


Chapter 11

Figure 1. Prevalence of clinical symptoms across fatigued and non-fatigued long COVID patients assessed at
3, 6, and 12 months after hospital discharge.

Symptoms are presented for groups of fatigued (total FAS score 222) and non-fatigued (total FAS score <22) long COVID
patients at the time of collecting blood samples. In the non-fatigued long COVID group, some patients experienced
fatigue at other follow-up visits. Symptoms were obtained from the Corona Symptom Checklist on the presence of new
or worsened symptoms following SARS-CoV-2 infection (yes or no).

* The fatigue symptom was obtained from the Fatigue Assessment Scale (FAS) questionnaire, a total FAS score 222
denotes fatigue. The dyspnea symptom was obtained from the modified medical research council dyspnea scale, grades
>2 were used to denote dyspnea.

Circulating leukocyte and lymphocyte subsets

We performed enumerations of circulating leukocytes, NK cells, B-lymphocytes, T-lymphocytes,
and CD4" and CD8" T-lymphocytes; Supplementary Table S7 shows the outcomes per group.
Counts of these sets of cells did not show significant differences between fatigued and non-fatigued

long COVID groups, only in comparison to healthy controls (HCs). VWhen analyzed as a single group,
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Immunological abnormalities in long COVID

the group of long COVID patients showed significantly increased counts of leukocytes and total
T-lymphocytes compared to HCs; these increases were due to increases in CD8" T-lymphocyte
counts (Figure 2A). Considering fatigue as a graded outcome, we found that increased counts of
CD8" T-lymphocytes significantly correlated with increased fatigue severity (total FAS score, r=0.24,

p=0.043) (Figure 2A).
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Figure 2. CD4" T-lymphocyte and CD8" T-lymphocyte subsets in fatigued and non-fatigued long COVID
patients.

Fatigue was defined as a total score of 222 on the Fatigue Assessment Scale (FAS) questionnaire. Data of CD4*
T-lymphocyte and CD8* T-lymphocyte subsets did not differ significantly between groups of fatigued (n=37) and
non-fatigued (n=33) long COVID patients. Significant group differences are presented for the entire group of long
COVID patients as compared to healthy controls (n=42) using the Mann-Whitney U test, *p<0.05, **p<0.01, and
*%p<0.001. (A) CD8" T-lymphocyte counts across groups. The correlation between CD8* T-lymphocyte counts and
the fatigue severity (total FAS score) in long COVID patients was assessed using Spearman’s rank correlation coefficient.
(B) The assessment of CD8" T-lymphocyte subsets showed an increased percentages of CD8' T, .. lymphocytes,
particularly CD8" T, ..-lymphocyte expressing CD279*CD57, and CD8" T,,,..-lymphocyte expressing CD27CD28;,
in long COVID patients as compared to healthy controls. (C) The assessment of CD4* T-lymphocyte subsets showed
reduced percentages of CD4" T lymphocytes, regulatory CD4* T-lymphocytes (CD4*CD25highFOXP3*), and CD4*
T, lymphocytes expressing CD279*CD57* in long COVID patients as compared to healthy controls.

In @ more in-depth analysis of the CD4" and CD8" T-lymphocyte subsets (see Supplementary Table
S8 for the outcomes per group), the percentages of these subsets did not differ significantly between
fatigued and non-fatigued long COVID groups. We found a significant increase in the percentage
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of CD8" T,,,-lymphocytes and the subsets of late stage/exhausted CD279°CD57" CD8" T~
lymphocytes and CD27CD28 CD8" T, ,-lymphocytes in the entire group of long COVID patients
compared to HCs (Figure 2B). Percentages of naive CD4" T-lymphocytes (CD45RA*CCR7) and CD4*
T.lymphocytes (CD25FOXP3") were significantly decreased in long COVID patients compared to
HCs, while the percentage of exhausted/senescent CD4" T -lymphocytes (CD279°CD57%) were
increased (Figure 2C). There were no significant correlations found between the percentages of

the various CD4* and CD8"* T-lymphocyte subsets and the fatigue severity in long COVID patients.

Monocyte subsets

Figure 3A presents the percentages of classical (CD14"'CD16"), intermediate (CD14"*CD16"), and
non-classical (CD14*CD16"") monocytes across groups. The percentages of these populations did not
differ significantly between fatigued and non-fatigued long COVID groups (Supplementary Table
$9). The entire group of long COVID patients showed a significantly reduced percentage of classical
monocytes and an increased percentage of non-classical monocytes compared to HCs (Figure
3A). We found a significant negative correlation between the percentage of classical monocytes
and the fatigue severity (r=-0.28, p=0.02), as well as a significant positive correlation between the
percentages of intermediate (r=0.28, p=0.02) and non-classical (r=0.31, p=0.009) monocytes and
the fatigue severity (Figure 3B).
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Figure 3. Percentages of classical, intermediate, and non-classical monocytes in fatigued and non-fatigued long
COVID patients.

Fatigue was defined as a total score of 222 on the Fatigue Assessment Scale (FAS) questionnaire. (A) The percentages
of classical monocytes (CD147*CD16°), intermediate monocytes (CD14**CD16%), and non-classical monocytes
(CD14*CD16™) in groups of fatigued (n=35) and non-fatigued (n=34) long COVID patients and healthy controls (n=40).
The percentage of monocyte subsets did not differ significantly between fatigued and non-fatigued long COVID patients.
Significant group differences are presented for the entire group of long COVID patients as compared to healthy controls
using the Mann-Whitney U test, *p<0.05. (B) The correlation between the percentage of monocyte subsets and the
fatigue severity (total FAS score) in long COVID patients was assessed using Spearman’s rank correlation coefficient.
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Immunological abnormalities in long COVID

Monocyte gene activation

A gene expression analysis was performed in the total population of CD14" monocytes. Hierarchical
clustering of gene expression levels in monocytes revealed three main gene clusters (Figure
4A), similar to the gene clusters found in previous studies in major depressive disorder (MDD),
bipolar disorder, and various autoimmune disorders (thyroid autoimmune disease, type 1 diabetes,
Sjogren disease and SLE).'¢'8335% These clusters represent strong mutually correlating genes within
each cluster; only cluster C genes correlated weaker amongst themselves. Gene cluster A was
composed of inflammation-regulation genes and genes related to adhesion, chemotaxis, apoptosis,
and pyroptotic mechanisms. Cluster B consisted of type 1 IFN driven inflammation-related genes.
Cluster C consisted of genes involved in mitochondrial anti-inflammatory action and cholesterol

pump genes.

Figure 4B shows the gene expression pattern in monocytes for the fatigued and non-fatigued patients
relatively to the expression levels of HCs; differences between fatigued and non-fatigued patients did
not reach significance and are therefore not shown. Both long COVID groups were characterized by a
significantly overexpression of many cluster A inflammation-regulating genes (e.g. CCL7, CCL20, IL-6)
as well as some cluster C genes (BAX, HMOX1) as compared to HCs. The cholesterol pump genes
(ABCA1, ABCG1, NRTH3) and the M2 macrophage marker MRC1 were significantly downregulated.
Normal expression levels were found for the type 1 IFN induced genes (ISGs) in cluster B. This profile
represents a strong pro-inflammatory pyrogenic state of the monocytes.

Upregulated levels of the cluster A inflammatory genes CCL2 (r=0.29, p=0.016), CCL7 (r=0.24,
p=0.048), and SERPINB?2 (r=0.28, p=0.022) in monocytes were significantly correlated to increased

fatigue severity (Figure 4C); significant correlations were not found for the other genes.

Serum cytokine and soluble cell surface molecule levels

The level of the various tested inflammation regulating cytokines and soluble cell surface molecules
in serum was evaluated to further investigate the inflammatory state of long COVID patients. These
levels did not differ significantly between the fatigued and non-fatigued long COVID groups, both
groups did show altered levels in comparison to HCs (Supplementary Table $10). The entire
long COVID group showed significantly increased serum levels of Galectin-9, IL-6, TNF-a, CXCL10,
CD163, and CCL2 compared to HCs (Figure 5A). Levels of CXCL9, SERPINB2, IFN-f, and IFN-y
were significantly reduced in long COVID patients compared to HCs (Figure 5A).

In terms of fatigue severity, a significant positive correlation was found between serum Galectin-9
levels and the fatigue severity (r=0.24, p=0.039) (Figure 5B), a trend toward significance was found
for CD163 levels (r=0.21, p=0.078), but not for the other measured inflammatory mediators.

No signs of EBV and CMV reactivation in long COVID patients
We randomly selected 10 (27.0%) fatigued and 19 (52.8%) non-fatigued long COVID patients to test

for the viral load of EBV and CMV. None of the tested patients showed viral loads that exceeded
the limit of quantification, and we therefore did not perform further tests on the remaining patients.
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Figure 4. Gene expression levels in monocytes in fatigued and non-fatigued long COVID patients.

The expression level of genes were normalized to the housekeeping gene ABLT (ACT values) and expressed relative
to the average ACT value of healthy controls (AACT values). (A) Three main clusters of mutually correlating monocyte
genes can be identified. Cluster A comprises inflammation-regulation genes and genes related to adhesion, chemotaxis,
apoptosis, and pyroptotic mechanisms of the cells. Cluster B comprises genes related to type 1 interferon driven
inflammation. Cluster C comprises mainly genes related to mitochondrial anti-inflammatory action and cholesterol pump
genes. Correlations between genes were assessed using Spearman’s rank correlation coefficient. (B) Fatigue was defined
as a total score of 222 on the Fatigue Assessment Scale (FAS) questionnaire. Single gene expression levels in fatigued
(n=35) and non-fatigued (n=34) long COVID patients, data are presented as mean values and are expressed relatively
to the expression level of healthy controls (n=42); the intensity of red reflects higher expression (upregulation) and green
reflects lower expression (downregulation). No statistically significant differences were found in the gene expression
levels in monocytes between fatigued and non-fatigued long COVID patients (data not shown). Significant differences
in single gene expression levels in long COVID groups as compared to healthy controls were assessed with a Wilcoxon
signed rank test using Benjamini-Hochberg-method for multiple testing, *p<0.05, **p<0.01, and ***p<0.001. (C)
The correlation between gene expression levels in monocytes and the fatigue severity (total FAS score) in long COVID
patients was assessed using Spearman’s rank correlation coefficient.
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Figure 5. Serum cytokine and soluble cell surface molecule levels in fatigued and non-fatigued long COVID
patients.

Fatigue was defined as a total score of 222 on the Fatigue Assessment Scale (FAS) questionnaire. (A) Serum cytokine
and soluble cell surface molecule levels are presented for groups of fatigued (n=37) and non-fatigued (n=35) long
COVID patients and healthy controls (n=42). These serum levels did not differ significantly between groups of fatigued
and non-fatigued long COVID patients. Significant group differences are presented for the entire group of long COVID
patients as compared to healthy controls using the Mann-Whitney U test, *p<0.05, **p<0.01, and ***p<0.001. (B)
The correlation between Galectin-9 levels and the fatigue severity (total FAS score) in long COVID patients was assessed
using Spearman’s rank correlation coefficient. CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand;
CD163, cluster of differentiation 163; IL, interleukin; IFN, interferon; TNF-a, tumor necrosis factor-alpha.
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Discussion

This study focused on long COVID patients with fatigue, one of the most disabling symptoms of
long COVID, and provides insight into the clinical and immune profiles of fatigued and non-fatigued
long COVID patients. Fatigued patients represent a more severe clinical profile of long COVID than
non-fatigued patients and are characterized by many concurrent and generally persistent symptoms
lasting up to one year of follow-up. On a group level, we did not find statistically significant differences
between fatigued and non-fatigued long COVID patients in immune profiles at 3-6 months after
hospital discharge, with both groups showing abnormalities only in comparison with HCs. Taken the
fatigued and non-fatigued groups together, long COVID patients were characterized by a state of
low grade inflammation and signs of T-lymphocyte senescence. As such, our long COVID patients
exhibit immune disturbances that share similarities to immune disturbances seen in convalescent
COVID-19 patients and patients with ME/CFS and MDD.®2327:305%

Our study suggests thus that long COVID with fatigue is not associated with a clearly distinct
immunotype but rather a part of the broader spectrum, as based on the immune parameters
assessed in our study. Nevertheless, our data show that increased severity of fatigue associate with
immune parameters involved in monocyte activation, although the observed correlation coefficients
were weak. Altered monocyte activation is commonly reported in convalescent COVID-19 patients,
but has not yet been linked to graded fatigue.”*>” Of the observed immune parameters correlating
to fatigue severity, non-classical monocytes interact with and patrol the vessel walls,*® SERPINB2
(also known as plasminogen activator inhibitor-2; PAI-2) is a coagulation regulator,” and important
in the interaction of monocytes with endothelium, while CCL2 and CCL7 are chemokines raised
in monocytes passing through the vessel wall. Endotheliopathy and microvascular thrombosis have
been proposed as the basis for long COVID symptoms. It is known that endothelial damage
and coagulation/thrombus formation do occur in the interaction of inflammatory monocytes with
endothelial cells.®” Moreover, the generally raised pro-inflammatory cytokines in serum can also

induce processes that affect coagulation.®?

Additionally, serum levels of Galectin-9 were also positively associated with fatigue severity in long
COVID patients. Galectin-9 is considered a marker of severity of a variety of immune diseases
and acute and chronic infectious diseases, including COVID-19 disease.®** In a recent study, Du et
al. suggested that Galectin-9 may potentially be involved in enhancing SARS-CoV-2 replication.®®
However, further studies are needed to better understand this potential mechanism. Patterson et al.
found that the levels of intermediate and non-classical monocyte were significantly elevated in long
COVID patients up to 15 months post-infection, with a significant number of non-classical monocytes
containing SARS-CoV-2 S1 protein.”” Individually, the observed immune parameters showed only a
weak association with increased fatigue severity in our long COVID patients. However, collectively,
they potentially point towards stronger monocyte-endothelial interaction, possibly viral-induced, in

the more severe forms of long COVID characterized by considerable fatigue.
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Few studies have explored the association between immune abnormalities and the fatigue
symptom of long COVID, often evaluating fatigue as a dichotomous outcome rather than a graded
outcome. 26316068 \We have evaluated the published dataset of Su et al. to validate our findings on
classical and non-classical monocyte subsets.* Similar to our findings, the percentage of these
monocyte subsets did not differ significantly between their groups of fatigued and non-fatigued
COVID-19 patients around 3 months after hospitalization. Sommen et al. found raised blood levels
of MCP-1/CCL2 and IP-10/CXCL10 in non-hospitalized COVID-19 patients at 6 months follow-up,
which levels did not correlate with fatigue severity,* similar to our findings in hospitalized patients.
Consistent with a study conducted around a similar follow-up time,%® we observed increased serum
TNF-a levels in long COVID patients but we did not find an association between TNF-a levels
and fatigue severity. Our findings in patients with increased fatigue severity were present against a
background of various immune abnormalities common to the entire group of long COVID patients,

in line with previous studies.?”3056¢

The entire long COVID group also showed signs of T-lymphocyte senescence, characterized by
decreased frequencies of naive CD4" T-lymphocytes and CD4'FOXP3" T _ -lymphocytes. Moreover,

the long COVID group displayed increased total blood numbers of CD8" cytotoxic T-lymphocytes

and an increased frequency of (late stage differentiated) CD8" T . ,-lymphocytes, many of which

EMRA
showed signs of exhaustion/senescence (CD279'CD57%). Signs of T-lymphocyte exhaustion/
senescence have been reported before in convalescent COVID-19 patients.?*¢° Phetsouphanh et al.
also found that a proportion of their long COVID patients lacked naive T-lymphocytes.?”” Wiech and
colleagues reported an immuno-senescent profile of particularly the CD8" T-lymphocyte population
in patients 6 months after severe COVID-19, but the authors did not to find an association with

long COVID symptoms, including fatigue.?®

Premature aging of the immune system is known to be induced by chronic viral infections, such as
chronic CMV infection.?¢”° This type of immune activation may play a role in long COVID, since
studies have shown re-activation of herpesviruses in long COVID patients.*®”" However, we did
not observe signs of EBV and CMV activation in our long COVID patients, similar to the study of
Su et al®". It is tempting to speculate that the here described T-lymphocyte abnormalities in long
COVID patients are caused by an ongoing “hidden” SARS-CoV-2 infection, while also inducing low
grade inflammation. This is in line with a current hypothesis on viral persistence as a potential causal
factor in long COVID.”?

The here found reduced levels of type | and type Il IFNs in serum and the non-activation of the type
| IFN gene cluster in monocytes is thus intriguing and we assume that this might be a sign of poor
innate immunity to viral infection in long COVID patients.

The clinical and immune profile of our long COVID patients showed similarities to that of ME/CFS
and MDD patients."171823357374 Therefore, we can learn from what is known in these conditions,

which could potentially have implications for long COVID. Other associations found in ME/CFS
and MDD between inflammation and abnormality in the central regulation of energy metabolism
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in the brain stem and mood regulation in the limbic system may also be of interest to long COVID
research.”*”? However, future studies directly comparing clinical and immunologic profiles of long
COVID with ME/CFS and MDD patients are needed to assess which characteristics, if any, are
uniquely associated to long COVID.

The findings from our study may support potential pharmacological interventions in long COVID.
Anti-inflammatory agents, such as minocycline, dexamethasone, and anti-IL6, might be instrumental in
dampening the excessive inflammatory processes. Low dose IL-2 might be instrumental in correcting
the reduced CD4" T lymphocytes and reduced naive CD4" T-lymphocytes.®*®! Agents stimulating
type 1 IFN production, such as TLR-7 and TLR-9 stimulators (e.g. rintatolimod), might be instrumental
in inducing IFN production.®28 Rintatolimod has been used with some success in ME/CFS and will
be tested for long COVID.2*# The described immune correcting agents may have to be combined
with an antiviral agent to combat putative hidden viral reservoirs. Studies should be undertaken to

further confirm the role of this putative reservoirs.

This study focused on long COVID patients with fatigue, one of the most common, disabling, and
persistent symptoms in long COVID. Other strengths of our study include the comprehensive
assessment of both clinical and immune characteristics in long COVID patients with graded fatigue
severity. Given the high prevalence of overlapping symptoms in fatigued long COVID patients,
the fatigue symptom may be a proxy for severe long COVID, indicating that our immunologic
findings may be the consequence of severe long COVID. As diverse symptoms co-exist in long
COVID patients, it is possible that the immune alterations found in our long COVID patients may
also associate with symptoms other than fatigue, which we did not analyze in this study. However,
other studies have described associations between immune alterations and symptoms other than
fatigue in long COVID.*"¢% Our study is limited by the absence of an in-depth analysis of NK
and B cells. The immunological assessment was performed at one point in time whereas other
longitudinal studies reported interesting immune dynamics during convalescence of COVID-19.273031
Our study lacks a group of convalescent COVID-19 patients without signs of long COVID. We,
therefore, cannot confirm that our findings can solely be attributed to the disease condition of
long COVID rather than being a recovery sign of COVID-19 3-6 months after hospitalization. It
is encouraging that other studies have found that excessive signs of low grade inflammation and
high CD8* T-lymphocyte activity typify long COVID patients amongst the convalescent COVID-
19 patients.*?73% We conducted multiple tests to assess group differences in immune parameters
using the Kruskal-Wallis test, followed by Bonferroni corrected post-hoc testing for multiple group
comparisons. Since we did not correct the overall a threshold for the number of tested immune
parameters across assay systems, this may increase the chances of false positive findings in our study.
Notwithstanding, our findings are in line with previous studies on the immunological abnormalities
in long COVID patients.?2%% Long COVID patients should be followed for a longer period of time
evaluating both clinical and immune profiles.

In conclusion, this study shows that long COVID patients with fatigue represent a more severe clinical

profile of long COVID than non-fatigued patients, showing many concurrent and generally persistent
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symptoms lasting up to one year of follow-up. Our findings suggest that fatigue is not associated with
a clearly distinct immunotype of long COVID, but rather a part of the broader spectrum. On a group
level, we observed no statistically significant differences in immune profiles between fatigued and
non-fatigued long COVID patients. However, long COVID patients with increased fatigue severity
correlated with stronger signs of monocyte activation and potentially point towards monocyte-
endothelial interaction. As one group, patients with long COVID were characterized by a definite
state of low grade inflammation and signs of T-lymphocyte senescence. The diversity of immune
abnormalities indicates that personalized therapies combatting the diverse immune abnormalities
may be required to alleviate the persisting disabling complaints of the patients.
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Chapter 12

This thesis aimed to enhance our understanding of long-term health outcomes in patients hospitalized
for COVID-19. The first confirmed case of SARS-CoV-2, causing COVID-19, was reported in
December 2019 in Wuhan, China, and rapidly spread worldwide, leading to a global pandemic. In
this timeframe, the CO-FLOWV study was set up in which patients who survived hospitalization for
COVID-19 in the Rotterdam—Rijnmond—Delft region in the Netherlands were longitudinally followed
up through objectively assessed and self-reported health outcomes for up to 3 years after hospital
discharge. CO-FLOW provides insights into the long-term health outcomes and aftercare pathways
following hospitalization for COVID-19. The study findings are featured in two PhD theses, each
addressing distinct topics, alongside some joint publications.

This thesis presents the CO-FLOW study protocol (Chapter 2). It focused on various health
outcomes, including their trajectories, subgroup comparisons, and risk factors for health problems,
up to 1 (Chapter 3-5), 2 (Chapter 6-8), and 3 years (Chapter 9) after hospital discharge. The
rapid surge in COVID-19 cases and hospitalizations necessitated the quick development of aftercare
pathways, which were primarily based on clinical expertise and opinion rather than evidence-based
guidelines. The CO-FLOWV study assessed patients’ satisfaction and unmet needs regarding COVID-
19 aftercare (Chapter 10). The long-term health problems following COVID-19, known as long
COVID, remain poorly understood; however, biological mechanisms, including immune dysregulation,
are likely involved. We therefore explored immunological abnormalities in patients with long COVID
and their association with fatigue, one of its most prominent symptoms (Chapter 11). In this chapter,
the main findings of this thesis are discussed, along with methodological considerations and clinical
implications, and concludes with recommendations for future research.

Long-term health outcomes after hospitalization for COVID-19

The CO-FLOWV study findings revealed that many patients went on to develop a wide range of
symptoms after hospitalization for COVID-19 (Chapter 4, 6, 9). At the first visit, 3 months after
hospital discharge, almost all patients (427/442 [97%]) reported at least one ongoing symptom.
Despite some improvements, many symptoms remained highly prevalent throughout the follow-up
period. Over 50% of patients continued to experience fatigue, impaired fitness, memory problems,
and concentration problems, even up to 3 years after hospital discharge (Chapter 9).

Intriguingly, in the cognitive domain, self-reported memory and concentration problems (yes/
no outcome) and cognitive failures (measured with a standardized questionnaire) showed no
improvements after hospitalization and remained prevalent. In fact, memory problems (increasing
from 51% to 59% of patients) and cognitive failures (increasing from 22% to 28%) worsened between
the 2- and 3-year follow-up visits (Chapter 9). On the contrary, objectively assessed cognitive
deficits, as measured with the Montreal Cognitive Assessment (MoCA), decreased over time from
40% (165/414) at 3 months to 12% (57/464) at 2 years. Of note, long-term comparisons between
self-reported and objectively assessed outcomes are complicated, as the MoCA was not repeated

during subsequent visits once a typical score was achieved (Chapter 6). Moreover, the MoCA is
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a screening tool that may help identify potential cognitive issues but is not a diagnostic test. These
results should therefore be interpreted with caution. We found that objectively assessed cognitive
deficits and self-reported cognitive failures had only a weak correlation,’ which aligns with the findings
in the literature.?® Objective tests of cognitive functioning assess cognitive ability in specific domains
through standardized tasks, while self-reports capture a broader perception of one’s cognitive
abilities. Overall, our findings add to the growing evidence that cognitive problems are among the
most common and persistent symptoms following hospitalization for COVID-19:4°

Psychological factors may influence the subjective experience of health problems, including cognitive
complaints. We found that self-reported cognitive failures were correlated with outcomes of anxiety,
depression, and post-traumatic stress,' although these prevalences were relatively low (Chapter 6,
9). At 3 months, anxiety was reported in 13% (56/436) of patients, depression in 11% (49/436), and
post-traumatic stress disorder in 12% (51/436), with these rates tending to remain stable or decline
over time. While the COVID-19 pandemic has impacted mental health in the general population,®’
and patients with critical illness are typically at risk for developing mental health problems,® these
concerns were not prominent in our cohort. Moreover, mental health problems may occur as a

result of having long-term lingering symptoms and debilitating illness.

Physically, while self-reported symptoms of impaired fitness and muscle weakness remained highly
prevalent during follow-ups, objective assessments indicated generally good recovery in physical
function (Chapter 6) and activity (Chapter 7). Physical deconditioning and muscle weakness are
well-known effects of critical illness following intensive care unit (ICU) treatment.® We observed
that ICU-treated patients indeed showed poorer levels of physical fitness—particularly muscle
weakness—(Chapter 6) and less physical activity (Chapter 7) than non-ICU-treated patients
at 3-6 months follow-up. Nonetheless, these ICU-treated patients showed substantial physical
improvements over time, reaching outcomes comparable to, or even better than, those of non-
|CU-treated patients at the 1- and 2-year follow-ups. Most ICU-treated patients in our study had
a good pre-COVID-19 health status and often were transferred to inpatient rehabilitation centers
with intensive therapy, which may have contributed to favorable physical recovery. At 2 years, overall,
patients reached 95% of normative values for cardiorespiratory fitness, as measured with the 6 min
walk test (6MWT), and 108% for handgrip strength, aligning with other studies on physical function
up to 2 years after hospitalization for COVID-19°"

Impact of COVID-19 on participation

The persistent health problems following COVID-19 adversely impact patients’ ability to participate
in social activities and return to work. The lockdowns during our study period restricted social
activities, making it challenging to study the specific impact of COVID-19 on social participation.™"
A patient’s ability to engage in work-related activities can be impacted by the severity of acute
iliness, persistent symptoms, the nature of work, work environments, and social support.!*” In the
CO-FLOW study, still 30% (65/216) of patients had not returned to work, either full-time or part-
time, at the 2-year follow-up (Chapter 6). In two other COVID-19 studies with a 2-year follow-up,
one found that 11% (56/494) of hospitalized patients had not returned to work,” while another
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reported that 32% (22/68) of ICU-treated patients had not fully returned to work."® Differences
in COVID-19 populations may contribute to this discrepancy. For instance, ICU treatment has
been linked to a lower likelihood of resuming work."” Our study is composed of a relatively large
proportion of ICU-treated patients (42% [273/650]), and our findings align more closely with the
latter study (which focused solely on ICU-treated patients) than with the former (which had only
3% ICU-treated patients). Nonetheless, these findings underscore the complex interplay of multiple
factors that must be addressed in COVID-19 aftercare, focusing not only on symptom relief but
also on the impact on daily life.

Overview of long-term health problems in the CO-FLOW study

Figure 1 shows the prevalence of health problems at 3 years after hospitalization for COVID-19
in the CO-FLOW study, with some outcomes limited to 2 years. It was striking to observe that
76% (225/297) of patients still felt not completely recovered from COVID-19 at 3 years, with many
symptoms remaining highly prevalent. The prevalence of health problems in our cohort was relatively
high compared to that in other cohort studies. For instance, fatigue was the most common symptom,
reported by 66% (197/299) of patients at 3 years, whereas other studies found fatigue in 20%-45%
of patients at 2 years and 17% and 18% at 3 years after hospitalization.®?° Notably, data up to 3
years after hospitalization are scarce, and differences in COVID-19 populations may contribute to
these discrepancies. Nevertheless, the overall picture in the literature indicates that many patients
experience long-term health problems after hospitalization for COVID-19.
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Long-term health problems in the CO-FLOW study

Symptoms

Fatigue

Impaired fitness

Memory problems
Concentration problems
Dyspnea

Balance problems/dizziness
Joint pain

Muscle weakness

Sensory overload

Sleep disturbances

PROMs

Poor sleep quality (PSQI 25)
Fatigue (FAS 222)

Dyspnea (mMRC 21)

PEM (DSQ-SF)

Cognitive failures (CFQ >43)
Depression (HADS-D 211)
Anxiety (HADS-A 211)

PTSD (IES-R 233)*
Objectively assessed cognitive function*
Cognitive deficits (MoCA <26)
Objectively assessed physical function*
Cardiorespiratory fitness
6MWT (6MWD<LLN)

Muscle strength

HGS (weak HGS)

0 10 20 30 40 50 60 70 80 90 100
Proportion of patients (%)

Figure 1. Long-term health problems after hospitalization for COVID-19.

Data are presented for health outcomes at 3 years after hospital discharge, with some outcomes limited to 2 years as
indicated by *. Symptoms were assessed on a binary scale (yes/no), whereas PROMs were assessed by a standardized
questionnaire with cut-off value. Objectively assessed cognitive function was not repeated in subsequent visits once
a normal score was reached, we used the last observation carried forward method to indicate the prevalence of
cognitive deficits at 2 years. PROMs, Patient-Reported Outcome Measures; PSQI, Pittsburgh Sleep Quality Index; FAS,
Fatigue Assessment Scale; PEM, Post-Exertional Malaise; DSQ-SF, DePaul Symptom Questionnaire-Short Form; mMRC,
Modified Medical Research Council dyspnea scale; CFQ, Cognitive Failures Questionnaire; HADS-D, Hospital Anxiety
and Depression Scale-subscale Depression; HADS-A, Hospital Anxiety and Depression Scale-subscale Anxiety; PTSD,
Posttraumatic Stress Disorder; IES-R, Impact of Event Scale-Revised; MoCA, Montreal Cognitive Assessment; 6MWT,
6 Min Walk Test; 6MWD, 6 Min Walk Distance; LLN, Lower Limit of Normal; HGS, Handgrip strength.

Long COVID

Long COVID is defined as a heterogeneous, chronic condition that occurs after SARS-CoV-2
infection, manifesting as a continuous, relapsing, remitting, or progressive disease state.?’ Long
COVID is not the first post-acute infectious syndrome to emerge as a chronic condition.?? Research
has particularly highlighted its parallels with myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS), where fatigue and post-exertional malaise (PEM) are key features, contributing to a significant

health burden.?’?*-%¢ PEM is a worsening or new-onset of symptoms after physical, cognitive, or
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emotional exertion. These symptoms can occur immediately after the exertion or be delayed by
up to 72 hours, which can last for days to weeks or even months. PEM is now also recognized as a
distinctive feature of long COVID, and depending on the cohort, approximately half of patients with
long COVID meet the diagnostic criteria for ME/CFS.2'% In the CO-FLOW study, 36% (105/292)
of patients reported PEM at the 3-year follow-up, with many experiencing other concurrent health
problems (Chapter 9). These findings contribute to the growing literature emphasizing that PEM is
a distinctive feature of severe long COVID.>>*?? Therefore, early identification of PEM is essential
for guiding personalized aftercare strategies and preventing any potential harm.*

One could question whether the ongoing symptoms in our cohort are due to COVID-19 or other
factors, and what exactly characterizes long COVID. According to the definition, long COVID
includes all new or worsened health problems, either continuous or with a delayed onset, that persist
beyond three months after SARS-CoV-2 infection. Many of the symptoms overlap with those of
post-intensive care syndrome (PICS), which involves physical, mental, and cognitive health problems
following critical illness. Given that 42% of our patients were ICU-treated, some symptoms may be
related to PICS. However, most symptoms were common across the entire cohort, regardless of ICU
treatment, and most outcomes at the 2-year follow-up were comparable (Chapter 6), suggesting
that the health problems cannot be solely attributed to PICS. Moreover, while patients hospitalized
for COVID-19 are more likely to develop long COVID,*" it can affect anyone, even those with an
asymptomatic or mild SARS-CoV-2 infection.?” While we did not compare our patients hospitalized
for COVID-19 with those who had a mild infection, the relatively high prevalence of PEM and similar
ongoing health problems (fatigue and cognitive problems) suggest that the long-term health problems

in our study are primarily related to long COVID.

Fatigue: the most common symptom after hospitalization for COVID-19
Fatigue was the most common and persistent symptom in our cohort, with fatigue scores even
worsening between the 2- and 3-year follow-ups (Chapter 9). However, fatigue is an unexplained
symptom of long COVID, and the condition as a whole remains poorly understood. Several
biological mechanisms are thought to contribute to long COVID, with abnormalities in the immune
system linked to both long COVID and ME/CFS, potentially contributing to fatigue.*** Therefore,
in Chapter 11, we explored immunological abnormalities in patients with long COVID, compared
with a control group of non-COVID-19 individuals, and assessed their association with fatigue at
3-6 months follow-up. Immunological abnormalities were found in the entire group of long COVID
patients, irrespective of fatigue, showing immune activation characterized by low grade inflammation
(increased inflammatory gene expression in monocytes and increased pro-inflammatory cytokines)
and signs of T-lymphocyte senescence (increased exhausted CD8* TEMRA-lymphocytes). Our data
thus provide supporting evidence for ongoing immune dysregulation in long COVID.*®*° However,
studies with longer follow-up periods are needed to assess the persistence and implications of a
dysregulated immune system in patients who have been suffering from long COVID for several

years."!
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During hospitalization for COVID-19, various treatments were recommended over time to combat
the effects of SARS-CoV-2. Since a dysregulated immune response and viral reservoirs have been
hypothesized to play a role in long COVID, we explored the association between COVID-19
treatments during hospitalization, including steroids, anti-inflammatory treatments, and antivirals,
and health outcomes up to 2 years after discharge (Chapter 8). Our findings indicated no significant
effect of acute COVID-19 treatments on long-term fatigue scores or other health outcomes. Similarly,
a large cohort study found no association between steroid use during hospitalization for COVID-
19 and HRQoL one year later*? Given the high prevalence of persistent fatigue and other health
problems after COVID-19, further research into the pathogenesis of long COVID, as well as effective

prevention and treatment strategies, is urgently needed.*®

Risk factors for poorer health outcomes

Female sex and pre-existing comorbidities were highly prevalent risk factors for poorer health
outcomes in our studies (Chapter 4, 6, 9), including fatigue, cognitive failures, poorer sleep quality,
PEM, and reduced HRQoL, aligning with previous research.’'**#* Enhancing our understanding of risk
factors is essential, as this provides valuable insights into why some individuals are more vulnerable
to developing long-term health problems. While males tend to experience more severe acute
COVID-19 and have higher mortality rates,* long COVID is more common in females.** Sex-based
differences in immune responses, influenced by hormonal, genetic, and environmental factors, may
play a role. Generally, females have stronger immune responses than males, which may contribute
to variations in the development of diseases, including long COVID.*® Regarding comorbidities, pre-
existing pulmonary disease was particularly associated with poorer health outcomes. COVID-19
can worsen pre-existing health conditions,?’ and the immune abnormalities associated with chronic

pulmonary diseases may contribute to the development of long COVID.¥

Hospitalization for COVID-19 has been associated with a higher risk of developing long COVID.3"32
In the CO-FLOW study, ICU treatment was associated with an increased risk of PEM (Chapter
9) and a lower likelihood of fully resuming work'” but was not linked to fatigue or cognitive failures
(Chapter 6). Noteworthy, health outcomes were common across the entire cohort, regardless of
ICU treatment (Chapter 6). Since long COVID can develop in anyone after COVID-19,%" the severity
of acute COVID-19 alone does not fully account for long-term health problems. Most long COVID
cases occur in non-hospitalized patients with mild to moderate acute illness—the largest group of
COVID-19 cases.** However, our study lacks a comparison group of these patients.

COVID-19 aftercare following hospitalization

COVID-19 has led to an overwhelming increase in hospitalizations. In 2020 alone, the Netherlands
recorded over 770.000 confirmed COVID-19 cases, including more than 40.000 hospital admissions,
which placed significant strain on the available clinical resources.®**? Patients were to be discharged
from the hospital as soon as possible, either to their home environment or to inpatient rehabilitation

facilities.
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At hospital discharge, severely affected COVID-19 patients requiring prolonged hospitalization were
typically referred to more intensive, multidisciplinary rehabilitation. Among 650 participants in the
CO-FLOW study, 15% received in- or outpatient medical rehabilitation, 14% received inpatient
rehabilitation in a skilled nursing facility, 52% returned home with support from community-
based rehabilitation, and 20% did not participate in any form of rehabilitation after discharge. In
Chapter 5 we assessed 1-year trajectories of objectively assessed physical function across patients
following these different aftercare pathways. Our findings showed that patients who participated in
rehabilitation, particularly those with medical rehabilitation or rehabilitation in a skilled nursing facility,
were more physically disabled at the 3-month follow-up. However, they showed improvements in
cardiorespiratory fitness and muscle strength over time, with outcomes comparable to those of less
affected patients in later follow-ups. Despite generally good recovery in these physical outcomes,
many patients continued to experience a wide range of health problems, as discussed previously. The
CO-FLOWV study group later conducted a clinical randomized controlled pilot trial of a home-based
computerized cognitive training program to explore its effect on persistent cognitive complaints; we
are currently awaiting the results of this study.

Following hospitalization for COVID-19, our patients were routinely followed up by the hospital
(Chapter 6), typically monitoring pulmonary sequelae.”** Impaired diffusion capacity, the most
common pulmonary function impairment after COVID-19, was observed in more than half of our
patients 6 weeks after discharge (Chapter 6) and has been linked to more severe acute COVID-19
(Chapter 3)7°¢ Pulmonary impairments largely improved over time after hospital discharge.>”®
In the CO-FLOW study, only 8% (55/650) of patients continued follow-up for up to 2 years due
to persistent pulmonary dysfunction, though improvements were also observed in this group. In
contrast, self-reported respiratory symptoms were commonly reported throughout follow-up,
with 37% (110/296) of patients reporting dyspnea at 3 years (Chapter 9). A previous study found
no association between respiratory symptoms and pulmonary dysfunction after hospitalization for
COVID-19.%

Despite persistent health problems, patients were generally satisfied with the aftercare they received,
rating this 8/10 at the 1-year follow-up (Chapter 10). Follow-up care by the hospital or by a
general practitioner was associated with higher satisfaction with COVID-19 aftercare, offering an
opportunity to address health concerns. Additionally, these healthcare providers play a vital role
in secondary triage, facilitating referrals for tailored aftercare at a later stage (Chapter 10). It is to
be noted that 35% (170/485) of our patients reported unmet needs, most frequently information
needs (20%, 97/485) (Chapter 10). This number aligns with the broader COVID-19 population,

including non-hospitalized patients.®%¢'
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CO-FLOW study methodological considerations

Study design, participants, and measurements

The study’s prospective multicenter longitudinal design, comprehensive assessment of objectively
assessed and self-reported health outcomes, and the 3-year follow-up period after hospitalization
for COVID-19 are key strengths. The comprehensive repeated assessments in a cohort of 650
patients have made valuable contributions to the research field of long-term health outcomes after
hospitalization for COVID-19.

CO-FLOWV participants were recruited from all COVID-19 survivors attending the outpatient clinic
for routine follow-up at the participating hospitals. Data on the eligible recruitment population have
not been reported as these numbers are largely unknown. However, recruitment was independent
of the patient’s disease severity or recovery status and primarily influenced by the availability of
research personnel. Nevertheless, the potential for selection bias toward patients with lingering
symptoms visiting the outpatient clinics cannot be ruled out.

Like many COVID-19 studies, we could not compare patients” health outcomes to their pre-morbid
levels. Instead, we used normative reference values from the general population for objective
measures and validated cut-off scores for patient-reported outcome measures to assess the severity
of health outcomes. For instance, we used reference values obtained from the general population
to interpret levels of physical fitness, which, while widely used, have limitations. Normative values
for the 6MW T®? date back to 1998 and may require updating. Given the evolving knowledge of PEM
following COVID-19, we included the DePaul Symptom Questionnaire at the 3-year follow-up and,
therefore, lacked evaluation of changes over time.

It is important to note that varying study designs, populations, and assessment tools challenge the
comparison of findings between studies. Utilizing a harmonized test battery or a core outcome set
could enhance the consistency and comparability of outcome measures across studies. Attempts
to define a core outcomes set have been made; however, consensus on the instruments has not yet

been achieved for all outcomes.®¢*

Generalizability

CO-FLOWV is composed of a relatively high proportion of ICU-treated patients (42%) compared to
other cohort studies and the 14% ICU admission rate among patients hospitalized for COVID-19
in the Netherlands. This was likely due to our academic center’s role as a regional referral center
for ICU patients, and many participants were recruited from this center. However, this allowed
for comparison between ICU- and non-ICU-treated patients on long-term health outcomes. We
observed no noticeable disparity in health outcomes at 2 years between these groups; therefore,
overestimation of poor outcomes is unlikely to play a major role. We recruited patients in a period
where the original, alpha, and delta variants of SARS-CoV-2 were dominant, lacking the omicron
variant, while the latter variant has been associated with less severe acute disease and long-term
health outcomes.®® Most patients were unvaccinated against COVID-19 at the time of hospital
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admission, while vaccination has been shown to reduce the risk of long-term health problems.®
Lastly, study participation required sufficient proficiency in Dutch or English, which may limit the
generalizability of our findings to ethnic minorities. Despite this, 29% of our patients had a non-
European migration background, enabling comparisons between European versus non-European

patient groups.

Clinical implications

The CO-FLOW study findings revealed that many patients experience long-term health problems
after hospitalization for COVID-19. The findings underscore the complex interplay of multiple factors
that must be considered in COVID-19 aftercare, necessitating a personalized approach. This care
should focus not only on symptom relief but also on the impact on daily life. Current guidelines
recommend pacing and activity management strategies for long COVID patients with PEM to prevent
post-exertional symptom exacerbation.?%¢”%8 Pacing is a self-management strategy where patients
engage in activities within their limits to avoid worsening their health, often involving planned rest
periods to maintain energy throughout the day.®*’° Given that many patients have been suffering from
long COVID for several years now, for some patients, psychological support may help patients cope
with the long-term challenges of long COVID. Importantly, psychological health should not be viewed
as the cause of long COVID and should be offered only to those who are open to receiving such
support.”! Effective care strategies may require a multidisciplinary approach with close collaboration
between healthcare professionals, covering medical, physical, cognitive, psychological, occupational,
dietary, and vocational needs. Notably, multidisciplinary collaboration was considered essential for

providing more comprehensive support to post-acute COVID-19 patients by healthcare providers.”?

Long COVID is a complex, heterogeneous syndrome, and its exact underlying mechanisms remain
elusive.*®*° Our findings on immunological abnormalities in long COVID underscore the need for
extensive research into its pathophysiology, which could guide more targeted treatment strategies.
Without in-depth knowledge of the pathophysiology of long COVID, treatment will mainly rely on
trial and error, focusing on symptom relief and optimizing daily functioning.

In late 2024, long COVID expert clinics opened in the Netherlands, integrating care with research
by evaluating long-term health outcomes, collecting blood samples, and exploring the efficacy of
pharmacological treatments on symptom reduction. Notably, the team also involves a rehabilitation
physician to ensure integrated care. The initiative creates a care and research infrastructure that
enables clinicians and researchers to collect comprehensive outcomes and enhance our understanding
of long COVID, which may aid in identifying phenotypes, developing diagnostic tools, and ultimately
designing personalized treatment strategies. Moreover, these clinics may enhance patient satisfaction
with aftercare and help address their information needs. As the long COVID expert clinics are still
in their early stages, their effectiveness in patient management has yet to be evaluated.
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One-fifth of patients reported unmet information needs during COVID-19 aftercare. Online
platforms, forums, and websites for COVID-19 support grew attention during the pandemic,
offering evolving knowledge and self-management resources. VWe therefore recommend establishing

a centralized, up-to-date online information source early during future outbreaks.

Conclusion and recommendations for future research

This thesis showed that many patients continued to experience health problems up to 3 years after
hospitalization for COVID-19. More than half of the patients reported persistent fatigue, impaired
fitness, memory problems, and concentration problems 3 years after hospital discharge. Long-term
health problems, referred to as long COVID, were common across the entire cohort, regardless
of ICU treatment. Females and individuals with pre-existing pulmonary disease were particularly at
higher risk for poorer health outcomes. The findings highlight the urgent need for further research
into long-term health problems after COVID-19 and effective management strategies.

At the time of writing, five years since the onset of COVID-19, long COVID remains poorly
understood, and several research gaps persist. Large-scale cohort studies are essential for continuously
monitoring long-term health impacts, ensuring that long COVID is not overlooked. In this context,
the CO-FLOWV study will continue to follow patients for up to 5 years after hospitalization. Future
research should focus on identifying effective multidisciplinary care strategies, including personalized
approaches, to support patients recovering from COVID-19. Extensive research is also needed into
the underlying mechanisms of long COVID, as well as identifying its biomarkers and phenotypes,
which could pave the way for more effective treatment strategies. Together, these insights could
enhance our understanding of long COVID and improve the management of patients experiencing
long-term health problems after COVID-19.
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Summary

Summary

COVID-19, caused by SARS-CoV-2, spread rapidly worldwide, resulting in a global pandemic and a
sudden, substantial rise in hospitalizations. Early reports revealed that many patients experienced
lasting health effects in the weeks or months after hospitalization for COVID-19. The CO-FLOW
study aimed to comprehensively study long-term health outcomes and aftercare pathways following
hospitalization for COVID-19. It performed longitudinal assessments of objectively assessed and self-
reported health outcomes for up to 3 years after hospitalization, with study visits performed at 3
and 6 months and 1, 2, and 3 years after hospital discharge. The research presented in this thesis
builds upon the findings of the CO-FLOW study.

This thesis aimed to enhance our understanding of long-term health outcomes in patients hospitalized
for COVID-19. It focused on various health outcomes, assessing their trajectories, subgroup
comparisons, and risk factors for health problems up to 1, 2, and 3 years after hospitalization for
COVID-19. Additionally, it assessed patients’ perspectives on COVID-19 aftercare and explored
immunological abnormalities in patients with long COVID and their association with fatigue, one of

its most prominent symptoms.

Chapter 1 provides background information on COVID-19, including the onset of the pandemic,
clinical manifestations, and insights into health outcomes and aftercare pathways following
hospitalization. It also describes the term "long COVID", referring to the condition of long-term
health problems persisting after COVID-19. Additionally, the CO-FLOW study is introduced and

an outline of this thesis is presented.

Chapter 2 presents a more detailed description of the CO-FLOW study, including an overview
of its rationale, objectives, design, and methodology. The CO-FLOW study recruited patients who
survived hospitalization for COVID-19 in the Rotterdam—Rijnmond—Delft region in the Netherlands.
The study was performed in 10 centers, including 7 hospitals (1 academic and 6 regional hospitals)
and 3 rehabilitation centers (1 medical rehabilitation center and 2 skilled nursing facilities). Patients
were longitudinally followed up through both objectively assessed and self-reported health outcomes
at 3, 6, 12 and 24 months (later extended to 36 months) after hospital discharge. CO-FLOW
aimed to study systematically: 1] trajectories of physical, cognitive, and psychological outcomes; 2]
patient flows, healthcare utilization, and the perspective of patients and healthcare professionals on
COVID-19 aftercare; 3] effects of physical, cognitive, and psychological outcomes on participation and
health-related quality of life (HRQoL); and 4] predictors of long-term health outcomes, healthcare

utilization, and patient satisfaction with aftercare.

In Chapter 3 we studied the impact of pulmonary embolism (PE) during hospitalization for COVID-
19 on health outcomes 3 months post-discharge. All patients were hospitalized during the first
COVID-19 wave. In this study we aggregated data from existing databases across four Dutch
academic hospitals. Patients with PE (102/465 [22%]) had poorer HRQol, greater impairment in
pulmonary functions, and more frequent radiological abnormalities compared to those without PE
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(363/465 [79%)]). In-depth analysis showed that the association between PE and HRQoL remained
significant after adjusting for confounders, but not for the other outcomes. We discussed that PE
may serve as a proxy for COVID-19 severity, which could suggest that the poorer outcomes at
follow-up are more likely associated with the severity of acute COVID-19 itself rather than the
direct effect of PE. Nonetheless, the presence of PE during hospitalization could indicate a risk of

developing long-term health problems, as these patients show clinically meaningful poorer HRQoL.

Chapter 4 presents trajectories and clusters of symptoms up to 1 year after hospital discharge, along
with predictors of prevalent symptoms. Most patients reported persistent symptoms after discharge,
with 92% reporting at least one symptom at the 1-year follow-up. Muscle weakness, exertional
dyspnea, fatigue, and memory and concentration problems were the most prevalent symptoms,
reported by over 50% of patients during follow-up visits. VWhereas physical and respiratory symptom
clusters showed a slow gradual decline, this was not found for the fatigue and cognitive symptom
clusters. Additionally, we found that female sex is the most prominent risk factor for persistent
symptoms in our cohort. The findings emphasize the need for further research into the underlying
mechanisms and treatments for long COVID, as well as the importance of conducting long-term
cohort studies to better understand persistent symptoms after COVID-19.

COVID-19 has led to an overwhelming increase in hospitalizations, which challenged the clinical
resources available. Patients were to be discharged from the hospital as soon as possible, either to
their home environment or to inpatient rehabilitation facilities. Severely affected COVID-19 patients
requiring prolonged hospitalization were typically referred to more intensive, multidisciplinary
rehabilitation in medical rehabilitation centers or in skilled nursing facilities. Patients discharged
home with persistent symptoms were referred to community-based rehabilitation, which typically
included monodisciplinary treatments such as physiotherapy. In Chapter 5 we studied the 1-year
trajectories of objectively assessed physical function in patients following different aftercare pathways.
Among the 582 patients in this study, 14% received in- or outpatient medical rehabilitation, 12%
inpatient rehabilitation in a skilled nursing facility, 54% were discharged home with support from
community-based rehabilitation, and 20% were discharged home and did not participate in any
form of rehabilitation. We found that cardiorespiratory fitness and muscle strength improved after
hospitalization for COVID-19 in the total cohort, with the largest improvement within 6 months
post-discharge. At 3 months follow-up, patients who received rehabilitation, and particularly those
with medical rehabilitation or rehabilitation in a skilled nursing facility, were more physically disabled
than less affected patients, but group differences were no longer statistically significant in later
follow-ups.

Chapters 6 and 7 present the trajectories of all collected health outcomes within the CO-FLOW
study up to 2 years after hospitalization, including comparisons between intensive care unit (ICU)-
and non-ICU-treated patients. In Chapter 6 we found that despite many health outcomes improving
over time, 73% of patients still felt not completely recovered from COVID-19 at 2 years. Cognitive
problems, dyspnea, fatigue, and poor sleep quality were among the most prevalent problems. Most
health outcomes were comparable between ICU- (273/650 [42%]) and non-ICU-treated (377/650
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[58%]) patients at 2 years. However, ICU-treated patients tended to show slower recovery of
neurocognitive symptoms, mental health outcomes, and resuming work compared to non-ICU-
treated patients, while showing greater improvements in objectively assessed physical outcomes.
Female sex and pre-existing pulmonary disease were identified as prominent risk factors of poorer
health outcomes. The findings highlight the need for comprehensive aftercare strategies that address
a wide range of long-term health effects. Further research into effective treatments is needed,
including more personalized rehabilitation programs and potential pharmacological treatments.
The findings also underscore the importance of continuous monitoring of health outcomes and we,
therefore, extended the CO-FLOWV study with additional follow-ups, including a survey conducted
at 3 years post-discharge (chapter 9).

Chapter 7 presents the 2-year trajectories of device-assessed physical activity and sleep, and their
association with HRQoL. Overall, physical and sleep behaviors seemed generally sufficient in the
cohort up to 2 years after hospitalization, and outcomes did not change over time. However, ICU-
treated patients started with less physical activity but improved over the first year post-discharge,
reaching the levels of non-ICU-treated patients at 1 year, likely reflecting their recovery from critical
illness. We found that less time spent in moderate-to-vigorous physical activity was associated with
poorer HRQol, even after adjusting for covariables, including concurrent health problems of fatigue,

cognitive failures, anxiety, and depression.

During hospitalization for COVID-19, various treatments were recommended over time to combat
the effects of SARS-CoV-2. Given that a dysregulated immune response and viral reservoirs have
been hypothesized as underlying mechanisms of long COVID, we explored the association between
COVID-19 treatments during hospitalization, including steroids, anti-inflammatory treatments, and
antivirals, and long-term health outcomes in Chapter 8. We found no effect of acute COVID-19
treatments on self-reported outcomes, including dyspnea, fatigue, cognitive failures, HRQoL, or
objectively assessed cardiorespiratory fitness (6 min walk test) up to 2 years after hospital discharge.
Given the substantial number of patients suffering from long COVID, further research into its
pathophysiology and effective prevention and treatment strategies are urgently needed.

The CO-FLOW study was extended with a survey conducted at 3 years after hospitalization for
COVID-19. Chapter 9 presents the trajectories of patient-reported health outcomes up to 3
years, focusing on changes between the 2- and 3-year follow-up visits. In addition, we assessed
post-exertional malaise (PEM) at the 3-year follow-up, a prominent symptom of long COVID,
assessing its prevalence, risk factors, and co-occurring health problems in patients with PEM. The
findings showed that despite improvements over time, many health problems persisted up to 3
years. Fatigue and cognitive problems were the most frequently reported problems throughout
follow-up and even worsened between the 2- and 3-year follow-up visits. At 3 years, 36% (105/292)
of patients experienced PEM, with female sex, pre-existing pulmonary disease, and ICU admission
identified as risk factors. Most patients with PEM reported other co-occurring health problems and
they showed poorer health outcomes throughout the entire 3-year follow-up period compared to
those without PEM at 3 years. Our findings, aligning with previous studies, suggest that PEM may
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indicate a more severe phenotype of long COVID, emphasizing the importance of early identification
to guide personalized aftercare. The findings highlight the need for further research into effective
management strategies for long COVID, as well as the importance of ongoing health monitoring to
better understand the long-term effects of COVID-19.

The COVID-19 pandemic and surge in hospitalizations necessitated a quick development of aftercare
pathways, which were largely based on clinical expertise and opinion rather than evidence-based
guidelines. In Chapter 10 we studied COVID-19 aftercare from a patients’ perspective, assessing
satisfaction and its associated factors, and unmet needs at 1 year after hospital discharge. We used
a self-developed questionnaire for this study: The Satisfaction with COVID-19 Aftercare Questionnaire.
Despite persistent health complaints, patients were generally satisfied with the received aftercare
(satisfaction score 8/10). Follow-up care by the hospital or by a general practitioner was associated
with higher satisfaction with COVID-19 aftercare. It is to be noted that 35% (170/485) of patients
reported unmet needs, most frequently information needs (97/485 [20%)). These insights in aftercare
needs could have implications for enhancing COVID-19 aftercare and for the management of future
infectious outbreaks.

Fatigue is a prominent but unexplained symptom of long COVID and the condition in general
remains poorly understood. Biological mechanisms, including immune dysregulation, are likely
involved. Chapter 11 describes clinical outcomes and immunological abnormalities in patients
with long COVID at 3-6 months after hospital discharge, and their association with fatigue. We
compared immune parameters in our patients with an age- and sex-matched control group of non-
COVID-19 individuals. Long COVID with fatigue represented a more severe clinical profile than the
non-fatigued group, showing many concurrent and generally persistent symptoms. Immunological
abnormalities were present in the entire group of long COVID patients, irrespective of fatigue,
characterized by low grade inflammation (increased infllmmatory gene expression in monocytes,
increased pro-inflammatory cytokines) and signs of T-lymphocyte senescence (increased exhausted
CD8' TEMRA-lymphocytes). However, increased fatigue severity was associated with stronger signs
of monocyte activation and potentially points in the direction of monocyte-endothelial interaction,
which should be further investigated in future research. These findings provide supporting evidence
for ongoing immune dysregulation in long COVID.

In Chapter 12, the main findings of this thesis are discussed and contextualized within the existing
literature. Additionally, it discusses methodological considerations and clinical implications, concluding

with recommendations for future research.
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COVID-19, veroorzaakt door het SARS-CoV-2 virus, verspreidde zich snel over de wereld, wat
resulteerde in een wereldwijde pandemie en een overweldigende stijging van ziekenhuisopnames.
Vroege inzichten toonden aan dat veel patiénten langdurige gezondheidsproblemen ervaarden in de
weken of maanden na ziekenhuisopname voor COVID-19. Het CO-FLOVV onderzoek had als doel
om kennis te vergaren over de langetermijngevolgen en nazorg na ziekenhuisopname voor COVID-
19. Het onderzoek bestudeerde longitudinaal zowel objectief gemeten als patiént-gerapporteerde
uitkomstmaten tot en met 3 jaar na ziekenhuisontslag. De meetmomenten vonden plaatsen op
3 en 6 maanden, en op 1, 2 en 3 jaar na ontslag. De onderzoeken die in dit proefschrift worden

gepresenteerd, zijn gebaseerd op de bevindingen van het CO-FLOW onderzoek.

Dit proefschrift richtte zich op het verdiepen van inzichten in gezondheidsuitkomsten op de lange
termijn na ziekenhuisopname voor COVID-19. We onderzochten uitkomsten in verschillende
gezondheidsdomeinen, waaronder het bestuderen van trajecten over tijd, het vergelijken
van subgroepen en het identificeren van voorspellers van uitkomsten, tot 1, 2, en 3 jaar na
ziekenhuisontslag. Daarnaast onderzochten we patiénttevredenheid over COVID-19 nazorg en
verkenden we immunologische afwijkingen bij patiénten met long COVID in relatie tot vermoeidheid,

een van de meest voorkomende symptomen.

Hoofdstuk 1 beschrijft achtergrondinformatie van COVID-19, waaronder de opkomst van
de pandemie, de verschillen in ziekteverschijnselen en inzichten in gezondheidsuitkomsten en
nazorgtrajecten na ziekenhuisopname. De term “long COVID” wordt beschreven, wat de aandoening
van langdurige klachten na COVID-19 infectie beschrijft. Daarnaast wordt in dit hoofdstuk het
CO-FLOW onderzoek geintroduceerd en wordt een overzicht van de inhoud van dit proefschrift

gegeven.

Hoofdstuk 2 biedt een uitgebreid overzicht van de rationale, opzet, doelstellingen en methodologie
van het CO-FLOWV onderzoek. In dit onderzoek volgden we patiénten die voor COVID-19 in een
ziekenhuis waren opgenomen in de regio Rotterdam—Rijnmond—Delft in Nederland. Het onderzoek
werd uitgevoerd in 10 centra, waaronder 7 ziekenhuizen (1 academisch ziekenhuis, 6 regionale
ziekenhuizen) en 3 revalidatiecentra (1 medisch specialistisch revalidatiecentrum en 2 geriatrische
revalidatiecentra). Patiénten werden longitudinaal opgevolgd door middel van objectief gemeten
en zelfgerapporteerde gezondheidsuitkomsten op 3, 6, 12 en 24 maanden (later uitgebreid met
een extra meetmoment op 36 maanden) na ziekenhuisontslag. Het doel van CO-FLOW was het
systematisch onderzoeken van: 1] trajecten van fysieke, cognitieve en psychologische uitkomsten; 2]
patiéntenstromen, zorggebruik en het perspectief van patiénten en zorgverleners op de COVID-
19 nazorg; 3] effecten van fysieke, cognitieve en psychologische uitkomsten op participatie en
gezondheidsgerelateerde kwaliteit van leven; en 4] voorspellers van gezondheidsuitkomsten,
zorggebruik en patiénttevredenheid met de nazorg.
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In Hoofdstuk 3 onderzochten we of het ontwikkelen van een longembolie tijdens ziekenhuisopname
voor COVID-19 effect heeft op gezondheidsuitkomsten 3 maanden na ontslag. In dit onderzoek
hebben we gegevens uit bestaande databases van vier Nederlandse academische ziekenhuizen
samengevoegd. Alle patiénten waren opgenomen in het ziekenhuis tijdens de eerste COVID-19
golf. Van de patiénten ontwikkelde 22% (102/465) een longembolie tijdens hun opname. Deze
patiénten rapporteerden een lagere gezondheidsgerelateerde kwaliteit van leven, toonden slechtere
longfuncties en meer radiologische afwijkingen dan patiénten zonder longembolie (363/465 [79%])
bij het 3-maanden meetmoment. Verder onderzoek liet zien dat de associatie tussen longembolie
en lagere kwaliteit van leven overeind bleef na het corrigeren voor andere factoren. Echter, de
associatie tussen longembolie en andere uitkomsten verdween na correctie. VWe bediscussieerde
dat een longembolie mogelijk een indicator is voor de ernst van COVID-19. Dit kan erop wijzen
dat slechtere gezondheidsuitkomsten na ziekenhuisontslag meer gerelateerd zijn aan de ernst
van COVID-19 in het algemeen, en niet specifiek aan de longembolie. Desondanks kan een
longembolie tijdens ziekenhuisopname voor COVID-19 wijzen op een verhoogd risico op langdurige
gezondheidsproblemen, aangezien deze patiénten een klinisch relevante lagere kwaliteit van leven
vertonen.

In Hoofdstuk 4 wordt het beloop van symptomen en clusters van symptomen tot 1 jaar na
ziekenhuisontslag beschreven. Daarnaast onderzochten we voorspellers van veelvoorkomende
symptomen. De meeste patiénten ervaarden langdurige klachten na ontslag, 92% van de
patiénten rapporteerde ten minste één symptoom bij het 1-jaar meetmoment. Spierzwakte,
inspanningsdyspnoe, vermoeidheid, geheugenproblemen en concentratieproblemen kwamen het
meest voor, gerapporteerd door meer dan 50% van de patiénten op een van de meetmomenten.
Hoewel symptomen in de fysieke en respiratoire clusters langzaam verbeterden, bleven symptomen
in de vermoeidheid en cognitieve clusters duidelijk aanhouden. Daarnaast vonden we dat het
vrouwelijk geslacht een belangrijk risicofactor is voor aanhoudende klachten. De bevindingen
benadrukken het belang van langdurige opvolging en verder onderzoek naar de onderliggende
mechanismen en effectieve behandelingen van long COVID, om de aandoening beter te begrijpen.

COVID-19 heeft geleid tot een overweldigende toename van ziekenhuisopnames, wat de beschikbare
klinische middelen onder druk heeft gezet. Patiénten werden vaak zo snel mogelijk uit het ziekenhuis
ontslagen, hetzij naar hun thuissituatie, hetzij naar een revalidatiecentrum. Ernstig aangedane patiénten
met een langdurige ziekenhuisopname werden vaak doorverwezen naar intensieve, multidisciplinaire
revalidatie in een medisch specialistisch of geriatrisch revalidatiecentrum. Patiénten die naar huis
ontslagen werden en aanhoudende klachten ervaarden, werden vaak doorverwezen naar eerstelijns
revalidatie, zoals fysiotherapie. In Hoofdstuk 5 onderzochten we de 1-jaars trajecten van objectief
gemeten fysieke uitkomsten tussen verschillende nazorgtrajecten. Van de 582 patiénten in dit
onderzoek ontving 14% klinische of poliklinische medisch specialistische revalidatie, 12% klinische
geriatrische revalidatie, 54% werd ontslagen naar huis en ontving eerstelijns revalidatie terwijl 20%
naar huis ging zonder deelname aan revalidatie. VWe constateerden dat de cardiorespiratoire fitheid en
spierkracht in het gehele cohort over de tijd verbeterden, met de grootste vooruitgang in de eerste
6 maanden na ziekenhuisontslag. Echter, bij het 3-maanden meetmoment vertoonden patiénten met
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revalidatie, met name patiénten in medisch specialistische revalidatie of geriatrische revalidatie, meer
fysieke beperkingen dan minder aangedane patiénten. Groepsverschillen waren echter op latere
meetmomenten niet meer statistisch significant verschillend tussen de groepen.

De Hoofdstukken 6 en 7 beschrijven de 2-jarige trajecten van alle verzamelde
gezondheidsuitkomsten in het CO-FLOW-onderzoek, inclusief vergelijkingen tussen patiénten met
en zonder intensive care (IC) opname. In Hoofdstuk 6 vonden we dat ondanks verbeteringen in
gezondheidsuitkomsten over tijd, veel patiénten langdurige gezondheidsproblemen bleven ervaren.
Bij 2 jaar na ziekenhuisontslag gaf 73% van de patiénten aan niet volledig hersteld te zijn van COVID-
19. De meest voorkomende klachten waren cognitieve klachten, kortademigheid, vermoeidheid
en een slechte slaapkwaliteit. De meeste uitkomsten waren vergelijkbaar tussen IC- (273/650
[42%]) en niet-IC-behandelde (377/650 [58%]) patiénten bij het 2-jaar meetmoment. Echter, IC-
behandelde patiénten vertoonden een langzamer herstel van cognitieve symptomen, mentale
gezondheidsuitkomsten en werkhervatting in vergelijking met niet-ICU-behandelde patiénten.
Aan de andere kant lieten zij meer vooruitgang zien in objectief gemeten fysieke uitkomsten.
Vrouwelijk geslacht en reeds bestaande longaandoeningen bleken belangrijke risicofactoren voor
gezondheidsproblemen. De bevindingen in Hoofdstuk 6 benadrukken het belang van uitgebreide
nazorgstrategieén die een breed scala aan langetermijngevolgen adresseren. Er is meer onderzoek
nodig naar effectieve behandelingen, waaronder gepersonaliseerde revalidatieprogramma’s en
mogelijke farmacologische behandelingen. Langdurige opvolging van patiénten is van belang om het
verdere verloop van gezondheidsuitkomsten na COVID-19 in kaart te brengen. Het CO-FLOW
onderzoek werd daarom verlengd met extra meetmomenten, waaronder vragenlijsten die 3 jaar
na ziekenhuisontslag werden afgenomen (Hoofdstuk 9).

Hoofdstuk 7 presenteert de 2-jarige trajecten van fysieke activiteit en slaap, gemeten met een
accelerometer, en de relatie met gezondheidsgerelateerde kwaliteit van leven. Over het algemeen
vertoonden de uitkomsten van fysiek- en slaapgedrag in het gehele cohort goede niveaus, en
veranderden deze niet over de tijd. Echter, IC-behandelde patiénten vertoonden minder fysieke
activiteit dan niet-IC patiénten 3-6 maanden na ziekenhuisontslag, maar verbeterden in het eerste
jaar en bereikten bij 1 jaar vergelijkbare niveau als niet-IC-behandelde patiénten. Dit weerspiegelt
waarschijnlijk het herstel na een ernstige ziekte. Daarnaast vonden we dat minder tijd besteed aan
matig tot intensieve fysieke activiteit geassocieerd was met een lagere kwaliteit van leven. Deze
associatie bleef bestaan, zelfs na correctie voor andere factoren, zoals klachten van vermoeidheid,
cognitieve klachten, angst en depressie.

Tijdens ziekenhuisopname voor COVID-19 werden in de loop van de tijd verschillende behandelingen
aanbevolen om de door SARS-CoV-2 veroorzaakte verstoringen in het lichaam te bestrijden.
Aangezien afwijkingen in het immuunsysteem en virale reservoirs als mogelijke onderliggende
mechanismen van long COVID worden beschreven, onderzochten we in Hoofdstuk 8 het effect
van ziekenhuisbehandelingen, waaronder steroiden, ontstekingsremmers en antivirale therapieén,
op gezondheidsuitkomsten tot 2 jaar na ziekenhuisontslag. VWe vonden geen effect van deze
behandelingen op zelfgerapporteerde uitkomsten zoals dyspneu, vermoeidheid, cognitieve klachten
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en gezondheidsgerelateerde kwaliteit van leven, nog op objectief gemeten cardiorespiratoire fitheid
(6 min wandeltest). Gezien het grote aantal patiénten met langdurige klachten (long COVID), is
verder onderzoek naar de pathofysiologie ervan en effectieve preventie- en behandelstrategieén

van cruciaal belang.

Het CO-FLOW onderzoek werd verlengd met een meetmoment bij 3 jaar na ziekenhuisontslag.
Hoofdstuk 9 beschrijft de 3-jarige trajecten van zelfgerapporteerde gezondheidsuitkomsten, met de
focus op veranderingen tussen de 2- en 3-jaar meetmomenten. Daarnaast onderzochten we post-
exertionele malaise (PEM), een prominent symptoom van long COVID, bij het 3-jaar meetmoment,
waarbij we gekeken hebben naar het aantal patiénten met PEM, risicofactoren en de relatie met
andere gezondheidsuitkomsten. Ondanks verbeteringen in meerdere uitkomsten over tijd, bleven
veel klachten aanhouden, zelfs tot 3 jaar na ontslag. Vermoeidheid en cognitieve klachten waren
de meest gerapporteerde klachten gedurende de follow-up periode en verergerden zelfs tussen
de 2- en 3-jaar meetmomenten. Bij 3 jaar ervaarde 36% (105/292) van de patiénten klachten die
duiden op PEM, waarbij vrouwelijk geslacht, reeds bestaande longaandoeningen en IC-opname voor
COVID-19 als risicofactoren werden geidentificeerd. De meeste patiénten met PEM rapporteerden
andere gelijktijdige klachten en rapporteerden slechtere gezondheidsuitkomsten gedurende de gehele
3-jaar follow-up periode in vergelijking met degenen zonder PEM bij 3 jaar. Onze bevindingen, in
combinatie met eerdere onderzoeken, suggereren dat PEM duidt op een ernstiger fenotype van
long COVID. Dit benadrukt het belang van vroege identificatie van PEM om gepersonaliseerde
nazorg te optimaliseren. De bevindingen onderstrepen de noodzaak voor onderzoek naar effectieve
managementstrategieén voor long COVID, evenals het belang van langdurige opvolging van deze
patiéntengroep om de langetermijneffecten van COVID-19 beter te begrijpen.

De COVID-19 pandemie en de toename van ziekenhuisopnames vereisten een versnelde
ontwikkeling van nazorgtrajecten, die grotendeels gebaseerd waren op klinische expertise en
opinie in plaats van evidence-based rijchtlijnen. Hoofdstuk 10 beschrijft patienttevredenheid met
COVID-19 nazorg, waaronder factoren die hiermee geassocieerd zijn, en onvervulde behoeften 1
jaar na ziekenhuisontslag. Voor dit onderzoek hebben we een zelfontwikkelde vragenlijst gebruikt
om de relevante gegevens te verzamelen: de Satisfaction with COVID-19 Aftercare Questionnaire.
Ondanks de aanhoudende klachten waren patiénten over het algemeen tevreden met de ontvangen
nazorg (tevredenheidsscore 8/10). Nazorg in het ziekenhuis of door de huisarts was geassocieerd
met een hogere tevredenheid. Echter; 35% (170/485) van de patiénten rapporteerde onvervulde
behoeften, vooral op het gebied van informatievoorziening (97/485 [20%]). Deze inzichten in de
nazorgbehoeften kunnen helpen bij het optimaliseren van de COVID-19 nazorg en het ontwikkelen
van effectieve nazorgstrategieén voor toekomstige uitbraken van infectieziekten.

Vermoeidheid is een veelvoorkomend maar onverklaard symptoom van long COVID, en de
aandoening in het algemeen wordt nog slecht begrepen. Biologische mechanismen, zoals verstoringen
in het immuunsysteem, spelen waarschijnlijk een rol. In Hoofdstuk 11 onderzochten we klinische
uitkomsten en immunologische afwijkingen bij patiénten met long COVID 3-6 maanden na
ziekenhuisontslag, evenals de relatie tussen vermoeidheid en immunologische uitkomsten. We

252

182936_Berentschot-BNW-7.indd 252 06-10-2025 11:41



Nederlandse samenvatting

vergeleken de immuunrespons van patiénten met long COVID met een controlegroep van niet-
COVID-19-individuen, gematcht op leeftijd en geslacht. De long COVID groep met vermoeidheid
vertoonde een ernstiger klinisch profiel dan niet-vermoeide patiénten, met veel gelijktijdige en
aanhoudende symptomen over tijd. Immunologische afwijkingen kwamen voor in de gehele groep
van long COVID patiénten, ongeacht vermoeidheid, gekenmerkt door “low grade inflammation”
(verhoogde inflammatoire genexpressie in monocyten, verhoogde levels van pro-inflammatoire
cytokinen) en tekenen van verouderde T-lymfocyten (verhoogde uitgeputte CD8" TEMRA-
lymfocyten). Echter, een hogere ernst van vermoeidheid was geassocieerd met sterkere tekenen
van monocytenactivatie en wijst mogelijk in de richting van monocyten-endotheel interactie, wat
in toekomstig onderzoek verder onderzocht zou moeten worden. De bevindingen sluiten aan bij

eerdere studies over aanhoudende verstoringen in het immuunsysteem bij long COVID

Tenslotte worden in hoofdstuk 12 de belangrijkste bevindingen van dit proefschrift besproken en
in de context van de van de bestaande literatuur geplaatst. Daarnaast worden methodologische
overwegingen, klinische implicaties en aanbevelingen voor toekomstig onderzoek besproken.
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