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Abstract

INTRODUCTION: Ultrasound examination (US) of the lungs
has shown high efficiency in the diagnosis of COVID-19 pneu-
monia. The aim of the research was studying the correspon-
dence of computed tomography (CT) US signs of the lungs
and morphological data in patients with COVID-19 pneu-
monia. MATERIALS AND METHODS: The post hoc analysis
included 388 patients who simultaneously underwent ultra-
sound and CT of the lungs. Lung ultrasound was performed
according to the 16-zone “Russian Protocol”. Morphological
data were obtained from the results of pathoanatomic ex-
amination of deceased patients. RESULTS: The comparison
of signs detected by CT and ultrasound of the lungs was
performed during a multidimensional correspondence anal-
ysis. The analysis was carried out using a three-dimensional
solution that explained 64.9% of inertia (p < 0.001). CT
signs of “ground glass opacity” (100%) corresponded
to the B-line at ultrasound (100 %), CT of the consolidation
sign (44.8 %) — ultrasound signs of consolidation (46.9 %),
aerobronchogram of CT (34 %) — aerobronchogram of ultra-
sound (36.9 %), free liquid CT (11.1%) — free liquid Ultrasound
(13.9%). CT signs of reticular changes (29.6 %) and “cobble-
stone pavement” (12.4%) corresponded to various com-
binations of ultrasound signs of subpleural consolidation
and B-lines. The B-lines were caused by the exudation of fluid
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Pegpepam

AKTYAJIbHOCTb: YnbTpassykosoe uccnegosaHve (Y3U)
Nerkux noKasano BbICOKYI 3PPEKTUBHOCTb B ANArHOCTUKE
MHEBMOHWU NPU KOPOHABUPYCHOM UHbekumn (COVID-19).
LENIb NCCNEAOBAHWA: V3yyeHne COOTBETCTBUIN Mpu-
3HaKoB, onpegenseMbix nNpu Y3W nerkux, ¢ npusHaka-
MU KOMMbloTepHOM Tomorpadum (KT) u mMopdonoruye-
CKUMU [aHHbIMK Yy naumeHToB ¢ nHeBMoHuekn COVID-19.
MATEPUA/IbI N METOAbI: B post hoc aHanu3z 6bin0
BK/toYeHO 388 naumeHToB, KOTOPbIM OAHOBPEMEHHO Obl10
BbinosiHeHO Y3W n KT nerkux. Y3M nerkux nposoaunav
cornacHo 16-30HHOMY «PycckoMy npoTokony». Mopdo-
Nornyeckme AaHHble MoJjilydeHbl MO pesy/abTaTaM NaTos0-
roaHaTOMMYeCKOro MCCAe0BaHNA YMepPLINX MNaLMeHTOB.
fucTonornyecknme cpesbl OKpalMBaAW reMaTOKCUANHOM
M 303MHOM, a 3aTeM MUCCNeA0BaNN MOJ CBETOBbIM MUKPO-
ckonom. PE3YJIbTATbI: ConocrasneHne Npn3HaKoB, BbifB-
nsembix ¢ nomoubto KT 1 Y3W nerkunx, BbINONHEHO B X0A4€e
MHOrOMEPHOro aHa/in3a COOTBETCTBUIA. AHanu3 6bi1 npo-
Be/leH C NMOMOLLbIO TPEXMEPHOro pelleHuA, KOTopoe 06b-
AcHANO 64,9 % uHepumn (p < 0,001). KT-npusHaky «Ma-
ToBoro crekna» (100%) cooTeBeTcTBOBa/AM B-AuHMK mpm
Y3 (100%), KT-npusHaky KoHconunpaumm (44,8%)—
yAbTpassyKkosble (Y3) npusHaku KoHconmaaumm (46,9 %),
aspobponxorpamme KT (34 %) — aspobpoHxorpamma Y3U
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and protein molecules into the intraalveolar space against
the background of massive death of alveolocytes and formed
by the development of intraalveolar edema and the forma-
tion of hyaline membranes. The ultrasonic sign of consoli-
dation appeared in the airless zone of the lungs. Subpleural
consolidation are caused by thickening and inflammatory
infiltration of the pleura, diffuse alveolar damage, with in-
traalveolar edema, death and decay of alveolocytes, perivas-
cular inflammatory cell reaction/ During treatment for more
than 7 days, consolidation in the lung tissue developed due
to the disorganization of the organ structure due to the pro-
gression of fibrosis. CONCLUSIONS: Multivariate correspon-
dence analysis showed correlation of CT signs and US signs
of the lungs. Morphological analysis showed polymorphism
of histological data that caused the formation of ultrasound
signs.

KEYWORDS: coronavirus infection, COVID-19, ultrasonog-
raphy, tomography; pneumonia, pathology
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(36,9%), ceoboaHoit wuakoctn KT (11,1%) — ceoboaHas
MUAKoCTb Y3 (13,9 %). KT-npu3HaKaM peTUKyAspHbIX W3-
MeHeHui (29,6 %) 1 «BynbhxHOM MocToBOM» (12,4 %) co-
OTBETCTBOBa/IM pa3/inyHble KOMOMHauuu Y3-npusHakos
cybnneBpasbHOM KoHcoAuaauum u B-nunHui. B skccyga-
TUBHOM dase B-nmHuM 6binm 06yCcn0BAEHDbI MPONOTeBaHNEM
KUAKOCTM N 6eNKOBBIX MONIEKYN BO BHYTPWa/ibBeONAPHOE
MPOCTPAHCTBO Ha pOHe MaccMBHOM rmbenu anbBeoOLUTOB
M MOpaXKeHNeM sHAO0TeANA KanuAaapoB.. B panHei nponnde-
paTvBHON ¢ase B-anHUK bblan cPOpPMUPOBaHBI pa3BUTHEM
BHYTPUWa/ibBEO/IAPHOro 0Teka 1 06pa3oBaHNeM raanHOBbBIX
MeMbpaH. Y 3-npusHak KoHconngaLuum noasaanca B 6e3sos-
AYWHON 30He nerkux. Hebonblumne 30HbI cybnneBpaabHOM
KoHconmgauum obycaoBneHbl yTOALEHWEM 1 BOCMANTEb-
HOM MHUAbTPaLMelt naespbl, AUdY3HBIM asbBEONAPHBLIM
noBpexjeHneM, ¢ rnbenbio U cnajaHveM ajbBeONOLUTOB,
NepuBacKyNAPHON BOCMANNTENbHO-KAETOYHOW peakLuuen.
Bonblumne 06beMbl KOHCONMAALMMN B SKCCYAATUBHOM dasze
dbopMmpoBanmnCh 3a c4eT BHYTPUA/bBEOIAPHOrO OTEKa, Ha-
CNOeHWIN AeCKBAMUPOBAHHOIO a/7bBEONAPHOrO 3MUTeNunA
1 Makpodaramu B npoceeTax ajnbBeo. [1pu neveHnn 6onee
7 CYTOK B /1er0O4HON TKaHW $OPMMPOBANNCL MPU3HAKK fe-
30praHu3aLunm CTpYKTYpbl OpraHa 3a cHeT pa3BuBaloLLeroca
¢unbposa. BbIBOAbl: MHOromepHbIin aHanns cooTBeTCTBUN
rMoKasaJsl CBA3b NMPU3HAKOB, BbiAB/AEMbIX C MoMoLbio KT n Y3
nerkmx. Mop$onormyeckunii aHanmns nokasan NoAMMopeHoOCTb
TUCTONIOTUYECKMX  faHHbIX, 06YCN0BMBLUMX (OPMUPOBaHMe
YNbTPa3BYKOBbIX MPU3HAKOB.
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Introduction

In coronavirus infection (COVID-19), alveolar cells
are the main and rapidly attainable target of the patho-
gen, which determines the development of pneumonia
with extensive lung damage [1-5]. Therefore, scanning
techniques that can detect lung lesions have gained an im-
portant role [6-8]. Computed tomography (CT) of the chest
is the most informative method of diagnosing inflammatory
lung disease and is crucial in visualising pathological chang-
es in the lungs in COVID-19 [9-12]. In patients with coro-
navirus infection there are typical manifestations of viral
pneumonia, which include “ground-glass opacity” — thick-
ening of lung tissue of predominantly round shape, of differ-
ent extent with or without consolidation, reticular changes,
symptom of “cobblestone pavement”; thickening of inter-
lobular interstitium; consolidation areas, perilobular thick-
ening (combined with “ground-glass opacity” — thickening
of pulmonary parenchyma); symptom of air bronchography
[7,11, 13, 14].

Lung ultrasound (LUS) has been an underestimated di-
agnostic tool for many years, as the normal air lung is a bar-
rier to the propagation of ultrasound ultrasonic waves [15].
Initially, ultrasound was only used to diagnosis of patho-
logical lesions in the pleural cavity (free fluid, tumour le-
sions) [15]. Subsequently, it was found that pulmonary
tissue lesions result of reduced aeration and exposure to ul-
trasound results in specific artefacts [16-19]. The European
Respiratory Society Consensus on Thoracic Ultrasound
has stratified the ultrasound assessment of the chest wall,
parietal pleura, pleural effusion, diaphragm and has char-
acterised the ultrasound signs of pneumothorax, interstitial
syndrome and lung consolidation [18]. A number of studies
have investigated the relationship between CT and ultra-
sound signs based on correlation analysis and simple data
matching [9, 13, 20-24]. However, the approaches of signs’
assessment and techniques for assessing detected by ultra-
sound and CT are differ between investigators [9, 19, 20,
23].

The aim of the study was to investigate the correspon-
dence of determined ultrasound signs with those of CT scan
and morphological data in patients with COVID-19 pneu-
monia.

Materials and methods

Protocols, statistical analysis and main results of lung
ultrasound study in COVID-19 were published earli-
er [25]. The clinical study was performed in the Federal
State Budgetary Educational Institution of Higher
Professional Education “Kirov Military Medical Academy”
of the Ministry of Defense of Russia. The study was ap-
proved by an independent Ethics Committee (protocol
no 236, dated 21.05.2020). A total of 388 patients who un-
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derwent lung ultrasound and CT scanning were included
in the post hoc analysis [25].

The study was prospective. Inclusion criteria were:
age of patients 18-75 years; development of community-
acquired pneumonia; confirmed COVID-19 or suspected
COVID-19. Inclusion criteria were: presence of pneumo-
thorax; history of chest trauma or lung surgery; background
specific diseases (tuberculosis, sarcoidosis). Bedside ultra-
sound was performed using a portable ultrasound machine
(Mindray M7, China), with a 2.5-5 MHz convex transducer.
The imaging procedure was standardised using an abdom-
inal examination preset, with a maximum depth of 18 cm,
focusing on the pleural line. Gain was adjusted to obtain
the best image of the pleura, vertical artefacts and sub-
pleural consolidations with or without air bronchograms.
All harmonics and software for artifact reduction were dis-
abled. The examination was performed in the supine or sit-
ting position, depending on the patient’s condition. Lung
ultrasound was performed according to the 16-zone Russian
protocol (eight zones right and left) [26]. CT was performed
on Philips Ingenuity (128 slices). The period between CT
and lung ultrasound was not more than 24 h.

Morphological data were obtained from pathological
examination of deceased patients. Material for histological
analysis was taken in the areas of the most typical ultrasound
features. Lung tissue sections fixed in formalin buffered solu-
tion were dehydrated and embedded into paraffin blocks.
Serial sections of 5-6 microns in thickness were made
on a rotary microtome HM 3600 (MICROM Laborgerdte
GmbH, Germany), which were placed on slides. Histological
sections were stained with hematoxylin and eosin and exam-
ined in the light field using an Olympus BX46 microscope.

Data collection and statistical analysis

The data for this work were obtained from the original
COVID-19 lung ultrasound study [25]. Lung CT scans were
used to identify pathological features, which were record-
ed according to lung segments. To verify bronchopulmo-
nary segments on CT, we used numbering and anatomical
nomenclature adopted by London International Congress
of Otolaryngologists in 1949 and Paris International
Congress of Anatomists in 1955. Lung ultrasound used pro-
jection of lung segments on “Russian protocol” zones, where
pathological signs were determined and compared with CT
findings. Intrasegmental spatial localization of the sign was
taken into account.

Statistical analysis was performed using SPSS-26
for Windows (Statistical Package for Social Science, SPSS
Inc. Chicago IL, USA). With a normal distribution the data
were represented by the mean and standard deviation M
(£ SD); descriptions of quantitative data that did not obey
the law of normal distribution were presented as median
and 25th and 75th percentiles — Me (Q1; Q3). Analysis
was performed to describe and summarise the distributions
of the variables. The description of frequencies in the study
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sample is presented with a mandatory reference to the cited
sample characteristic (n (%)). Comparison of the features
detected by CT and lung ultrasound was performed by mul-
tivariate correspondence analysis, by constructing a contin-
gency table and graphically representing the rows and col-
umns of the table as points in space. Tests were considered
statistically significant at p < 0.05.

Results

A total of 388 patients were included in the study.
Oxygen support was required in 252 (64.9%) patients.
According to the degree of lung injury according to CT
scanning, the patients were distributed as follows: CT-2 —
207 (53.4%); CT-3 — 156 (40.2%); CT4 — 25 (6.4%)
(Table 1). Bilateral involvement was found in 100 % of cas-
es. Blood oxygen saturation (SpO2) during self-breathing
with air (for calculations, oxygen concentration in air (FiO2)

was defined as 21 %) was SpO2 — 93 (86; 97), SpO2/FiO»
ratio — 380 (260; 462).

Characteristic CT signs of coronavirus pneumonia were:
thickening of pulmonary parenchyma -“ground-glass opac-
ities”, thickened pleura, consolidation, reticular thickening
of interstitium, crazy-paving pattern, air bronchogram, free
fluid in pleural cavity. The lung ultrasound showed signs
of pleural thickening, various B-line features (multifocal, dis-
crete or confluent), signs of consolidation (subpleural or seg-
mental, lobular), air bronchogram, free fluid in the pleural
cavity. The frequency of signs is shown in Table 2.

Comparison of features detected by CT and lung ul-
trasound was performed in a multivariate correspondence
analysis by constructing a contingency table and graphical-
ly representing the rows and columns of the table as points
in space.

The analysis was performed using a three-dimensional
solution, as a jump from the fourth to the fifth axis occurred.
The first three axes together explained 64.9 % of the inertia,
which was a good indicator of solution quality (Table 3).

/Table 1. Characteristics of patients included in the study b
Characteristics Value
Age, years (M = SD) 52.6+10.5
Sex (male/female), n 267/121
Height, cm (M + SD) 173.4+12.4
Body weight, kg (M + SD) 94.2+17
Body mass index, kg/m2 (M + SD) 31.2+47
Day of illness on admission to hospital (M + SD) 54+2.0
Moderate/severe pneumonia, n 184/204
Blood saturation (SpOz) when breathing atmospheric air, Me (Q1; Q3) 93 (86; 97)
Number of patients with baseline decreased (< 94 %) saturation when breathing atmospheric air, n (%) 252 (64.9)
Mortality, n (%) 56 (14.4)
Degree of lesion on CT scan
2 207 (53.4)
3 156 (40.2)
4 25 (6.4)
Concomitant diseases, n (%)
Diabetes mellitus 78 (20.1)
Obesity 193 (49.7)
Hypertension 252 (64.9)
Coronary heart disease 95 (24.5)
Chronic heart failure 20 (5.1)
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/Table 2. Frequency of detection of signs according to CT and lung ultrasound b
The study Code of sign Sign n (%)

Lung CT 1 Thickened pleura 310 (79.9)
2 Thickening of pulmonary parenchyma — “ground-glass opacities” 388 (100)
3 Reticular thickening of interstitium 115 (29.6)
4 Subpleural cosolidation 144 (37.1)
5 Segmental (lobular) consolidation 174 (44.8)
6 Air bronchogram with signs of consolidation 132 (34.0)
7 Symptom of “cobblestone pavement 48 (12.4)
8 Free fluid in pleural cavity. 43 (11.1)

Lung US sign 10 B-lines (multifocal, discrete or confluent) 388 (100)
n Pleural line thickening 321(82.7)
12 Subpleural consolidation 174 (44.8)
13 Segmental (lobular) consolidation 182 (46.9)
14 Air brochogram 143 (36.9)
15 Free fluid in pleural cavity 54 (13.9)

In a graphical mapping of the correlation between CT
and ultrasound findings, three features are identified as sep-
arate from the main dataset. These are a thickened pleu-
ra, an air bronchogram and free fluid in the pleural cavity.
It should be noted that the distances between the CT and ul-
trasound findings are short, further emphasising the con-
jugation of features in the correlation table (Figure 1).

O —CT
O — Ultrasound
2
Segmental 5
1 (lobar) -
consolidation 813 Grou.nfj glass
2 opacities
1 B-lines 103
O N Reticular
0 Thickened 470 interstitial seals
pleura Subpleural
consolidation 12
-1
15
40
Free fluid Ss
-2
14
Aerobronchogram
-3
-3 -2 -1 0 1 2
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The data set characterising pulmonary tissue infiltration
and consolidation changes included B-lines, subpleural,
segmental and lobular consolidation traits, reticular changes
and cobblestone pavement traits were concentrated in one
area of the map; there was overlap of points on the match-
ing map (Figure 3), which made interpretation of the data
difficult, so coordinate points should be used to estimate

Fig. 1. Map of the correspondence of signs of CT and lungs ultrasound

Coding of CT signs: 7— thickened pleura; 2 — compaction
of the pulmonary parenchyma by the type of “ground-glass opac-
ity"; 3 —reticular interstitial seals; 4 — subpleural consolidation;
5 —segmental (lobar) consolidation; 6 — airbronchogram; 7 —
symptom of “cobblestone pavement”; 8 — free fluid in the pleu-
ral cavity. Coding of lung ultrasound signs: 70 — B-lines; 77 — thick-
ened pleura; 72 — subpleural consolidation; 73 — segmental (lobar)
consolidation; 74 — airbronchogram; 75 — free fluid in the pleural
cavity.
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P
Table 3. Singular values, inertia and fractions of inertia

~

Share of inertia

Measurement Singular value Inertia X2 p

Taken into account Total

1 0.954 0.91 — — 0.229 0.229

2 0.929 0.863 — — 0.217 0.447

3 0.896 0.803 — — 0.202 0.649

4 0.869 0.755 — — 0.190 0.839

5 0.799 0.639 — — 0.161 1.000
Total — 3.971 5821.199 0.00 1.000 1.000

the distance between the points belonging to the CT and ul-
trasound lung traits (Table 4).

Immediately adjacent to the CT signs of “ground-glass
opacities” and reticular thickening is the ultrasound sign
of B-lines. Next to the CT sign of subpleural consolidation
is the ultrasound sign with the same name, as well as the CT
and ultrasound signs of segmental (lobular) consolidation.
CT sign “cobblestone pavement” is located between the ul-
trasound signs of subpleural consolidation and B-lines.

A table based on the pairing showed the concordance
between the features of lung ultrasound and CT scan-

ning (Table 5). If pleural thickening was detected on CT,
then a thickened pleural line was also visualized on ultra-
sound. The most common CT findings were “ground-glass
opacities” — thickening of the pulmonary parenchyma,
with B-lines (multifocal, discrete or confluent) corre-
sponding to this on LUS. If reticular thickening of the in-
terstitium reached the pleura or consolidation zone, it was
identified as B-line (more often discrete) on ultrasound.
CT signs of subpleural and segmental (lobular) consol-
idation corresponded to ultrasound signs of subpleural
and segmental (lobular) consolidation. While the CT scan

/Table 4. Coordinate points of signs of CT and lung ultrasound b
Estimates in measurement
Research Sign Mass Inertia
1 axis 2 axis 3 axis
Lung US B-lines 0.381 0.739 -0.702 0.439 0.514
Thickened pleura 0.218 -1.806 -0.288 0.227 0.709
Subpleural consolidation 0.15 0.375 -0.109 -0.195 0.551
Segmental (lobular) consolidation 0.12 0.276 2.407 0.907 0.751
Air brochogram 0.098 0.181 0.46 -2.559 0.714
Free fluid 0.033 0.169 0.395 -1.439 0.732
CcT Thickened pleura 0.2 -1.893 -0.31 0.254 0.716
“Ground-glass opacities” 0.255 0.774 -0.755 0.49 0.414
Reticular thickening 0.065 0.774 -0.755 0.49 0.106
Subpleural consolidation 0.074 0.393 -0.117 -0.218 0.421
Segmental (lobular) consolidation 0.102 0.289 2.591 1.012 0.75
Air brochogram 0.076 0.19 0.495 -2.856 0.701
Symptom of “cobblestone pavement” 0.065 0.569 -0.413 0.11 0.096
Free fluid 0.025 0.177 0.425 -1.606 0.725
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cT LUS
Thickened pleura

Thickened pleura
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"Ground-glass opacities”
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+ subpleural consolidation

B-lines
+ subpleural consolidation

Reticular
interstitial seals

3]

Fig. 2. Correspondence of signs of CT and lung ultrasound

Vv

5

|

showed air bronchi in the background of the consolida-
tion sign, the ultrasound scan visualized air bronchogram
within the consolidation zones, which was usually dynam-
ic in nature. The “cobblestone pavement” symptom on CT
was due to a combination of “ground-glass opacities” sign
and thickened interlobular septa, this combination was
characterised by a combination of B-lines interspersed
with small subpleural consolidation in areas of septal thick-
ening and alveolar lesions on LUS. Free fluid in the pleu-
ral cavity was rarely detected and was associated with se-
vere, prolonged disease, accession of bacterial microflora
and decompensated heart failure. A visual correlation be-
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CcT LUS
Subpleural consolidation Subpleural consolidation

Segmental (lobar)
consolidation

Segmental (lobar)
consolidation

Aerobronchogram

Free fluid

tween CT and ultrasound findings in the lungs is shown
in Figure 2.

A comparison of lung ultrasound signs and histologi-
cal findings was performed in 6 patients who died on 2, 3,
5, 8, 12, 18 days. Autopsy material for histological exam-
ination was taken from the subpleural area with a section
of the pleura. The analysis showed that ultrasound signs
could be caused by different pathomorphological manifes-
tations.

The ultrasound sign of B-lines corresponded histologi-
cally to manifestations of diffuse alveolar damage in the ex-
udative and proliferative phases. In the exudative phase
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/Table 5. Table of correspondences of signs of CT and lung ultrasound b
Lung US
- 5
sen : s Es N
i ts £E £ 3 2
& = A 8 & 8 < i <
CT  Thickened pleura 0 293 0 0 0 0 293
“Ground-glass opacities” 374 0 0 0 0 0 374
Reticular thickening 96 0 0 0 0 0 96
Subpleural consolidation 0 0 109 0 0 0 109
Segmental (lobular) consolidation 0 0 0 150 0 0 150
Air brochogram 0 0 0 0 m 0 m
Symptom of “cobblestone pavement” 44 0 51 0 0 0 95
Free fluid 0 0 0 0 0 36 36
Active field 559 320 220 176 143 48 1466

B-lines were caused by exudation of fluid and protein mol-
ecules into the intra-alveolar space against the background
of massive death of type 1 alveolocytes and capillary endo-
thelium damage leading to infiltration of serous exudate
into the alveolar lumen with attachment of precipitates
and fibrin threads (Figure 3, B). A perivascular inflammatory-
cellular reaction was detected in all deceased patients. It in-
cluded clusters of lymphoid cells and macrophages. In severe
endothelial damage, the appearance of erythrocytes in the in-
terstitium and inside the alveoli was observed (Figure 3, A).
At treatment duration of more than 3-5 days there were signs
of early proliferative phase characterized by the progression
of diffuse alveolar damage with the development of intraalve-
olar edema (Figure 3, B), as well as the formation of hyaline
membranes. Macrophages, desquamated alveolar epithelial
cells, lymphoid cells and polymorphonuclear leukocytes were
detected in the alveolar lumen (Figure 3, D). In 100 % of cases
interalveolar septa were deformed and thickened due to ede-
ma on the background of inflammatory-cellular infiltration
represented by macrophages, lymphoid cells, polymorpho-
nuclear leukocytes (Figure 3, D). In addition, signs of mi-
crocirculatory disorders in the form of erythrocyte sludge,
stasis, foci of extravasation and dilatation of capillaries were
determined in all cases. Fibrin and erythrocyte-fibrin thrombi
were detected in the lumen of pulmonary arterioles branches.
Endothelium in the areas of thrombotic masses attachment
was characterized by enlarged nuclei, signs of intracellular
edema and swelling (Figure 3, A4, E).

Ultrasound evidence of consolidation appears in the air-
less zone of the lung. The size of the consolidated zones

varied from a few millimetres to consolidation of the en-
tire lobe. Small areas of subpleural consolidation were due
to thickening and inflammatory lympho-leucocytic infil-
tration of the pleura, as well as the development of sub-
pleural haemorrhages, diffuse alveolar damage, with death
and recession of alveolocytes, perivascular inflammatory-
cellular reaction due to accumulation of lymphoid cells
and macrophages (Figure 4, A, B). Large volumes of con-
solidation in the exudative phase were formed due to intra-
alveolar edema, layering of desquamated alveolar epitheli-
um and macrophages in the alveolar lumen (Figure 4, D).
Progression of the pathology into the proliferative phase
was characterized by the formation of band-like homoge-
neous eosinophilic masses, so-called hyaline membranes,
along the contours of alveolar passages, alveolar sacs, alve-
oli and some bronchioles with a decrease in airiness of lung
tissue. Also denudation of basal membranes of aerohemat-
ic barrier with destruction of its “working zone” and pres-
ence of diffusely located cellular infiltrates from pulmo-
nary macrophages, polymorphonuclear leukocytes, few
lymphocytes in alveoli lumen among fragmented hyaline
membranes was typical (Figure 4, E). During treatment
for more than 7 days, the lung tissue showed signs of dis-
organization of the organ structure due to the developing
fibrosis. Histologically, on the background of diffuse pul-
monary infiltration with macrophages, polymorphonuclear
leukocytes and few lymphocytes due to fibroblast prolif-
eration and increased volume of collagen fibers, there was
thickening of interalveolar septa with reduction of their
capillary channel and collapsing alveoli (Figure 4, F).
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Fig. 3. Comparison of the feature of B-lines and histological data:

A — zones of atelectatic and emphysematous changes. Intraalveolar focal hemorrhages; B — a decrease in the airiness of the lung due to intraal-

veolar edema, overstretching and rupture of the interalveolar septa, fullness of the vessels of the microcirculatory bed — pulmonary edema;

C — the degree of severity of the ultrasound of the B-line sign in points according to the “Russian Protocol”; D

— reduction of lung airiness due

to thickening and deformation of the interalveolar septa due to their inflammatory infiltration. Homogeneous eosinophilic protein overlays — hy-

aline membranes in the lumen of the alveoli; E — decrease in the airiness of the lung due to the collapse of the alveoli. In the lumen of the alveoli

desquamated alveolocytes and macrophages. Thrombosis of vessels of medium and small caliber.

Discussion

Lung ultrasound has been studied in a number of studies
and is included in diagnostic protocols for coronavirus infec-
tion [27-29]. In the diagnosis of pneumonia, lung ultrasound
can achieve 75-90 % specificity and 65-95 % sensitivity [30-
33]. Ultrasound has been shown to have higher sensitivity,
specificity and accuracy for the diagnosis of lung lesions
compared with chest radiography [34, 35]. In the Cochrane
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systematic review, the sensitivity of CT in the diagnosis
of COVID-19 lung lesions was 86.9 % (95 % confidence inter-
val [CI] 83.6; 89.6) and the specificity 78.3 % (95% CI73.7;
82.3). For chest radiography, the sensitivity for chest radi-
ography was 73.1% (95% CI 64; 80.5) and the specificity
73.3% (95% CI61.9; 82.2). For lung ultrasound, the sen-
sitivity was 88.9% (95% CI 84.9; 92.0) and the specificity
72.2% (95% CI58.8; 82.5). This study demonstrated
that chest CT scan and lung ultrasound are sensitive
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and moderately specific for the diagnosis of COVID-19, As in our work, the most common CT signs of pul-
and chest radiography is inferior to them in terms of sensitiv- ~ monary involvement in COVID-19 in other studies were
ity of the method in the diagnosis of COVID-19 lung tissue ~ “frosted glass” infiltration with or without consolida-
lesions [36]. tion. The “frosted glass” sign was predominantly bilateral,
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Fig. 4. Comparison of consolidation sign and histological data:

A — subpleural consolidation. Foci of the forming connective tissue next to the thrombosed vessel. Focal accumulations of edematous flu-
id in the alveolar cavities; B — subpleural hemorrhage, collapse of the alveoli with hyaline membranes and leukocyte infiltration. Areas of em-
physematous enlargement and atelectasis of the lung; C — the degree of severity of the consolidation sign in points according to the “Russian
Protocol”; D — alveoli with edematous fluid containing exfoliated alveolocytes and neutrophils. Fullness of the vessels of the interalveolar septa;
E — deformation and change of histoarchitectonics of the lung due to the growth of connective tissue in it; F — formation of mature connective
tissue in the lung parenchyma and visceral pleural leaf.
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peripheral, multifocal. The consolidation sign was mostly
bilateral with predominantly subpleural peripheral loca-
tion and/or consolidation of the whole segment (lobe).
Additional CT signs were cobblestone pavement pattern,
pleural thickening, air bronchogram sign, reticular changes.
Pleural effusion was infrequent and mostly small [37-40].

The sonographic features of COVID-19 were simi-
lar to those of other types of viral pneumonia [16, 41-44].
In most studies, the main sonographic sign observed in pa-
tients with COVID-19 was B-lines [18, 19, 28, 32, 45-47].
There are many varieties of B-lines, such as single, focal,
which appear in small lesions, multifocal single or confluent
up to “white lung” B-lines, occurring with increasing vol-
ume and severity of lung tissue changes [18, 19, 35, 48, 49].
In a cohort of 105 patients with COVID-19, 92 % of patients
had confluent B-lines and 38 % had the feature of “white
lung” [50]. Another sonographic sign, found in 70 % of cas-
es according to the literature [48], was a small subpleural
consolidation [49]. More extensive subpleural thickening
in the posterolateral regions was usually seen in venti-
lated patients and could be accompanied by air broncho-
grams [49-52]. Changes to the pleural line in COVID-19
were frequently visualised. The pleural line was thickened,
irregular or fragmented in affected areas [35, 46].

We did not find multivariate analysis of the correspon-
dence between ultrasound and CT signs in the literature.
Current studies have been limited to simple comparisons
of data and examination of correlations between features. All
studies showed correlation between CT and ultrasound find-
ings. The strength of the correlation was assessed as moder-
ate [48] or strong [9, 53]. In our study, there were statistically
proven correspondences between signs of “ground-glass opac-
ities” — lung parenchyma thickening and B-lines, different con-
solidation volumes, air bronchogram, pleural and pleural line
changes, free fluid in pleural cavity. The same correspondence
was found by other researchers [9, 20, 48, 49, 54].

Diffuse alveolar damage is the main histological finding
in morphological studies of the lungs of patients with coro-
navirus infection [55-57]. During progression, diffuse alve-
olar damage undergoes an exudative phase, an early and late
proliferative or organising phase and a late fibrous phase [58,
59]. The exudative and proliferative phases have the greatest
impact on the alveolar and interstitial space, forming the ba-
sis for ultrasound artifacts [17, 57]. Cell death with loss
of epithelial layer inside alveoli, capillary endothelium
damage leads to increase of extravascular fluid up to intra-
alveolar hemorrhage [59, 60]. Hyaline membranes appear
early in the disease and interstitial and alveolar oedema in-
crease. In addition, thrombosis of the affected capillaries,
haemorrhage, infiltration with inflammatory cells, scattered
fibroblasts, thickening of the alveolar septa, denudation
of the alveolar epithelium and type II hyperplasia develop.
The proliferation phase is characterised by proliferation
of fibroblasts in the septa and alveolar spaces and the ap-
pearance of atypical pneumocytes against a background of still
impaired microcirculation. The organization phase can move
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to the fibrous stage after about 3-4 weeks [55-59]. Our work
has shown that ultrasound signs of B-lines and consolidation
can be detected in the exudative, proliferative and fibrotic stag-
es and depend on the airiness of the alveoli. We found only one
study in the form of a letter to the editor which compared lung
ultrasound findings with histological findings [61]. In the work
of A. Monteiro et al. (2020) reported that COVID-19 pneumo-
nia on early-stage lung ultrasound was characterised with an ir-
regular and thickened pleural line with demonstration of B-lines
and areas of air lung. These features were consistent with acute
diffuse lung damage with hyaline membranes. The interstitial
phase on ultrasound was characterised by pleural thickening
with subpleural thickening, which morphologically corre-
sponded to early fibroproliferative changes associated with acute
diffuse alveolar damage. Large areas of consolidation were his-
tologically associated with fibroproliferative changes and loss
of alveolar airiness on ultrasound [61].

The strength of our work was the ultrasound of 16 areas
of the chest compared to other studies that have used proto-
cols with 14, 12, 8, 6 areas assessed, as scanning fewer lung
areas can impair diagnostic accuracy [32].

Study limitations

The present study had some limitations. Firstly, it was
a post hoc analysis of a prospective observational study
with no randomisation or blinding design. Secondly,
there was a gender bias towards men, due to the nature
of the medical organisation where the study was conducted.

Conclusion

CT is the gold standard for assessing the extent and na-
ture of lung damage in patients with COVID-19. Multivariate
correlation analysis showed a correlation between CT and ul-
trasound findings in the lungs. CT signs of “ground-glass
opacities” corresponded to B lines in ultrasound; CT signs
of consolidation corresponded to ultrasound signs of con-
solidation; air bronchogram CT signs to air bronchogram
ultrasound; free fluid CT signs to free fluid ultrasound. CT
signs of reticular changes and symptom of “cobblestone pave-
ment” corresponded to different combinations of ultrasound
signs of subpleural consolidation and B-lines. Morphological
analysis showed polymorphic histological findings, leading
to ultrasound signs. The diagnostic methods used do not re-
place each other, but complement each other, which contrib-
utes to a better assessment of changes in the lungs and can
influence the change in treatment tactics.
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