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Abstract

Background End-expiratory lung volume (EELV) has been observed to decrease in acute respiratory distress
syndrome (ARDS). Yet, research investigating EELV in patients with COVID-19 associated ARDS (CARDS) remains
limited. It is unclear whether EELV could serve as a potential metric for monitoring disease progression and identifying
patients with ARDS at increased risk of adverse outcomes.

Study design and methods This retrospective study included mechanically ventilated patients diagnosed with
CARDS during the initial phase of epidemic control in Shanghai. EELV was measured using the nitrogen washout-
washin technique within 48 h post-intubation, followed by regular assessments every 3—4 days. Chest CT scans,
performed within a 24-hour window around each EELY measurement, were analyzed using Al software. Differences
in patient demographics, clinical data, respiratory mechanics, EELV, and chest CT findings were assessed using linear
mixed models (LMM).

Results Out of the 38 patients enrolled, 26.3% survived until discharge from the ICU. In the survivor group, EELY,
EELV/predicted body weight (EELV/PBW) and EELV/predicted functional residual capacity (EELV/preFRC) were
significantly higher than those in the non-survivor group (survivor group vs. non-survivor group: EELV: 1455 vs. 1162
ml, P=0.049; EELV/PBW: 24.1 vs. 18.5 ml/kg, P=0.011; EELV/preFRC: 0.45 vs. 0.34, P=0.005). Follow-up assessments
showed a sustained elevation of EELV/PBW and EELV/preFRC among the survivors. Additionally, EELV exhibited a
positive correlation with total lung volume and residual lung volume, while demonstrating a negative correlation with
lesion volume determined through chest CT scans analyzed using Al software.
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Conclusion EELV is a useful indicator for assessing disease severity and monitoring the prognosis of patients with

CARDS.

Keywords End-expiratory lung volume, COVID-19, Acute respiratory distress syndrome, Mechanical ventilation

Introduction

Severe COVID-19 pneumonia has presented significant
challenges for the research and medical communities.
Among individuals hospitalized with COVID-19, 15-30%
will progress to develop COVID-19 associated acute
respiratory distress syndrome (CARDS) [1]. Autopsy
studies of patients who succumbed to severe SARS
CoV-2 infection reveal the presence of diffuse alveolar
damage, accompanied by a higher thrombus burden in
the pulmonary capillaries and fibrosing nonspecific inter-
stitial pneumonia. These factors contribute to reduced
functional residual capacity (FRC) and severe arterial
hypoxemia [2, 3]. Furthermore, the limitations of using
oxygen levels as a prognostic indicator for acute respi-
ratory distress syndrome (ARDS) are well-documented
[4, 5]. Additionally, the definition of ARDS has a some-
what controversial history, and the COVID-19 pandemic
has further complicated the current Berlin definition of
ARDS. Researchers have been advocating for and work-
ing towards improved criteria and methods for defining
ARDS [6, 7]. It should be emphasized that our treatment
objective for ARDS patients should not solely focus on
improving their oxygen levels or the ratio of arterial oxy-
gen partial pressure to the fraction of inspired oxygen
(PaO,/FiO,) [8, 9]. Instead, we require effective and non-
invasive monitoring methods to track the progression of
ARDS, which are crucial for evaluating patient condition
and prognosis. FRC, the amount of gas remaining in the
lungs after a natural exhalation at atmospheric pressure,
serves as a crucial indicator of gas exchange capacity in
healthy individuals [10]. End-expiratory lung volume
(EELV), which encompasses the cumulative gas volume
within intubated patients, incorporates the FRC along
with the additional volume introduced by positive end-
expiratory pressure (PEEP) [11, 12]. ARDS leads to a sub-
stantial decrease in EELV, resulting in higher strain at a
given tidal volume (VT). For this reason, bedside EELV
measurement may assist in setting ventilation parameters
for protect strategies and better monitoring changes in
lung injury [13].

Reproducible measurement techniques are essential
for bedside use to minimize overdistention and identify
which patients may benefit from recruitment strate-
gies. While CT scans and gas-dilution techniques have
been validated for lung-volume measurement, their
complexity limits their widespread use in clinical set-
tings. Fortunately, ICU ventilators now offer washout/
washin techniques using oxygen or nitrogen, making
it convenient to measure EELV at the patient’s bedside.

Comparisons between EELV measurements (obtained
through multiple breath nitrogen washout/washin and
helium dilution) and CT scans have consistently demon-
strated strong agreements in stable patients, animal mod-
els of ARDS, and artificial lungs [12, 14, 15]. However, the
investigation of EELV and its variations, as well as their
association with the prognosis of patients with CARDS,
remains unexplored.

In this study, we monitored the EELV and its changes
in patients with CARDS, and performed a correla-
tion analysis with CT scans. Our hypothesis posits that
changes in EELV could serve as a valuable indicator of
disease progression and a predictive factor for the prog-
nosis of patients with CARDS, in contrast to relying
solely on arterial blood gas measurements and CT vol-
ume analysis.

Materials and methods

The study protocol and informed consent forms were
reviewed and approved by the ethics board of Zhongshan
Hospital affiliated to Fudan University (approval code:
B2023-074R).

Study population

This study included patients admitted to our ICU
between December 2022 to March 2023, who had been
diagnosed with COVID-19 infection through confir-
mation via real-time reverse transcriptase-polymerase
chain reaction. The inclusion criteria were as follows:
(a) COVID-19 cases classified as severe in accordance
with the WHO interim guidance, characterized by clini-
cal signs of pneumonia in addition to a respiratory rate
(RR)>30 breaths/min, severe respiratory distress, and/
or oxygen saturation (SpO,)<90% on room air [16]. (b)
Endotracheal intubation was administered during the
patient’s ICU admission in response to their deteriorating
condition. (c) Subsequent follow-up chest CT scans and
EELV tests were conducted. Exclusion criteria encom-
passed: (a) Patients experiencing severe hemodynamic
instability, defined as persistent systolic blood pressure
below 90 mmHg, tachycardia exceeding 120 beats per
minute, or bradycardia with evidence of poor cardiac
output confirmed by point-of-care ultrasound examina-
tion. (b) Inability to complete the EELV test (e.g., due to
a pronounced decline in SpO, levels observed during the
evaluation). (c¢) Recurrent ICU admissions. (d) Patients
whose fraction of inspired oxygen (FiO,) exceeded 80%.
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Data collection

Patient demographics, date of disease onset, initial symp-
toms, duration of hospital admission and ICU admission,
disease severity, comorbidities, chronic therapy, medica-
tions and treatment received during ICU, as well as chest
CT scans, were extracted from electronic patient medical
records. The EELV test was conducted within 48 h post-
intubation, with follow-up assessments performed every
3—4 days for critically ill patients. The CT scans selected
for analysis were obtained within a 24-hour window
before or after the EELV measurements. EELV monitor-
ing was discontinued for patients who underwent extu-
bation, were discharged from ICU, or were no longer able
to undergo further EELV measurements.

This study involved EELV monitoring of a cohort of 38
patients: all 38 patients received an initial EELV assess-
ment, 23 underwent a second evaluation, and 12 partici-
pated in a third round of monitoring. This resulted in a
total of 73 EELV measurements across these patients.
Additionally, 92 CT scans were performed, adhering to
the specified temporal criteria for the study. Subsequent
analysis using Al software enabled the successful identifi-
cation and processing of 72 CT scans. However, the scans
from 4 patients were not amenable to Al-based analy-
sis. As a result, the final dataset for correlation analysis
included 72 CT scans and their corresponding EELV val-
ues, encompassing a subset of 34 patients. The study flow
is illustrated in Fig. 1.
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Fig. 1 Participant flow diagram. LMM, Linear mixed model
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Ventilator parameters setting

The ventilator settings were aligned with established
guidelines: patients were ventilated under A/C-VC or
V-SIMV modes after intubation, initial tidal volume (VT)
was set at 6—8 ml/kg of ideal body weight. Individual-
ized positive end-expiratory pressure (PEEP) was titrated
using the EIT-Costa method (Pulmo Vista 500, Dréiger
Medical) to maintain driving pressure below 15 cmH,O
[17]. Key parameters such as peak pressure, plateau pres-
sure (Pplat), respiratory rate (RR), minute ventilation,
arterial pH, partial pressure of carbon dioxide (PaCO,),
SpO,, and partial pressure of oxygen in arterial blood
(PaO,) were continuously monitored. If Pplat exceeded
30 cmH,0O or driving pressure exceeded 15 cmH,0, VT
was gradually reduced to 4 ml/kg. Following VT reduc-
tion, RR was adjusted to ensure adequate minute ventila-
tion. FiO, was adjusted based on SpO, and PaO, levels.
All patients received sedation (propofol, midazolam, dex-
medetomidine) and analgesia (fentanyl) to achieve a tar-
get sedation level (RASS -2 to 0) throughout their ICU
stay. Rocuronium bromide was only used during FRC
measurements to ensure accurate FRC calculations.

EELV assessment

EELV was measured utilizing the nitrogen washout-
washin technique (E-sCOVX module sensor, GE Health-
care, Madison, WI, USA). The infusion of intravenous
anesthetic agents and rocuronium bromide was admin-
istered to establish controlled mechanical ventilation
during EELV measurement. Consistency in ventilator
parameters was maintained throughout the EELV moni-
toring including follow-up measurements. Other key
ventilatory parameters, including PEEP, VT, RR, and
static compliance of the respiratory system (Cstat), were
also recorded from the mechanical ventilator at each
measurement.

Lung Strain was calculated as:

Strain =VT/EELV

Predicted body weight (PBW) in kilograms (kg) was
determined based on patient height measurements.
These measurements were taken while the patient was in
a supine position, using the following formula:

PBW (male) = 50+ 0.91 (heighte, — 152.4)
PBW (female) = 45.5+ 0.91 (height e, — 152.4)
preFRC + (male) = 2.34height o, + 0.01age e — 1.09 £ 0.9
preFRC  (female) = 2.24height o, + 0.001age,. — 1.00 + 0.82

spre ' RC : predicted functional residual capacity.
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CT image acquisition and volume analysis

A chest CT scan was performed based on clinical judg-
ment, necessitated by changes in patient condition or
for follow-up examination purposes. The scans were
acquired using a 64-slice scanner (uCT 530+, RO001;
United Imaging, Shanghai, China) with patients in the
supine position, under mechanical ventilation, cover-
ing the area from the lung bases to the apex. All CT
acquisitions were performed without the use of contrast
medium, adhering to the following parameters: tube volt-
age, 120 kVp; automatic exposure control for tube cur-
rent; pitch, 0.5. Images were reconstructed with 0.5 mm
slice thickness using sharp kernels and standard lung
window settings (width, 1000 HU; level, -600 HU).

For the analysis of these chest CT scans, Dr. Pecker
Diagnosis Robot (Pneumonia CT Image-Assisted Tri-
age and Evaluation System V1.2) was employed. This is
a sophisticated chest CT imaging analysis tool under-
pinned by deep learning technology. It uses a multi-task
Unet network to segment the input chest CT images.
Within the automatically segmented lung region and
regions of interest/lesion regions, it calculates several
metrics to quantify lung lesions: volumes and densities
of the entire lung, individual left and right lungs, and
separate lung lobes; lesion volumes, counts, densities,
solid-to-total ratio, ground glass opacity ratio, as well as
the ratios of bilateral lung ground glass opacity and con-
solidation volumes to the total lung volume. The imple-
mentation process and accuracy of this system have been
validated in previously published studies [18].

Statistical analysis

Linear mixed models (LMM), an extension of linear
regression, offers a robust framework for analyzing cor-
related observations, such as repeated measures on the
same subjects [19]. We employed LMM to assess differ-
ences in EELV, EELV/PBW and EELV/preFRC across sur-
vivor and non-survivor groups at each follow-up point
(follow-up 1, 2 and 3). In this mixed model, patients were
categorized as a random effect (random intercept), while
time and group variables, along with their interaction
term if significant, were treated as fixed effect. We also
used LMM to examine the changes in EELV and their
correlation with CT findings. Residual plots revealed no
obvious deviations from homoscedasticity or normality.
P-values, derived from likelihood-ratio tests that com-
pare models with or without the specified effect, were
considered statistically significant when P<0.05. The
agreement between preset and measured FRC gas vol-
umes obtained through nitrogen washout/washin tech-
nique was evaluated with a Bland & Altman analysis.
Continuous variables were presented as median [inter-
quartile range], and categorical variables as frequency
(%). All statistical analyses were performed using the R
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Project software, version 4.3.1, for macOS. Missing data
were accounted for by using the mixed-effects model.

Results

General characteristics

During the study period, 38 of the 97 critically ill COVID-
19 patients admitted to the ICU were included in the
study (Fig. 1). Among them, 28 (73.7%) succumbed in the
ICU, while 10 (26.3%) survived and were subsequently
discharged to the ward. The average age of the patients
was 70 years, indicating a predominantly elderly demo-
graphic. Their average BMI was 25 kg/m? classifying
them as overweight. There were no significant differences
in age, BMI, median time from symptom onset to hos-
pital admission (11 days), or median ICU stay (11 days)
between the survivor and non-survivor groups. However,
the survivors had a significantly longer total hospital stay
than the non-survivors. The APACHE II score tended to
be higher in the non-survivor group, although not sta-
tistically significant. Notably, a higher fluid balance of
347 mL [508,664 mL] was observed in the non-survivor
group compared to the survivor group. Other clini-
cal characteristics, including initial symptoms, disease
severity, comorbidities, chronic therapy, and treatments
received in the ICU, showed no statistical differences
between the groups (Table 1, Table S1).

EELV assessment

The initial ventilator settings for measuring EELV and
the patient’s standard FRC showed no significant dif-
ferences between the survivor group and the non-sur-
vivor group, except for FiO, (50% vs. 60%, P=0.036)
(Table 2). Subsequently, we employed a mixed-effects
model to compare EELV, EELV/PBW, and EELV/pre-
ERC at three different time points between the groups,
and found that in the survivor group, EELV (survivor
vs. non-survivor group: P-group<0.05, P-time=0.065,
P-group x time=0.418), EELV/PBW (P-group<0.05,
P-time=0.057, P-group x time=0.341), and EELV/
PreFRC (P-group<0.05, P-time=0.072, P-group X
time=0.289) were all significantly higher than in the non-
survivor group (Table S2). While there were no signifi-
cant variations in EELV/PBW and EELV/preFRC across
the three follow-up sessions within the survivor group, a
positive trend in EELV-related data over time was noted
(Fig. 2, Table S2, and Table S5). Additionally, we com-
pared the changes in strain, PaO,/FiO, ratio, and Cstat
between the groups across the three follow-up sessions.
Strain was significantly lower in the survivor group (0.25
vs. 0.31, P=0.032), with notable differences in the first
and third sessions but not in the second. Nevertheless,
no significant temporal changes in strain were observed
within either group. Differences in the overall PaO,/
FiO, ratio were also noted between the survivor and the
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Table 1 Demographic and clinical characteristics of patients with CARDS

All (N=38) Survivors (N=10) Non-survivors (N=28) P-value
Age (years) 2[67,82] 72[70,84] 76 [65,82] 0.982
Sex (male), n (%) 4(63.2) 6 (60.0) 18 (64.3) 1.000
Weight (kg) 70 [58,78] 67 [61,75] 70 [57,80] 0.847
Height (cm) 168 [160,173] 163 [158,170] 169 [164,173] 0.146
Body mass index (kg/mz) 2520, 21] 24 (20, 22] 2521, 23] 0519
Length from symptom onset to hospital admission (days) 1[7,19] 144, 22] 10 (7, 14] 0.282
Length of hospitalization (days) 1914, 24] 31[2843] 18 [14, 23] 0.012*
Length of ICU stay (days) 117,171 14112, 20] 91[7,14] 0371
APACHE Il 48,19] 9[7,13] 16[12,19] 0.079
Charlson score 21[1,3] 21[1,3] 21[1,3] 0.282
Liquid balance (mL/day) 306 [423,573] 160 [298,401] 347 [508,664] 0.025*
Drugs received during ICU stay
Paxlovid, n (%) 19 (36.5) 2(20.0) 17 (60.7) 0.065
Days of using Paxlovid 513, 5] 5[4, 5] 5[2,5] 0.709
Tocilizumab, n (%) 8(21.1) 1(10.0) 7(25.0) 0.653
Methylprednisolone, n (%) 31(81.6) 7 (70.0) 24 (85.7) 0.351
Days of using methylprednisolone 85 12] 61[0,8] 106, 13] 0.346
Heparin for prevention, n (%) 7 (184) 2 (20.0) 5(17.9) 1.000
Heparin for treatment, n (%) 28(73.7) 6 (60.0) 22 (78.6) 0.404
Fondaparinux Sodium, n (%) 4(10.5) 0(0.0) 4(143) 0.556
Thymosin, n (%) 19 (50.0) 4 (40.0) 15 (53.6) 0.713
HIG, n (%) 7(184) 4(40.0) 3(10.7) 0.063
Days of using HIG 5(3,6] 3[3] 54,7 0.567
CRRT, n (%) 16 (47.1) 4 (40.0) 12 (50.0) 0.715
Bacteria
Acinetobacter baumannii (%) 33(86.8) 9 (90.0) 24 (85.7) 1.000
Klebsiella pneumoniae (%) 18 (47.4) 5(50.0) 13 (46.4) 1.000
Pseudomonas aeruginosa (%) 2(5.26) 2(20.0) 0(0.0) 0.064
Stenotrophomonas maltophilia (%) 8(21.1) 3(30.0) 5(17.9) 0411
Staphylococcus aureus (%) 6(15.8) 3(30.0) 3(10.7) 0310

Valuesare [interquartilerange] ornumber (%). CARDS: COVID-19 associated acute respiratory distress syndrome; ICU: intensive care unit; HIG:Human Immunoglobulin;

CRRT: Continuous Renal Replacement Therapy. *P < 0.05

Table 2 The ventilation parameters and preFRC values at baseline: analysis between survivor and non-survivor groups

Total Survival Deceased P-value
preFRC (ml) 3502.60 (2756.25,3674.75) 3384.50 (2634.65, 3534.50) 3529.50 (2801.40, 3700.50) 0.182
VT (ml) 375.00 (350.00, 418.75) 375.00 (331.25,418.75) 375.00 (350.00, 406.25) 048
Frequency (min) 19.00 (16.00, 25.00) 20.50 (15.25, 25.00) 19.00 (16.00, 25.00) 0973
PEEP (cmH,0) 8.00 (6.00, 10.00) 8.00 (6.00, 8.00) 8.00 (6.00, 10.00) 0.564
FiO, (%) 60.00 (50.00, 65.00) 50.00 (50.00, 50.00) 60.00 (50.00, 65.00) 0.036*
Cstat (ml/cmH,0) 22 (31,39) 31 (22,40) 30.5(22.8,38.2) 0.952

Values are median (interquartile range). preFRC: predicted functional residual capacity; VT: tidal volume; PEEP: positive end-expiratory pressure; FiO,: fraction of

inspired oxygen; Cstat: static compliance of the respiratory system. *P < 0.05

non-survivor group (168.5 vs. 248 mmHg, P=0.001), with
disparities in the first two follow-up sessions but not in
the third. No differences in Cstat were observed between
the groups (Fig. 3, Table S3 and Table S5).

To ascertain optimal cutoff values for EELV, EELV/
PBW, and EELV/preFRC, we employed the Maximally
Selected Log-rank Statistic for multiple classifications.
Subsequently, we generated survival curves depicting
patient outcomes from symptom onset to death. With
a cutoff value of 1545 ml for EELV, the median survival

time in the high EELV group was notably longer (60.3
days), compared to the low EELV group (27.9 days). This
significant difference in survival times was confirmed
by the Log-rank test (P<0.05) (Fig. 4A). Similarly, with
a cutoff value of 21.7 ml/kg for EELV/PBW, the median
survival time was substantially greater in the high EELV/
PBW group (115.4 days) than in the low EELV/PBW
group (32.7 days), with the Log-rank test indicating a sig-
nificant difference (P<0.05) (Fig. 4B). Likewise, utilizing
a cutoff value of 0.62 for EELV/preFRC, we observed that
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box (left column) indicates the median, the top and bottom borders of the box mark the 75th and 25th percentiles, the whiskers above and below the
box indicate the 90th and 10th percentiles, and the points beyond the whiskers are outliers beyond the 90th or 10th percentiles. The modeled data (right
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for details)

the median survival time in the high EELV/preFRC group
(60.3 days) exceeded that in the low EELV/preFRC group
(33.4 days). The Log-rank test exhibited a significant dif-
ference between the groups (P<0.05) (Fig. 4C). These
findings suggest that patients categorized in the high
EELV, EELV/PBW, or EELV/preFRC groups not only have
a greater likelihood of survival at a given time point, but
also exhibit better overall survival outcomes.

Based on the findings of Sinha et al. (2019) [20], the
ventilatory ratio (VR), calculated as [minute ventila-
tion (ml/min) X PaCO,(mm Hg)]/(predicted body weight
x 100x37.5), plays a crucial role in predicting outcomes
in ARDS. In the current study, analysis of ventilator ratio
using LMM showed no significant difference between
the survivor and non-survivor groups (P-group=0.207,
P-time<0.05, P-group X time=0.363) (Fig. 3, Table S3).
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intersecting with the survival curve to indicate the estimated median survival time

Furthermore, it was observed that the ventilatory ratio
in both the survivor and non-survivor groups decreased
significantly over time.

Comparison of EELV and Al-analyzed CT volumetry
CT-graphic volumetry of total lung volume, lesion vol-
ume, and residual lung volume was performed using
Al software. Comparisons were then drawn between
the groups of survivors and non-survivors (Table S4).
As illustrated in Fig. 5, no significant differences were
observed in total lung volume and residual lung vol-
ume between the groups. However, the survivor group
exhibited significantly lower total lesion volume than the
non-survivor group (survivor vs. non-survivor group:
P-group<0.05, P-time=0.348, P-group X time=0.056)
(Table S4). Further analysis using LMM method was con-
ducted to explore the correlation between EELV-related
parameters and total lung volume, lesion volume, and
residual lung volume calculated by Al software. Fig-
ure 6A shows a positive correlation between EELV and
both total lung volume (R?=0.81, P<0.05) and residual
lung volume (R?=0.82, P<0.05), but no correlation with
lesion volume. In Fig. 6B, a positive correlation was
found between EELV/preFRC and total lung volume
(R*=0.88, P<0.05) and residual lung volume (R?*=0.88,
P<0.05). Additionally, a negative correlation was noted
with injured lung volume (R*=0.67, P<0.05). Similarly,
Fig. 6C demonstrates a positive correlation between
EELV/PBW and total lung volume (R?>=0.87, P<0.05) and
residual lung volume (R?*=0.88, P<0.05), and a negative
correlation with injured lung volume (R*=0.69, P<0.05).
Furthermore, a notable discrepancy of 471.10 ml was
identified between the residual lung volume as calculated
by the Al software and the one measured by EELV.

Discussion

We evaluated the values and changes of EELV in patients
with CARDS and found certain association between
EELV and their prognosis, as well as a significant corre-
lation with Al-analyzed CT lung volumes. However, in

both the survivor group and non-survivor group, solely
observing changes in CT lesion volume or the PaO,/
FiO, ratio did not consistently yield differences at every
measurement point. While there are some reports on
pulmonary function changes post-discharge, literature
regarding EELV and its variations in CARDS patients
under invasive mechanical ventilation is limited. To our
knowledge, this study is pioneering in demonstrating
that EELV can be an effective indicator of lung damage
extent in CARDS patients and provide valuable insights
into their prognosis. Our analysis includes comparisons
of EELV differences and trends in COVID-19 patients,
potentially informing assessments and prognoses for
patients with ARDS from other causes. Monitoring EELV
could potentially serve as an alternative to repetitive CT
scans for tracking lung lesion progression in patients with
CARDS, offering a quicker and more convenient method
for follow-up.

COVID-19 can progress to ARDS, necessitating
mechanical ventilation in approximately one-third of
critically ill patients [21]. Notably, during the initial wave
of the pandemic, the mortality rates among patients
receiving invasive mechanical ventilation varied widely,
ranging from 23.3 to 81% [22, 23]. In our study, we inves-
tigated the ICU mortality rate of patients with CARDS
and invasive mechanical ventilation after Shanghai’s
first lockdown ended. The ICU mortality rate for these
patients was 73.7%. Previous studies have indicated that
ARDS typically develops around 8-9 days after the onset
of COVID-19 symptoms. In our cohort, the average
time from symptom onset to hospital admission was 11
days, with no significant difference between the survivor
and non-survivor groups. This timeline could be attrib-
uted to the overwhelming surge of COVID-19 cases,
which strained healthcare resources, leading to hospital
bed shortages, personnel constraints, and limited avail-
ability of medications and equipment. Consistent with
previous studies, factors like advanced age, comorbidi-
ties, and obesity were associated with poorer outcomes
and prognosis in our patient groups. The average age of
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Fig. 5 Changesin mean total lung volume (A), total lesion volume (B), and residual (C) analyzed by LMM across three EELV tests over 9-11 days. The hori-
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our patients was 72 years, and they generally exhibited
an overweight status, with a mean BMI of 25 (kg/m?).
Although both the survivor and non-survivor groups had
a Charlson Comorbidity Index score of 2, we observed
a higher proportion of non-survivors with comorbidi-
ties such as kidney disease, cardiovascular disorders, and
pulmonary diseases. Additionally, the APACHE II score
tended to be higher in the non-survivor group, though it
did not reach statistical significance. It should be noted,

however, that the limited sample size of our study may
have influenced these findings.

Fluid management in patients with ARDS presents
challenges and controversies. In ARDS patients, a posi-
tive fluid balance is associated with prolonged mechani-
cal ventilation, extended stays in ICU and hospital, and
higher mortality [24]. Research on patients with CARDS
has also shown that a higher cumulative fluid balance is
associated with a longer ventilation duration [25]. The
current study noted that the non-survivors had higher
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fluid balances compared to the survivors, likely due to
increased pulmonary endothelial and epithelial perme-
ability in ARDS, leading to fluid leakage into pulmonary
interstitium and alveoli space. Therefore, fluid manage-
ment should prioritize adequate oxygen delivery while
avoiding exacerbating pulmonary edema, which could
impair gas exchange [26]. However, a recent study
revealed a significant interaction between phenotypes
and fluid management strategy on 60-day mortality. The
main interpretation is that the fluid balance trajectories
are dynamic, while the predictive value of static values
is limited [27]. Both fluid perfusion and tissue edema
can affect EELV, but further research is needed to fully
understand the relationship between fluid balance and
EELV, as well as the characteristics of EELV in different
ARDS subtypes.

Low lung function is recognized as a strong and inde-
pendent risk factor for all-cause mortality [28, 29]. How-
ever, previous studies have primarily focused on general
populations or chronic disease cohorts, emphasizing
FEV1 and FVC as the primary indicators [30]. Yet, there
seems to be hesitancy in acknowledging lung function
as an independent marker of disease severity. In patients

discharged after severe or critical COVID-19, reduced
respiratory function is a significant issue [31]. While
blood gas analysis and CT scans are useful in assessing
a patient’s oxygenation capacity and detecting structural
changes in the lungs, they fall short of providing a com-
prehensive evaluation of lung function. In this study,
we propose that measures associated with EELV offer a
more direct assessment of residual lung function, with
potential correlations to patient prognosis. Our findings
reveal a significant decline in EELV among patients with
CARDS receiving mechanical ventilation. Dilken et al.
conducted a study on 40 intubated COVID-19 patients
to examine the variations in EELV while in supine and
prone positions. Their study monitored changes over
a single day, and reported median values of 1444 ml for
EELV, 23.4 ml/kg for EELV/PBW, and 0.31 for strain in
the supine position, but did not assess patient outcomes
[32]. In our study, we found median values of 1287 ml for
EELV, 19.96 ml/kg for EELV/PBW, and 0.30 for strain.
Notably, EELV, EELV/PBW, and EELV/preFRC were
consistently lower in the non-survivor group compared
to the survivor group. Furthermore, the established
cutoff values for EELV, EELV/PBW, and EELV/preFRC
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effectively differentiated patients into two distinct groups
with varying survival times and prognoses. These find-
ings suggest that EELV and its associated parameters
could be crucial in determining the prognostic outcomes
of patients with CARDS.

The selection of PEEP levels during mechanical ven-
tilation can impact the assessment of EELV. To address
potential statistical challenges arising from reduced
sample sizes in later stages, we maintained consistent
mechanical ventilation parameter settings for each
EELV measurement. Through prospective data collec-
tion at baseline and at regular intervals during treatment,
we conducted statistical analyses encompassing EELV,
EELV/PBW, EELV/preFRC, as well as indices such as
strain, P/F ratio, Cstat, and ventilatory ratio.

Our study had a relatively small sample size; therefore,
we utilized statistical analysis techniques including LMM
and Maximally Selected Log-rank Statistic, which might
have yielded reliable estimates even with limited sample
sizes.

Our findings revealed significant differences in EELV
between survivors and non-survivors. Using an EELV
of 1545 ml as a cutoff value, we observed an extended
median survival time in survivors with CARDS com-
pared to non-survivors. In other words, patients with
CARDS who had an EELV above this value had a longer
median survival time compared to those with an EELV
below 1545 ml.

In our study, although EELV and its associated param-
eters demonstrated a strong correlation with CT-mea-
sured lung volumes (including total lung volume and
residual lung volume), CT measurements alone did not
reveal significant differences between the survivor and
non-survivor groups, except for lesion volume. Addi-
tionally, although the PaO,/FiO, ratio showed an overall
difference between the groups, this difference lost sta-
tistical significance during the third follow-up measure-
ment. Interestingly, both EELV/PBW and EELV/preFRC
exhibited statistically significant differences between
the survivor and non-survivor groups, both in the over-
all analysis and across the three measurement points.
Lieuwe Bos et al. reported that while the PaO,/FiO, ratio
is an important prognostic indicator for patients with
CARDS, the related mechanical ventilation parameters
such as mechanical power and ventilatory ratio hold
greater significance in guiding patient prognosis and clas-
sification over time [33]. Consistent with these observa-
tions, our study also noted that while PaO,/FiO, ratio
did not vary significantly between the survivor and non-
survivor groups over time, a growing disparity was evi-
dent in EELV-related indicators. These findings suggest
that EELV measurement may offer a more effective tool
for evaluation and follow-up compared to PaO,/FiO, and
CT scans for assessing lung function and prognosis in
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CARDS patients. However, further studies are required
to validate these results and understand their clinical
implications.

This study has some limitations. Firstly, as a single
center study, its findings necessitate further validation
through broader research. Secondly, although data col-
lection was prospective, the study’s retrospective nature
may impact the generalizability of the conclusions. The
study also had a relatively small sample size. Moreover,
CT and EELV measurements were not conducted in
real-time but rather within a 24-hour window surround-
ing each intervention. This approach may not accurately
reflect the rapid and dynamic changes in patient con-
ditions. Finally, while CT scans are the gold standard
for assessing functional residual capacity, in this study,
patients underwent CT imaging using a transport ven-
tilator, which raises concerns about the consistency of
capturing scans at end expiration, and could potentially
affect lung volume evaluations.

Conclusions

In summary, this study represents a pioneering explo-
ration of the changes in EELV among surviving and
deceased patients with CARDS. Our findings reveal
significant differences in EELV between surviving and
deceased patients and establish a strong correlation
between EELV and CT evaluations of lung volume. These
insights contribute to our understanding of the progres-
sion of pulmonary lesions in critically ill COVID-19
patients, particularly during the follow-up of endotra-
cheal intubation. In addition to traditional assessments
like CT evaluations and the PaO,/FiO, ratio, the moni-
toring of EELV and related indicators may offer a novel
approach for evaluating the condition and prognosis of
patients with ARDS caused by other factors.
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