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PAPER

Discrete Neuroimaging Metrics for Identifying Structural 
Alterations in COVID-19-Related Brain Atrophy

ABSTRACT
Several studies have evidenced the effects of SARS-CoV-2 on the central nervous system. 
In some cases, neurological symptoms have manifested with medium- to long-term per-
sistence, suggesting the presence of brain damage. Our objective is to evaluate discrete tortu-
osity (Td) and discrete compactness (Cd) as potential imaging biomarkers to quantify atrophic 
alterations caused by the pathology in various cerebral structures. T1-weighted magnetic 
resonance images were utilized to compare brain morphologies between 316 recovered 
COVID-19 patients and 316 matched controls, all over 60 years old. Morphological biomarkers, 
including Td, Cd, volume (V), and mean cortical thickness (Mct), were then applied to assess 
structural changes in different brain regions. Compared to controls, results for the COVID-19 
patients showed a statistically significant (p < 0.05) increase in Td and a decrease in Cd within 
the left cerebral cortex, left temporal lobe, left lateral orbitofrontal cortex, and left superior 
temporal gyrus, while the V and Mct metrics showed non-significant reductions in the same 
structures. A statistically significant decrease in Mct was observed in the right frontal lobe and 
left inferior temporal gyrus. Our results showed an increase in cortical gray matter atrophy 
in COVID-19 patients, potentially linked to neurodegenerative processes, with a greater prev-
alence in the left hemisphere. These findings suggest that Td and Cd are sensitive metrics for 
detecting subtle atrophic changes and may complement traditional measures, which could 
enhance the assessment of SARS-CoV-2-associated brain alterations.
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1	 INTRODUCTION

The COVID-19 pandemic experienced in recent years had a significant negative 
impact on human health worldwide [1], [2]. Although the pandemic has ended, 
the damage inflicted on the human body has not yet been fully elucidated [3]. Due 
to this uncertainty and the persistence of sequelae in some infected individuals, 
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the scientific and medical community continues to investigate the long-term effects 
of the SARS-CoV-2, also referred to as long COVID [4], [5], with implications that 
extend beyond health into educational and social domains [6], [7]. This condition 
can manifest through various symptoms, such as breathing difficulties, anosmia, 
palpitations, poor concentration, depression, anxiety, and sleep disruptions, among 
others, which may persist for months after the infection [8]. Studies conducted in 
this regard suggest that COVID-19 is not limited to respiratory involvement. In addi-
tion, it has significant implications for the central nervous system [9], [10], [11]. This 
has led to investigations of the brain, where alterations in structure or function have 
been detected as a result of direct viral invasion or neuro-inflammatory processes 
that induce neuronal death [12], [13], [14], [15]. Evidence of neuronal damage has 
been corroborated by post-mortem analysis of brain tissue samples [16], [17].

To study alterations in cerebral morphology, various biomarkers derived from 
neuroimaging have been explored [12], [14], [15]. Several investigations in this 
regard have reported abnormalities in brain anatomy. However, these modifications 
can be subtle and, in some cases, contradictory [18]. Although most studies report a 
decrease in gray matter V in infected individuals [19], [20], [21], other researchers 
have observed an increase in both cortical and subcortical structures [22]. It is also 
worth noting that, even when some studies agree on affected regions, there is a 
variety of reported areas [12], [14], [23].

As part of the neuroimaging biomarkers reported in the scientific literature 
for quantifying atrophic damage, Perlaki et al. [18] conducted a study involving 
38 young adult subjects who contracted COVID-19 and 37 healthy subjects. The 
authors reported a statistically significant reduction in Mct and subcortical gray 
matter V in patients who recovered from a mild course of COVID-19. Additionally, 
segmentation of the olfactory bulb was performed with the assistance of a specialist, 
revealing a decrease in the V of its right section. The small sample size, the partici-
pants’ youth, and the requirement for a longitudinal investigation are some of the 
study’s limitations [18].

Romero et al. [20] combined cerebral morphological biomarkers, neuropsycho-
logical tests, and inflammatory and coagulation biomarkers to elucidate the impacts 
of COVID-19 on cerebral structure and function. In the investigation, 39 recovered 
cases were compared with 39 control subjects. Patterns of cortical thickness deteri-
oration between groups were identified through cluster analysis and principal com-
ponent analysis. The results indicate persistent alterations in cerebral structures, 
which may be related to prolonged neurological symptoms following COVID‑19 
recovery. The researchers highlight various limitations in their work, such as the 
limited number of participants, the lack of cognitive assessments prior to infection, 
and the absence of initial magnetic resonance imaging (MRI) scans during the dis-
ease’s early stages.

Other authors employed voxel-based morphometry, combined with regional 
homogeneity and the amplitude of low-frequency fluctuations, to examine structural 
and functional changes in 21 young participants affected by SARS-CoV-2. Jin et al. [15]  
conducted a longitudinal investigation, reporting functional alterations as well as 
a reduction in the V of left thalamic gray matter. They also mentioned some lim-
its to their study, like the small number of participants and that it only included 
female patients.

A longitudinal study reported by Douaud et al. [12] compared a group of 
401 COVID-19 patients with 384 control subjects. Some of the metrics employed 
included regional gray matter V, cortical surface area, cortical V, and local cortical 
thickness. The study highlighted changes linked to SARS-CoV-2 infection, particularly 
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involving significant atrophy and heightened tissue alteration in cortical regions 
associated with the primary olfactory cortex. The COVID group exhibited a greater 
decrease in mean cortical thickness, reaching statistical significance in the left lat-
eral orbitofrontal cortex according to the statistical model applied by the authors. 
A decrease in tissue contrast was observed in the orbitofrontal cortex and parahip-
pocampal gyrus, along with reductions in overall and local brain V. A key limitation 
of the research is the absence of data on the severity of COVID-19 infection and the 
associated symptoms.

Deuter et al. [14] examined structural brain changes induced by SARS-CoV-2 
and their impact on executive function. This study included 16 patients with 
acute COVID-19, 21 recovered patients, and 13 healthy participants. Voxel-based 
morphometry was employed to analyze gray matter, while probabilistic tractogra-
phy assessed white matter tracts. COVID-19 patients showed alterations in gray and 
white matter, mainly in the temporal and frontal lobes, cerebellum, and basal ganglia, 
with greater effects on the left hemisphere. Acute patients exhibited significant gray 
matter reduction in the left fusiform and inferior temporal gyrus, hippocampus, 
parahippocampal gyrus, and both cerebellar hemispheres. The authors acknowl-
edged several limitations in the study, including different MRI scanners, small 
sample size, lack of longitudinal data, and exclusion of patients with preexisting 
brain pathologies.

Previous studies regarding post-COVID-19 cerebral morphological alterations 
have shown variable and occasionally contradictory results in both the specific 
affected regions and the extent of cerebral damage. These inconsistencies are likely 
influenced by the heterogeneity of study populations in terms of disease severity, 
comorbidities, and age. We propose the use of the discrete tortuosity (Td) and com-
pactness (Cd) metrics as an alternative approach to these studies. By focusing on the 
geometric complexity of cerebral structures, these metrics may reveal subtle changes 
that traditional volumetric analysis might overlook, enabling a more detailed char-
acterization of morphological alterations. These metrics have already demonstrated 
sensitivity as indicators of other cerebral pathologies associated with morphologi-
cal changes. Furthermore, Td and Cd may provide a detailed characterization of the 
persistent effects of the infection associated with changes in cerebral morphology. 
Finally, this study aims to contribute to future research on neuroimaging biomark-
ers related to morphological changes induced by SARS-CoV-2.

2	 MATERIALS AND METHODS

2.1	 Dataset overview

The UK Biobank (UKBB) [24] provided the neuroimaging data analyzed in this 
study to assess the effects of SARS-CoV-2 on cerebral morphology. Multimodal brain 
imaging was collected as part of the UKBB initiative, adhering to standardized pro-
tocols and rigorous quality assurance procedures [25], [26].

To conduct this study, 316 individuals who tested positive for COVID-19 were 
selected and matched with 316 control participants based on specific criteria. The 
COVID group consisted of individuals whose positivity was confirmed through valid 
tests (see details in UKBB showcase data field 41001). Control participants were 
identified as those with negative test results or no documented evidence of SARS-
CoV-2 in their medical history. Both groups included only participants over 60 years 
old. Matching was performed based on factors such as age, sex, and ethnic group, 
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as described in UKBB showcase data-field 41000. Authorization to utilize the UKBB 
data was granted through the established procedure. Table 1 provides the demo-
graphic details for both groups.

Table 1. Summary of the included participants’ demographic information

COVID Control p-Value

Number of participants 316 316 –

Sex (male/female) 148 (46.8%)/168 (53.2%) 148 (46.8%)/168 (53.2%) 1.00a

Diagnosed diabetes 20 (6.3%) 12 (3.8%) 0.21a

Age (mean ± standard deviation) 67.73 ± 5.03 67.71 ± 4.98 0.99b

Blood pressure – diastolic 
component (mmHg)

80.36 ± 10.76 79.46 ± 10.34 0.25c

Blood pressure – systolic 
component (mmHg)

148.0 ± 21.4 147.6 ± 21.1 0.56c

Ethnicity (white/non-white) 272 (86.1%)/44 (13.9%) 273 (86.4%)/43 (13.6%) 1.00a

Body mass index (kg/m2) 26.36 ± 4.48 26.08 ± 4.40 0.55c

Weight (kg) 74.56 ± 14.05 74.04 ± 14.45 0.63c

Waist/hip ratio 0.91 ± 0.09 0.89 ± 0.09 0.14c

Notes: aχ2 tests, btwo-sample Kolmogorov–Smirnov tests, cMann–Whitney U-tests.

2.2	 MRI acquisition

All images used in this study were acquired under the detailed acquisition pro-
tocol of the UKBB [27]. The imaging system is a Siemens 3T MRI scanner with a 
32-channel RF head coil. T1-weighted structural MRI is obtained with a straight sag-
ittal orientation, featuring a resolution of 1×1×1 mm and a field-of-view compatible 
with a matrix size of 208×256×256. The 3D-Magnetization Prepared Rapid Gradient 
Echo technique was employed for image acquisition. The protocol also included pre-
scan normalization, an in-plane acceleration factor of 2, and timing parameters set 
at TI/TR = 880/2000 ms.

2.3	 MRI structural analysis

T1-weighted MRI images were processed and segmented using FreeSurfer 6.0, 
a well-documented neuroimaging suite available through its official website (https://
surfer.nmr.mgh.harvard.edu). To compare brain structures between the COVID and 
control groups, the Desikan–Killiany–Tourville (DKT) neuroanatomical labeling atlas 
[28] was employed. Figure 1a presents an example of processed images, displaying 
a T1-weighted MRI with intensity normalization and the delineated segmentation of 
the superior temporal cortex obtained using the DKT parcellation. This parcellation 
is represented as a discrete three-dimensional (3D) matrix of labels corresponding 
to each brain structure. Figure 1b presents both hemispheres of the superior tem-
poral gyrus, clearly illustrating the discrete structural representation of anatomical 
information. These anatomical substructures, organized as 3D voxel arrays, will be 
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employed to efficiently quantify, via discrete biomarkers, the atrophic changes asso-
ciated with the pathology under investigation.

Fig. 1. (a) Superior temporal gyrus in a T1-weighted MRI, as used in this study. (b) Illustration of the cortical 
surface before the metric extraction process

Source: The image was obtained from the UKBB example files.

2.4	 Metrics

Discrete tortuosity. Tortuosity is an inherent characteristic of 2D and 3D curves, 
offering valuable information regarding variations in their slope or curvature. This 
metric has been employed across multiple disciplines, playing a critical role in com-
putational analysis and pattern recognition. Its application has been documented in 
several contexts, including retinal vessel conditions, Alzheimer’s disease, and brain 
tumors [29], [30], [31], [32], [33].

Considering these antecedents, this study proposes the use of the Td measure 
introduced by Bribiesca [34]. This metric is effective for quantifying 3D discretized 
objects composed of n voxels connected by their faces, thereby applicable to seg-
mented MRI data. Td captures the deviation of a structure from an ideal straight or 
flat configuration, providing insights into its geometric complexity. In neuroimaging, 
higher tortuosity may reflect pathological alterations in cortical and subcortical 
structures, making this metric a valuable complement to conventional volumetric 
indices. To introduce this Td measure for 3D voxel arrays, several concepts and defi-
nitions will be outlined below.

To begin, we consider a 3D matrix composed of n voxels, where each voxel is 
assumed to have a length, width, and depth of 1. The contact surface area (Ac) of an 
object formed by n voxels connected through their faces is calculated by summing 
the areas of the contact surfaces shared between adjacent voxels. Figures 2a and c 
illustrate the contact surfaces in voxel arrangements that are connected to each other. 
Within the same 3D object, we can quantify the visible external faces of the voxels, 
referred to as the enveloping surface area (A), as demonstrated in Figures 2b and d.

https://online-journals.org/index.php/i-joe


	 102	 International Journal of Online and Biomedical Engineering (iJOE)	 iJOE | Vol. 21 No. 13 (2025)

Delgado-Castillo et al.

Fig. 2. Contact surface area (Ac) and enclosing surface area (A) for voxel-based objects of different sizes 
(n = 5 and n = 14): (a) Ac = 5; (b) A = 20; (c) Ac = 15; (d) A = 54

Fig. 3. Voxel-based objects (n = 27) illustrate variations in Ac contact surface area and Td discrete tortuosity: 
(a) Ac = 54, Td = 0; (b) Ac = 52, Td = 0.07142; (c) Ac = 50, Td = 0.14285; (d) Ac = 48, Td = 0.21428;  
(e) Ac = 45, Td = 0.32142; (f) Ac = 40, Td = 0.5; (g) Ac = 35, Td = 0.67857; (h) Ac = 28, Td = 0.92857

The relationship between both areas is defined by Bribiesca in [35] and 
is expressed by equation (1), where a represents the Ac between voxels (a = 1 for 
1×1×1 voxels) and n corresponds to the number of voxels.

	 A = 6an - 2Ac	 (1)

In a 3D object consisting of n voxels connected by their faces, the minimum envel-
oping area (Amin) and the maximum enveloping area (Amax) are defined by equa-
tions (2) and (3), respectively [34]. These equations allow for the quantification of 
the boundary characteristics of the voxelized structures, offering insights into their 
geometric properties.

	 A n
min

= 6 3 2( ) 	 (2)

	 Amax = 4n + 2	 (3)

Once these parameters are obtained, the Td measure proposed by Bribiesca [34] 
can be calculated. This metric can be expressed as a function of the contact area and 
the minimum (Amin) and maximum (Amax) enveloping areas, as defined in equation (4). 
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Figures 3a–h present the calculated Td values for the structure consisting of 27 voxels, 
illustrating how this metric varies as the structure undergoes deformation.

	 T
A A

A Ad

min

max min

�
�

�
	 (4)

The proposed measure Td is invariant to translation, rotation, and scaling. 
Furthermore, it is maintained at different resolutions and can be applied to struc-
tures with cavities and passages [34]. It is scaled to a continuous range between 0 
and 1, enabling enhanced object classification. These features make Td an effective 
metric for quantifying irregular surfaces, such as brain structures, which is particu-
larly advantageous for identifying atrophic changes caused by COVID-19 in the brain.

Discrete compactness. Compactness describes how much mass is packed into 
an object compared to its size and surface, with a sphere representing the optimal 
shape. This metric has been applied effectively in various fields, including medi-
cine [36]. However, classical compactness measures rely heavily on the enveloping 
surface, making them particularly vulnerable to noise. In practical scenarios, objects 
often have noisy surfaces, which influences their compactness measurements. 
Therefore, the Cd measure proposed in [35] will be utilized. This measure largely 
depends on the total contact surface areas of voxels connected by their faces for 
3D objects, as defined by equation (5):

	 C
n

A

n n
d
�

�

�
6

3 2( )
	 (5)

where n represents the voxel count and A is the enveloping area, as illustrated 
in Figures 2b and d. With this proposal, it is possible to calculate measures for any 
type of object using a simple equation, including porous and fragmented objects, 
while maintaining invariance to translation, rotation, and scaling. This metric varies 
linearly and discretely between 0 and 1, reaching its maximum value in the digital 
cube. This represents an advantage in the computational process of analyzing and 
classifying shapes, which can be particularly useful for quantifying changes in brain 
structures. In neuroimaging, Cd serves as a complementary descriptor to volume 
and cortical thickness, capturing the degree to which brain structures deviate from 
compact configurations. A reduction in compactness may reflect cortical or subcor-
tical atrophy.

Volume. Volume is an essential attribute used to describe 3D objects. In 3D digital 
images, this spatial information is represented in an array of discrete voxels, where 
each voxel contains information about a small portion of the 3D space, similar to 
how a pixel functions in 2D images. This matrix enables precise representation and 
analysis of the object within this volumetric space. In this study, given that the MRI 
scan was acquired with an isotropic resolution of 1×1×1 mm, the volume to be quan-
tified is equivalent to the sum of all n voxels included in the region under analysis.

Mean cortical thickness. Cortical thickness is a commonly used metric to quan-
tify changes in the gray matter of the cerebral cortex [12], [18]. It represents the 
distance from the white surface to the pial surface, as shown in Figure 4. In this 
study, the Mct was obtained for the cortical structure based on the DKT parcellation 
of FreeSurfer version 6.0. Additionally, Mct was calculated for the cerebral cortex of 
each hemisphere and the analyzed lobes to measure changes in this metric caused 
by the studied pathology.
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Fig. 4. Representation of cortical thickness in the coronal plane from a T1-weighted MRI scan

2.5	 Study design

To evaluate COVID-19’s impact on cerebral anatomy using the proposed metrics, 
the T1-weighted MRI scans from the COVID and control groups were segmented 
according to the DKT parcellation using FreeSurfer. For the region represented in a 
3D matrix obtained from the segmentation and parcellation process, Td, Cd, V, and 
Mct were calculated. To specifically evaluate the performance of Td and Cd, this study 
proposes quantifying brain structures commonly reported to exhibit alterations 
associated with COVID-19 [12], [14], [18] and vulnerability due to viral propaga-
tion within the brain [12], [13]. Under these assumptions, cortical gray matter in 
both hemispheres, as well as the frontal and temporal lobes, was assessed. Based 
on prior exploratory analyses, substructures of the left temporal lobe (including the 
fusiform gyrus, middle temporal gyrus, inferior temporal gyrus, parahippocampal 
gyrus, transverse temporal gyrus, and superior temporal gyrus) were further ana-
lyzed. Additional structure frequently associated with reported alterations, such as 
the lateral orbitofrontal cortex, was evaluated [23], [37]. All data processing, models, 
and algorithms used for quantifying these metrics were implemented in Python on 
the Research Analysis Platform (RAP). Once these metrics were obtained, a statisti-
cal analysis was conducted to compare the two groups, providing insights into the 
potential morphological alterations in the brain due to COVID-19.

2.6	 Statistical analysis

Baseline group comparisons were conducted using statistical tests selected 
according to the scale of measurement and distributional properties of each variable. 
For age, the nonparametric Kolmogorov–Smirnov test for two samples was applied. 
Categorical variables, including diagnosed diabetes, ethnicity, and sex, were evalu-
ated with χ2 tests, which assess differences in the distribution of frequencies across 
groups. Continuous variables that are frequently non-normally distributed, such 
as weight, waist/hip ratio, body mass index, and blood pressure components, were 
compared using Mann–Whitney U-tests, which do not rely on normality assump-
tions and are appropriate for ordinal or skewed data. To examine morphometric 
differences between the COVID and control groups, either Mann–Whitney U-tests or 
independent-samples t-tests were applied, depending on whether the Shapiro–Wilk 
test supported the assumption of normality. Statistical significance was determined 
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using a p-value threshold of less than 0.05. The detailed statistical results obtained 
from these analyses are presented in the following sections.

3	 RESULTS

After applying the proposed metrics, the results obtained in this study revealed 
anatomical differences in brain structures between COVID and control subjects. 
Statistical comparisons of morphometric biomarkers in the evaluated regions are 
presented in Table 2. Significant changes in Td and Cd were observed in the left cere-
bral cortex, left temporal lobe, left superior temporal gyrus, and left transverse tem-
poral gyrus. Additionally, Td was significantly affected in the left lateral orbitofrontal 
cortex. Statistically significant differences in Mct were found in the right temporal 
lobe and the left inferior temporal gyrus.

Table 2. Statistical comparison of morphological biomarkers between COVID and control groups

Discrete 
Tortuosity

Discrete 
Compactness Volume Mean 

Cortical Thickness

Right cerebral cortex

Left cerebral cortex * *

Right frontal lobe

Left frontal lobe

Right temporal lobe *

Left temporal lobe * *

Fusiform gyrus

Inferior temporal gyrus *

Middle temporal gyrus

Parahippocampal gyrus

Superior temporal gyrus * *

Transverse temporal gyrus * *

Right lateral orbitofrontal cortex

Left lateral orbitofrontal cortex *

Notes: *Indicates statistical significance with Mann–Whitney U-tests or independent-samples t-tests 
(p < 0.05).

In the following figures, we present analyses focused on the left temporal lobe, 
the left lateral cerebral cortex, and the left lateral orbitofrontal cortex, selected for 
their relevance to COVID-19. Previous studies [12], [14], [18] have frequently high-
lighted that these regions are affected by infection, potentially mediated by the 
olfactory pathway and neuro-inflammatory processes. Furthermore, these areas 
are critical for cognitive and emotional functions, which may be disrupted in post-
COVID patients [20], [23]. Notably, these structures exhibited the most significant 
differences in Td and Cd metrics (p < 0.05), supporting their inclusion in graphical rep-
resentations. Figure 5 presents a detailed analysis of the metrics evaluated in the left 
cerebral cortex. The box plots demonstrate a significant increase in Td (p = 0.0283), 
along with a significant decrease in Cd (p = 0.0288), in the COVID group relative to the 
control group. Additionally, the graphs show a decrease in V and Mct, although these 
changes did not reach statistical significance.
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Fig. 5. Statistical analysis of Td, Cd, volume, and mean cortical thickness for the left cerebral cortex

A comparable pattern is observed in the biomarkers evaluated in the left tempo-
ral lobe. Figure 6 displays a trend toward a decrease in V and Mct, in addition to a 
statistically significant increase in Td (p = 0.0364) along with a significant reduction 
in Cd (p = 0.0373). The results of the metrics applied to the left lateral orbitofrontal 
cortex are shown in Figure 7. These illustrate that V, Cd, and Mct are lower in the 
COVID group. In this case, the comparisons reached statistical significance only for 
the Td metric (p = 0.0493).

Fig. 6. Statistical analysis of Td, Cd, volume, and mean cortical thickness for left temporal lobe

Fig. 7. Statistical analysis of Td, Cd , volume, and mean cortical thickness for the left lateral 
orbitofrontal cortex
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4	 DISCUSSION

This study examined structural brain abnormalities in an adult population affected 
by COVID-19, evaluating structural biomarkers such as Td, Cd, V and Mct. The evalua-
tion of the proposed metrics within the gray matter revealed an increase in Td and a 
reduction in Cd, mean cortical thickness, and volume when comparing COVID-19 sub-
jects to controls. This study’s results are consistent with previous evidence reported for 
volume and mean cortical thickness [12], [18]. For instance, Perlaki et al. [18] observed 
decreased olfactory bulb volume, subcortical gray matter volume, and mean cortical 
thickness when comparing COVID-19 subjects with controls. The authors also noted 
that, in cortical structures, statistically significant changes were observed in the right 
lateral orbitofrontal cortex. Our findings further highlight this gray matter deteriora-
tion in COVID-19 cases through morphometric changes evident in the measures of Td 
and Cd. As illustrated in Figure 5, for the left cerebral cortex, Td exhibited a statistically 
significant increase (p = 0.0283), and Cd a statistically significant reduction (p = 0.0288), 
accompanied by non-significant reductions in V (p = 0.0736) and Mct (p = 0.1232). 
Similarly, for the left temporal lobe (Figure 6), the biomarkers revealed statistically 
significant changes in Td (p = 0.03643) and Cd (p = 0.03738), along with non-significant 
reductions in V (p = 0.1109) and Mct (p = 0.1032). These results suggest that Td and Cd are 
more sensitive metrics for detecting cortical alterations, as they exhibit greater statis-
tical significance and faster responses to morphological changes compared to volume 
and mean cortical thickness, which show nonsignificant differences in this analysis.

Those alterations found in the gray matter also line up with Deuter et al. [14] and 
Douaud et al.’s [12] reports. Deuter et al. [14] reported significant differences in gray 
matter between acute cases and recovered individuals in substructures of the tempo-
ral lobe (left fusiform gyrus, left inferior temporal gyrus, and left parahippocampal 
gyrus), including the left hippocampus and both hemispheres of the cerebellum. The 
researchers mentioned a greater incidence in the left hemisphere. This trend is consis-
tent with our findings, more prominently evidenced by the biomarkers Td and Cd. The 
same conclusion regarding a greater tendency for alterations in the left hemisphere 
was noted by Douaud et al. [12]. They also reported, among their findings, a global 
reduction in brain volume in COVID-19 patients, alongside an increase in cerebrospinal 
fluid. They also reported a significant reduction in the left lateral orbitofrontal cortex. 
In our analysis of this specific substructure of the orbitofrontal cortex, we confirmed 
its deterioration, as illustrated in Figure 7. In this region, Td exhibited a statistically 
significant increase (p = 0.04933), while non-significant decreases were observed for 
Cd (p = 0.05143), V (p = 0.1287), and Mct (p = 0.05791). Note that, although reductions in 
volume and mean cortical thickness were observed, the statistically significant change 
in Td suggests that this metric is more sensitive for quantifying the deterioration of this 
substructure. Additionally, statistically significant alterations in Cd and Td were identi-
fied in the left superior temporal gyrus and the left transverse temporal gyrus, as shown 
in Table 2. Special attention should be given to the morphological changes detected in 
these structures of the temporal lobe, as the proposed metrics reveal changes that are 
not yet significantly apparent in volume or mean cortical thickness.

The findings obtained from the analyzed structures, using the metrics of Td and 
Cd, suggest that these could be used as biomarkers for quantifying brain atrophy in 
patients affected by COVID-19. These metrics identified statistically significant dif-
ferences in several analyzed structures more frequently than changes in volume 
and mean cortical thickness, demonstrating their sensitivity in detecting morpholog-
ical variations. Td and Cd have also demonstrated encouraging results in measuring 
structural changes in other pathologies, such as Alzheimer’s disease [29], [38].
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The atrophic changes reflected by the biomarkers proposed in our study could, 
according to the scientific literature, be associated with pathophysiological processes of 
neuronal death that result in tissue damage. Two main hypotheses regarding neuronal 
death have been proposed. The first hypothesis suggests a direct relationship with the 
virus [39], [40], [41], while the second relates to neuro-inflammatory effects induced by 
the infection [42], [43]. Crunfli et al. [44] described a model where SARS-CoV-2 infects 
astrocytes through interaction with Neuropilin-1 and subsequently affects neuronal 
function and viability. Another article published by Kong et al. [45] revealed that neu-
ronal death in the scenario of SARS-CoV-2 infection is not primarily due to direct viral 
invasion but rather to inflammation induced by the infection. Their research suggests 
that the neurons that die are mostly cells not directly infected by the virus but neigh-
boring cells affected by the hostile environment created by astrocyte infection [45].

The findings of this study suggest that COVID-19 infection may induce structural 
alterations in cortical gray matter, with a notable impact on regions of the temporal 
and frontal lobes and an accentuation of atrophic changes in the left hemisphere. 
Td and Cd in this case study demonstrate their advantages in diagnosing brain atrophy, 
suggesting their potential use as biomarkers for monitoring this pathology. It is also 
important to highlight that these metrics are invariant to scaling, rotation, and image 
resolution. Additionally, they are normalized within a continuous range from 0 to 1, 
making them computationally efficient and easy to implement [34]. These charac-
teristics enhance their potential applicability in clinical practice as feasible imaging 
biomarkers for quantifying this condition. It is important to acknowledge that this 
study has several limitations that should be considered when interpreting the 
findings. First, information regarding the severity of COVID-19 infection and the 
specific symptoms associated with central nervous system alterations was not avail-
able. These factors may influence brain abnormalities, particularly given the het-
erogeneous clinical manifestations of SARS-CoV-2 infection. Second, the absence of 
cognitive and neuropsychological assessments limits the ability to establish direct 
correlations between the observed morphological changes and potential functional 
impairments or clinical outcomes. Finally, the analysis did not include additional 
neuroimaging modalities, such as diffusion tractography or functional MRI, which 
could have complemented the structural metrics proposed in this investigation.

5	 CONCLUSION

The discrete morphological metrics of tortuosity and compactness revealed signifi-
cant differences when comparing the cortical structures of COVID-19 and control sub-
jects. Significant changes were identified in the left cerebral cortex, left temporal lobe, 
left lateral orbitofrontal cortex, left superior temporal gyrus, and left transverse tem-
poral gyrus, suggesting a pronounced pattern of deterioration in the left hemisphere. 
These findings underscore these metrics’ sensitivity to atrophic changes in brain mor-
phology. The results suggest that Td and Cd could be considered as imaging biomarkers 
for assessing SARS-CoV-2-induced morphological deterioration in the brain.
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