse than in the original study (2.21 (2.022,
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Figure 1 Vigintile plots of expected versus observed risks for the cohort and a selection of subcohorts.
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Figure 2 Vigintile plots of expected versus observed recalibrated risks for the cohort and a selection of subcohorts.
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2.218) vs 2.83 (2.59, 3.08) for hospitalisation and 2.77
(2.61, 2.93) vs 3.46 (3.19, 3.73) for death).

Age

Looking at the results for COVID-19 hospitalisation strat-
ified by age (shown in top half of table 2), the model
performed less well for the older age groups (65-79
and 280) compared with the younger group (18-64)
according to all metrics, except for the OE ratio. This
pattern is also repeated for COVID-19 death stratified by
age (shown in the bottom half of table 2).

Vigintile plots

Figure 1 shows a set of vigintile plots comparing the
predicting risk to the observed risk for the full cohort and
two subcohorts—those who were unvaccinated and those
with a first and second dose. Figure 2 shows the same set
of vigintile plots, but with the risks recalibrated.

The vigintile plots on the left-hand side of figure 1
show the model’s performance in terms of predicting
COVID-19 hospitalisations (left-hand side) and deaths
(right-hand size). For both events, the models tended to
overestimate the events across all stratifications. The esti-
mates tended to be worse for the higher risk vigintiles.

Figure 2 shows the same plots after we recalibrated the
models. After this we found that most of the vigintiles had
a good estimation of the number of events after recali-
bration. Across the stratifications, there was no consistent
pattern of overestimating or underestimating the number
of events for specific vigintiles. The predictions for the
>80 years subcohort, particularly for death, were not as
good as for the other cohorts. This may have been due to
the small sample size combined with the larger risk scores.

DISCUSSION

Statement of principal findings

In this external validation of the QCovid 2 and 3 algo-
rithms in Scotland, we found the algorithms performed
well with regard to discrimination as measured by the C
statistic. The total number of events was overestimated for
hospitalisations and deaths across all subgroups. Perfor-
mance was broadly similar to that in the original study.’

Strengths and limitations
Our study had a number of important strengths. As in
our previous study,4 we developed a unique linked dataset
covering 99% of the population resident in Scotland. The
EAVE 1I database'® is one of the few national individual
patient-level linked research databases in the world.*’ We
evaluated the performance of the QCovid 2 and 3 algo-
rithms according to all metrics used in the original study”
and in the common protocol agreed between the four UK
nations.®

However, our work has several limitations. First, we did
not have access to ethnicity data, so all individuals were
set to ‘white British’ ethnicity. We believe modal substi-
tution for ethnicity was reasonable because the most

recent Scottish census indicated that 96% of the resi-
dents of Scotland identified their ethnicity as ‘white’."”
There was significant missingness in the BMI data, with
2495504 (55.6%) missing values. We used single imputa-
tion by chained equations to impute these missing values
for BMI. Multiple imputation was not used due to limita-
tions on computational resources. The most fine-grained
residential location information available in our dataset
was data zone, which typically consists of multiple 2011
UK census output areas. We took the median value of
the Townsend Deprivation Scores for the output areas
comprising each data zone to get a deprivation score
for each data zone. Missing values of Townsend Depri-
vation Scores were replaced with the average value for
the cohort. Higher levels of deprivation as measured
by Townsend Deprivation Scores were associated with
increased predicted risk of COVID-19 hospitalisation and
death in the QCovid 2 and 3 algorithms. We also did not
have data for several clinical risk variables, so individuals
were assigned to the category for absence of the condi-
tion. This will have had the effect of under-estimating risk
in people with these characteristics. We also validated on
a 10% sample randomly chosen rather than the full EAVE
II cohort due to limitations on computational resources.
This led to there being few samples in some of the higher-
risk groups and wider CIs on the metrics.

Interpretation

The QCovid 2 and 3 risk prediction algorithms performed
well in the Scottish population in the period they were
trained for.

Implications for policy, practice and research

Our results indicate that QCovid 2 and 3 would have been
appropriate for use as a risk prediction tool for COVID-19
hospitalisation and death in Scotland during our study
period.

For future research, taking UK-wide perspectives
on data availability when developing risk prediction
tools should be considered if these tools are to be used
nationally.

CONCLUSION

Risk prediction tools are valuable for identifying individ-
uals at the highest risk of experiencing severe outcomes
and can be used by policy-makers to help mitigate these
risks. However, these tools must be externally validated on
cohorts that were not used to train them. We evaluated
the QCovid2 and 3 algorithms in Scotland using a variety
of metrics and across several subgroups. We found good
performance overall, and many measures were similar to
those in the original study.
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