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Abstract: This study aimed to investigate the role of the thymus in influencing long-term outcomes of
COVID-19 by comparing the thymic appearance in patients with and without COVID-19 pulmonary
sequelae at chest computed tomography (CT). A total of 102 adult patients previously hospitalized for
COVID-19 underwent a follow-up chest CT three months after discharge. Pulmonary sequelae and
thymic appearance were independently assessed by two experienced radiologists. The thymus was
detectable in 55/102 patients (54%), with only 7/55 (13%) having any kind of pulmonary sequelae,
compared to 33 out of 47 (70%, p < 0.001) in patients without thymic visibility, as confirmed in
age-stratified analysis and at logistic regression analysis, where thymic involution had a 9.3 odds
ratio (95% CI 3.0–28.2, p < 0.001) for the development of pulmonary sequelae. These results support
the hypothesis that thymic reactivation plays a protective role against adverse long-term outcomes of
COVID-19.
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1. Introduction

The global impact of the COVID-19 pandemic has extended far beyond the acute
phase of the illness, with a growing recognition of persistent consequences in survivors
and an intense exploration of the intricate facets of the immune system and its short-term
and long-term responses to the SARS-CoV-2 virus.

As with previous acute coronavirus infections such as severe acute respiratory syn-
drome (SARS) and the Middle East respiratory syndrome (MERS), that are associated
with the development of persistent lung changes attributable to fibrosis [1–3], fibrotic lung
changes have also emerged as a significant and challenging manifestation in COVID-19 [4].
As individuals recover from the acute infection, a subset experiences the symptomatic corre-
lations of fibrotic lung changes, characterized by the abnormal accumulation of scar tissue
in the pulmonary parenchyma. Direct viral injury, host immune response, and barotrauma
are the three causes of lung injury associated with COVID-19, and each can potentially
result in long-term lung damage [5]. Chest computed tomography (CT) has emerged as a
key diagnostic tool in identifying lung injury and revealed a spectrum of fibrotic patterns,
ranging from subtle interstitial changes to more pronounced lung fibrosis [6]. Ground-glass
opacities, consolidation, bronchiectasis, parenchymal bands, and reticular patterns are
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among the hallmarks captured by CT imaging, painting a detailed picture of the evolving
lung pathology [5] that is the subject of ongoing research [7].

Recognized clinical and biological risk factors for long-term post-COVID-19 alterations
include the severity of COVID-19 pneumonia, female sex, obesity, socioeconomic depri-
vation, and pre-existing disease [8–10]. However, the role of other favoring or protecting
variables still needs to be assessed, as the early identification of protective and risk factors
may potentially alter the course of post-COVID-19 recovery.

Among the various components of the immune system, the thymus emerges as a
central player: the T cell-mediated immune response plays a key role in the defense against
viral infections and its importance has been progressively recognized as one of the deter-
mining factors in COVID-19 outcomes [11,12]. Thymic involution in adults is correlated
with age [13], and thymic hyperplasia, indicative of increased T lymphocyte production, is
known to be a detectable manifestation of the immune system’s response to autoimmune
disorders and virus-induced lymphopenia. Conversely, the lack of thymic activity and
reactivation has been linked to a worse prognosis in COVID-19 patients [14,15]. Its associa-
tion with the severity of lung involvement during the acute phase of the infection has seen
contrasting reports in acute care settings [14,15]: however, to the best of our knowledge, it
has never been investigated in the context of follow-up after hospital discharge.

This study aimed to evaluate the relationship between the presence of thymic hyper-
plasia and of pulmonary sequelae in discharged COVID-19 patients who underwent a
3-month CT follow-up.

2. Materials and Methods

This multicenter retrospective study was performed at Centro Diagnostico Italiano
(Center 1) and at Fatebenefratelli Hospital—ASST Fatebenefratelli Sacco (Center 2), both in
Milan, Italy, after approval from the local Ethics Committee (Comitato Etico Sacco Area 1,
Milan, Italy; study ID 2417, approved on 29 September 2021). We included consecutive
adult patients who were previously hospitalized for RT-PCR-proven SARS-CoV-2 infection,
did not need invasive ventilatory support during hospitalization, and were referred by a
pulmonologist for a 3-month follow-up unenhanced chest CT—performed between January
2021 and September 2021—due to post-COVID symptoms.

In both centers, chest CT scans were executed on the same scanner (Somatom Defini-
tion Flash, Siemens Healthineers), with the following acquisition parameters: reference kV,
120; reference mAs, 150 (with automated tube current modulation); rotation time, 0.5 s;
collimation, 128 × 0.6 mm; pitch value, 1; scan direction, craniocaudal, and reconstructed
as follows: for lung, slice thickness of 0.75 mm with reconstruction spacing of 0.5 mm; for
mediastinum, slice thickness of 3 mm and reconstruction spacing of 1 mm.

Image datasets were transferred to the picture archiving and communication system
for assessment with lung parenchyma and mediastinal windows and were independently
reviewed by two radiologists with 10 and 16 years of experience in chest imaging. Their
inter-reader reliability for the assessment of pulmonary sequelae and thymic appearance
was evaluated with Cohen’s κ, interpreted according to the Landis and Koch scale [16]. Af-
ter inter-reader reliability analysis, the remaining discrepancies were solved by consensus.

Pulmonary sequelae were graded (pulmonary sequelae score) on a 0–6 scale [14] as fol-
lows: grade 0 corresponded to absent or minor pulmonary parenchymal abnormalities; 1 to
limited ground-glass opacities; 2 to bilateral ground-glass opacities, involving less than 50%
of pulmonary parenchyma; 3 to grade 2 but with the coexistence of inter/intralobular septal
thickening, resulting in a crazy paving appearance; 4 to bilateral ground-glass opacities
involving more than 50% of pulmonary parenchyma; 5 to grade 4 with the coexistence
of crazy paving aspects; and 6 to grade 5 with associated pulmonary fibrosis. The cate-
gories of pulmonary sequelae were then dichotomized as category 0 (corresponding to
absent or minor pulmonary parenchymal alterations) versus categories 1–6 (from limited
ground-glass opacities to bilateral diffusion with associated pulmonary fibrosis).
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Thymic fat involution was graded (T score) on a four-point scale [17] as follows: 1, well-
recognizable thymus characterized by predominantly soft-tissue attenuation, similar to the
muscle density; 2, approximately 50% thymus with fatty involution and 50% characterized
by soft-tissue-attenuated thymus; 3: predominantly fatty thymus; 4, complete thymus fatty
replacement, without any identifiable soft tissue component in the anterior mediastinum.
The thymus classification was dichotomized as categories 1–3 (from no fat infiltration—
i.e., thymic hyperplasia—to fat infiltration >50%) versus category 4 (complete thymic fat
involution) (Figures 1–3).
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Figure 1. (a) Mediastinal window showing a grade 2 T score, with approximately 50% of the
thymus with fatty involution and 50% characterized by soft-tissue-attenuated tissue. No pulmonary
alterations are visible on the lung parenchyma CT reconstruction (b).
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Figure 2. Complete fatty involution of the thymus, visible in the mediastinal window (a). With
the lung parenchyma reconstruction algorithm (b), a grade 5 pulmonary sequelae score is visible
as bilateral ground-glass opacities involving more than 50% of pulmonary parenchyma with the
coexistence of crazy paving aspects.

Using SPSS (version 26.0; IBM), direct comparisons of thymic status and pulmonary
sequelae were performed with Fisher’s exact test, while age-stratified comparisons (con-
sidering age 45 as a cut-off for commonly observed thymic involution) were performed
with the Cochran–Mantel–Haenszel test. After univariate binary logistic regression, multi-
variable binary logistic regression was used to calculate adjusted odds ratios (ORs) for the
development of pulmonary sequelae, with 95% CI.
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Figure 3. Partial fatty involution of the thymus, visible in the mediastinal window (a), associated
with mild parenchymal abnormalities graded as pulmonary sequelae score 2, in parenchymal recon-
structions (panels b,c).

3. Results

As shown in the study flowchart (Figure 4), 235 out of 337 COVID-19 patients had a
complete remission of symptoms, while the remaining 102 patients underwent CT follow-
up for post-COVID respiratory symptoms at a mean 2.5 ± 0.5 months after hospital
discharge, constituting the study population (37/102 females, 36%; median age 58 years,
interquartile range 50–63 years). Among these 102 patients, 40 (39%) were from Center 1
(13/40 females, 33%; median age 58 years, interquartile range 52–65 years) and 62 (61%)
from Center 2 (25/62 females, 40%; median age 57 years, interquartile range 48–63 years).

The inter-reader agreement was almost perfect both for the evaluation of pulmonary
sequelae (κ = 0.920) and of thymic fat infiltration (κ = 0.910). The thymus was detectable
in 55/102 patients (54%), and all 17 patients with a T score of 1 (well-recognizable thy-
mus characterized by predominantly soft-tissue attenuation, similar to the muscle den-
sity) had a pulmonary sequelae score of 0 (absent or minimal pulmonary parenchymal
changes). Pulmonary sequelae (pulmonary sequelae score 1 to 6) were instead detected
in 40/102 patients (39%) and were significantly more frequent in the group of patients
without thymic reactivation (T score 4, 33/47, 70%) than in the group of patients with
progressively more evident signs of thymus hyperplasia (T score 1–3, 7/55, 13%, p < 0.001),
this difference being confirmed in the age-stratified analysis with a 45-year age cut-off
(Cochran–Mantel–Haenszel test p < 0.001). At multivariable regression analysis (Table 1),
thymic involution showed the strongest association with pulmonary sequelae presence
(OR 9.3, 95% CI 3.0–28.2, p < 0.001), followed by age expressed as a continuous variable
(OR 1.1 for each year, 95% CI 1.0–1.2, p = 0.007) (Figure 5).
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Table 1. Presence of pulmonary sequelae: univariate and multivariable regression analysis.

Variable Group Univariate Regression Analysis Multivariable Regression Analysis
Odds Ratio

(95% CI) p Odds Ratio
(95% CI) p

Age * – 1.13
(1.07–1.19) <0.001 1.09

(1.02–1.17) 0.007

Sex

Females 1
(reference category) – 1

(reference category) –

Males 3.52
(1.40–8.83) 0.007 1.65

(0.50–5.37) 0.41

Thymic fat involution
No 1

(reference category) – 1
(reference category) –

Yes 16.16
(5.89–44.37) <0.001 9.25

(3.03–28.21) <0.001

* Continuous variable in 1-year units.
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Figure 5. Follow-up unenhanced chest CT images of a 64-year-old (panels a,b) and a 65-year-old
(panels c,d) male patient. The first patient had a complete fat involution of the thymus on the
mediastinal window (a); coronal multiplanar reconstruction with lung parenchymal window shows
bilateral persistence of ground-glass opacities involving <50% of pulmonary parenchyma (b). The
second patient showed a well-identifiable thymus with partial fat involution (c), without any sign of
parenchymal sequelae (d).
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4. Discussion

This study investigated the hypothesis that the thymus—a critical organ in the immune
system—may play a pivotal role in the outcomes of SARS-CoV-2 infection, focusing on
the thymic appearance during CT in patients who had previously been hospitalized for
COVID-19, without the need for invasive ventilatory support, and who underwent a follow-
up chest CT three months after discharge. The central findings of the study suggest a strong
association between the enhanced visibility of the thymus in CT scans and the absence of
pulmonary sequelae at follow-up, supporting the hypothesis that thymic hyperplasia (or
the absence of thymic involution) may act protectively against adverse COVID-19 outcomes,
especially lung alterations.

As individuals recover from the acute phase of SARS-CoV-2 infection, some face
persistent respiratory challenges that extend beyond the initial recovery period. The long-
term pulmonary sequelae of COVID-19 have emerged as a substantial concern, with a
notable focus on the development of pulmonary fibrosis, a chronic progressive and mostly
fatal disease characterized by interstitial collagen deposition with varying degrees of
alveolar bronchiolization [18]. Although the vast majority of patients do not experience the
most severe form of pulmonary fibrosis, many do experience long-term consequences.

COVID-19 acute and chronic manifestations are detectable through CT scans [19–23],
the reference imaging method to reveal the presence of irregular tissue patterns and areas of
increased density [18]. Ground-glass opacities, fibrotic changes, and vascular abnormalities
are among the notable findings in individuals who have recovered from the acute phase
of infection [19]. These residual changes are indicative of the virus’s ability to induce
lung inflammation and injury, resulting in long-lasting structural alterations. As fibrosis
can impair the normal functioning of the respiratory system, this leads to reduced lung
compliance and—depending on the extension—compromised gas exchange.

The mechanisms by which COVID-19 induces pulmonary fibrosis are complex and
multifaceted [24]. The virus can trigger a dysfunctional immune response, leading to
persistent inflammation and the activation of fibroblasts, cells responsible for collagen
production. The thymus is the main anatomical site for the production and education of
T cells and is a key organ in the immune system, where it plays an important role in the
protection from pathogens early in life. However, the thymus physiologically undergoes
progressive involution with age, resulting in reduced production of naïve T cells and
increased susceptibility to infections [25].

Some authors have speculated that thymic changes play a role in determining the
prognosis of COVID-19 patients [12,14]. In a study by Palmer et al. [12], COVID-19 hos-
pitalization rates rose exponentially with age, inversely proportional to thymic T cell
production, suggesting that thymic involution is an important factor in the decline of the
immune system and may also be an important clue in understanding disease progression,
and highlighting the role of the T cell mediated immune response as a crucial determi-
nant in COVID-19 outcomes. In an acute care setting, Cuvelier et al. [14] reported that
in COVID-19 patients, thymus enlargement was associated with increased T lymphocyte
production, which appeared to be a beneficial adaptation to virus-induced lymphopenia,
and that the lack of thymic activity and reactivation in older COVID-19 patients could
contribute to a worse prognosis. Furthermore, the rebooting of T cell activity by enhancing
thymic function and improving immune cell-induced cytokine storm has been suggested
as a potential treatment to improve antiviral immunity and COVID-19 outcomes [26].

Despite this evidence, to the best of our knowledge, the relationship between the
thymus and long-term post-COVID-19 pulmonary sequelae had yet to be investigated. In
our study, the detection of the thymus in CT scans was associated with a significantly lower
incidence of pulmonary sequelae, and logistic regression analysis indicated that thymic
involution is strongly linked to the presence of pulmonary sequelae, with a notably high
odds ratio. These findings were further substantiated by age-stratified analysis, where a
surprisingly high rate of patients above age 45 had thymic visibility (48%), with a signifi-
cantly lower proportion of pulmonary sequelae (15%) compared to patients with typical
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thymic involution (75%), underscoring the potential significance of thymic hyperplasia
as a protective factor not only in the acute setting but also against long-term respiratory
complications in COVID-19 survivors.

The main limitations of this study are its retrospective nature, the relatively small
sample size, and the lack of CT examinations performed before SARS-CoV-2 infection,
which does not allow to determine whether the thymic hyperplasia was a reactive condition
or a pre-existing state of increased T cell-mediated response in a subset of patients. Another
intrinsic limitation lies in the fact that unenhanced chest CT does not provide high-level
functional information, such as that which could be gathered from 18F-FDG-PET/CT,
which is increasingly being used to evaluate and characterize viral and inflammatory lung
diseases [27]. Indeed, inflammatory reactions that cause acute lung injury in the context of
viral pneumonia are triggered by the chemokine recruitment of neutrophils, monocytes,
and effector T cells, whose activity relies heavily on anaerobic glycolysis and glucose intake
from the environment, resulting in 18F-FDG-avid foci. PET/CT can identify increased
thymic metabolic activity in response to SARS-CoV-2 infection, as highlighted in patients
who received a COVID-19 vaccine [28], corresponding to thymic activation that may be
present also during COVID-19, when an effective immune response occurs.

5. Conclusions

This study contributes to the ongoing exploration of factors influencing the long-term
consequences of COVID-19, prompting further research into the dynamics of thymic func-
tion during and after viral infections. Our findings support the role of thymus activity as
a predictor of long-term patients’ pulmonary outcomes and as a protective factor against
fibrosis after COVID-19. If validated through additional studies conducting a systematic
evaluation of the thymic area with appropriate CT settings during both hospitalization
and follow-up—along with laboratory findings—these data could inform clinical prac-
tice, especially in identifying individuals at higher risk for post-COVID-19 pulmonary
complications.
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