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Objectives—Indication for invasive mechanical ventilation in COVID-19 pneu-
monia has been a major challenge. This study aimed to evaluate if lung ultra-
sound (LUS) can assist identification of requirement of invasive mechanical
ventilation in moderate to severe COVID-19 pneumonia.

Materials and Methods—Between April 23 and November 12, 2020, hospital-
ized patients with moderate to severe COVID-19 (oxygen demand >4 L/min)
were included consecutively. Lung ultrasound was performed daily until invasive
mechanical ventilation (IMV-group) or spontaneous recovery (non-IMV-group).
Clinical parameters and lung ultrasound findings were compared between
groups, at intubation (IMV-group) and highest oxygen demand (non-IMV-
group). A reference group with oxygen demand <4 L/min was examined at hos-
pital admission.

Results—Altogether 72 patients were included: S0 study patients (IMV-group,
n = 23; non-IMV-group, n = 27) and 22 reference patients. LUS-score correlated
to oxygen demand (SpO,/FiO,-ratio) (r = 0.728; p < .0001) and was higher in
the IMV-group compared to the non-IMV-group (20.0 versus 18.0; p = .026).
Based on receiver operating characteristic analysis, a LUS-score of 19.5 was iden-
tified as cut-off for requirement of invasive mechanical ventilation (area under
the curve 0.68; sensitivity 56%, specificity 74%). In 6 patients, LUS identified
critical coexisting conditions. Respiratory rate and oxygenation index ((SpO,/
FiO,)/respiratory rate) >4.88 identified no requirement of invasive mechanical
ventilation with a positive predictive value of 87% and negative predictive value
of 100%.

Conclusions—LUS-score had only a moderate diagnostic value for requirement
of invasive mechanical ventilation in moderate to severe COVID-19. However,
LUS proved valuable as complement to respiratory parameters in guidance of
disease severity and identifying critical coexisting conditions.
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Introduction

oronavirus disease 2019 (COVID-19), caused by a
previously unknown human pathogen (severe acute
respiratory syndrome coronavirus 2; SARS-Cov-2), was
declared a global pandemic on March 11, 2020." Most patients
express mild symptoms, but COVID-19 can develop into a severe

condition with pneumonia, acute respiratory distress syndrome
(ARDS) and multi-organ failure.> COVID-19 has challenged
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emergency medicine and intensive care worldwide by
high numbers of critically ill patients together with
deficient evidence for management and treatment of a
novel condition. The clinical features of respiratory
failure in COVID-19 have confounded clinicians -
severe hypoxia despite lack of respiratory distress
(silent hypoxia) and unpredictable clinical deteriora-
tion.” Identification of requirement of and timing for
initiation of invasive mechanical ventilation (IMV)
has been a major challenge.>* Lung ultrasound (LUS)
is an established method in diagnostics of acute
respiratory failure.”>® In COVID-19 pneumonia,
interstitial lung pathologies have been described on
LUS.”™'° In ARDS, a LUS-score has previously been
developed to classify the severity of respiratory failure
by a 36-point scale based on LUS findings of B-line
artifacts (B-lines) and consolidations." During the
COVID-19 pandemic, studies exploring the role of
LUS in the management of COVID-19 pneumonia
and respiratory failure have been requested.'*”'* So
far, only a few studies have evaluated LUS-score in
hospitalized patients with COVID-19."""7 LUS has
been found to be a valuable tool in assessment of
disease severity and presumably also in guiding
patient management, including decisions on mechan-
ical ventilation.>™"” By being a bedside method, LUS
has obvious advantages compared to other radiologi-
cal entities saving hospital resources and reducing
virus transmission.'® With the aim of determining the
significance of LUS examination in identifying
patients with requirement of IMV, we assessed a
consecutive cohort of patients with moderate to
severe (WHO 4-6) respiratory failure due to
COVID-19 infection.”” The primary objective was
to evaluate the association between LUS-score and
indication for IMV treatment. In addition, we assessed
the association between LUS-score and peripheral
oxygen saturation/inspired fraction of oxygen (SpO,/
FiO,)-ratio as well as the distribution pattern of LUS
findings in moderate to severe COVID-19 pneumo-
nia.

Materials and Methods

Study design and setting
Between April 23 and November 12, 2020 a prospec-
tive single-center study was conducted at Falun
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Hospital, Sweden. During the study period, Falun Hos-
pital supplied care for all hospitalized patients with
COVID-19 in the county of Dalarna, with a population
of about 270,000. A majority of patients with COVID-
19 were admitted to the hospital due to respiratory fail-
ure. In isolation rooms at the care units, oxygen therapy
was provided by nasal cannula, face mask or high flow
nasal cannula. Patients in need of IMV were admitted
to the intensive care unit. Indication for IMV treatment
was respiratory failure with impending exhaustion, high
oxygen demand with deranged clinical parameters such
as respiratory rate, work of breathing and impaired con-
sciousness. Due to aerosol dispersion and risk of virus
transmission in open areas at the intensive care unit,
high flow nasal cannula and noninvasive ventilation
were not utilized for patients with COVID-19 at the
intensive care unit.

All admitted patients (age > 18 years) with the
following criteria were eligible for the study: (1) posi-
tive for SARS-CoV-2 by reverse transcription polymer-
ase chain reaction on nasopharyngeal swab and
(2) moderate to severe respiratory failure
corresponding to oxygen requirement >4 liters/minute
(L/min) or high flow nasal cannula with a FiO, of
>30% (Airvo 2, Fisher & Paykel) (WHO 4-6)."*°
Exclusion criteria were documented treatment limita-
tion of “not eligible for IMV “and inability to partici-
pate in LUS examination or daily follow-ups. Also
patients with the following conditions were excluded
to avoid false-positive findings: interstitial lung diseases
(for example pulmonary fibrosis), congestive heart fail-
ure, kidney failure on dialysis or age > 80 years.”*'
Patients with pneumothorax or history of pneumonec-
tomy or pleurodesis were excluded due to interference
with LUS examination. Between May 21 and June 13 a
group of reference patients admitted to the hospital
with no or mild respiratory failure (oxygen require-
ment of <4 L/min, WHO 3-4) were included based
on the same criteria."” All patients approved participa-
tion by written informed consent. Ethical approval was
received from the Swedish Ethical Review Authority
(Dnr 2020-02184).

Data collection

Patients eligible for the study were identified through
daily contact with all care units. Included patients
with oxygen requirement >4 L/min were examined
daily with LUS until either initiation of IMV
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treatment or spontaneous improvement to oxygen
demand of <1-2 L/min. For reference patients, LUS
was performed at one occasion within 48 hours after
admission to hospital. Clinical respiratory status was
noted along with the LUS examination. For patients
receiving IMV, data right before initiation of IMV
were used for analysis. If LUS data were missing from
the time right before intubation, data within 24 hours
prior to, or after initiation of IMV were used. For
patients who did not receive IMV treatment, data at
the day of highest oxygen demand (based on lowest
SpO,/FiO,-ratio) were used for further analysis. To
define severity of ARDS (Berlin criteria) for patients
on IMV, the lowest arterial partial pressure of oxy-
gen/FiO,-ratio (PaO,/FiO,-ratio) within 24 hours
after intubation was used.”? Peripheral oxygen satura-
tion was measured by a pulse oximeter (Nellcor
Oximax N-65; Covidien, Boulder, CO, USA). Respi-
ratory rate, oxygen requirement (L/min) and Glas-
gow Coma Scale were noted and patients were asked
for dyspnea at rest (“yes/no”). Medical history and
clinical parameters together with relevant laboratory
results were collected from patient charts. A conver-
sion table for estimation of FiO, provided by oxygen
delivery devices was used.”>** An estimate of PaO,/
FiO,-ratio was obtained from SpOZ/FiOZ_ZO Severity
of respiratory failure was defined by cut-off values
used for ARDS; a SpO,/FiO,-ratio of 315, 235 and
148 reflecting mild, moderate and severe ARDS,
respectively.”’®>* In order to evaluate clinical criteria
for intubation, we used the respiration rate and oxy-
genation index (ROX index) based on Roca et al.
((SpO,/Fi0,)/respiratory rate).”®> A ROX index of
>4.88 has been suggested as cut-off for low risk of
requirement of IMV.>®

Lung ultrasound

An ultrasound machine aimed for point-of-care exam-
inations with a lung preset adjusted to a depth of
12 cm was used (BK Medical flex focus S00 with a
curved probe [BK medical type 8823] of 2-6 MHz,
BK Medical AB, Herley, Denmark). Six lung regions
on the left and right hemithorax, respectively, were
scanned: upper and basal anterior/lateral/posterior
regions. Anterior, lateral and posterior regions were
separated by the anterior and posterior axillary lines.""
For each region, findings of B-line artifacts (B-lines)
and consolidations were noted. Each region was
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assessed and added up to a LUS-score (0-36) based
on previously described protocol in ARDS'"?%: score
0 - normal findings with A-lines or < two B-lines;
score 1 — 3 or more well-separated B-lines covering
<50% of the region; score 2 - coalescent B-lines cov-
ering >50% of the region; score 3 - large consolida-
tion with air bronchogram. Our data were also used
to evaluate an alternative LUS-score developed for
COVID-19 pneumonia by Manivel et al.'> Therefore,
the presence of small (<1 cm) or large (>1 cm) sub-
pleural consolidations was noted for each region.
Scanning was performed by carefully sliding sagittal
and/or transversal over each region, and the highest
score found was considered representative for the
region. LUS was performed by S consultant ana-
esthesiologists experienced in LUS examination tech-
nique, not blinded for the patients’ clinical status.
Consensus on interpretation and scoring of LUS-
findings were sought among 2 physicians present at
each LUS examination.

Statistical analysis

Demographics, clinical parameters and LUS find-
ings were presented as absolute numbers and per-
centages for categorical variables and as medians
with interquartile range (IQR) for continuous vari-
ables. The Chi-square test or Fisher’s exact test was
used for comparisons of categorical outcomes and
Mann-Whitney U test for unrelated continuous
outcomes. The Friedman test compared ordinal
data between 3 related samples and Wilcoxon
signed rank test was used for post hoc analysis.
Pearson correlation was used to estimate associa-
tion between continuous variables. Receiver-
operating characteristic curve analysis was used to
evaluate LUS-score and ROX index for identifica-
tion of requirement of IMV treatment. The optimal
cut-off values were identified using the Youden
index. P-value <.05 was considered statistically sig-
nificant. A sample size of 50 patients was estimated
prior to initiation of the present study, based on
previous LUS-data for mild and moderate ARDS
(significance level of 0.05, 80% power).”” IBM
SPSS Statistics for Windows, Version 26.0 (IBM
Corp., Armonk, NY, USA) and GraphPad Prism
version 8.4.3 (GraphPad Software, La Jolla, CA,
USA) were used for statistical analysis and graphic
presentation.
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Results

Study population

During the study period, 50 patients with COVID-19
with an oxygen demand of >4 L/min were included.
Of these, 23 received IMV treatment (IMV-group)
and 27 did not (non-IMV-group) (Figure 1). In addi-
tion, a reference group of 22 patients with an oxygen
requirement of <4 L/min was recruited. Four of these
later developed an oxygen requirement of >4 L/min
and were included as study patients. Medical history
and clinical parameters at admission to hospital are

presented in Table 1. The median number of days
from onset of symptoms to hospital admission was
9-10 days for all groups.

Clinical parameters associated with IMV

Time from hospital admission to intubation (IMV-
group) or highest oxygen demand (non-IMV-group)
showed large individual differences within both
groups (0-10 days) (Table 2). On the day of intuba-
tion (IMV-group) or of highest oxygen demand
(non-IMV-group), all patients were hemodynamically
stable and all but 4 patients were fully oriented.

Figure 1. Study flowchart. Patients positive for SARS-CoV-2 by reverse transcription polymerase chain reaction and oxygen demand >4
L/min were eligible for the study. Patients were followed daily until either initiation of IMV (IMV-group) or spontaneous improvement without
requirement of IMV (non-IMV-group). Patients in the reference group were included based on the same inclusion or exclusion criteria but

with oxygen demand <4 L/min. IMV = invasive mechanical ventilation.

Hospitalized patientswith COVID-19
and oxygendemand 24 L/min
(moderate-severerespiratory failure)

n=121

Hospitalized patients with COVID-19
and oxygendemand <4 L/min
(mildrespiratory failure)

n=22

Pulmonary fibross (n=2)
Pneumothorax (n=1)

Heart failure (n=3)

Excluded dueto exclusioncriteria n=68

Age >80 years and/or treatment limitation (n=58)
Pneumothorax and empyema (n=1)
Kidneyfailurerequiring dialysis (n=2)

Unableto participate in LUS examination (n=1)

\ 4
Eligiblebased on
inclusioncriteria

n=53
Declined participation (n=2)
Missingdata(n=1)
Y
Included
n=50

IMV-group non-IMV-group

n=23 n=27
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Table 1. Background characteristics. Demographics, medical history and laboratory/clinical parameters at hospital admission for IMV-, non-
IMV-groups and reference group

IMV non-IMV reference
. oxygen demand
oxygen demand 24 L/min 24 L/min
n=23 n=27 p-value n=22
Age (years) 65 (17) 67 (19) 441 61(22)
Sex Male; n (%) 17 (74) 17 (63) 408 9 (41)
Female; n (%) 6 (26) 10 (37) ' 13 (59)
Body mass index (kg/m?) 28 (6) 28 (b) .674 28 (3)
Medical history
Hypertension; n (%) 10 (43) 13 (48) 741 6 (27)
Ischemic heart disease; n (%) 14) 31 .614 1(5)
Atrial fibrillation; n (%) 3(13) 3(11) 1.000 1(5)
Stroke; n (%) 0 0 NA 1(5)
COPD; n (%) 0 14) NA 1(5)
Astma; n (%) 3 7 (26) 308 4(18)
Diabetes; n (%) 2(9) 8 (30) .085 209
Kidney failure; n (%) 2(9) 0 NA 1(k)
Liver disease; n (%) 0 0 NA 0
Cancer; n (%) 14) 14) NA 209
Immunosuppression; n (%) 0 2 (13) NA 1(5)
Number of days with symptoms before hospital admission 9(7) 10 (2) 391 9 (6)
Laboratory parameters
C-reactive protein (mg/l) 93 (128) 109 (93)° 668 46 (75)%
Procalcitonin (ug/l) 0.25 (0.95)>¢ 0.10 (0.20)°¢ .049 0.10 (0.02)°9
Leukocyte count (x 10%/ul) 5.8 (5.8) 72 (3.4) .606 5.9 (4.4)
Lymphocyte count (x 10%/ul) 0.7 (05)¢ 0.9 (0.6)f A72 1.0 (0.8)f
Trombocyte count (x 10%/ul) 207 (118) 245 (140)¢ .078 202 (76)¢
Troponin | (ng/!) 23 (27)°f 10 (0)¢ .001 10 (0)°h
Kreatinin (pmol/l) 79 (32) 70 (23) .026 67 (34)
Clinical parameters
Mean arterial pressure (mmHg) 92 (16) 99 (19) .072 103 (26)
Respiratory rate (breath/min) 24 (17) 22 (10) 273 21(12)
SpO,/FiO,-ratio 339 (340) 343 (135) 565 446 (141)
Body temperature (Celsius) 377 (1.7) 38.4(1.2) 158 38.1(1.0)

If not stated otherwise, all values are presented as median (interquartile range)

p-value is presented for comparison of IMV- vs non-IMV-patients using Mann-Whitney U test for continuous data and Chi-square/Fisher’s
exact test for categorical data. NA = not applicable; IMV = invasive mechanical ventilation; COPD = chronic obstructive pulmonary disease;
mmHg = millimeter mercury; SpO2 = peripheral oxygen saturation; FiO2 = inspired fraction of oxygen.

#1 non-IMV and 2 reference patients had CRP <4. Calculated as 4.

1 IMV, 3 non-IMV and 4 reference patients had PCT <0.05. Calculated as 0.05.

°6 IMV, 20 non-IMV and 14 reference patients had Troponin | < 10. Calculated as 10.

missing values: Y n=1;¢n=2Nn=3,9n=5"n==6.

Before intubation, patients in the IMV-group had
lower SpO,/FiO,-ratio and ROX index, higher respira-
tory rate and reported dyspnea more often compared
to the non-IMV-group (Table 2, Figure 2). Based on
previously presented cut-off for ROX index indicating
lower risk for requirement of IMV (>4.88), 4 of
23 (17%) patients in the IMV-group and all patients in
the non-IMV-group fulfilled criteria for low risk of
IMV treatment (positive predictive value 87%, negative

J Ultrasound Med 2021; 40:2339-2351

predictive value 100%) (Figure 3C). Median PaO,/
FiO,-ratio in patients on IMV was 140 (IQR 68) after
intubation. According to Berlin definition, 20 of these
patients (87%), were classified as moderate ARDS and
3 patients (13%) as mild ARDS.*

Lung ultrasound findings

LUS data for the IMV-group was obtained as close as
possible in relation to intubation. Twelve patients
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Table 2. Clinical parameters and lung ultrasound findings. For the IMV-group, clinical data were collected prior to intubation and LUS
examination performed within 24 hours prior to or after intubation. For the non-IMV group, all data were collected at the day of highest
oxygen demand. For reference patients all data were collected within 48 hours of hospital admission

IMV non-IMV reference
oxygen demand >4 L/min oxygen demand <4 L/min
N=23 N =27 p-value N =22
Days from admission to IMV/maximum O,-demand; 3(0-10) 2 (0-10) 945 -
median (min-max)
Oxygen device
Nasal cannula / face mask; n (%) 11(48) 17 (63) 283 9 (41)
HFENGC; n (%) 12 (52) 10 37) ’ 0
Clinical and laboratory parameters
Glasgow Coma Scale = 15; n (%) 20 (87) 26 (96) 322 22 (100)
Respiratory rate (breaths/minute) 32(7) 24 (6) <.0001 20 (9)
SpO,/FiO,-ratio 106 (51) 219 (60) <.0001 452 (98)
ROX Index ((SpO2/FiO2)/RR) 3.74 (2.08) 8.94 (3.76) <.0001 19 (11)
Patients with dyspnea; n (%) 16 (73)° 9 (33) .006 1(5)
Mean arterial pressure (mmHg) 88 (28) 87 (16) 755 91 (10)
Body temperature (Celsius) 38.6 (1.7) 374 (1.2) .026 38.5(1.4)
C-reactive protein (mg/I) 146 (80) 111 (94)° 113 62 (70)°
Lung ultrasound
LUS-score (0-36) 20.0 (5.0) 18.0 (7.0) .026 8.5(10.0)
LUSS according to Manivel et al. 23.0(8.0) 21.0 (12.0) 545 10.0 (9.3)
Number of patients with pathological findings
B-lines (=3/region); n (%) 23 (100) 27 (100) NA 19 (86)
Subpleural consolidations; n (%) 21(91) 26 (96) 588 16 (73)
Large consolidations (score 3); n (%) 12 (52) 15 (55) 811 3(14)
Pleural effusion; n (%) 14) 3(11) NA 0(0)
Pathological findings in all regions (12/12); n (%) 10 (43) 5(19) .055 1(5)
Number of regions for each patient (median;
interquartile range)
Separated B-lines (score 1) 3.0 3.0) 4.0 (2.0) 435 3.0(2.5)
Coalescent B-lines (score 2) 6.0 (5.0) 4.0 (3.0) .049 15(3.3)
Large consolidations (score 3) 1.0 3.0) 1.0 3.0) 951 0.0 (0.0)
Subpleural consolidations <1 cm 2.0 (4.0) 3.03.0) .090 1.0 (2.0)
Subpleural consolidations >1 cm 1.0 (1.0) 1.0 (2.0) .888 0.0 (0.0)
Pathological findings (score 1/2/3) 11.0 (1.0) 11.0 3.0) .008 5.5 (5.5)

If not stated otherwise, all values are presented as median (interquartile range).

p-value is presented for comparison of IMV- vs non-IMV-patients using Mann-Whitney U test for continuous data and Chi-square/Fishers
exact test for categorical data. NA = not applicable; IMV = invasive mechanical ventilation; HFNC = high flow nasal cannula;
SpO2 = peripheral oxygen saturation; FiO2 = inspired fraction of oxygen; ROX index = Respiratory rate and Oxygenation Index;
RR = respiratory rate; mmHg = millimeter mercury; LUS = lung ultrasound; LUSS = Lung ultrasound scoring system according to Manivel
et al. (0-36).2 Missing values: ) n=1;°) n = 2.

(52%) were examined right before intubation and
8 (35%) and 3 (13%) patients were scanned within
24 hours prior to, or after intubation respectively.
The 3 patients scanned after intubation presented
with a LUS-score of 17, 20 and 28, respectively.

All 72 patients with COVID-19 infection, except
3 patients in the reference group, had pathological
LUS findings including thickening or irregularity of
the pleural line, different distributions of B-lines,
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subpleural consolidations and/or large consolidations
with air bronchogram (Table 2). Based on all exam-
ined patients, LUS-score correlated to SpO,/FiO,-
ratio (r = 0.728, p < .0001) (Figure 2). However, this
correlation did not remain when analyzing only
patients with oxygen demand >4 L/min (r = 0.266,
p = .062). Patients in the IMV-group had an overall
higher LUS-score compared to the non-IMV-group
(20.0 versus 18.0; p = .026) (Figure 3A). This

J Ultrasound Med 2021; 40:2339-2351



difference was more pronounced when also including
reference patients in the non-IMV-group (20.0 versus
12.0; p < .0001). Using the scoring system proposed

Figure 2. Correlation between LUS-score and oxygen demand
defined as SpO,/FiO,-ratio. Cut-off values (dotted lines) for mild,
moderate and severe respiratory failure are defined as SpO,/FiO,-
ratio 315, 235 and 148, respectively. Data presented prior to intuba-
tion (IMV-group) and on the day with highest oxygen demand
(non-IMV-group). For the reference group data were collected
within 48 hours after hospital admission. Correlation coefficient
and p-value given for Pearson correlation. See Figure 1 legend for
definition of groups. LUS = lung ultrasound; IMV = invasive
mechanical ventilation; SpO, = peripheral oxygen saturation;
FiO, = inspired fraction of oxygen.
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for COVID-19 by Manivel et al,, no difference was
found between patients in the IMV- and non-IMV-
group (Table 2)."* The total number of regions with
pathological LUS-findings (Score 1, 2 or 3) for each
patient showed significant difference between the
IMV- and non-IMV group even though the median
numbers were the same in both groups (11 regions of
12 examined, p = .008) (Table 2; Figure 3B). Ten
patients (43%) presented with pathological findings
(LUS-score 1, 2 or 3) in every region in the IMV-
group, compared to S patients (19%) in the non-IMV
group (p = .05S) (Figure 3B, Table 2).

Distribution of B-lines and different categories of
consolidations over anterior, lateral and posterior
lung fields are presented in Figure 4. The number of
large consolidations increased gradually from anterior
to posterior fields in both IMV- and non-IMV-groups
(Figure 4). For B-lines and subpleural consolidations,
there was no difference between anterior, lateral and
posterior lung fields (Figure 4). Photos of representa-
tive LUS findings are presented in Figure S.

LUS identified important differential diagnoses in
6 patients. One IMV patient with high procalcitonin
and one non-IMV patient showed compact basal con-
solidations and pleural effusions on LUS. They were
diagnosed with bacterial pneumonia in addition to
COVID-19 infection. Two IMV-patients with low

Figure 3. LUS findings and ROX index presented for IMV-, non-IMV- and reference groups. See Figure 1 legend for definition of groups.
(A) LUS-score (0-36) for each patient based on 12 lung regions examined. (B) Total number of regions with pathological findings (score 1/
2/3) for each patient. (C) ROX index ((SpO-/FiO,)/respiratory rate) based on Roca et al.?® The dotted line marks suggested cut-off for low
risk for intubation (>4.88). Comparisons between IMV- and non-IMV-group using the Mann-Whitney U test. LUS = Lung ultrasound; ROX
index = Respiratory rate and oxygenation index; IMV = invasive mechanical ventilation; SpO, = peripheral oxygen saturation;

FiO, = inspired fraction of oxygen.
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Figure 4. Distribution of LUS-findings over anterior, lateral and posterior lung fields. Each field presents the sum of 4 regions examined by
LUS (2 right and 2 left regions - upper and basal) (A) Different qualities of the LUS-score and (B) categories of consolidations are presented
as percentage for 3 examined fields for each patient (anterior, lateral, posterior). Data are presented separately for each study group: IMV-,
non-IMV- and the reference group; see Figure 1 legend for definition of groups. P-values given for comparison between fields of large con-
solidations (score 3) using Friedman’s test. Post hoc test for comparison of score 3 between anterior and posterior field using Wilcoxon
signed rank test (IMV p = .013; non-IMV p = .015). LUS = Lung ultrasound; IMV = invasive mechanical ventilation.
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Figure 5. Photos illustrating the different qualities of LUS findings accounting for the LUS-score and subpleural consolidations found in
patients with COVID-19. Score 0: normal findings with A-lines or <2 B-lines; Score 1: 3 or more well separated B-lines; Score 2: coalescent
B-lines; Score 3: large consolidation with air bronchogram; Small subpleural consolidation <1 cm; Large subpleural consolidation >1 cm.

LUS = Lung ultrasound.

° v

Score 0 Score 1 &

Score2 & ==

“small subpléural’consolidation

LUS-score (17 and 1S, respectively) despite low
Pa0,/FiO,-ratio (116 and 129, respectively) raised
the concern of pulmonary embolus, which was later
confirmed by computed tomography. One non-IMV
patient had a history of dyspnea for several months.
In this patient, an elevated hemidiaphragm was seen
on LUS, which was confirmed by computed tomogra-
phy. In one patient, excluded due to pneumothorax,
LUS revealed a large pleural effusion later diagnosed
as empyema.

Identification of requirement of IMV

The diagnostic value of LUS-score and ROX index
for requirement of IMV were evaluated with receiver
operating characteristic curve analysis. Based on
patients with oxygen requirement of >4 L/min, an
optimal cut-off value of 19.5 for LUS-score was iden-
tified with a sensitivity of 56% and specificity of 74%
for IMV treatment (area under the curve 0.68, 95%

J Ultrasound Med 2021; 40:2339-2351

CI 0.54-0.83; p = .026) (Figure 6A). For the same
group of patients, a cut-off value for ROX index of
5.57 identified patients with requirement for IMV
with a sensitivity of 96% and specificity of 96% based
on receiver operating characteristic curve analysis
(area under the curve, 0.98, 95% CI, 0.94-1.00;
p <.0001) (Figure 6B). Receiver operating character-
istic curve analysis was also performed including the
reference group, that is, patients with an oxygen
demand of <4 L/min for comparison (Figures 6A,B).

Discussion

In line with previous findings in ARDS and recent
reports in COVID-19, LUS-score correlated to overall
severity of respiratory failure.">”'”*”*® However,
LUS-score had a limited diagnostic value for identifi-
cation of patients with requirement of IMV treatment
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Figure 6. Reciever operating characteristic (ROC) curve analysis evaluating the diagnostic value of LUS-score and ROX index for prediction
of IMV treatment. ROC curves presented for IMV- and non-IMV-groups and for all patients (IMV, non-IMV and reference group). See
Figure 1 legend for definition of groups. (A) LUS-score and (B) ROX index as diagnostic tests for determination of requirement of IMV treat-
ment. The table presents suggested cut-off values (based on Youden index) together with area under the curve (95% Cl) and sensitivity
and specificity. LUS = Lung ultrasound; ROX index = Respiratory rate and oxygenation index; IMV = invasive mechanical ventilation.

A LUS-score B ROX index
100 100 ] 9 el
X X
z z
2 50 2 50-1
2 2
& &
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cut-off-value AUC (95% Cl) Sen(sgi;i;;iz)(%) Spe(;i;i;ig)(%) p-value
LUS-score
IMV + non-IMV 18.5 0.68 (0.54-0.83) 56 (34-77) 74 (54-89) P =0.026
all patients 19.5 0.80 (0.70-0.90) 57 (34-77) 82 (68-91) P <0.0001
ROX-index
IMV + non-IMV 5.57 0.98 (0.94-1.00) 96 (78-100) 96 (81-100) P< 0.0001
all patients 5.57 0.99 (0.97-1.00) 96 (78-100) 98 (89-100) P <0.0001

in a group of patients with moderate to severe
COVID-19 infection (WHO scale 4-6). LUS proved
an important bedside instrument for identification of
critical differential diagnoses.

In COVID-19 pneumonia, there are a few studies
describing the association between LUS-findings and
severity of disease.”>'7*%° In 3 recent reports, a
much higher difference in LUS-score was presented
between patients requiring IMV treatment and
patients without IMV compared to our data.'>™"”
LUS-score was also suggested a useful predictor for
IMV.">"'7 In all 3 studies, LUS examinations were
performed at hospital admission for patients with a
wide range of disease severity, including milder
conditions.">”"” When also including reference
patients with less severe respiratory failure in our
analysis, the diagnostic value of LUS was consistent
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with previous reports.'>™"” In evaluation of require-
ment of IMV, selecting patients with an impending
risk for mechanical ventilation was relevant for our
purpose. Therefore, only patients with a high oxygen
demand eligible for IMV treatment were included in
our primary study group. Patients with a mild condi-
tion were examined foremost to ensure that LUS, in
our hands, correlated to disease severity as previously
shown in ARDS.>"?* Timing of LUS examination in
this study was based on the rationale that clinical
assessment for requirement of IMV is routinely per-
formed when patients deteriorate with increasing oxy-
gen demand. It is important to consider that LUS
findings in COVID-19 correlate with disease severity
and will change with the clinical course."***" To
match the clinical course between groups, all patients
were followed daily and LUS findings closest to the
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time of intubation or at the day of highest oxygen
demand were used for analysis. The onset of severe
respiratory distress in patients with COVID-19 has
been reported about 5 days into hospitalization, how-
ever, with large individual differences.®” In the pres-
ented data, time from admission to start of IMV
treatment or highest oxygen demand also showed
large variation. Altogether, patient selection and
timing of LUS examination will determine the clinical
implication of conclusions.

Our data confirmed the typical pattern of
COVID-19 pneumonia on LUS: bilateral B-lines,
thickened pleural lines and consolidations of various
sizes mixed with spared areas.””*%*° Pleural effusions
were rare.””>° As previously reported, large consolida-
tions were predominantly found in posterior lung
regions.s’30 Based on this, it is of value to include also
posterior regions in the ultrasound examination. In
accordance to previous studies, the overall presence
of large consolidations was not associated with
requirement for IMV treatment in COVID-19 pneu-
monia.'>*° Differential diagnoses always need to be
considered since the described LUS findings are not
specific for COVID-19.>*** Unexpected LUS findings
assisted in identifying coexisting conditions that
required urgent treatment in our study.

Patients requiring IMV treatment presented with
higher LUS-score and higher number of pathologic
regions, compared to patients not requiring IMV
treatment. However, a LUS-score cut-off to identify
IMV requirement had only a moderate diagnostic
value due to high individual variation among patients
with moderate to severe respiratory failure. Also in
ARDS, attempts to identify a LUS-score cut-off to
separate mild, moderate and severe ARDS have been
conflicting.** %3¢ IMV  requirement partially
depends on patient related factors beyond lung
pathology identified on LUS. Moreover, individual
variations of LUS-score might be based on the fact
that COVID-19 pneumonia seems to differ from
ARDS in general. Compared to ARDS, a discrepancy
between degree of lung compliance and hypoxia has
been described in COVID-19. Based on a theoretical
model, 2 phenotypes depending on lung compliance
have been suggested.””>® The low compliance type
(L-type) is characterized by a predominant B-line pat-
tern and the high compliance type (H-type) presents

. . 1oy 26,38 L. .
mainly with large consolidations. Variation in
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LUS-score for individuals with similar oxygen
demand might be explained by a comparatively low
LUS-score, for the L-type, and a high LUS-score, for
the H-type. Another explanation of the discrepancy of
oxygen demand and findings on LUS-score could be
a V/Q-mismatch due to alveolar capillary micro-
thrombi described in COVID-19.%° So far, there is no
consensus regarding a LUS-protocol for COVID-19
pneumonia.'****%* In our cohort, LUS-score proved
valuable by correlation to disease severity.'"*® Man-
ivel et al. have suggested a modified protocol for
COVID-19, adding subpleural consolidations to the
score.'” This scoring system seemed inferior to LUS-
score in our patients. Frequent findings of minor sub-
pleural consolidations in the non-IMV-group resulted
in a higher score according to Manivel et al.,, while
these findings had no obvious impact on respiratory
status.'”

By natural means, respiratory parameters were
strong predictors for identification of patients requir-
ing IMV treatment. A majority of patients in the
IMV-group reported dyspnea and had high respira-
tory rate, low SpO, despite high oxygen delivery pre-
vious to intubation and a PaQ,/FiO,-ratio
corresponding to moderate ARDS.”> ROX index,
based on oxygen demand and respiratory rate, has
previously proved a high diagnostic value for predic-
tion of lower risk for IMV in pneumonia.”> ROX
index has been suggested to also be useful in
COVID-19 pneumonia but has not been validated so
far® Our data confirmed that the previously vali-
dated ROX index cut-off for prediction of IMV treat-
ment in pneumonia can be used also in COVID-19.%°
In summary, we agree with the panel opinion
reported by Liu et al. on using LUS for guidance of
severity of disease and differential diagnosis but to
“decide on level of care on clinical appearance.”"*

There are some limitations of this study. False
low LUS-score in the IMV-group might have been
recorded due to examination too far prior to intu-
bation or due to improved aeration after initiation
of IMV-treatment. It was not possible to blind the
physicians performing LUS examination for the
clinical respiratory status of the patients, which
could have added bias to the interpretation of LUS-
findings. As a single-center-study, with a small
number of patients, the findings should be verified
in other populations.
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Conclusions

LUS-score had only a moderate diagnostic value for
identification of requirement of invasive mechanical
ventilation in patients with moderate to severe
COVID-19. Lung ultrasound served as complement
to bedside assessment by guidance of disease severity
and was an important tool for differential diagnostics.
Respiratory rate and oxygenation index (ROX index)
proved applicable for guiding need of IMV-treatment
in COVID-19.
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