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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Fibrosis-like lung remodeling is increasingly recognized 

as a clinically relevant consequence of coronavirus disease 
2019 (COVID-19), yet factors associated with early structural 
remodeling during the acute phase remain incompletely 
characterized. We hypothesized that acute fibroinflammatory 
remodeling reflects an interaction between systemic 
inflammatory–coagulation activation and quantifiable 
parenchymal alterations detectable by automated CT 
morphometry. In this retrospective cohort study, 77 hospitalized 
patients with RT-PCR–confirmed COVID-19 pneumonia and 
fibrosis-like abnormalities on high-resolution CT were evaluated. 
Fibrosis severity was graded qualitatively (Grades 1–4) using a 
CT-adapted fibrosis scale. Automated lung segmentation and 
density-based analysis quantified regional fibrotic involvement 
and total lung volumes. Clinical characteristics and laboratory 
biomarkers were integrated with quantitative imaging metrics to 
assess associations with the severity of fibrosis-like remodeling 
across CT grades. Increasing fibrosis grade was associated with 
older age (p = 0.012), elevated absolute neutrophil count (p = 
0.038), and higher fibrinogen levels (p = 0.046), supporting an 
association between inflammatory–coagulation pathways and 
early structural remodeling. In contrast, admission oxygenation, 
symptom burden, comorbidity prevalence, and in-hospital 
mortality were not significantly associated with fibrosis 
severity. Among qualitative CT findings, pleural effusion was 
observed exclusively in higher grades (p = 0.003). Quantitative 
morphometry demonstrated a stepwise increase in high-
attenuation fibrotic lung burden (right lung: 14.3% to 35.3%, 
p = 0.002; left lung: 15.0% to 38.8%, p = 0.001), accompanied 
by progressive lung volume reduction (p ≤ 0.002). These objective 
imaging biomarkers revealed structural differences across 
fibrosis grades that were not fully captured by clinical severity 
indices. Early fibrosis-like remodeling in acute COVID-19 was 
associated with older age and markers of systemic inflammatory–
coagulopathic activation rather than with initial clinical severity 
alone. Quantitative CT morphometry provides reproducible 
structural biomarkers that may enhance evaluation of the severity 
of fibrosis-like lung remodeling and mechanistic understanding 
of post-viral lung remodeling. Prospective multicenter studies are 
required to further validate these imaging biomarkers.

Key words. COVID-19, quantitative CT, lung fibrosis, 
inflammatory biomarkers, coagulation, lung volume, 
fibroinflammatory remodeling.
Introduction.

The global coronavirus disease 2019 (COVID-19) pandemic 
has resulted in a substantial population of survivors with 
persistent pulmonary sequelae. Among these, fibrosis and 
fibrosis-like lung abnormalities have emerged as clinically 
relevant complications because of their potential long-term 
impact on respiratory function and health-related quality of life 
[1]. Persistent structural alterations following acute infection 
raise concerns regarding chronic pulmonary remodeling and 
functional impairment.

The reported prevalence of post-COVID fibrotic changes 
varies considerably across studies. Recent meta-analyses 
estimate pooled prevalence rates approaching 45%, with a 
wide range from 9% to 84%, reflecting heterogeneity in study 
design, patient populations, imaging timing, and diagnostic 
criteria [2,3]. Comparable post-infectious fibrotic changes 
have previously been described after severe acute respiratory 
syndrome coronavirus 1 and Middle East respiratory syndrome 
coronavirus infections, with reported frequencies of 62% and 
33%, respectively [4,5]. These observations suggest a shared 
fibroinflammatory response following severe viral pneumonia.

Despite accumulating evidence, important knowledge gaps 
remain regarding determinants of fibrosis-like remodeling 
severity during the acute phase of COVID-19 and early indicators 
of its progression. Several circulating biomarkers—including 
Krebs von den Lungen-6 (KL-6), matrix metalloproteinase-7, 
and lipocalin-2—have been investigated as potential markers 
of fibroproliferative activity; however, their clinical utility 
and reproducibility remain uncertain [6-8]. High-resolution 
computed tomography (HRCT) remains the reference imaging 
modality for structural assessment of interstitial abnormalities 
and may provide additional value when combined with 
quantitative image analysis techniques [9,10].

Longitudinal data indicate that a subset of patients demonstrate 
persistent fibrosis-like abnormalities months to years after 
infection, and some continue to require respiratory support [11]. 
These findings underscore the need for early risk stratification 
and objective imaging-based quantification of lung remodeling 
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during hospitalization. A better understanding of clinical, 
laboratory, and quantitative imaging correlates may facilitate 
identification of patients at risk for more advanced fibrosis-like 
changes.

While prior studies have predominantly focused on long-term 
post-COVID fibrotic sequelae, determinants of fibrosis-like 
remodeling severity during the acute phase remain insufficiently 
characterized, particularly in the context of integrated 
quantitative imaging and systemic biomarker assessment. We 
hypothesized that acute-phase fibrosis-like lung remodeling 
reflects an interaction between inflammatory burden and 
structural parenchymal alterations that can be objectively 
captured using quantitative CT metrics.

Therefore, the present study aimed to evaluate associations 
between CT-derived morphometric parameters, clinical 
characteristics, and laboratory biomarkers with the severity 
of fibrosis-like lung remodeling and to explore differences 
between low-grade and high-grade remodeling patterns during 
hospitalization for acute COVID-19 pneumonia.
Materials and Methods.
Selection of patients:

This retrospective cohort study was approved by the 
Institutional Review Board, which waived the requirement 
for informed consent due to the use of de-identified data. 
Consecutive nonprobability sampling was applied.

Between 1 October and 2 December 2020, medical records 
of 798 consecutive patients admitted to a modular COVID-19 
treatment facility affiliated with the I. Zhekenov City Clinical 
Infectious Diseases Hospital (Almaty, Kazakhstan) were 
reviewed. All cases were confirmed by reverse transcription–
polymerase chain reaction (RT-PCR).

Patients were screened for the presence of fibrosis-like 
abnormalities on high-resolution CT (HRCT). The present 
analysis focused specifically on patients demonstrating fibrosis-
like remodeling in order to evaluate clinical, laboratory, and 
imaging characteristics associated with the severity of these 
structural changes. According to predefined inclusion and 
exclusion criteria, 77 patients demonstrating fibrosis-like 
abnormalities on HRCT (40 men and 37 women; mean age 64.2 
± 10.2 years) were included in the final analysis (Figure 1).

Respiratory impairment was defined as peripheral oxygen 
saturation (SpO₂) ≤ 95% in combination with dyspnea at rest. 
Demographic variables included age, sex, smoking history, 
hospital length of stay, and in-hospital mortality. Clinical 
variables comprised presenting symptoms, oxygen saturation 
on admission, and documented comorbidities. Laboratory 
parameters included white blood cell count (WBC), absolute 
lymphocyte count (ALC), absolute neutrophil count (ANC), 
neutrophil-to-lymphocyte ratio (NLR), alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), total serum protein, 
prothrombin time, and fibrinogen.
CT Acquisition Protocol:

All chest CT examinations were performed using a 64-slice 
scanner (Revolution EVO, GE Healthcare, USA). Acquisition 
parameters included a tube voltage of 120 kVp and tube current 
of 60–120 mAs with automatic exposure control. Images were 

acquired with a slice thickness of 1.25 mm and reconstructed at 
intervals of 1.0–3.0 mm. Scanning was performed in the supine 
position during full inspiration without intravenous contrast 
administration.

HRCT examinations were performed during hospitalization 
according to clinical indications. The interval between hospital 
admission and HRCT acquisition was recorded for all patients. 
HRCT was performed at a median of 6 days after hospital 
admission (IQR 4–9 days), corresponding approximately to 
12 days after symptom onset and thus generally reflecting the 
organizing phase of COVID-19 pneumonia.
Qualitative CT Assessment:

CT images were reviewed independently by two thoracic 
radiologists with 10 and 37 years of experience, respectively, 
using both lung (window width 1500 HU; level −600 HU) and 
mediastinal (window width 400 HU; level 40 HU) settings. 
Both readers were blinded to clinical and laboratory data at the 
time of image interpretation. Discrepancies were resolved by 
consensus review.

Typical CT manifestations of COVID-19 pneumonia, 
including ground-glass opacities, bilateral peripheral lower-
lobe predominance, and focal vascular enlargement, as well as 
less specific findings such as central involvement, crazy-paving 
pattern, fibrous streaks, reversed halo sign, pleural effusion, and 
mediastinal lymphadenopathy, were recorded for subsequent 
correlation analysis [12].

Global CT severity was visually assessed using a previously 
published semiquantitative lobar scoring system [13,14]. Each 
of the five lobes was assigned a score from 0 to 5 based on the 
estimated percentage of parenchymal involvement (1: 1–4%; 

Figure 1. Flowchart of patient selection based on clinical and HRCT 
criteria.
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2: 5–25%; 3: 26–49%; 4: 50–75%; 5: 76–100%). The total CT 
severity score (maximum 25 points) was multiplied by four 
to obtain a global percentage of lung involvement (maximum 
100%). Severity categories were defined as CT severity grades: 
CT-1 (<25%), CT-2 (25–50%), CT-3 (50–75%), and CT-4 
(>75%).
Fibrosis-Like Remodeling Grading:

Fibrosis-like abnormalities were graded using a CT-based 
semiquantitative scoring system adapted from the histologic 
fibrosis grading described by Ashcroft [15]. Grades were 
defined as follows: Grade 0: normal lung parenchyma; Grade 
1: minimal fibrosis-like changes with alveolar or bronchiolar 
wall thickening; Grade 2: reticulation with interlobular and 
intralobular septal thickening; Grade 3: subpleural linear 
opacities or parenchymal bands; Grade 4: architectural distortion 
with associated volume loss. Only patients demonstrating 
fibrosis-like abnormalities on HRCT (Grades 1–4) were 
included in the severity-based analysis. For statistical analysis, 
patients were categorized into four ordinal fibrosis severity 
groups (Grades 1–4).
Quantitative CT Analysis:

Automated lung segmentation and density analysis were 
performed using commercially available software (Vitrea Lung 
Density Analysis, Vital Images, Canon Medical Systems, USA). 
Automated segmentation of the lungs was applied to obtain 
quantitative measurements of parenchymal density distribution 
and total lung volume. Lung parenchyma attenuation values 
were categorized into predefined HU intervals in accordance 
with established radiologic recommendations: −1000 to <−950 
HU: emphysematous changes; −950 to −850 HU: hyperinflated 
lung; −850 to −700 HU: normal parenchyma; −700 to −200 HU: 
higher-attenuation parenchymal abnormalities compatible with 
fibrosis-like remodeling. These density intervals were applied to 
quantify regional lung composition and the relative proportion 
of higher-attenuation parenchymal abnormalities, as well as 
total lung volume. Color-coded density maps were generated to 
visualize the spatial distribution of parenchymal abnormalities.
Statistical Analysis.

Statistical analyses were performed using IBM SPSS Statistics 
(Version 26.0; IBM Corp., Armonk, NY, USA). Normality of 
continuous variables was assessed using the Shapiro–Wilk test. 
Data are presented as mean ± standard deviation or median 
(interquartile range), as appropriate. Group comparisons across 
fibrosis grades were conducted using one-way ANOVA or the 
Kruskal–Walli’s test, depending on distribution. Categorical 
variables were analyzed using χ² or Fisher’s exact tests. A two-
sided p value < 0.05 was considered statistically significant.
Results.
Demographic and Clinical Characteristics:

A total of 77 patients with RT-PCR-confirmed COVID-19 
pneumonia and fibrosis-like abnormalities on HRCT were 
included in the analysis. Baseline demographic and clinical 
characteristics stratified by fibrosis grade are presented in Table 
1.

Age differed significantly across fibrosis grades (p = 0.012), 

with patients classified as Grade 2 and Grade 4 being older than 
those in Grade 3. No statistically significant differences were 
observed in sex distribution (p = 0.396). Oxygen saturation on 
admission was comparable among fibrosis grades (p = 0.264). 
Similarly, hospital length of stay did not differ significantly 
between groups (p = 0.667). The prevalence of at least one 
documented comorbidity was comparable across grades (p 
= 0.412). In-hospital mortality was low overall and did not 
significantly differ between groups (p = 0.292). Presenting 
symptoms, including fever, dyspnea at rest, and dry cough, 
occurred at similar frequencies across fibrosis grades (p range, 
0.510–0.545).
Laboratory Findings:

Laboratory parameters on admission stratified by fibrosis 
grade are presented in Table 2.

ANC differed significantly across fibrosis grades (p = 0.038). 
Fibrinogen levels also demonstrated a statistically significant 
difference between groups (p = 0.046). In contrast, total WBC 
and NLR showed non-significant trends toward variation across 
grades (p = 0.079 and p = 0.080, respectively). No statistically 
significant differences were observed for ALC, ALT, AST, total 
serum protein, or prothrombin time (all p > 0.05).
CT Imaging Features:

CT imaging findings and the distribution of parenchymal 
abnormalities across HRCT fibrosis grades are presented in 
Table 3.

Among additional CT abnormalities, pleural effusion was the 
only feature that differed significantly across fibrosis grades (p 
= 0.003), and it was observed exclusively in patients classified 
as higher fibrosis grades. Other abnormalities—including the 
crazy-paving pattern, reversed halo sign, vascular enlargement, 
mediastinal lymphadenopathy, and diffuse alveolar damage—
did not demonstrate statistically significant differences between 
groups (p range, 0.122–0.651). CT severity score categories 
(CT-1 to CT-4) were distributed comparably across fibrosis 
grades, with no statistically significant differences observed (p 
range, 0.163–0.858).
Quantitative Lung Morphometry by Fibrosis Grade:

Automated quantitative analysis of lung parenchyma was 
performed using Vitrea Lung Density Analysis software. 
Representative examples of density mapping and regional 
parenchymal classification across fibrosis grades are shown in 
(Figures 2-5).

Quantitative CT metrics demonstrated significant differences 
across fibrosis grades (Figure 6 and Table 4). The percentage of 
fibrotic lung involvement increased progressively from Grade 1 
to Grade 4. For the right lung, mean fibrotic involvement was 
14.3 ± 5.4%, 25.2 ± 12.9%, 25.3 ± 13.2%, and 35.3 ± 10.7%, 
respectively (p = 0.002). For the left lung, corresponding values 
were 15.0 ± 5.8%, 24.4 ± 12.8%, 25.0 ± 12.1%, and 38.8 ± 
11.1%, respectively (p = 0.001).

Box-and-whisker plots with overlaid individual data points 
illustrate the distribution of quantitative CT-derived metrics 
across fibrosis grades. Progressive increases in fibrosis-like lung 
involvement and corresponding reductions in total lung volume 
are shown from Grade 1 to Grade 4. Quantitative measurements 
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Table 1. Baseline Demographic and Clinical Characteristics According to HRCT Fibrosis Grade.
Variable Grade 1 (n = 9) Grade 2 (n = 14) Grade 3 (n = 44) Grade 4 (n = 10) p Value
Age, years (mean ± SD) 64.4 ± 7.6 69.9 ± 8.6 61.1 ± 10.3 69.6 ± 9.4 0.012*
Male sex, n (%) 4 (44.4) 10 (71.4) 22 (50.0) 4 (40.0) 0.396
SpO₂ on admission, % (mean ± SD) 93.2 ± 3.5 88.6 ± 8.4 91.3 ± 6.3 90.7 ± 2.7 90.7 ± 2.7
Hospital length of stay, days (mean ± SD) 11.0 ± 2.2 13.8 ± 6.6 11.8 ± 6.9 13.1 ± 7.6 0.667
Any comorbidity**, n (%) 5 (55.5) 10 (71.4) 32 (72.7) 8 (80.0) 0.412
In-hospital mortality, n (%) 1 (11.1) 3 (21.4) 2 (4.5) 1 (10.0) 0.292
Fever at admission, n (%) 3 (33.3) 4 (28.6) 21 (47.7) 5 (50.0) 0.545
Dyspnea at rest, n (%) 7 (77.8) 9 (64.3) 26 (59.1) 8 (80.0) 0.510
Dry cough, n (%) 7 (77.8) 11 (78.6) 36 (81.8) 6 (60.0) 0.520
SD, standard deviation; SpO₂, peripheral oxygen saturation. *Statistically significant at p < 0.05. **Any comorbidity includes hypertension, 
ischemic heart disease, diabetes mellitus, and prior stroke. Continuous variables were compared using one-way ANOVA or Kruskal–Wallis 
tests, as appropriate; categorical variables were compared using χ² or Fisher’s exact tests.

Table 2. Laboratory Parameters on Admission According to HRCT Fibrosis Grade.
Laboratory Parameter Grade 1 (n = 9) Grade 2 (n = 14) Grade 3 (n = 44) Grade 4 (n = 10) p Value
WBC, ×10⁹/L (mean ± SD) 6.3 ± 2.9 7.7 ± 2.6 6.0 ± 3.2 7.5 ± 5.5 0.079
ALC, ×10⁹/L (mean ± SD) 3.3 ± 3.8 1.2 ± 0.7 1.1 ± 0.5 1.0 ± 0.4 0.118
ANC, ×10⁹/L (mean ± SD) 5.3 ± 2.8 6.0 ± 2.6 4.3 ± 3.1 5.5 ± 5.0 0.038*
NLR (mean ± SD) 2.6 ± 1.6 7.4 ± 5.7 4.1 ± 2.9 5.8 ± 4.9 0.080
ALT, U/L (mean ± SD) 57.7 ± 42.6 35.7 ± 26.1 47.1 ± 51.0 40.4 ± 41.5 0.501
AST, U/L (mean ± SD) 35.7 ± 14.7 31.8 ± 13.8 43.8 ± 39.1 43.8 ± 23.6 0.527
Total protein, g/L (mean ± SD) 65.6 ± 5.0 66.9 ± 7.2 68.5 ± 6.0 69.7 ± 5.1 0.162
Prothrombin time, s (mean ± SD) 13.8 ± 2.0 13.2 ± 2.6 13.9 ± 4.7 14.5 ± 6.4 0.598
Fibrinogen, g/L (mean ± SD) 3.7 ± 0.8 5.2 ± 1.3 4.7 ± 2.2 3.8 ± 1.8 0.046*
WBC, white blood cell count; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; NLR, neutrophil-to-lymphocyte ratio; ALT, 
alanine aminotransferase; AST, aspartate aminotransferase; SD, standard deviation. *Statistically significant at p < 0.05. Continuous variables 
were compared using one-way ANOVA or Kruskal–Wallis tests, as appropriate.

Table 3. Distribution of CT Parenchymal Abnormalities According to HRCT Fibrosis Grade.
Feature Grade 1 (n = 9) Grade 2 (n = 14) Grade 3 (n = 44) Grade 4 (n = 10) p Value
GGO Distribution
Bilateral 9 (100.0) 14 (100.0) 43 (97.7) 10 (100.0) 0.842
Unilateral 0 (0.0) 0 (0.0) 1 (2.3) 0 (0.0) 0.677
Peripheral predominance 8 (88.9) 14 (100.0) 44 (100.0) 10 (100.0) 0.562
Central involvement 7 (77.8) 13 (92.9) 40 (90.9) 9 (90.0) 0.514
Additional CT Features
Crazy-paving pattern 6 (66.7) 8 (57.1) 20 (45.5) 5 (50.0) 0.651
Reversed halo sign 1 (11.1) 0 (0.0) 1 (2.3) 0 (0.0) 0.357
Vascular enlargement 6 (66.7) 12 (85.7) 40 (90.9) 10 (100.0) 0.122
Pleural effusion 0 (0.0) 0 (0.0) 0 (0.0) 2 (20.0) 0.003*
Mediastinal lymphadenopathy 5 (55.6) 6 (42.9) 30 (68.2) 6 (60.0) 0.390
Diffuse alveolar damage 0 (0.0) 0 (0.0) 2 (4.5) 1 (10.0) 0.577
CT Severity Score Category
CT-1 2 (22.2) 3 (21.4) 4 (9.1) 0 (0.0) 0.276
CT-2 5 (55.6) 4 (28.6) 17 (38.6) 2 (20.0) 0.383
CT-3 2 (22.2) 5 (35.7) 14 (31.8) 4 (40.0) 0.858
CT-4 0 (0.0) 2 (14.3) 9 (20.5) 4 (40.0) 0.858
GGO, ground-glass opacity. *Statistically significant at p < 0.05. Categorical variables were compared using χ² or Fisher’s exact tests, as appropriate.

Table 4. Quantitative Fibrotic Involvement and Lung Volumes According to HRCT Fibrosis Grade.
Parameter Grade 1 (n = 9) Grade 2 (n = 14) Grade 3 (n = 44) Grade 4 (n = 10) p Value
Right lung fibrosis, %(mean ± SD) 14.3 ± 5.4 25.2 ± 12.9 25.3 ± 13.2 35.3 ± 10.7 0.002*
Left lung fibrosis, % (mean ± SD) 15.0 ± 5.8 24.4 ± 12.8 25.0 ± 12.1 38.8 ± 11.1 0.001*
Right lung volume, mL (mean ± SD) 2612 ± 743 2253 ± 506 2127 ± 571 1645 ± 535 0.001*
Left lung volume, mL (mean ± SD) 2178 ± 581 2067 ± 527 1914 ± 519 1304 ± 387 0.002*
SD, standard deviation. *Statistically significant at p < 0.05. Continuous variables were compared using one-way ANOVA or Kruskal–Wallis 
tests, as appropriate.
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Figure 3. Grade 2: Automated Lung Density Color Mapping. 
Axial CT images obtained (A) 5 cm above the tracheal bifurcation, (B) 
at the level of the tracheal bifurcation, and (C) 5 cm below the tracheal 
bifurcation, with (D) three-dimensional volume rendering. Density-
based color classification according to HU intervals: red, emphysema 
(−1000 to −950 HU); green, hyperinflation (−949 to −850 HU); blue, 
normal parenchyma (−849 to −700 HU); light blue, hypoventilation/
consolidation corresponding to fibrosis-like changes (−699 to −200 
HU).

Figure 5. Grade 4: Automated Lung Density Color Mapping. 
Axial CT images obtained (A) 5 cm above the tracheal bifurcation, (B) 
at the level of the tracheal bifurcation, and (C) 5 cm below the tracheal 
bifurcation, with (D) three-dimensional volume rendering. Density-
based color classification according to HU intervals: red, emphysema 
(−1000 to −950 HU); green, hyperinflation (−949 to −850 HU); blue, 
normal parenchyma (−849 to −700 HU); light blue, hypoventilation/
consolidation corresponding to fibrosis-like changes (−699 to −200 
HU).

Figure 4. Grade 3: Automated Lung Density Color Mapping. 
Axial CT images obtained (A) 5 cm above the tracheal bifurcation, (B) 
at the level of the tracheal bifurcation, and (C) 5 cm below the tracheal 
bifurcation, with (D) three-dimensional volume rendering. Density-
based color classification according to HU intervals: red, emphysema 
(−1000 to −950 HU); green, hyperinflation (−949 to −850 HU); blue, 
normal parenchyma (−849 to −700 HU); light blue, hypoventilation/
consolidation corresponding to fibrosis-like changes (−699 to −200 
HU).

Figure 2. Grade 1: Automated Lung Density Color Mapping. 
Axial CT images obtained (A) 5 cm above the tracheal bifurcation, (B) 
at the level of the tracheal bifurcation, and (C) 5 cm below the tracheal 
bifurcation, with (D) three-dimensional volume rendering. Density-
based color classification according to HU intervals: red, emphysema 
(−1000 to −950 HU); green, hyperinflation (−949 to −850 HU); blue, 
normal parenchyma (−849 to −700 HU); light blue, hypoventilation/
consolidation corresponding to fibrosis-like changes (−699 to −200 
HU).
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Figure 6. Quantitative CT Metrics Across Fibrosis-Like Grades.

Figure 7. ROC curves of right lung fibrosis (%), left lung fibrosis (%), right lung volume (mL), and left lung volume (mL) for discrimination 
between low-grade (Grades 1–2) and high-grade (Grades 3–4) fibrosis-like remodeling.
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were obtained using automated lung density morphometry 
(Vitrea Lung Density Analysis software).

Total lung volume decreased progressively across fibrosis 
grades. Mean right lung volume declined from 2612 ± 743 mL 
in Grade 1 to 1645 ± 535 mL in Grade 4 (p = 0.009). Similarly, 
mean left lung volume decreased from 2178 ± 581 mL to 1304 
± 387 mL across the same grades (p = 0.002).
ROC Analysis and Discriminatory Performance of Clinical 
and Quantitative CT Parameters:

Quantitative CT metrics, particularly fibrosis percentage 
and right lung volume, demonstrated moderate-to-good 
discriminatory performance for differentiating between low-
grade and high-grade fibrosis-like remodeling, whereas left 
lung volume showed limited discriminative ability (Figure 7).

To further evaluate the combined contribution of clinical, 
laboratory, and imaging variables, a multivariable logistic 
regression model was constructed incorporating age, absolute 
neutrophil count (ANC), fibrinogen, neutrophil-to-lymphocyte 
ratio (NLR), and quantitative CT parameters. The integrated 
model demonstrated limited overall discriminatory performance, 
with an AUC of 0.59 (95% CI, 0.32–0.84).

At an optimized probability threshold of 0.64, the model 
achieved a specificity of 0.71 and a positive predictive value 
(PPV) of 0.83, indicating greater ability to identify patients with 
high-grade fibrosis-like remodeling than to exclude lower-grade 
cases (Table 5).

In summary, increasing fibrosis-like grade was associated 
with older age, higher ANC, and elevated fibrinogen levels. 
Quantitative CT analysis demonstrated progressive increases 
in fibrotic lung involvement accompanied by corresponding 
reductions in total lung volume across fibrosis grades. 
Among qualitative CT features, pleural effusion was the only 
abnormality that differed significantly between groups.
Discussion.

In this cohort of hospitalized patients with acute COVID-19 
pneumonia and fibrosis-like abnormalities on HRCT, higher 

grades of fibrosis-like remodeling were associated with 
differences in age and selected inflammatory and coagulation 
biomarkers, whereas initial clinical presentation, oxygenation 
status, and in-hospital outcomes did not demonstrate significant 
associations. The absence of a clear relationship between 
hypoxemia, symptom burden, or hospital length of stay and 
fibrosis grade suggests that early fibroinflammatory remodeling 
may occur independently of the severity of acute clinical 
manifestations. Similar dissociation between clinical status and 
persistent CT abnormalities has been described in longitudinal 
studies of post-COVID lung disease [16,17].

Among laboratory biomarkers, elevated absolute neutrophil 
count and fibrinogen levels differed significantly across 
fibrosis grades. Neutrophil activation and neutrophil 
extracellular trap–mediated endothelial injury have been 
implicated in COVID-19–related microvascular dysfunction 
and aberrant tissue repair, providing a potential mechanistic 
framework linking inflammatory activity with structural lung 
changes [18,19]. Elevated fibrinogen reflects both systemic 
inflammation and hypercoagulability, processes that may 
accompany fibroinflammatory tissue responses [20,21]. 
However, these markers represent nonspecific indicators of 
systemic inflammatory and coagulation activity, and their 
association with fibrosis-like remodeling should therefore be 
interpreted cautiously. These biomarkers may therefore reflect 
the intensity of the acute inflammatory response and host 
immune activation during infection rather than fibrosis-specific 
biological pathways.

Qualitative imaging analysis demonstrated that the distribution 
of ground-glass opacities—including laterality, peripheral 
versus central predominance, and lobar involvement—did not 
differ significantly across fibrosis grades. These patterns are 
generally considered markers of acute alveolar injury rather than 
indicators of structural remodeling severity [22,23]. Additional 
CT features, including crazy-paving pattern, reversed halo sign, 
vascular enlargement, and mediastinal lymphadenopathy, were 
similarly distributed among groups. In contrast, pleural effusion 

Table 5. Discriminatory Performance of Clinical, Laboratory, and Quantitative CT Parameters for Differentiating High-Grade Fibrosis-like 
Remodeling (Grades 3–4) from Low-Grade Remodeling (Grades 1–2) in Patients with Acute COVID-19 Pneumonia.

Parameter AUC AUC 95% 
CI

Optimal cut-
off* Sensitivity Specificity PPV NPV Accuracy

Age (years) 0.76 0.54-0.94 0.68 0.82 0.71 0.88 0.62 0.79
Fibrinogen (g/L) 0.43 0.17-0.71 0.73 0.12 1.00 1.00 0.32 0.38
ANC (×10⁹/L) 0.71 0.46-0.95 0.65 0.88 0.71 0.88 0.71 0.83
NLR 0.50 0.14-0.83 0.63 0.94 0.43 0.80 0.75 0.79
Right lung fibrosis (%) 0.66 0.36-0.91 0.60 0.88 0.57 0.83 0.67 0.79
Left lung fibrosis (%) 0.74 0.45–0.95 0.58 0.94 0.57 0.84 0.80 0.83
Right lung volume (mL)** 0.82 0.61–0.97 0.70 0.59 1.00 1.00 0.50 0.71
Left lung volume (mL)** 0.11 0.00–0.29 1.78 0.00 1.00 — 0.29 0.29
Integrated model*** 0.59 0.32–0.84 0.64 0.59 0.71 0.83 0.42 0.62
ANC, absolute neutrophil count; AUC, area under the receiver operating characteristic curve; CI, confidence interval; PPV, positive predictive 
value; NLR, neutrophil-to-lymphocyte ratio; NPV, negative predictive value. 
* Optimal cut-offs based on Youden’s index (calculated on held-out test data).
** For lung volume, higher values are associated with lower fibrosis severity; cut-off values correspond to normalized predicted probabilities, 
not raw milliliter thresholds.
***Integrated model includes age, fibrinogen, ANC, NLR, bilateral fibrosis percentages, and right and left lung volumes (multivariable logistic 
regression).
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was observed exclusively in patients with higher fibrosis 
grades, consistent with prior reports linking pleural effusion 
to more severe inflammatory burden and vascular injury in 
COVID-19 pneumonia [26-28]. Although this observation 
requires validation, it may reflect more extensive interstitial 
injury in these patients.

Quantitative CT morphometry demonstrated progressive 
increases in fibrosis-like lung involvement accompanied by 
proportional reductions in total lung volume from Grade 1 
to Grade 4. These findings provide objective densitometric 
evidence of structural remodeling and associated reductions in 
aerated lung volume. Previous studies have likewise reported 
reduced lung volumes and increased high-attenuation lung 
tissue in patients with persistent post-COVID radiologic 
abnormalities [9,10]. Automated quantitative analysis may 
therefore complement qualitative assessment by detecting 
subtle reticulation and regional volume changes that are less 
readily appreciated visually [29-31].

The integrated multivariable logistic regression model 
demonstrated limited discriminatory performance for 
differentiating low-grade from high-grade fibrosis-like 
remodeling. The relatively wide confidence interval likely 
reflects the modest sample size and heterogeneity within fibrosis 
subgroups. These findings should therefore be interpreted as 
exploratory and hypothesis-generating rather than as evidence 
of a robust classification model.

Collectively, the present findings suggest that fibrosis-like 
remodeling observed during the acute phase of COVID-19 
pneumonia appears to be associated with patient age and 
markers of systemic inflammatory–coagulation activity, 
whereas acute clinical severity alone does not appear to fully 
explain the extent of structural lung changes. Integration of 
quantitative CT metrics with selected laboratory biomarkers 
may facilitate more comprehensive characterization of fibrosis-
like remodeling severity during hospitalization. Prospective 
studies with longitudinal imaging follow-up will be required to 
clarify the temporal evolution and clinical implications of these 
remodeling patterns.
Conclusions.

In hospitalized patients with acute COVID-19 pneumonia, 
fibrosis-like lung remodeling on CT was associated with older 
age, neutrophil predominance, elevated fibrinogen levels, 
and quantitative reductions in lung volume. The integrated 
multiparametric model demonstrated limited correlates 
performance within this cohort and should be considered 
exploratory. These findings suggest a complementary role for 
quantitative CT morphometry and selected systemic biomarkers 
in the early structural characterization of fibrosis-like lung 
remodeling during the acute phase of COVID-19. Prospective 
validation in larger cohorts is required to confirm these 
observations and clarify their clinical implications.
Strengths and Limitations.

This study integrates qualitative HRCT assessment with 
automated quantitative CT morphometry and systemic laboratory 
biomarkers, providing a comprehensive and multidimensional 
evaluation of fibrosis-like lung remodeling during the acute 

phase of COVID-19. The application of standardized CT-
based grading criteria combined with objective densitometric 
analysis enhances methodological consistency and helps reduce 
potential subjective bias in image interpretation. Moreover, 
the focus on early in-hospital imaging enables assessment of 
lung remodeling processes at a clinically relevant stage of 
disease evolution, which may contribute to improved early 
risk stratification. Nevertheless, several limitations should be 
acknowledged. First, the retrospective single-center design 
and the relatively small sample size, particularly within 
certain fibrosis grades, may limit the generalizability of the 
findings. Second, the timing of CT examinations was not 
fully standardized and was determined by clinical indications, 
which may have contributed to variability in imaging results. 
However, the interval between hospital admission and HRCT 
acquisition in our cohort was recorded (median 6 days, IQR 4–9 
days), allowing an approximate estimation of the disease phase 
at the time of imaging. Third, the absence of histopathologic 
confirmation limits the ability of CT-based grading to fully 
characterize the underlying fibroinflammatory processes. 
Furthermore, the absence of a non-fibrosis control group limits 
the ability to evaluate factors associated with the development 
of fibrosis-like abnormalities, and therefore the present analysis 
focuses specifically on differences in remodeling severity among 
patients already demonstrating fibrosis-like changes on HRCT. 
In addition, the correlative model was not externally validated 
and therefore requires confirmation in larger independent 
cohorts. Finally, due to the observational nature of the study, 
causal relationships between inflammatory biomarkers and 
structural lung remodeling cannot be definitively established.
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