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Abstract

Background

A multitude of diagnostic and predictive algorithms have been designed for COVID-19. How-
ever, currently no score can accurately quantify and track day-to-day disease severity in
hospitalised patients with COVID-19. We aimed to design such a score to improve patho-
physiological insight in COVID-19.

Methods

Development of the Severity of COronavirus Disease Assessment (SCODA) score was
based on the 4C Mortality score but patient demographic variables that remain constant dur-
ing admission were excluded. Instead, parameters associated with breathing and oxygen-
ation were added to reflect the daily condition. The SCODA score was subsequently applied
to the BEAT-COVID cohort to describe COVID-19 severity over time and to determine the
timing of clinical recovery for each patient, an important marker in pathophysiological stud-
ies. The BEAT-COVID study included patients with PCR confirmed COVID-19 who were
hospitalized between April 2020 and March 2021 in the Leiden University Medical Center,
The Netherlands.

Results

The SCODA score consists of 6 clinical and 2 routine lab parameters. 191 patients partici-
pated in the BEAT-COVID study. Median age was 66, and 74.4% was male. The modal
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timepoint at which recovery was clinically initiated occurred on days 8 and 24 since symptom
onset for non-ICU and ICU-patients, respectively.

Conclusions

We developed a daily score which can be used to track disease severity of patients admitted
due to COVID-19. This score is useful for improving insight in COVID-19 pathophysiology,
its clinical course and to evaluate interventions. In a future stage this score can also be used
in other (emerging) infectious respiratory diseases.

Introduction

Coronavirus disease (COVID-19) is caused by the novel SARS-CoV-2 coronavirus that was
first identified in Wuhan, Hubei, China in December 2019 [1]. Infection with SARS-CoV-2
can result in severe viral pneumonia in which the most severe cases deteriorate and develop
acute respiratory distress syndrome, requiring prolonged mechanical ventilation [2]. In March
2020, the WHO declared COVID-19 a global pandemic. Five million deaths resulted directly
from the pandemic in the first 18 months and hence research has been directed at finding
ways to decrease the mortality and morbidity of COVID-19 [3]. Intriguingly, inter-individual
heterogeneity in disease severity is large. Symptoms of an infection can range from very mild
and short lived to severe with requirement of mechanical ventilation for multiple weeks, with-
out clear understanding of this divergency [4, 5]. To better understand the pathophysiology of
an acute infectious respiratory disease (such as COVID-19), its clinical course and to evaluate
therapeutic interventions, a detailed daily assessment of the disease severity is necessary.

Thorough longitudinal analyses on patients admitted to the hospital with COVID-19, such
as detailed immune monitoring studies, would greatly benefit from objective daily insights in
the patients’ clinical condition. Daily scoring of disease severity, with objective and clinically
available parameters, will also permit to determine clinical deterioration or improvement at a
higher resolution. In addition, it will permit to correlate biomarkers to actual clinical states,
thus increasing mechanistic and pathophysiological insight which could enable the identifica-
tion of predictive entities for future immune monitoring and intervention studies.

Currently, most available illness scores for hospital admitted patients, such as the APACHE
(acute physiology and chronic health evaluation) score or the 4C Mortality score, are predic-
tive for clinical outcomes [6, 7]. However, during hospital admission, patients experience mul-
tiple phases of different disease severity which are poorly reflected by these classical predictive
scores. Many variables that compose the basis of the predictive scores, such as age, sex and
comorbidities, do not change during hospital admission and may thus strongly dampen the
variables that reflect the actual ongoing disease processes.

An example of a valuable daily score to identify a critically ill patient on the general ward is
the MEWS (Modified Early Warning Score) [8]. The MEWS is, however, not applicable to
ICU admitted patients as MEWS-parameters respiratory rate and consciousness are not reflec-
tions of the patients’ state due to sedation and mechanical ventilation in patients admitted to
the Intensive Care Unit (ICU). Besides respiratory variables, the MEWS focuses on hemody-
namic variables which are less relevant in COVID-19. Therefore, the MEWS is not suitable to
track disease severity of patients with COVID-19 or other patients with infectious respiratory
diseases both on the ward and ICU.
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As there are currently no disease severity scores which allow to assess the daily status of
patients with COVID-19, we developed the ‘severity of coronavirus disease assessment’
(SCODA) score. The aim for the development of the SCODA score was multifold:

First, to assess the severity of COVID-19 related illness, based on objective, straightforward
and routinely clinically available parameters on a daily basis. Such a severity score would be
useful in assessing disease severity status of patients hospitalized for COVID-19 at a given time
(cross sectional) and in tracking the course of the disease over time (longitudinal).

Secondly, to develop a score that could be applied to both patients at the general ward
(non-ICU) and patients in the ICU, which is key since patients with COVID-19 are often
transferred back and forth between these two departments.

Thirdly, to call for a more-distinctive characterization of disease severity in patients hospi-
talized for COVID-19, which would enable detection of small to moderate improvements or
deteriorations when therapeutic interventions are done.

Fourthly, to be able to link COVID-19 related illness to laboratory (bio)markers in a more
detailed manner than categorizing patients as outpatient, ward or ICU patients. Variations in
clinical severity may very well reflect underlying pathophysiological processes related to
inflammation, which may be more easily identified by linking them to a daily disease severity
score.

And finally, to be able to define, based on this daily severity score, a recovery point for each
patient, which is the time point during hospital admission after which the patient is clearly
recovering and does not deteriorate anymore. This would enable biomarker analysis to be cor-
related to deterioration and recovery, which is more representative of the biological processes
than categorizing patients merely in non-ICU or ICU-patients.

After construction of the SCODA score it was applied to the BEAT-COVID study cohort to
describe COVID-19 severity over time and to determine the timing of clinical recovery for
each patient.

Methods
SCODA score development

To create a COVID-19 severity score that would be easy to use and directly available, a limited
number of straightforward, objective and easily obtainable variables that are routinely mea-
sured and registered as part of clinical care in patients with COVID-19 were included.

The 4C Mortality score was used as the basis for development of the SCODA score as many
independently measured parameters associated with respiration, infection and organ function
are included in this score [6]. However, since the SCODA score aimed to reflect daily disease
severity rather than mortality risk, patient demographic variables were removed (i.e., age, sex
and comorbidities at admission). Instead, as COVID-19 disease severity is mostly associated
with insufficient oxygenation multiple, independently determined, and routinely recorded
parameters associated with breathing and oxygenation were included in the design, which
account for 10 out of the maximum score of 17. These parameters are oxygen flow (I/min) and
saturation (%) for patients not admitted to the ICU, and PaO2/FiO2 (P/F) ratio (mmHg or
kPa) for patients admitted to the ICU. The P/F ratio is a well-established tool to identify hyp-
oxemic respiratory failure [7]. As the relation between P/F and FiO2 is neither constant nor
linear, even when shunt remains constant, we also included the FiO2 (% or fraction) as a sepa-
rate parameter in the score for ICU patients [9]. Ultimately, the SCODA score consisted of the
following parameters: respiratory rate, peripheral oxygen saturation on room air, P/F Ratio,
oxygen flow, FiO2, Glasgow Coma Scale (GCS), blood urea level and C-reactive protein (CRP)
(Table 1).
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Table 1. Variables included in the Severity of COronavirus Disease Assessment (SCODA) score.

Variable

SCODA score

Non-ICU (0-15) ICU (0-17)

Respiratory rate (breaths/min)

<20

20-29

>30

mechanical ventilation

Peripheral oxygen saturation on room air (%)"

<92

>92

P/F ratio®

<100 mmHg / <13.3 kPa

100-199 / 13.3-26.6 kPa

200-299 / 26.6-39.9 kPa

>300/ >39.9 kPa

O =W

Oxygen flow (I/min)’

<1

1-2

3-5

6-8

>9

B W N = o

FiO2 (%)*

<30

30-44

45-59

60-79

>80

B w (o= o

Glasgow Coma Scale score

<15

)

15

Urea (mmol/L)

<7

8-14

>14

C Reactive Protein (mg/L)

<50

50-99

> 99

1 only during admittance to the ward (non-ICU)
2 only during admittance to the ICU

https://doi.org/10.1371/journal.pone.0291212.t001

Parameter scores were based on the 4C Mortality score and clinical expertise (e.g., cut-off
values that prompt clinicians to re-evaluate the clinical state of the patient often with conse-
quences for treatment). To verify that changes in the SCODA score over time reflected the
changes in disease severity for individual patients, an Infectious Diseases specialist and an
Intensivist both assessed the score in 15 electronic patient files each (patients not admitted to
the ICU for the Infectious Diseases specialist and admitted to the ICU for the Intensivist).
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In clinical practise, respiratory rates, serum CRP, FiO2 and blood urea levels may be mea-
sured multiple times a day. For the SCODA score, the highest daily value for each of these
should be used as it reflects the worst clinical state. Similarly, for P/F ratio and the GCS, the
lowest daily value should be used, also reflecting the worst state. Regarding oxygen flow and
peripheral oxygen saturation on the ward, which can be highly variable during one day, the
daily average value should be used for the SCODA score.

Application of SCODA score in BEAT-COVID cohort

Population. The SCODA score was applied to the BEAT-COVID cohort which includes
191 participants, diagnosed with PCR positive COVID-19, who required hospital admission at
the Leiden University Medical Center, Leiden, the Netherlands, between April 2020 and March
2021 (Fig 1). In this population of patients admitted to the hospital (both non-ICU and ICU),
treatment was initially limited to supportive care only, though patients admitted after August
2020 also received dexamethasone. At the time of inclusion, anti-IL6R was only used in some
cases at our centre, anti-SARS-CoV-2 monoclonal antibodies had not yet been investigated, and
no COVID-19 vaccines had been administered to non-healthcare workers at that time in the
Netherlands yet. Importantly, the BEAT-COVID study was conducted before development of
the SCODA score and hence, measurements in this cohort were not influenced by the score.

Patient consent statement. All patients or their close relatives provided written informed
consent to participate in the BEAT-COVID study. The principal investigator had access to
information with which to identify individual patients.

Ethical approval. Ethical approval for the study protocol was provided by the Leiden Uni-
versity Medical Center Medical Ethics committee (protocol NL73740.058.20). The trial was

Follow-up Discharge/mortality

25

N=191
Collected variables
Pl @ el
;izcizgfirmed Covid-19 % P/F ratio
Covid-19 vaccination ;@ ::tr;?:'zf:: e = % ® Fi02 - “ ICU admission
CRP & Urea I@L @ Oxygen flow @ Glasgow coma scale % Respiratory rate

Fig 1. Visual explanation of the inclusion, follow-up and data collection in the BEAT-COVID cohort.
https://doi.org/10.1371/journal.pone.0291212.g001
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registered at the International Clinical Trials Registry Platform (https://trialsearch.who.int/
Trial2.aspx?TriallD=NL8589).

Score measurements. A daily SCODA score was retrospectively calculated in all patients
for the duration of hospital admission. Since the BEAT-COVID population was not con-
structed for the SCODA score, information on the score’s parameters was not available for
every day of admission. The GCS for example in patients admitted to the ward was only scored
if patients had signs of altered mental state. Therefore, patients admitted to the ward without
registered GCS score were assumed to have the maximum score of 15 points, which reflects an
unaltered mental state. Similarly, if oxygen flow was not reported, it was assumed that patients
had no need for it. Furthermore, missing data on respiratory rate, oxygen saturation, P/R
ratio, FiO2, urea and CRP was handled by linear interpolation. For parameters for which miss-
ing data could not be interpolated, a score of 0 was given (except for GCS as explained above)
since missingness was likely due to a better clinical condition which did not warrant lab or
clinical measurements.

COVID-19 severity over time. The development of disease severity was assessed over
time for each patient since the self-reported date of disease onset. We chose days since onset of
symptoms instead of days since hospital admittance, as days since symptoms onset reflect
more accurately the pathophysiological course of the disease than days since hospitalisation.
Namely, the timing of hospital admittance can be influenced by several factors such as patients
or doctor’s delay, or the decision of the emergency ward doctor to admit a patient which are
culturally determined or calendar time-dependent.

Recovery timepoint. To understand pathophysiological processes behind disease and
recovery it is critical to determine the time point where recovery set in. The recovery time
point was per definition after the highest severity score for that individual patient and was
defined as a SCODA score of 5 or below for at least two consecutive days. Furthermore, after
the recovery start time only one SCODA score of 7 or above might have occurred at later time
points. This was allowed since several patients had a temporal decline in clinical condition
after transport from the ICU to the ward, e.g., requiring temporarily more oxygen. The recov-
ery time point was assessed for all patients included in the BEAT-COVID study that recovered
during their hospital stay, i.e., when outcome was not death, using the rules described above.
In fifteen randomly selected patients, the recovery point was visually verified by the supervis-
ing Infectious Diseases consultant in the individual SCODA score plots.

Statistical analyses

Baseline characteristics were reported as median with interquartile range or numbers with
proportions, as appropriate.

For the visual representation of the COVID-19 severity over time, we plotted the SCODA
scores versus the days since onset of disease and fitted a smoothed line with 95% confidence
interval. Similarly, to visualise the recovery time points in the BEAT-COVID cohort, we plot-
ted the distribution of recovery days, split by whether a patients had been admitted to the ICU
at any timepoint during his/her admission. Lastly, we reported the modal (i.e., most frequent)
recovery timepoint, again split by whether a patients had been admitted to the ICU or not at
any point during admission.

Results
Population

The median age of the study population was 66 years (interquartile range [IQR] 58-73), 74.4%
was male and the median BMI on admission was 28.4 kg/m2 (IQR 25.1-31.4 kg/m2) (Table 2).
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Table 2. Characteristics of the BEAT-COVID study population (N = 191).

Characteristic N=191 Missing
Sex (Male) 142 (74.4%) -
Age (years) 66 (median), 58-73 (IQR) -
BMI at admission (kg/mz) 28.4 (median), 25.1-31.4 (IQR) 13
ICU admission 104 (46%)

Discharged alive 159 (83.3%) -
Duration of hospital admission (days) 9 (median), range 2-145 days

Comorbidities (excl. BMI)

Patients without comorbidities 51 (26.7%)

Patients with 1 comorbidity 56 (29.3%)

Patients with more than 1 comorbidity 84 (44.0%)

Chronic cardiac disease 60 (31.4%) 1
Hypertension 75 (39.3%) -
Chronic Pulmonary Disease 17 (8.9%) 1
Asthma 28 (14.7%) 1
Chronic Neurological Disease 15 (7.9%) 2
Diabetes Mellitus 62 (32.5%) -
Chronic Liver Disease 5(2.6%) 1
Chronic Kidney Disease 17 (8.9%) 1

https://doi.org/10.1371/journal.pone.0291212.1002

SCODA score application in BEAT-COVID cohort

For the total BEAT-COVID population, the maximum severity score, i.e., 15 points for ward
patients and 17 for ICU patients, was observed typically between days 10 and 40 after symptom
onset (Fig 2). The highest mean severity score was observed around day 30 after symptom
onset, indicating that in the hospitalised population, most people experienced the worst stage
of disease around 30 days after symptom onset. In our population, the mean SCODA score
eventually did not become zero, as 17% of patients died at the hospital, and 14% was trans-
ferred to another hospital or a rehabilitation clinic with remaining symptoms.

Recovery timepoint

By plotting the scores of individual patients, it was observed that the SCODA score follows a
sawtooth pattern for patients admitted to the ICU, which is reflecting also the subtle clinical
changes, and a somewhat smoother line for patients not admitted to the ICU as exemplified
for four patients in Fig 3. The recovery timepoints based on the SCODA score corresponded
well with the clinical course as assessed by the Infectious Diseases consultant. The modal
recovery timepoint for patients never admitted to the ICU was day 8 since symptom onset
while this was day 24 for patients who were admitted to the ICU at any point during their hos-
pital admission (Fig 4).

Discussion

A daily severity score of patients with COVID-19, based on the 4C Mortality score and clinical
experience which includes common, clinically available data was designed. Alterations of the
4C Mortality score, based on clinical expertise, were needed to reflect the aim of the SCODA
score to classify the disease severity at a time point as opposed to the prediction of clinical out-
come (e.g., mortality for the 4C Mortality score). We found that this hands-on score reflects
the actual daily severity of patients with COVID-19 well. Furthermore, we found that, in the
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Fig 2. Correlation between SCODA score and days since symptom onset in patients with COVID-19 admitted to the Leiden University Medical Center
in the Netherlands (the BEAT-COVID population). Daily SCODA scores of patients are shown as dots, with the darker dots indicating more overlapping

data points. Patients have a score for every single day of hospitalisation. The line represents the mean SCODA score per day since onset of symptoms. The grey
area is the 95% confidence interval. Outliers with a day of recovery greater than 80 were removed from the analysis to improve internal validity.

https://doi.org/10.1371/journal.pone.0291212.9002

BEAT-COVID population, on average patients experienced their worst disease severity around
day 30 after start of symptoms while the modal for the timepoint of recovery was 8 days and 24
days for patients that were and weren’t admitted to the ICU, respectively. At first sight these
findings might seem contradictory. However, this is possible as patients that died contributed
to the estimation of the mean SCODA score over time but, since they died, they did not have a
timepoint of recovery.

Currently, though many diagnostic and prognostic models have been developed for
COVID-19, there is no comprehensive score which can be used to track the disease severity of
patients with COVID-19 over time as it is, so unrelated to any outcome and not with the aim
to do so [10]. Multiple studies which investigated COVID-19 have relied on less precise classi-
fications of disease severity (i.e., classification based on overall symptom severity, any admit-
tance to the ICU or outcome) to categorize patients [11-14]. This broad categorizations limits
investigations of, for example, relationships between biomarkers and COVID-19 severity as
both will fluctuate over the course of the disease. This is precisely were the SCODA score adds
value as it allows for day-to-day monitoring of the disease severity status which can then be
correlated to biomarkers. These correlations with biomarkers can subsequently lead to new
targets for monitoring of interventions or for developing and updating prediction models.

A point of consideration in using the SCODA score is that, while the SCODA score was
found to reflect the disease severity in the BEAT-COVID cohort well, this cohort consisted of
patients treated in the LUMC and were therefore subject to the same clinical expertise that is
incorporated in the SCODA score. A limitation of this is that, while the SCODA score may

PLOS ONE | https://doi.org/10.1371/journal.pone.0291212  September 8, 2023 8/13


https://doi.org/10.1371/journal.pone.0291212.g002
https://doi.org/10.1371/journal.pone.0291212

PLOS ONE

SCODA score and COVID-19 disease severity

Beat-017 Beat-002
20 207 @ ICU
[ ) [ ) [ K - @ ward
o 15 P8 Rmelt /¥% o 154 » ° * patient deceased
= 996 eoes 50 smw | ] [ %e f : .
S lo e ox 2 o e 000! + recovery time point
2 ® | b £ LR K
Z 10 ] zq ] ¢ |
z ? 5 ol
3 ! 2 La \.,.
g 54 ot 2 54 [ow
¢
0 T T T - 0 T T T T y 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
days since symptom onset days since symptom onset
Beat-062 Beat-019
201 20
o 154 o 1549 »
s Sc- ® 55288
3 2 - e 2™
Z 10 * Z 10 e o e
b ® 5 °
2 \® 2
& 5+ s, & 5+ *
L) )
o m )
() - \
[ e e e e e e | 0-rr~rrrrrrrrrrrrr T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
days since symptom onset days since symptom onset

Fig 3. COVID-19 severity trajectories in four patients. One graph represents one individual patient. Red dots
represent the SCODA score while the patient was admitted to the ICU, blue lines represent the score while the patient
was admitted to the ward. Recovery time points were determined for these patients, patient BEAT-017 deceased and
thus had no recovery time point, patient BEAT-002 recovered from day 44, BEAT-019 from day 35 and BEAT-062
from day 12.

https://doi.org/10.1371/journal.pone.0291212.9003

also contribute to important insights in pathophysiological processes in other cohorts, the
score should be verified in these populations before application. This validation is needed
because the SCODA score is developed to capture disease severity, something for which there
is no golden standard. Therefore, the main uncertainty in using the SCODA score in other set-
tings is whether the interpretation of disease severity, as quantified by the SCODA score,
reflects the subjective interpretation of the clinicians. This is why the SCODA score should be
validated by new researchers and with each successful validation the likelihood that the score
reflects the disease severity accurately increases. Hence, we encourage clinicians and research-
ers to validate the score and to subsequently incorporate the SCODA score in their immuno-
logical research to increase insight in underlying pathophysiology in deteriorating and
recovering of patients with COVID-19.

Another point of consideration is that, while interpreting the estimated SCODA score mea-
surements, it is necessary to take into account temporal factors, such as the gradual change
over time in dominant COVID-19 variants (during inclusion of the BEAT-COVID population
this was the Wuhan variant), public awareness and treatment protocols. In the first wave for
example, patients were admitted to the hospital at a later time point after disease onset in gen-
eral than patients during the second wave, partly due to hospital bed availability and not
related to degree of illness. Hence, the timepoint at which patients experience the worst stage
of disease, but also the recovery point, might differ substantially depending the afore men-
tioned factors. So this limitation mainly applies to the question of generalisability of the (aggre-
gated) measurements in our BEAT-COVID cohort. The SCODA score itself will likely not be
affected by these temporal factors as the variables included in the score are independent from
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Fig 4. Distribution of recovery timepoints for patients who survived and where either never admitted to the ICU (non-ICU)
or were admitted to ICU at any point during their admission (ICU). For patients not admitted to the ICU the modal timepoint
of recovery was day 8 while for patients admitted to the ICU at any time during hospital admission this was on day 24. Outliers
with a day of recovery greater than 80 were removed to improve internal validity.

https://doi.org/10.1371/journal.pone.0291212.9004

these factors. For example, when a patient is vaccinated but still gets severely ill with high CRP,
the need for mechanical ventilation and a decreased GCS, his/her disease severity will still be
accurately quantified despite the vaccination status. Only when new COVID-19 variants lead
to different symptom patterns (e.g., severe gastro-intestinal or urinary tract symptoms without
concomitant respiratory symptoms) will there be a mismatch in the SCODA score and the
actual disease severity.

Ultimately, we have developed a score which can be used to, cross-sectionally or longitudi-
nally, assess daily severity of COVID-19 and combine this with for example laboratory (bio)
markers to unravel underlying pathophysiological processes as these are related to clinical
severity. In a future stage, possibly with minor modifications, the SCODA score might also be
useful in tracking the disease severity of other known (e.g., influenza) and possible novel infec-
tious respiratory diseases.
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