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A decision rule for identifying patients at high risk for impaired lung
diffusion capacity after COVID-19
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ABSTRACT

Aim. To claborate a decision rule for identifying the main predictors of impaired lung diffusion capacity after
COVID-19.

Materials and methods. The retrospective study included 341 patients without underlying lung diseases (median
age 48 years) who experienced COVID-19 with bilateral pneumonia. The median extent of parenchymal lesion in
the acute phase of COVID-19 (CT,_ ) was 50%. Spirometry, body plethysmography, and lung diffusion capacity
for carbon monoxide (DLCO) test were performed. The data were analyzed by descriptive statistics, correlation
analysis, one-dimensional logistic regression analysis with an assessment of odds ratios (OR), and multivariate
logistic regression analysis. Receiver operating characteristic (ROC) analysis was used to assess the quality of the
binary classifier model.

Results. The initial model for predicting reduced DLCO (< 80% of predicted) included the following predictors:
CT ., time interval from the COVID-19 onset, gender, age, body mass index. Backward stepwise regression was
applied, and a binary classifier model that includes CT__was obtained. The sensitivity and specificity of the model
for the training sample were 80 and 67%, respectively, for the test sample — 79 and 70%, respectively. The analysis
of OR showed that OR > | was observed at CT_ > 40%.

Conclusion. The decision rule was obtained for predicting impaired lung diffusion capacity after COVID-19 with
virus-associated lung damage in patients without underlying bronchopulmonary diseases. Patients with CT >
40% require more thorough clinical follow-up with DLCO monitoring after the acute phase of COVID-19.
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Pewalowee npaBunno ansa BbiABAEHVA NAaLNEHTOB C BbICOKMM PUCKOM
HapyweHunAa andpPysnoHHON CNOCOOHOCTUN NNerKMNX Nocsie NnepeHeCceHHoro
COVID-19

CaBywkuHa 0.U."?, MypaBbeBa E.C.2, XKkutapeBa U.B.?, laBbipoB [1.B., Kpiokos E.B.*
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Poccus, 115682, 2. Mocksea, Opexosviii Oyavsap, 28

3 Poccuiickutl HayuoHanbHblil uccie0osamenvekull meouyunckuil ynusepcumem (PHUMY) um. H.H1. ITupozosa
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PE3IOME

ey — MOCTpOCHKE PELIAOIIETo MPaBUIIa IS ONPE/e/IcHNsT HanOoJIee BaXKHBIX MPEAUKTOPOB HAPYIICHUS Au(-
(hy3uoHHO# criocobHOCTH Jierkux mocie neperecernoro COVID-19 (Coronavirus disease 2019) ¢ Bupyc-accorm-
HMPOBAHHBIM MOPAKEHUEM JICTKHX.

Marepuajbl 1 MeTOABI. B perpocrexTuBHOE HccnenoBanue BkiodeH 341 manueHT 6e3 GpPOHXOJIErOYHOI ma-
TOJIOTUH B aHaMHe3e (MenuaHa Bo3pacta 48 set) mocie nepeHecennoro COVID-19 ¢ Bupyc-acconnupoBaHHBIM
TIOPaKEHUEM JIETKHX. Memana o0bemMa MOpaKeHus JIETOUHOH TkaHu B ocTphii mepuox COVID-19 (KT, ) B
o6meit rpynme cocrasmia 50%. BreimonHeHs! crimpometpust, 6oxumieTu3Morpadust, 1 Gy3HOHHBIH TecT (M3Me-
penue Tpancdep-pakTopa MOHOOKCHIA yriepoaa, DLco). AHann3 HaHHBIX IPOBEIEH C TIOMOIIBIO OIMCATENEHOIT
CTaTUCTUKHU, KOPPEISLIMOHHOIO aHAIN3a, OHOMEPHOTO JIOTHCTUYECKOI0 PErpeCCHOHHOIO aHallu3a ¢ OLEHKOM 0T-
Homrennit mancoB (OILl) 1 MHOTO(AaKTOPHOTO JIOTHCTHYECKOTO PErPECCHOHHOrO aHaim3a. [l OIeHKH KayecTBa

Mozenn OMHapHOTO KinaccudukaTopa ncnoib3osaics ROC-anamms (receiver operating characteristic analysis).

Pe3yabTaThl. B MHOTO(haKTOPHEIH JIOTHCTHYECKHH peTpecCHOHHBIN ananmn3 cHmkeHns DLco (<80% ot momkHo-
O 3HAYEHMs) W3HAYAILHO ObUIM BKJIIOYEHBI cliefytoume npeaukropsl: KT, . BpemenHoil unteppasn oT Hadasa
COVID-19, mon, Bo3pacT, nHAEKC Macchl Tena. C IMOMOIIBIO JIOTUCTUYECKOTO PETPECCHOHHOTO aHaJH3a C MOCe-
JIOBATEJIbHBIM HCKIIOYCHUEM HAUMEHEE 3HAYMMBIX IIPEAUKTOPOB TOTy4YeHa MOJeb OMHAPHOrO Kiaccu(pHuKaTopa,
€/IMHCTBEHHBIM 3HAYNMBIM IIPEIMKTOPOM B KOTOPOit cTan nokasatens KT . UyBcTBUTENHHOCT U clIEM(UIHOCTD
MOTy4YeHHOI Momenu Ha oOydJatomell BeiOopke coctaBmian 80 u 67% COOTBETCTBEHHO, HA TECTOBOH BBIOOPKE —
79 1 70% cootBercTBeHHO. AHanmm3 Ol 11 momydeHHo# Moaenu 6GnHapHOTO KiIaccupukaTopa nokasai, uto OIII
> 1 mabmonaercs mpu KT, > 40%.

3akioyenue. [lonydeHo peruaroliee mpaBuiIo I HPOTHO3MPOBAHUS CHIDKEHHs mokasaTens DLco mocie me-
penecennoro COVID-19 ¢ Bupyc-accOLMHMPOBaHHBIM MOPAKEHUEM JIETKHUX y MAIlMeHTOB 0e3 OpOHXOJIEerouHOit
naronoruy B anamuese. Ilokasano, yto nauuentam ¢ KT > 40% tpebyeTcs Gosiee TIIATENBHOE KIMHUIECKOE
HaOIo/ieHne ¢ 00s13aTeNbHBIM KOHTpoJIeM okaszarteist DLco mocie okonuanust octpoit pazst COVID-19.

KiroueBsble cioBa: Hapymenne 1 (Hy3HOHHOM CIOCOOHOCTH JIETKHX, JIETOUHBIC (DYHKIIHOHATIBHBIC METOABI HC-
CIIeZIOBaHMs, MOJIeNb OMHapHOTO Kiaccudukaropa, COVID-19

KOHq)J’IHKT HHTEPECOB. ABTOpI;I JACKIApUPYIOT OTCYTCTBUE SAIBHBIX U MNOTCHIUAJIbHBIX KOHq;).]'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J'II/IKaHI/IeI71 HACTOSIIEH CTaThH.

Hcrounuk ¢puHaHCHPOBAaHUSA. ABTOPBI 3asBIAI0T 00 OTCYTCTBUU (PMHAHCHUPOBAHMS IPU NPOBEACHUH MCCIIENIO-
BaHUSL.
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CooTBeTcTBHE NMPUHIUNAM 3THKH. Bce yJacTHUKM WCCIeOBaHUS TOJMHCATH WHGOPMHUPOBAHHOE COTIIACHE.
[IpoToxon uccinenoBanus on00peH He3aBUCUMBIM dTrdeckuM kKomuteToM ['BKI nm. akan. H.H. Bypnenko (mpo-

Tokoi Ne 04-22 ot 20.04.2022).

Ja nurupoBanns: Casymkuna O.M., Mypassesa E.C., XKurapesa 11.B., aseigos JI.B., Kprokos E.B. Pe-
IIaroIee MPaBUIO JUIsl BHISBICHHS ITAIIMEHTOB C BBICOKMM PHCKOM HapymIeHHs Tu((y3nOHHOH CIIOCOOHOCTH
nerkux mocne neperecenHoro COVID-19. bwomiemens cubupcroi meduyunvt. 2024;23(3):91-98. https://doi.

0rg/10.20538/1682-0363-2024-3-91-98.

INTRODUCTION

The problem of functional disorders caused by
novel coronavirus infection remains relevant in
the present time. The results of previous studies
showed that the most common functional disorder
of the bronchopulmonary system is impaired lung
diffusion capacity [1-5] following diffuse alveolar
damage and pulmonary embolism [6—8]. Follow-
up of COVID-19 survivors has shown that it is
relevant to identify patients at high risk for imparted
lung diffusion capacity in the post-COVID phase,
especially with account of current restrictions on
performing lung function tests during the COVID-19
pandemic [9].

The aim of the study was to elaborate a decision
rule for identifying the main predictors of impaired
lung diffusion capacity after COVID-19 with virus-
associated lung damage.

MATERIALS AND METHODS

A retrospective study included 341 patients who
experienced COVID-19 with bilateral pneumonia.
We analyzed demographic data, the maximum
extent of parenchymal lesion in the acute phase of
COVID-19 according to high-resolution computed
tomography of the chest (CT,_ ), and the time
interval from the COVID-19 onset (Table 1).
Lung function tests included spirometry, body
plethysmography, and lung diffusion capacity
for carbon monoxide (DLCO) test. The analyzed
pulmonary parameters included forced vital capacity
(FVC), forced expiratory volume in I second (FEV ),
slow vital capacity (VC), the FEV, / VC ratio, total
lung capacity (TLC), and lung diffusion capacity
for carbon monoxide adjusted for the hemoglobin
level (DLCO) (Table 2). Lung function tests were
performed in 64.8% (221/341) of patients within 90
days, in 23.5% (80/341) of patients within 90-180
days, and in 11.7% (40/341) of patients within more
than 180 days from the COVID-19 onset.

Table 1
Characteristics of the study group, n = 341
Parameter Value
Gender (men), n (%) 262 (76.8)
Age, years, Me (0 -0,) 48 (41.5-57)
BML, kg / m*, Me (0,-0,) 29.9 (27-32.5)
Smoking index, pack / years, Me (0,-0,) 0 (0-5.13)
CT .. %, Me (00, 50 (31-75)
Time interval from the COVID-19 onset:
<90 days, n (%) 221 (64.8)
90-180 days, n (%) 80 (23.5)
>180 days, n (%) 40 (11.7)

All studies were conducted according to the
national and international guidelines [10—12]. The
results were expressed as the percentage of predicted
values (%opred) calculated according to the European
Coal and Steel Society equations (ECCS 1993) [13,
14]. The fixed values of 80%pred were taken as the
lower limit of normal (LLN).

Table 2

Lung function and lung diffusion capacity parameters
in COVID-19 survivors, n = 341

Parameter Value
VC, %pred., Me (0 ~Q,) 102 (87-111)
VC<LLN, n (%) 63 (18.5)

FVC, %pred., Me (Q —0Q,)
FEV , %pred., Me (0 -0,)

103 (88-114.2)
101 (89-113)

FEV < LLN, 1 (%) 58 (17)
FEV,/VC, %, Me (0,~0,) 80.3 (76.4-84.3)
FEV,/VC < 70%, n (%) 25(7.3)
TLC, %pred., Me (Q,~0Q,) 98 (83.2-108)
TLC < LLN, 1 (%) 68 (19.9)
DLCO %pred., Me (O, ~Q;) 75 (61.7-88.3)
DLCO< LLN, 7 (%) 206 (60.4)

The data analysis was performed using descriptive
statistics and multivariate logistic regression analysis
using the SPSS 21 and MS Excel 2016 software
packages. Quantitative data with non-normal
distribution were presented as the median and the
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interquartile range (Me (Q—~Q,)). The Mann —
Whitney test was used to compare two independent
samples. Qualitative variables were presented as a
percentage (%); the differences were assessed using
the y* test with the Yates correction or the Fisher’s
exact test. The relationship between the traits was
studied using partial correlations. The differences
were considered statistically significant at p < 0.05.
To assess the risks of abnormal parameters, the one-
dimensional logistic regression analysis with the
assessment of odds ratios (OR) was applied.

To construct a binary classifier model for
predicting abnormal DLCO, the multivariate logistic
regression analysis was used. The decision rule
for predicting abnormal DLCO was obtained in a
training sample. For this purpose, the total sample
was split into a training and a test (validation)
sample by random selection with a 3:1 split ratio.
The logistic regression coefficients were obtained in
the training sample.

Z is the regression equation, which has the form of:

Z=a,toax+.. tax,
n n

0, O, ...0 — model parameters (coefficients), x....
x_— predictors.
|

P = [t
DLCO, where

The logistic regression model predicted a decrease
in DLCO at Z > 0 and normal DLCO values at Z <0.

To assess the quality of the binary classifier model
and find the optimal cut-off value for dividing objects
into subsets, the ROC analysis was performed. The

the probability of abnormal

criterion for choosing the cut-off value was the
requirement to the maximum sum of sensitivity
and specificity. The ability of the created model
to recognize the presence or absence of abnormal
DLCO was assessed by the area under the curve
(AUC) and by the correspondence of the ROC curve
to the diagonal reference line.

RESULTS

In previous studies, a moderate inverse correlation
was revealed between CT__ and DLCO [3, 15].
Besides, the bigger the time interval between the
onset of COVID-19 and the DLCO test was, the
less frequently abnormal DLCO was observed [4,
5]. Considering the results obtained, we divided
the general sample into two subgroups: group 1
included 39.6% (135/341) of patients with normal
DLCO, group 2 encompassed 60.4% (206/341) of
patients with reduced DLCO After that, we analyzed
DLCO depending on CT,__, the time interval from
the COVID-19 onset (T), gender, age, and BMI
(Table 3).

Table 3 shows that, depending on DLCO (normal
or reduced), the groups differed in the time interval
from the onset of COVID-19 (it was shorter in
group 2) and in CT__ (it was greater in group 2). No
differences in gender, age, and BMI were identified
between the groups.

The partial correlation coefficient demonstrated
a significant inverse correlation between DLCO and
CT,_,  (r=-0.601; p < 0.01) at fixed values of the
time interval from the COVID-19 onset, gender, age,
and BMI (Fig. 1).

Table 3
Characteristics of patients depending on the DL value, Me (Q —0,)
Group 1 Group 2
Parameter DLCO > 80%pred. DLCO < 80%pred. p
n=135/341 (39.6%) n=206/341 (60.4%)

Gender (men / women), n (%) 107 (79.3) / 28 (20.7) 155(75.2) / 51 (24.8) 0.467"
Age, years 47 (40-58) 49 (43-57) 0.5392
BMI, kg / m? 29.7 (26.9-32.3) 30 (27-33) 0.5792
T, days 81 (42-145) 39.5(27-93) <0.0012
CT, . % 35(25-52) 70 (48-80) <0.0012

Note. T — time interval from the onset of COVID-19 to the DLCO test; p — level of significance (half bold font marks p values for statistically

significant differences).
!'the ¢ test with the Yates correction; > the Mann — Whitney test.
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Fig. 1. Correlation analysis of the relationship between DLCO
and CT __ (partial correlation,  =—-0.601; p < 0.01)

Then we constructed a decision rule to identify
patients at high risk for impaired lung diffusion
capacity after COVID-19. For this purpose, the
general sample was split in a 3:1 ratio into a training
(n = 252) and a test (n = 89) subset. Age, gender,
BMI, and parameters with a statistically significant
association with reduced DLCO (CT__ and T) were
selected as predictors. Following the conducted
analysis, the following logistic regression equation
was obtained:

Z=-1.279+0.05 x x, ~ 0.004 x x, - 0.046 x x, +
+0.017 X x,+ 0.653 x x, (1),

where x, x,, x,, x,, x, are input parameters of the
model (predictors): x, —CT__ (%), x, — time interval

between the COVID-19 onset and the DLCO test
(days); x,—BMI (kg/m?), x,—age (years), x, —logistic
regression coefficient encoding gender: 1 — male,
0 — female. The results of the logistic regression
analysis are presented in Table 4.

Table 4 shows that the sensitivity, specificity, and
accuracy for the training sample using equation 1
were 82.5, 61.2, and 74.2%, respectively.

Further, the logistic regression analysis was
performed with stepwise exclusion of the least
significant variables. As a result, predictors, such
as gender, age, and BMI, were excluded from the
model, and the following logistic regression equation
was obtained:

Z=-1.564+0.046 x x, —0.003 % x, @),

where x is CT,__ (%), x, is the time interval from the
onset of COVID-19 to the DLCO test (days).

The results of the classification obtained at this
stage are shown in Table 5.

Table 5 shows that the sensitivity, specificity,
and accuracy for the training sample using equation
2 were 82.5, 61.2, and 74.2%, respectively.

The quality of the model described by equation
2 was verified using the ROC analysis (Fig.2): in
the training sample, the AUC value was 0.789 (95%
confidence interval (CI) 0.733-0.844), the sensitivity
and specificity (at the cut—off point of 0.258) were 80
and 67%, respectively.

Table 4

time interval between the COVID-19 onset

Results of the classification in the training sample (predictors: CT

max’

and the DLCO test, age, gender, BMI)

Parameter DLC%fei?zZ%r)ed" " DLCZ};E?:{‘;%;M" " Classified correctly, %
DLCO> 80%pred., n 60 38 61.2
DLCO < 80%pred., n 27 127 82.5
Total 74.2

Table 5

The results of the classification in the training sample (predictors: CT__, time interval
from the onset of COVID-19 to the DLCO test)

Parameter DLC((Z;fei?;’fé}zlr)ed., . DLC%:ei?:ﬁ:%r)ed., " Classified correctly, %
DLCO> 80%pred., n 60 38 61.2
DLCO < 80%pred., n 27 127 82.5
Total 74.2
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Fig. 2. The ROC analysis for the training sample (predictors:
CTmax, time interval from the onset of COVID-19) to predict
reduced DL

At Z > 0.258, reduced DLCO was predicted;
at Z < 0.258, DLCO was within the normal range.
When testing the resulting model in the test sample,
sensitivity and specificity were 77 and 70%,
respectively. The classifier model with a single
predictor CT __ was also studied and the following
logistic regression equation was obtained:

Z=-1.564 +0.046 x x, (3),
where x is CT__ (%).

The results of the classification obtained at this
stage are shown in Table 6.

Table 6

The results of the classification in the training sample
(predictors: CT )

max:

DLCO2 DLCO < Classified
Parameter 80%pred., n | 80%pred.., n o
(predicted) (predicted) correctly, %
DLCO> 80%pred., n 60 38 65.3
DLCO < 80%pred., n 27 127 81.8
Total 75.4

Table 6 shows that the sensitivity, specificity, and
accuracy for the training sample using equation 3
were 81.8, 65.3, and 75.4%, respectively.

The ROC analysis showed (Fig. 3) that when
using equation 3 in the training sample, the AUC
value was 0.780 (95% CI 0.723-0.837), sensitivity
and specificity (at the cut—off point of 0.171) were 80
and 67%, respectively. In the test sample, sensitivity
and specificity were 79 and 70%, respectively.
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Fig. 3. ROC analysis for the training sample (predictor:
CTmax) to predict reduced DL

At Z > 0.171, reduced DLCO was predicted,
at Z <0.171, DLCO was within the normal range.
Using equation 3, OR was calculated [16]:

OR = ¢ 1:56400.046x] (4)
where x, is CT,__ (%).

Equation 4 evidences that OR > 1 is observed at
CT_, >40%.

DISCUSSION

Predicting the state of medical systems depending
on factors affecting them is an important task of
statistical analysis. The use of mathematical models
solves a lot of tasks, such as assessing the influence
of factors on the response rate, changes in the
parameter caused by changes in factors affecting the
system, predicting the response rate for the given
values of factors [17].

The methods for binary classification include
both classical discriminant analysis and logistic
regression analysis, which are used in various fields
of medicine [18-20]. In this study, the created binary
classifier model allows to predict reduced DLCO
after COVID-19 with virus-associated lung damage.

The correlation analysis, data analysis depending
on the DLCO value (normal or reduced), and the
created binary classifier models showed that CT,_
is an important predictor of reduced DLCO after

96 Bulletin of Siberian Medicine. 2024; 23 (3): 83-90



OpwuruHasibHble CTaTbu

COVID-19 with virus-associated lung damage in
patients without an underlying lung pathology.

Similar studies have been conducted abroad.
W. Qin et al. [21] also did not reveal statistically
significant differences in age, gender, and BMI
between groups with reduced and normal DLCO 3
months after COVID-19. In addition, after exploring
a wide range of possible abnormal DLCO predictors
(demographic and clinical data, results of laboratory
and instrumental research and X-ray, treatment
regimens, the presence of acute respiratory distress
syndrome) in 81 patients 3 months after COVID-19,
the authors concluded that CT__ and acute respiratory
distress syndrome affected DLCO after the acute
phase of COVID-19.

In the present study, using the logistic regression
analysis with the stepwise exclusion of the least
significant predictors also demonstrated that CT__
contributed to a decrease in DLCO. The sensitivity
and specificity of the created model were 80 and
67% for the training sample, respectively, and 79 and
70% for the test sample, respectively. The inclusion
of'additional predictors in the model, such as gender,
age, BMI, and the time interval from the onset of
COVID-19 to the DLCO test, did not significantly
affect the quality of the decision rule. Moreover, it
was shown that at CT__ > 40%, reduced DLCO can
be reliably expected after the end of the acute phase
of COVID-19.

LIMITATIONS OF THE STUDY

To create a model for predicting reduced DLCO
after COVID-19, we used the results of lung function
tests obtained mainly in the first 6 months after the
acute phase of the disease. It should be taken into
account that CT _ reflects the volume, but does not
characterize the depth and morphological features
of lung tissue damage, which may subsequently
affect DLCO. L.E. Tyurin et al. [22] pointed out that
the clinical manifestation and prognostic value of
radiological signs, such as ground-glass opacities
and consolidation, appear to be completely different
even for the same lesion volume.

CONCLUSION

A decision rule was obtained for predicting
reduced DLCO after COVID-19 with virus-
associated lung damage in patients without an
underlying lung pathology. The analysis of chest CT
scans in the acute phase of COVID-19 is essential for

predicting impaired lung diffusion capacity. Patients
with CT > 40% require more thorough clinical
follow-up with obligatory DLCO monitoring after
the acute phase of COVID-19.
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