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Abstract

Background: It remains elusive how the characteristics, the course of disease, the clinical management and the
outcomes of critically ill COVID-19 patients admitted to intensive care units (ICU) worldwide have changed over the
course of the pandemic.

Methods: Prospective, observational registry constituted by 90 ICUs across 22 countries worldwide includ-
ing patients with a laboratory-confirmed, critical presentation of COVID-19 requiring advanced organ support.
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Hierarchical, generalized linear mixed-effect models accounting for hospital and country variability were employed to
analyse the continuous evolution of the studied variables over the pandemic.

Results: Four thousand forty-one patients were included from March 2020 to September 2021. Over this period, the
age of the admitted patients (62 [95% Cl 60-63] years vs 64 [62-66] years, p <0.001) and the severity of organ dys-
function at ICU admission decreased (Sequential Organ Failure Assessment 8.2 [7.6-9.0] vs 5.8 [5.3-6.4], p<0.001) and
increased, while more female patients (26 [23-29]% vs 41 [35-48]%, p <0.001) were admitted. The time span between
symptom onset and hospitalization as well as ICU admission became longer later in the pandemic (6.7 [6.2-7.2| days
vs 9.7 [8.9-10.5] days, p <0.001). The PaO,/FiO, at admission was lower (132 [123-141] mmHg vs 101 [91-113] mmHg,
p<0.001) but showed faster improvements over the initial 5 days of ICU stay in late 2021 compared to early 2020

(34 [20-48] mmHg vs 70 [41-100] mmHg, p=10.05). The number of patients treated with steroids and tocilizumab
increased, while the use of therapeutic anticoagulation presented an inverse U-shaped behaviour over the course of
the pandemic. The proportion of patients treated with high-flow oxygen (5 [4-71% vs 20 [14-29], p < 0.001) and non-
invasive mechanical ventilation (14 [11-18]% vs 24 [17-33]%, p <0.001) throughout the pandemic increased concomi-
tant to a decrease in invasive mechanical ventilation (82 [76-86]% vs 74 [64-82]%, p < 0.001). The ICU mortality (23
[19-26]% vs 17 [12-25]%, p<0.001) and length of stay (14 [13-16] days vs 11 [10-13] days, p <0.001) decreased over
19 months of the pandemic.

Conclusion: Characteristics and disease course of critically ill COVID-19 patients have continuously evolved, concom-
itant to the clinical management, throughout the pandemic leading to a younger, less severely ill ICU population with

distinctly different clinical, pulmonary and inflammatory presentations than at the onset of the pandemic.
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Introduction

In March 2020, the coronavirus disease 2019 (COVID-
19) pandemic incepted, leading to the largest inter-
national health crisis in recent history [1]. Within an
impressively short time, the international research com-
munity has gained a plethora of new insights regarding
the time course of COVID-19 progression and the devel-
opment of critical illness [2, 3]. Factors prognostic for an
unfavourable disease course have been extensively inves-
tigated and have provided critical guidance for the pur-
suit of novel therapeutic approaches [4, 5].

Barely a few months after the pandemic’s outbreak,
the first reports describing improvements in mortal-
ity in critically ill COVID-19 patients emerged [6-8].
However, such changes can be influenced by a multi-
tude of factors including resource availability, novel
therapies and changes in medical practice among
others. Moreover, large regional differences have
been reported [8-10]. How exactly the characteris-
tics of patients admitted to intensive care units (ICU)
and their course of disease have changed, and if such
changes can be related to the clinical management and
outcome of critically ill COVID-19 patients around the
globe, remains elusive.

Evidence of dynamics in the phenotypical expres-
sion of COVID-19 critical illness could reveal indica-
tions for future preventive and therapeutic strategies
and aid in assessing the quality of critical care that is
delivered to date. Thus, the present study aimed to
answer whether (I) the characteristics of critically ill

COVID-19 patients at ICU admission, (II) the tempo-
ral course of COVID-19, (III) the clinical management
and (IV) ICU outcomes have changed throughout the
pandemic.

Methods

Study design

On 13 March 2020, the prospective observational Risk
Stratification in COVID-19 patients in the ICU (RISC-
19-ICU) registry was launched to capture COVID-
19 features and track characteristics and outcomes
of patients with SARS-CoV-2 infections admitted to
ICUs [2, 11-14]. The registry (ClinicalTrials.gov Iden-
tifier: NCT04357275) has been endorsed by the Swiss
Society of Intensive Care Medicine (https://www.
sgi-ssmi.ch) and was exempt from the need for addi-
tional ethics approval and patient informed consent
by the ethics committee of the University of Zurich
(KEK 2020-00322). The study complies with the Dec-
laration of Helsinki; the Guidelines on Good Clinical
Practice (GCP-Directive) were issued by the European
Medicines Agency, the Swiss law and Swiss regula-
tory authority requirements as well as the regulatory
authority requirements in each participating coun-
try, and have been designed in accordance with the
Strengthening the Reporting of Observational Stud-
ies in Epidemiology (STROBE) guidelines for observa-
tional studies. The current analysis regarded all patients
recorded by 90 centres, in 22 countries, comprising
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the RISC-19-ICU registry during the period from 1
March 2020 until 30 September 2021 (Additional file 1:
e-Appendix 1).

Inclusion criteria

Inclusion criteria for the RISC-19-ICU registry were
(I) a laboratory-confirmed SARS-CoV-2 infection by
nucleic acid amplification according to the WHO-
issued testing guidelines, and (II) severe manifestation
of COVID-19 requiring treatment in an ICU, defined
as a hospital ward specialized in the care of critically
ill patients with the availability of organ support thera-
pies including invasive mechanical ventilation and non-
invasive ventilation.

Patient data collection

A standardized data set was prospectively collected
during the ongoing COVID-19 pandemic for all criti-
cally ill COVID-19 patients admitted to the collaborat-
ing centres. Data collection was performed through an
anonymized electronic case report form managed by the
REDCap electronic data capture tool hosted on a secure
server by the Swiss Society of Intensive Care Medicine.
Data were collected on the day of ICU admission, and
on days 1, 2, 3, 5 and 7, including patient characteristics,
vital parameters, arterial blood gas analyses and labora-
tory values, such as inflammatory, coagulation, renal,
liver and cardiac markers, treatment modalities and
organ support therapies including the use of mechanical
ventilation.

Data transformation

Calculation of the disease severity scores Acute Physi-
ology and Chronic Health Evaluation II (APACHE II),
Simplified Acute Physiology Score II (SAPS II) and
Sequential Organ Failure Assessment (SOFA) scores as
well as the ventilatory ratio [15], a surrogate measure for
physiological dead space, was performed using an openly
available code library associated with the registry.

In order to allow a discrete numerical summary of the
pandemic’s dynamics, apart from modelling time contin-
uously, we sub-divided the pandemic into distinct peri-
ods. Three pandemic periods were defined based on the
visual analysis of the pandemic’s peaks and SARS-CoV-2
variants in the individual countries composing the regis-
tries population (Additional file 1: e-Figure 1-3): Period 1
(1 March 2020 to 30 September 2020), Period 2 (1 Octo-
ber 2020 to 31 January 2021) and Period 3 (1 February
2021 to 30 September 2021). Only variables with a miss-
ing rate below 70% were included in the analysis; for a
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full reporting of missing rates, please refer to Additional
file 1: e-Table 1.

Maximum differences (Ajye.eqry) Of vitals and laboratory
parameters between ICU admission, day 0 and day 5 of the
ICU stay were calculated as follows:
Alate—early =X x {max (YDayS: YDayS) - min(YDayO, YDayl)}
+(1 = X) * {min (YDay3, YDays) — max (Ypayo, YDay1)} wWhere
Ypay represents a specific severity score, vital or laboratory
parameter at day € {0, 1,3,5}and X is a function such that

X(YD ) _ 1 lf |:(YDay3‘;YDay5) _ (YDayo';YDayl):| -0
h 0 otherwise

Statistical analysis

Data were modelled by means of hierarchical generalized
linear mixed-effect models considering the date of ICU
admission as fixed effect while accounting for within-hos-
pital and within-country group nesting, after asserting
that the country effects did not introduce extreme effects
that could be interpreted as overfitting. The date of ICU
admission was modelled as a restricted cubic spline with
3 knots chosen on the 10th, 50th and 90th percentiles and
95% confidence intervals [16]. To analyse the differences
in dynamics between ICU survivors and non-survivors,
we tested for an interaction term and reported survivor
status stratified results. The null hypothesis, formulated
as the absence of temporal effect for a specific variable,
was assessed by comparing two models (with and with-
out splines) using analysis of deviance with Wald chi-
squared tests. Continuous variables were assumed to be
Gaussian-distributed, severity scores and time to admis-
sion were assumed to be Poisson-distributed, and binary
variables to be binomially distributed.

Statistical analysis was performed through a fully
scripted data management pathway using the R environ-
ment for statistical computing version 4.0.2 [17]. Due to
the observational, prospective nature of this cohort study,
no power calculations were performed [18]. A two-sided
p<0.05 was considered statistically significant. Figures
were plotted excluding observations that exceeded the
25th (75th) percentile added to 1.5 times the interquar-
tile range. Values are given as means with standard devia-
tion+SD, medians with interquartile ranges [IQR] or
counts and percentages as appropriate.

Results

Overall

From 1 March 2020 until 30 September 2021, date
of database closing for this analysis, 4041 critically ill
COVID-19 patients were included in 90 centres over
22 countries into the RISC-19-ICU registry. The evolu-
tion of SARS-CoV-2 variants in the respective countries
is depicted in Additional file 1: e-Figure 3. Similarly, the
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number of total hospitalized patients as well as patients
requiring ICU care in selected countries participating in
the registry is displayed in Additional file 1: Figure 4.

Overall, patients were mainly male (70%), aged
61+£14 years and presented with a body mass index
(BMI) of 2946 kg/m? (Table 1). They were admitted to
the hospital a mean of 9+12 days after symptom onset
and had to be referred to the ICU 3+13 days later. At
ICU admission, 17% required vasopressor support and
42% were directly intubated and mechanically venti-
lated. Admission SOFA score amounted to 8+5, and
SAPS II and APACHE II scores were 36 £19 and 16 £8,
respectively.

In total, 66% of all patients were invasively mechani-
cally ventilated and 26% of the patients died during their
ICU stay.

Demographics over the time course of the pandemic

One thousand seven hundred (42%) patients were admit-
ted to the respective ICUs between March and Septem-
ber 2020, 1543 (38%) between October 2020 and January
2021, and 798 (20%) between February and September
2021 (Additional file 1: e-Figure 5).

Over the time course of the pandemic, severity scores
at admission, namely SOFA (March 2020: 8.2 [7.6-9.0],
September 2021: 5.8 [5.3-6.4]), age-corrected SAPS II
(March 2020: 26 [24-29], September 2021: 19 [17-20])
and APACHE (March 2020: 12.5 [11.5-13.5], Septem-
ber 2021: 8 [7-9]), continuously decreased (p<0.001)
(Fig. 1, Additional file 1: e-Figure 6). The percentage of
female patients admitted to the ICU started to increase
after October 2020 and was highest in September 2021
(March 2020: 26 [23-29]%, October 2020: 26 [24—28]%,
February 2021: 30 [28-33]%, September 2021: 41 [35—
48]%, p<0.001). On the other hand, while the mean age
of patients increased during the first months of the pan-
demic, it steadily decreased after October 2020 (March
2020: 61 [60—63] years, October 2020: 64 [62—66] years,
February 2021: 63 [61-65] years, September 2021: 55
[53-58] years, p<0.001). Similarly, the average num-
ber of comorbidities remained constant until October
2020 and then proceeded to decrease until September
2021 (p<0.001). Conversely, the latency between symp-
tom onset and hospitalization (March 2020: 6.7 [6.2—7.2]
days, October 2020: 7.7 [7.2-8.3] days, February 2021:
9.5 [8.8—10.3] days, September 2021: 9.7 [8.9-10.5] days,
p<0.001) as well as between hospital and ICU admission
(March 2020: 1.7 [1.4-2.1] days, October 2020: 2.3 [1.9—
2.8] days, February 2021: 3.6 [3.0-4.4] days, September
2021: 4.0 [3.3-5.0] days, p<0.001) steadily increased
until February 2021 and then remained constant for the
remainder of the studied period.
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Vitals and laboratory findings at ICU admission
Contrasting with the decreasing severity scores, patients
admitted to the ICU presented continuously lower
paO,/FiO, ratios (March 2020: 132 [123-141] mmHg,
October 2020: 131 [124-140] mmHg, February 2021:
120 [112-129] mmHg, September 2021: 101 [91-113]
mmHg, p<0.001) along with increasing ventilatory ratios
(p=0.01); these effects became especially pronounced
after October 2020 (Fig. 2, Additional file 1: e-Figure 7).
By contrast, D-dimer levels at ICU admission continu-
ously decreased from March 2020 to September 2021
(March 2020: 1722 [1320-2241] pg/l, October 2020:
1581 [1276-1953] mmHg, February 2021: 988 [763-
1272] mmHg, September 2021: 506 [338-759] mmHg,
p<0.001). Notably, whereas C-reactive protein and pro-
calcitonin levels did remain constant between March
2020 and September 2021, ferritin levels decreased until
August 2020 and then remained constant for the remain-
der of the pandemic. Conversely, leucocyte (March 2020:
8.1 [7.6-8.7] 10°/l, October 2020: 8.9 [8.3-9.5] 10°/1,
February 2021: 9.8 [9.1-10.5] 10%/], September 2021:
9.1 [8.2-10.1] 10°/1, p<0.001) and neutrophil counts
increased until August 2020 and then continuously
decreased for the remainder of the pandemic (p<0.001),
whereas lymphocyte counts remained constant until
August 2020 and then showed a similar decreasing
dynamic as leucocytes and neutrophils (p =0.08).

Disease progression over the ICU stay
Not only the admission characteristics, but also the
dynamics of disease in response to ICU care can change
over time. In order to capture these changes in disease
progression over the first days of ICU stay, we computed
the difference between day 5 and ICU admission and eval-
uated the change of this parameter (Ajy_c,q,) OVer time.
At later stages of the pandemic, the PaO,/FiO, ratio
increased more pronouncedly during the first 5 days of
ICU stay (March 2020: Ay eoy1y 34 [20-48] mmHg, Octo-
ber 2020: Ajecqry 29 [18-38] mmHg, February 2021:
Ajyte-carly 37 [25-50] mmHg, September 2021: Ay eqr1y 70
[41-100] mmHg, p =0.05), whereas the ventilatory ratio
decreased more markedly (p<0.001) (Fig. 3, Additional
file 1: e-Figure 8-9, Additional file 1: e-Table 2). Similarly,
C-reactive protein progressively experienced a stronger
declining effect over the duration of the pandemic
(March 2020: Ajye_eqrry —29 [—102 to 44] mg/l, October
2020: Ay earty —47 [—105 to 13] mg/l, February 2021:
Ajyge-carly — 127 [—189 to —68] mg/l, September 2021:
Ajyte-carly —231 [—352 to —109] mg/l, p=0.001). How-
ever, neither D-Dimer, ferritin and procalcitonin levels,
nor leucocyte, neutrophil or lymphocyte count dynamics
varied over the time course of the pandemic.
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Table 1 Demographics and baseline characteristics at intensive care unit admission
Total population March 2020- October 2020- February 2021-
September 2020 January 2021 September
2021
n=4041 n=1700 n=1543 n=798
Age, years 61£14 62+13 6414 57£15
Male sex 2753 (70) 1155 (73) 1099 (71) 499 (63)
Body mass index, kg/m? 29+6 29+6 29+6 30+6
Time from symptoms to hospital admission, days 9+12 8+7 10+£14 10£14
Time from hospital admission to ICU admission, days 3+13 3+9 3+11 3+21
Comorbidities
Chronic arterial hypertension 1642 (41) 684 (40) 707 (46) 251 (32)
Ischemic heart disease 404 (10) 165 (10) 174 (11) 65 (8)
Chronic heart failure 427 (11) 127 (8) 231 (15) 69 (9)
Diabetes mellitus 989 (25) 366 (22) 435 (28) 188 (24)
Chronic pulmonary disease 414.(10) 191 (11) 169 (11) 54(7)
ImmunosuppressiomT 517 (13) 174 (10) 253 (16) 90 (11)
SOFA Score 8+5 8+5 8+5 6+5
SAPS Il Score 36+19 38+19 36118 32417
APACHE Il Score 1648 17£9 1747 1447
Respiratory support
Oxygen mask 1333 (33) 663 (39) 671 (43) 428 (46)
High-flow oxygen therapy 464 (13) 101 (7) 220(16) 143 (23)
Non-invasive mechanical ventilation 372(11) 166 (11) 137 (10) 69(11)
Invasive mechanical ventilation 1501 (42) 770 (51) 515 (37) 216 (34)
PaO,/FiO, ratio, mmHg 147£115 151£99 148+£118 137+ 144
Ventilatory ratio 20409 20408 19+£10 21409
Vasopressor requirements 681 (17) 272 (16) 285 (18) 124 (16)
Mean arterial pressure, mmHg 85418 83+15 85417 90423
Norepinephrine dose, ug/kg/min 0.140.1 0.1+02 0.1+0.1 0.140.1
White blood cell counts, 10%/L 11+6 10+6 IRy 11+6
Neutrophils, 10%/L 9+5 8+£5 9+5 9+5
Lymphocytes, 10%/L 2+3 2+3 244 243
C-reactive protein, mg/L 143 [78-223] 149 [84-239] 139 [74-219] 134 [73-207]
Procalcitonin, pg/L 0.310.1-0.9] 0.3[0.2, 1.0 0.310.1,0.9] 0.210.1,0.7
Interleukin-6, ng/L 91 [32-205] 104 [48-221] 75[26-211] 83 [29-158]
D-dimers, ug/L 1090 [500-2700] 1169 [600-2805] 1164 [550-2945] 740 [300-1700]
Troponin, ng/L 17 [9-50] 17 [9-46] 22 [10-64] 12 [6-40]
Lactate, mmol/L 1.4 1.0-2.0] 1.3[09-1.9] 1401.0-19] 1.5[1.0-2.2]

APACHE ll—Acute Physiology And Chronic Health Evaluation; ICU—intensive care unit; PaO,/FiO, ratio—partial pressure of arterial O,/fraction of inspired O,; SOFA—

Sequential Organ Failure Assessment; SAPS Il—Simplified Acute Physiology Score

Data are presented as mean = standard deviation, median [interquartile range] or counts (percentages) as appropriated. These are aggregated descriptive data, as
opposed to the results of hierarchical, generalized linear mixed-effect modelling as reported in the main results and abstract

T Immunosuppression was defined as any of the following: solid organ malignancy, hematologic malignancy, human immunodeficiency virus, hepatitis B or C

infection, prescribed immunosuppressive medication

Medication management

The use of hydroxychloroquine and ritonavir/lopina-
vir while widely employed in the first months of the
pandemic, dropped to 0% by June 2020 (Fig. 4). Simi-
larly, therapeutic anticoagulation, whereas increasingly
employed in the first year of the pandemic, experi-
enced a decline during the second half of the pandemic

(March 2020: 35 [24—48]%, October 2020: 77 [66—85]%,
February 2021: 70 [57-80]%, September 2021: 45 [26—
65]%, p<0.001). Conversely, the use of corticoster-
oids increased steadily from 14 [9-22] in March 2020,
reaching 86 [79-92] by October 2020 and 97 [94-99]
by September 2021. Tocilizumab on the other hand was
prescribed during the first months of the pandemic,
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Fig. 1 Dynamics of baseline characteristics over the pandemic. Mean effects over the time course of the pandemic, calculated by means of
generalized mixed-effect models, are depicted by a red continuous line. 95% confidence intervals of the effect are depicted as shaded red area. The
given p values originate from an analysis of deviance. Continuous variables are represented by topographic density plots, in which the intensity of
the grayscale colouring indicates the highest concentration of values. Categorical variables are represented by violin plots, in which the segmental
width of the plot correlates with the concentration of values

but its prescription saw a halt between June 2020 and
February 2021, after which its use steadily increased to
17 [5-47] in September 2021. Most prominently after
February 2021, the proportion of vaccinated individu-
als admitted to the ICU steadily increased (p<0.001)
(Additional file 1: e-Figure 10).

Organ support management and outcomes

The proportion of patients receiving invasive mechani-
cal ventilation (March 2020: 82 [76—86], October 2020:
76 [70-82]%, February 2021: 70 [61-77]%, September
2021: 74 [64—82]%, p <0.001) and renal replacement ther-
apy decreased (March 2020: 12 [9-16], October 2020: 9
[7-12]%, February 2021: 5 [3-7]%, September 2021: 3
[1-9]%, p <0.001) throughout the pandemic (Fig. 5, Addi-
tional file 1: e-Table 3-5). Conversely, more invasively
ventilated patients were treated with extracorporeal

membrane oxygenation (ECMO) at later stages of the
pandemic (March 2020: 0.4 [0.1-1.3] %, October 2020:
0.5 [0.2—2]%, February 2021: 1 [0.4—3]%, September 2021:
3 [1-9]%, p<0.001) (Fig. 4). Overall, more patients were
treated with non-invasive mechanical ventilation (March
2020: 14 [11-18], October 2020: 25 [20-31]%, Febru-
ary 2021: 39 [32-46]%, September 2021: 24 [17-33]%,
p<0.001) and high-flow oxygen therapy (March 2020:
5 [4-7], October 2020: 10 [8—14]%, February 2021: 24
[19-31]%, September 2021: 20 [14—29]%, v0.001) as the
pandemic progressed. Additionally, awake prone position
was increasingly employed from February 2021 onwards
(March 2020: 50 [43-58]%, October 2020: 47 [40-54]%,
February 2021: 45 [38-52]%, September 2021: 52 [42—
62]%, p<0.001). Finally, ICU mortality initially worsened
until June of 2020 and then progressively improved until
September 2021 (March 2020: 23 [19-26], October 2020:
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Fig. 2 Dynamics of vitals and laboratory parameters at intensive care unit admission. Mean effects over the time course of the pandemic,
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Fig. 3 Dynamics of the evolution of vital and laboratory parameters during the first 5 days of intensive care unit stay. To capture the changes
in the dynamics of disease over the first days of intensive care unit stay, the difference of a variable between day 5 and day 1 is summarized as
parameter (Delta) over time. Mean effects over the time course of the pandemic, calculated by means of generalized mixed-effect models, are
depicted by a red continuous line. 95% confidence intervals of the effect are depicted as shaded red area. The given p values originate from an
analysis of deviance. Variables are represented by topographic density plots, in which the intensity of the grayscale colouring indicates the highest
concentration of values

23 [19-26]%, February 2021: 29 [24-33]%, September
2021: 18 [12-24]%, p<0.001), whereas length of ICU
stay continuously decreased over the time course of the
pandemic (March 2020: 14 [13-16], October 2020: 13
[12-15] days, February 2021: 12 [11-13] days, September
2021: 11 [10-13] days, p<0.001).

Development of differences between survivors

and non-survivors over time

During the pandemic, patients surviving the ICU stay
were characterized by a lower age than patients not
surviving the ICU, albeit the difference in mean age

decreased between March 2020 and October 2020
between both groups (p<0.001) (Additional file 1:
e-Figure 11). On the other hand, while non-survivors
presented with higher SOFA scores at ICU admission
during the whole pandemic, the difference in initial
SOFA between non-survivors and survivors grew with
the progress of the pandemic (p <0.001).

The PaO,/FiO, ratio at admission presented decreasing
dynamics in both survivors and non-survivors during the
pandemic (p <0.001) (Additional file 1: e-Figure 12). Nev-
ertheless, survivors were characterised by a more pro-
nounced increase in PaO,/FiO, ratio (p<0.001) and had
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Fig. 4 Dynamics of medication management. Mean effects over the time course of the pandemic, calculated by means of generalized mixed-effect
models, are depicted by a red continuous line. 95% confidence intervals of the effect are depicted as shaded red area. The given p values originate
from an analysis of deviance

a stronger decrease in ventilatory ratio (p =0.03) over the
first 5 days of their ICU stay at later stages of the pan-
demic than non-survivors (Additional file 1: e-Figure 13).
On the other hand, C-reactive protein (»<0.001) as well
as creatinine levels (p<0.001) albeit lower at admis-
sion in survivors than non-survivors in March 2020
progressed to be similar in September 2021 (Additional
file 1: e-Figure 12). Strikingly, C-reactive protein dynam-
ics over the first days after ICU admission showed a more
pronounced decline in non-survivors after June 2020,
as compared to survivors (p<0.001) (Additional file 1:
e-Figure 13).

The proportion of survivors not being treated with
mechanical ventilation decreased in the first year of the

pandemic, to afterwards increase to its initial proportion
by September 2021, while this effect was much less pro-
nounced in non-survivors (p<0.001) (Additional file 1:
e-Figure 14). Conversely, more survivors than non-survivors
were treated with high-flow oxygen over the course of the
pandemic (v0.001), whereas a similar proportion of patients
received non-invasive mechanical ventilation through-
out the pandemic (p=0.40). Interestingly, while survivors
presented longer lengths of ICU stay than non-survivors
in March 2020, this inverted with non-survivor requiring
longer care in the ICU, especially during June 2020 and Feb-
ruary 2021, as the pandemic progressed (p<0.001).
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Fig.5 Dynamics of organ support management and outcomes. Mean effects over the time course of the pandemic, calculated by means of
generalized mixed-effect models, are depicted by a red continuous line. 95% confidence intervals of the effect are depicted as shaded red area. The
given p values originate from an analysis of deviance. Continuous variables are represented by topographic density plots, in which the intensity of
the grayscale colouring indicates the highest concentration of values. Categorical variables are represented by violin plots, in which the segmental
width of the plot correlates with the concentration of values. IMV invasive mechanical ventilation
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Discussion

This analysis of the RISC-19-ICU registry confirms that
the COVID-19 pandemic, especially regarding criti-
cally ill patients, has been and remains highly dynamic.
Demographics, clinical characteristics, clinical manage-
ment and outcomes of patients admitted to the ICU have
been continuously changing over the last 19 months.
Over time, critically ill COVID-19 patients have not only
become younger, and increasingly female, but also the
time span between symptom onset and ICU admission
has become increasingly larger and their degree of over-
all organ dysfunction at ICU admission has decreased,
despite worse initial oxygenation, along with a decrease
in ICU mortality.

A plethora of hypotheses might explain these intrigu-
ing dynamics. The decrease in age of patients admitted to
the ICU is probably a direct effect of the vaccination cam-
paigns in the early 2021, which initially targeted mainly
the elderly population [19]. However, more complex
social aspects, such as the increasing non-compliance
with public health measures of young adults, but not of
elderly individuals, after extensive lockdowns and the
high initial death toll on the most fragile elderly popula-
tion, should also be considered [20]. Additionally, whilst
the largely experimental antiviral and anti-inflammatory
therapies employed in the early months of the pandemic
failed to prove their efficacy [21, 22], the progressive use
of dexamethasone after the publication of the RECOV-
ERY landmark trial in June 2020 [4] as well as remdesivir
in November 2020 [23] and tocilizumab in February 2021
[24] could be reasons for the increasing ICU survival in
subsequent COVID-19 waves [25]. Indeed, the more pro-
nounced decrease in C-reactive protein over the ICU stay
and the concomitant increase in leucocyte and specifically
neutrophil counts at later stages of the pandemic may
seem to reflect the systematic initiation of corticosteroids,
possibly conjointly employed with tocilizumab [4, 26].

The younger age of patients admitted to the ICU could
be the primary factor accounting for the prolongation of
periods between symptom onset and hospital admission
as well as hospital admission and ICU admission. Younger
patients, presenting with fewer comorbidities, have greater
pulmonary reserves and can compensate lower respira-
tory tract infections more effectively than elders [27, 28].
Additionally, increasing experience in the treatment of
acute hypoxemic respiratory failure due to COVID-19 in
hospital wards including more advanced non-invasive
respiratory support strategies and the progressive use of
awake prone positioning might have postponed or com-
pletely avoided ICU admission [8, 29, 30]. This time lag
could also explain the more pronounced hypoxemia and
higher dead space at ICU admission in the later months
of the pandemic possibly induced by patient self-inflicted
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lung injury (P-SILI) and contrasting with the lower overall
severity scores [12, 31]. Furthermore, as previously men-
tioned, early initiation of dexamethasone and remdesivir,
but also the increasing use of intermediate and therapeutic
anticoagulation after the first wave might be responsible
for the delayed ICU admission [4, 5, 23]. The widespread
implementation of intermediate and therapeutic antico-
agulation strategies already in wards and intermediate care
units at later stages of the pandemic could also explain
the decrease in D-dimer levels at ICU admission. On the
other hand, the lack of change in D-dimer dynamics over
the first 5 days of the ICU stay could reflect the demon-
strated lack of efficacy of these therapies when patients
have already reached the ICU setting [32].

Similar to other reports, the use of invasive mechani-
cal ventilation in the ICU has declined over the course
of the pandemic, this seems to be primarily the effect
of the increased use of high-flow oxygen therapy and
non-invasive ventilation strategies, synergistically used
with awake prone position, albeit the younger age and
reduced organ dysfunction could also be plausible rea-
sons [6—8]. However, the use of ECMO as salvage therapy
in invasively mechanically ventilated patients substan-
tially increased during the pandemic. Whether the latter
reflects increased lung damage in ultimately intubated
patients [12] or less strict regulations for the initiation
of ECMO as a consequence of the patient’s younger age
[33], remains unknown. The decreasing length of stay and
increasing survival in ICUs worldwide, albeit possibly
confounded by age and lower disease severity, are, how-
ever, reassuring and evidence of the immense advances
made in the care of critically ill COVID-19 patients.

Our study has many strengths. Its multicentre design
including 90 centres in 22 countries make the observa-
tions generalizable to a wide international critically ill
COVID-19 population. Its prospective design allows for
a near real-time analysis of the characteristics of criti-
cally ill COVID-19 patients throughout the pandemic.
This allows insights not only into the epidemiological
changes of the COVID-19 pandemic, but also capturing
effects of factors that might affect the course of the pan-
demic, such as public health policies, the prevalence of
novel virus variants, the introduction of new treatments
and the increasing rates of vaccination. Moreover, using
a unique statistical approach (A} coy) this study was
able to capture subtle changes in the dynamics of disease
course during the first days after ICU admission.

The present analysis, however, also has important limita-
tions. First, the high intra- and inter-country heterogene-
ity regarding socio-economic differences (Additional file 1:
e-Figure 15), delivery of care, ICU admission regulations,
staff-to-patient ratios and temporal incidence of criti-
cally ill patients can limit the interpretability of the data.
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Additionally, temporal changes in ICU admission policies
and an increasing use of advanced respiratory support and
specialized medication in non-ICU hospital wards, includ-
ing high-flow oxygenation and non-invasive mechanical
ventilation, could bias the epidemiology of patients admit-
ted to the ICU. We, however, employed centre-within-
country nesting to minimize the bias induced by these
heterogeneous effects. Second, although standard clinical
reporting form and codebook were available, a substan-
tial fraction of fields reported missing data, possibly limit-
ing the interpretation of the results. Nevertheless, by only
considering variables with a missing rate below 70% and
through rigorous monitoring of data quality the effect of
missingness could be reasonably mitigated. Finally, some
centres that included patients during the first wave did
not recruit patients during subsequent waves. However,
the larger most representative centres did continuously
include all their patients throughout the 19 months of the
pandemic. This, in combination with within centre random
effects, allowed to reduce the residual bias originating from
inconsistent recruitment strategies.

Conclusions

In conclusion, this study confirms the continuous evolu-
tion of the COVID-19 pandemic and provides important
insights into the epidemiological dynamics of critically ill
patients admitted to ICUs worldwide, as well as to their
clinical management. During subsequent waves of the pan-
demic, patients admitted to the ICU were younger, had less
comorbidities, were less severely ill, had an increased sur-
vival and a shorter length of stay. Concomitantly, a higher
proportion of patients were treated with corticosteroids
as well as tocilizumab and less patients were mechanically
ventilated. Close monitoring of the changing characteris-
tics and disease course of critically ill COVID-19 patients
is essential to continuously guide public health policies,
prospectively tailor new therapeutical approaches and pro-
mote evidence-based management during this health crisis.
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