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INTRODUCTION: After the COVID-19 pandemic, there is increasing evidence that many patients show fibrous changes in lung 
tissue accompanied by functional lung disorders. Objective data on the histopathogenesis of such changes is still insufficient. 
Prospective studies are required to fully assess the consequences of these clinical manifestations. 
OBJECTIVE: Evaluation of the capabilities of digital processing of histological preparations of lung tissue and their comparison 
with quantitative CT data of lung patients in the acute phase of COVID-19. 
MATERIALS AND METHODS: The study included data from patients after COVID-19 (7 women and 3 men aged 47 to 93 
years) who died after the acute phase of COVID-19 from extrapulmonary causes. The control group included data from 7 people 
(5 women and 2 men aged 35 to 93 years) who died shortly after hospitalization from extrapulmonary causes (myocardial infarc-
tion or acute cerebral stroke), with no signs of lung diseases, including autopsy results. Digital processing of histological prepa-
rations of lung tissue obtained during autopsy was carried out, and their comparison with the results of quantitative semi-auto-
matic processing of CT data. 
Statistics. Beta regression (mgcv library) was used. The model was characterized by a pseudodetermination coefficient R2. The 
association was considered statistically significant at p<0.05. 
RESULTS: A reliable dependence of the severity of fibrous changes in histological samples on the results of quantitative analysis 
of CT images of patients in the acute period of COVID-19 was demonstrated. 
DISCUSSION: Extrapolation of lung autopsy data through quantitative CT assessment is one of the ways to pre-diagnose and 
identify groups of patients who require specific treatment of post-COVID-19 pulmonary fibrosis. 
CONCLUSION. Computerized digital processing of histological images made it possible to correctly compare the histopatholog-
ical examination data with the CT picture in COVID-19, which could potentially have a prognostic value in the search for more 
effective treatment strategies. 
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Introduction. The 2019 new coronavirus pandemic 
(COVID-19) has become one of the most complex 
public health crises in recent decades. As of December 
1, 2022, there have been at least 639 million confirmed 
cases and 6.6 million deaths [1]. 

Chest imaging plays an important role in the differ-
ential diagnosis, detection of complications, and 
assessment of prognosis of patients with COVID-19 
[2, 3]. Since the early days of the pandemic, radiolo-
gists have responded quickly to the emergence of 
COVID-19 by identifying CT patterns characteristic of 
COVID pneumonia: ground-glass opacities (GGO), 
consolidation, reticular lesions (including crazy-
paving pattern), reversed halo sign or other symptoms 
characteristic of organizing pneumonia in the periph-
eral lung on both sides. 

It should be noted that these CT signs may also 
occur in other diseases, such as influenza pneumonia 
or cryptogenic organizing pneumonia, therefore it is 
recommended not to use CT for the diagnosis of 
COVID-19 as a first line, due to the difficulties of dif-
ferential diagnosis [4]. However, chest CT is helpful in 
cases that are difficult to diagnose with PCR test [5]. In 
addition, chest imaging can detect complications asso-
ciated with COVID-19, such as pulmonary embolism, 
attached bacterial pneumonia, and heart failure. This 

is especially important in case of sudden deterioration 
in patients with COVID-19 [2, 3, 6] and to determine 
the severity of pneumonia [7, 8]. 

Various studies have shown that approximately 70–
80% of patients who have recovered from COVID-19 
have at least one or more symptoms [9, 10]. The pres-
ence of persistent symptoms in COVID-19 reconvales-
cents has been termed post-COVID syndrome or long-
COVID. Given the high volume of cases worldwide, it 
poses a serious health problem [11]. Prospective stud-
ies are required to fully assess the population incidence 
and consequences of these clinical manifestations. 

The most serious complication affecting the respira-
tory system is post-COVID-19 pulmonary fibrosis 
[12]. It is characterized by the presence of fibrous 
changes in the lungs according to CT, associated with 
functional impairment during follow-up [13, 14]. In a 
systematic review, post-COVID-19 pulmonary fibrosis 
was observed in 7.0% of patients [15]. Preliminary 
data suggest that more than one-third of reconvales-
cents retain fibrous changes in the early period after 
COVID-19 [16]. 

Histologically, pulmonary fibrosis is characterized 
by the accumulation of extracellular matrix proteins, 
mesenchymal and immune cells in the intercellular 
space, which leads to disruption of the normal archi-
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ВВЕДЕНИЕ: После пандемии COVID-19 появляется все больше доказательств того, что у  многих реконвалесцентов 
COVID-19 выявляются фиброзные изменения легочной ткани, сопровождающиеся функциональными нарушениями лег-
ких. Объективных данных о гистопатогенезе подобных изменений по-прежнему недостаточно. Для полной оценки послед-
ствий этих клинических проявлений требуются проспективные исследования. 
ЦЕЛЬ: Оценка возможностей цифровой обработки гистологических препаратов легочной ткани и их сопоставление с дан-
ными количественной КТ легких пациентов в острой фазе COVID-19. 
МАТЕРИАЛЫ И МЕТОДЫ: В исследование были включены данные пациентов-реконвалесцентов COVID-19 (7 женщин 
и 3 мужчин в возрасте от 47 до 93 лет), умерших после острой фазы COVID-19 от внелегочных причин. В контрольную 
группу вошли данные 7 человек (5 женщин и 2 мужчин в возрасте от 35 до 93 лет), умерших вскоре после госпитализации 
от внелегочных причин (ОКС либо ОНМК), без каких-либо признаков заболеваний легких, в том числе по результатам 
аутопсии. Проводилась цифровая обработка полученных при аутопсии гистологических препаратов легочной ткани и их 
сопоставление с результатами количественной полуавтоматической обработки данных СКТ. 
Статистика. Использовалась бета-регрессия (библиотека mgcv). Модель характеризовалась коэффициентом псевдоде-
терминации R2. Ассоциация признавалась статистически значимой при p<0,05. 
РЕЗУЛЬТАТЫ: Продемонстрирована достоверная зависимость выраженности фиброзных изменений в  гистологических 
образцах от результатов количественного анализа КТ-изображений пациентов в остром периоде COVID-19. 
ОБСУЖДЕНИЕ: Экстраполяция данных аутопсийного исследования легких через количественную оценку КТ является 
одним из способов предварительной диагностики и определения групп пациентов, которым требуется специфическое лече-
ние пост-COVID-19 легочного фиброза. 
ЗАКЛЮЧЕНИЕ: Компьютеризированная цифровая обработка гистологических изображений позволила корректно сопо-
ставить данные гистопатологического исследования с КТ-картиной при COVID-19, что потенциально может иметь прогно-
стическое значение в поиске более эффективных стратегий лечения. 

КЛЮЧЕВЫЕ СЛОВА: новая коронавирусная инфекция, COVID-19, количественная компьютерная томография, пост-
COVID-19 легочный фиброз, цифровая морфометрия 
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tectonics of lung tissue [17]. The main link in the 
pathogenesis of pulmonary fibrosis is repetitive micro-
damage of the alveolar epithelium, which leads to an 
ineffective reparative response and epithelial dysfunc-
tion, and subsequently to the activation of collagen-
producing cells [13]. Parenchymatous fibrosis leads to 
thickening of lung tissue [18]. This worsens the func-
tional state of the lungs, reducing the vital capacity 
(VC) and forced vital capacity (FVC) of the lungs [19]. 
Post-COVID-19 pulmonary fibrosis can be caused by 
acute respiratory distress syndrome (ARDS) or directly 
by pneumonia in the acute period of COVID-19 [20, 
21]. In addition, there are risk factors such as advanced 
age, chronic comorbidities, condition after mechanical 
ventilation and female gender [20, 22]. 

Several studies have mentioned screening patients 
at risk of developing post-COVID-19 pulmonary fibro-
sis, who underwent pulmonary function tests and chest 
CT scans to comprehensively evaluate the effects of 
COVID-19 and to select possible treatment [23–26]. 
Nevertheless, a number of issues remain unclear — for 
example, whether fibrotic changes will persist for a long 
time or may regress, and whether post-COVID-19 pul-
monary fibrosis may become progressive as in other 
interstitial lung diseases. In our opinion, histopatholog-
ic studies are of paramount importance in understand-
ing the answer to most of the questions about the fea-
tures of post-COVID-19 pulmonary fibrosis. 

Methods to quantify fibrosis in histological samples 
are limited [27]. First described as early as 1988, the 
Ashcroft pulmonary tissue score continues to be used 
as a method for quantifying the extent of pulmonary 
fibrosis, despite the subjectivity of assessing changes 
using this technique [28]. 

Computerized digital image analysis was developed 
to assess the severity of fibrosis in various rodent or 
human tissues, including lung, liver, heart, and kidney 
[29–33]. In most cases, computerized analysis of dig-
ital images assesses the severity of fibrosis by quantify-
ing the content of colored collagen (van Gieson’s 
stain). Quantitative collagen content was estimated by 
the ratio of the area of stained collagen to the area of 
analyzed regions of interest selected on the whole slice. 
The effectiveness of digital processing of histological 
images was demonstrated by the correlation between 
lung functional parameters and quantification of fibro-
sis [27]. We suggested that this approach could be 
applied to the evaluation of post-COVID-19 pul-
monary fibrosis, the severity of which depends on the 
CT data in the acute period of the disease. 

The purpose of this study was to test the possibili-
ties of digital processing of histological preparations of 
lung tissue and their comparison with quantitative CT 
data of patients’ lungs in the acute phase of COVID-19. 

Materials and methods. The study was approved by 
the local ethics committee of St. Petersburg State 

Pediatric Medical University, protocol number 31/08, 
dated October 18, 2023. Informed consent was 
obtained from each patient. 

Clinical material. Autopsy results were obtained at 
the Vyborg interdistrict centralized pathological 
anatomical department (a subdivision of the SPb GBUZ 
«City pathology department»). The study included data 
from COVID-19 recovalescent patients (10 people) who 
died from extrapulmonary causes. All patients were pre-
viously treated for COVID-19 infection between March 
2020 and 2022. Inclusion criteria were (1) positive PCR 
for COVID-19, (2) COVID-19-typical chest CT scan 
performed during hospitalization, and (3) absence of 
clinical, anamnestic, or radiological evidence of other 
lung diseases (including those detected by autopsy). 
The period between lung CT and autopsy averaged 5.47 
[2.00; 16.01] months. This group included data from 
7 women and 3 men, the average age was 78.50 [73.50; 
86.75] years. According to the empirical visual scale [34, 
35], the severity of COVID-19 manifestations according 
to CT were as follows: CT-1 (1–24% lung parenchyma 
involvement)  — 6 patients, CT-2 (25–49% involve-
ment) — 3 patients, CT-3 (50–74% involvement) — 1 
patient [34]. 

The control group included data from 7 individuals 
who died soon after hospital admission from extrapul-
monary causes (myocardial infarction or acute cerebral 
stroke). These patients underwent lung CT at admis-
sion according to the standards of care. Inclusion crite-
ria were the absence of clinical, anamnestic or radio-
logic signs of lung disease, including those detected by 
autopsy. The period between CT examination and 
autopsy ranged from 1 to 18 days. This group included 
5 women and 2 men; the average age was 74.00 
[52.50; 86.00] years. 

Chest CT scan. Chest CT was performed on two 
multidetector CT scanners: Siemens Somatom 
Definition (64 slices, Siemens Healthineers) and GE 
Revolution EVO (128 slices, GE Healthcare). All 
patients underwent chest computed tomography in the 
supine position, during inhalation (in some cases with-
out breath-holding due to the severity of the patient’s 
condition), without contrast agent injection, with 1.25 
mm slice reconstruction. All CT images were viewed 
by two expert radiologists. 

To quantify lung damage in chest CT, the technique 
described in detail in the article was used [35]. 

3D lung segmentation with automatic counting of 
the number of selected pixels was performed using the 
program Horos 3.3.61 (GNU Lesser General Public 
License, version 3) [35] (Fig. 1). 

Further, the classification of Cressoni [36] and 
Gattinoni was used for quantitative data analysis [37]. 
Quantitative analysis was performed for each scan in 
the whole lung volume. The resulting total amount of 
pixels was estimated in accordance with the above 
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 1 Horos v3.3.6 https://horosproject.org/.



classification. The number of pixels corresponding to 
unventilated and hypoventilated lung tissue (+100 to 
–500 HU) indirectly reflected the severity of lung damage. 

Preparation of lung tissue samples for morphome-
try. All autopsies were performed at the Vyborg interdis-
trict centralized pathological anatomical department 
(a  subdivision of the SPb GBUZ «City pathology 
department»). The autopsy was performed within 24 
hours of death to ensure optimal tissue preservation. 
General examination and sampling for microscopic 
examination of the lung was performed by a pathologist. 

After visual assessment of the lungs, the most altered 
tissue sample from each lobe was selected. CT data were 
not considered when selecting samples. For fixation, tis-
sue samples were soaked in 10% neutral buffered for-
malin for 48 hours. Next, the tissue was embedded in 
paraffin, 3 μm thick sections were made and stained 
with hematoxylin and eosin. For van Gieson’s staining of 
fibrous tissue, slides were deparaffinized and rehydrated 
to 70% alcohol, incubated for 60 min in Lawson’s solu-
tion, sequentially treated in 100% and 96% alcohol, 
washed, stained with Mayer’s hematoxylin for 5 min, 
washed for 5 min, incubated with van Gieson’s picro-
fuchsin for 5 min, and dehydrated in ethanol and xylene 
with encapsulation under coverslips using polystyrene. 

A Nikon Y-TV55 digital microscope was used to 
examine histological samples in 10 arbitrary fields of 
view at ×100 magnification. 

Using a digital camera, the optical image was con-
verted to a digital image and further morphometry was 
performed using the recolorize software package in the 
R v4.3.0 programming language. 

Digital morphometry technique. Each image was 
laid out in RGB color space. After viewing the digital his-
tological images, 12 colors were preset, shown in Fig. 3. 

Next, the images were recolorized (i.e., each pixel 
was assigned the closest color from the palette in 

Fig. 3) using the recolorize software package [38]. The 
colors characterizing lung tissue (palette colors 7 to 
11) were selected for further analysis. Palette color 10 
corresponded to van Gieson’s stained dense connec-
tive tissue is enriched in coarse collagenous fibers. An 
example of recolorization of a digital histological image 
is shown in Fig. 4. 

The ratio of the number of pixels corresponding to 
color 10 of the palette to the sum of pixels correspon-
ding to colors 7–11 of the palette was taken as a quan-
titative characteristic of pulmonary fibrosis severity. 

Statistical analysis. Absolute values and percent-
age — n (%), were used to describe categorical variables. 
Discrete variables were described by median, 1–3 quar-
tiles (Md [Q1; Q3]). The mgcv library was used for mod-
eling [39]. The proportion of pixels characterizing fibrosis 
on histological images served as the dependent variable. 
The group membership (control or COVID-19), the pro-
portion of hypo- and unventilated pixels in CT images, 
and the logarithm of the proportion of hypo- and unventi-
lated pixels in CT images were used as independent vari-
ables. Since the dependent variable belongs to the range 
(0,1), a beta distribution model was used. The syntax of 
the model was as described below: gam(DV~IV, fami-
ly=betar(), data=df). Between-group comparison of 
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Fig. 1. Example of automatic lung segmentation in 
Horos software. The contours of the area of interest are 

indicated by a black line 
Рис. 1. Пример автоматической сегментации легких 

в программе Horos. Контуры зоны интереса обозначе-
ны черной линией

Fig. 2. Example of an original histological image (post-
COVID-19). Areas of fibrosis in the lung tissue. Van 

Gieson’s staining, ×100. Van Gieson’s staining shows 
marked perivasal and diffuse fibrosis with areas of lung 

tissue remodelling as atelectasis and emphysema 
Рис. 2. Пример исходного гистологического изображе-
ния. Участки фиброза в ткани легкого. Окраска по Ван 
Гизону, ×100. При окраске по Ван Гизону определяется 

выраженный перивазальный и диффузный фиброз 
с участками перестройки легочной ткани в виде ателек-

тазов и эмфиземы

Fig. 3. Color palette used to analyze digital histological 
images 

Рис. 3. Палитра цветов, использованная для анализа 
цифровых гистологических изображений



the proportions of hypo- and non-hypo-ventilated pixels 
from CT images was performed similarly. 

The model was characterized by a pseudo-determi-
nation coefficient R2. The association was considered 
statistically significant at p<0.05. All calculations are 
performed in the R v4.3.0 programming language1. 

Results. Quantitative assessment of lung damage 
in chest CT. 

After quantitative processing of the CT images, his-
tograms were obtained for the COVID-19 group and 
the control group (Fig. 5). 

The resulting histograms reflect the highest per-
centage of unventilated and hypoventilated lung tissue 
in the COVID-19 group and the lowest in the control 
group. 

Fig. 6 is shown that the proportion of pixels corre-
sponding to unventilated and hypoventilated lung tis-
sue is larger (2.28 (1.22; 4.25), p=0,009) in the 
COVID-19 group (0.20 [0.15; 0.25]) compared to the 
control group (0.08 [0.07; 0.16]). 

Results of digital morphometry. For each patient, 
the proportion of pixels corresponding to van Gieson’s 

stained dense connective tissue is enriched in coarse 
collagenous fibers (equivalent to fibrous tissue) was 
determined. Fig. 7 shows the ratio of pixel fractions 
between the COVID-19 and the control groups. 

Fig. 7 shows a significantly higher (3.56 (1.71; 
7.43), p<0,001) percentage of fibrous tissue in histo-
logical samples in patients with COVID-19 (0.76 
[0.44; 1.55]%) compared to the control group (0.12 
[0.09; 0.20]%). 

Three models were constructed to compare the 
quantitative CT data with the digital morphometry 
results, and their parameters are summarized in Table. 

It follows from Table that group membership 
(model  1), the proportion of hypo- and unventilated 
lung tissue (model 2), the logarithm of the proportion of 
hypo- and unventilated lung tissue (model 3) are statis-
tically significant related to the proportion of pulmonary 
fibrosis according to digital morphometry. The model 1 
had the highest R2 index, and the Model 3 had a slightly 
smaller one. Since the predictor in model 3 was a com-
pletely digital indicator and did not depend on the sub-
jective asessment of expert physicians, this model was 
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Fig. 4. An example of recolorization of a digital histological image in the COVID-19 group and in the control group 
Рис. 4. Пример реколоризации цифрового гистологического изображения в группе «COVID-19» и в группе контроля

 1 R Core Team. R. A language and environment for statistical computing. Vienna, Austria: R Foundation for statistical computing, 2023.



found to be the best for predicting the severity of pul-
monary fibrosis depending on quantitative lung CT 
data. The graphical representation of Model 3 is shown 
in figure 8. 

Discussion. Clinical practice during the COVID-19 
pandemic has shown that chest X-ray plays an impor-
tant role in the diagnosis of COVID-19 [3] and in the 
assessment of disease severity [7]. In addition to diag-
nostic value, CT or radiographic data can be used to 
assess the prognosis for COVID-19 infection. 

In the article by Toussie et al. [40] the severity of 
lung lesions during chest radiography was an indicator 
of the risk of hospitalization and intubation of patients. 
The prognostic value of CT for assessing the functional 
status of the lungs after the disease has also been 
shown [26]. 

The development of quantitative processing of CT 
images allowed us to build models of pneumonia 
severity stratification [41, 42], prediction of length of 
hospital stay and probability of death [43]. 

The comparison of histological findings with CT imag-
ing is of particular interest to study the pathogenesis of 
the disease. According to CT data, interstitial collagen 
deposition accompanied by type II pneumocyte hyper-
plasia is morphologically detected in the areas of lung 
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Fig. 5. Distribution of pixel fractions corresponding to unventilated, hypoventilated, well-ventilated, and hyperventilat-
ed lung tissue. Explanations are given in the text 

Рис. 5. Распределение долей пикселей, соответствующих невентилируемой, гиповентилируемой, хорошо венти-
лируемой и гипервентилируемой легочной ткани. Пояснения в тексте

Fig. 6. Graphical representation of the proportions of unventilated and hypoventilated lung tissue according to CT 
scans of each group 

Рис. 6. Графическое представление долей невентилируемой и гиповентилируемой легочной ткани по данным СКТ 
каждой из групп

Fig. 7. Distribution of the proportion of fibrous tissue in 
the COVID-19 group and the control group 

Рис. 7. Распределение доли фиброзной ткани в группе 
«COVID-19» и группе контроля



damage [44]. The CT pattern of consolidation and 
ground-glass opacities (GGO) correlates with numerous 
pathologic processes, in particular with diffuse alveolar 
damage, capillary dilation and occlusion, and 
microthrombosis [45]. In addition, signs of alterations 
and thrombosis of the pulmonary vessels were found in 
intact sections of the lungs according to CT data [46]. 

Despite the inability to display the alveolar-vascular 
basal membrane on CT images, the ability to stratify the 
course of the disease is an indirect reflection of ongoing 

pathologic processes [1]. Since the outcome of alterations 
is fibrosis [11], it was reasonable to assume that the CT 
data of the acute phase of COVID-19 would be a predic-
tor of the development of fibrous changes in the lungs. 

For the appointment of any method of treatment of 
post-COVID-19 fibrosis, a preliminary diagnosis is 
required. The diagnosis of post-COVID pulmonary 
fibrosis should be based on clinical examination, radi-
ological findings, pulmonary function tests, and patho-
logic biomarker values [47]. However, the detection of 
intravital post-COVID-19 fibrosis requires a time-con-
suming and invasive lung biopsy procedure. For this 
reason, the mass application of a comprehensive sur-
vey is extremely difficult. Extrapolation of autopsy lung 
examination data through quantitative CT assess-
ment, in our opinion, is one of the ways to pre-diag-
nose and identify groups of patients who require specif-
ic treatment. 

This research demonstrates a reliable dependence of 
the severity of fibrous changes in histological samples 
with the results of quantitative analysis of CT images of 
patients in the acute phase of COVID-19. It’s crucial 
for understanding the features of the disease and will 
increase knowledge of the pathophysiology and conse-
quences of COVID-19. 

Conclusion. Thus, in the course of the study it was 
shown that digital morphometry and quantitative 
assessment of CT images are useful tools for an objec-
tive assessment of the severity of fibrous changes in 
COVID-19 recovalescents. A reliable dependence of 
the percentage of fibrous tissue in histological samples 
on the proportion of pixels characterizing hypo- and 
non-ventilated lung tissue was shown.
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Fig. 8. Graph of dependence of pulmonary fibrosis severi-
ty according to digital morphometry on the percentage of 
hypo- and non-ventilated lung tissue according to quanti-

tative lung CT 
Рис. 8. График зависимости выраженности легочного 

фиброза по данным цифровой морфометрии от процен-
та гипо- и невентилируемой легочной ткани по данным 

количественной КТ легких
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