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Abstract: Lung ultrasound (LUS) allows the detection of a series of manifestations of COVID-19 72
such as B lines and consolidations. The objective of this work was to study the inter-rater reliability 73
(IRR) when detecting signs associated with COVID-19 in the LUS, as well as the impact of perform- 74
ing the test in the longitudinal or transverse orientation. 33 physicians with advanced experiencein 75
LUS, independently evaluated ultrasound videos previously acquired with the ULTRACOV system 76
of 20 patients with confirmed COVID-19. In each patient, 24 videos of 3 seconds were acquired (us- 77
ing 12 positions with the probe in longitudinal and transverse orientations). Physicians had no in- 78
formation about the patients or other previous evaluations. The score assigned to each acquisition 79
followed the convention applied in previous studies. A substantial IRR was found in the cases of 80
normal LUS (kx = 0.74), only a fair IRR for the presence of individual B lines (x = 0.36) and for 81
confluent B lines occupying <50% (k = 0.26), and a moderate IRR in consolidations and B-lines >50% 82
(x=0.50). No statistically significant differences between the longitudinal and transverse scans were ~ 83
found. The IRR in LUS of COVID-19 patients may benefit from more standardization of the clinical 84
protocols. 85

Keywords: Coronavirus disease 2019; interobserver agreement; interrater reliability; lung ultra- 86

sound; point-of-care ultrasound; reliability; severe acute respiratory syndrome; ultrasound 87
88
1. Introduction 89

Lung ultrasound (LUS) is used to differentiate quickly and precisely between the 90
most common causes of respiratory problems. LUS has been extensively studied as a bed- 91
side diagnostic tool, and it is now universally included in point-of-care ultrasound (Po- 92
CUS) guidelines with high-quality supporting evidence [1]. LUS has the potential to re- 93
fashion healthcare delivery and enables an augmented clinical interpretation of patient's 94
status in real-time, which can have an immediate impact on clinical decisions, and even 95
be used to monitor response to therapy and evolution [2—4]. Also, LUS imaging is typically 96
less expensive than conventional chest X-ray or computed tomography (CT), making 97
them-it convenient for locations with limited access to these resources [5,6]. 98

LUS has demonstrated the ability to provide immediate information on the condition =~ 99
of COVID-19 patients [4,7]. There are multiple pulmonary manifestations of COVID-19 100
that can be observed with LUS, such as the presence of pleural effusion, B-line artifacts, 101
or consolidations [8-10]. 102

LUS allows physicians to perform at the bedside a complete chest exam in both, mild 103
or severe COVID-19 patients. It is a useful imaging technique for detecting and monitor- 104
ing the lung involvement, as well as prognosis of the disease, predicting admission to the 105
intensive care unit (ICU) and mortality [3,4,7,11,12]. Furthermore, LUS reduces the risk of 106
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environment cross-infection compared to other imaging modalities as these devices can 107
be more easily cleaned and disinfected after exam [6,13]. 108

LONGITUDINAL TRANSVERSE

109

Figure 1. Ultrasound scanning locations (top row) and the two orientations of the transducer con- 110
sidered (bottom row). “R” stands for rib. 111

However, LUS is an operator-dependent imaging technique, and its utility depends 112
on accurate acquisition and interpretation by bedside physicians [14-17]. Poor image ac- 113
quisition and incorrect identification and interpretation of artifacts are potential sources 114
of error in the clinical application of LUS [1]. In previous studies, most of them carried out 115
before the pandemic, LUS findings showed moderate to fair interrater agreement. How- 116
ever, as the observed agreement in the interpretation of frequently occurring events may 117
be to some extent due to chance, more studies with a controlled environment are required 118
to determine the accuracy with which physicians can interpret LUS acquisitions. 119

Furthermore, to the best of our knowledge, there are no published studies to date 120
that specifically evaluate the best orientation of the transducer (i.e., transverse, or longi- 121
tudinal, see Figure 1) in an LUS acquisition in COVID-19 patients. 122

Our aim was to first characterize the inter-rater agreement of LUS experts when eval- 123
uating the main LUS findings for COVID-19. Our hypothesis was that kappa agreement 124
in ultrasound artifact and diagnostic interpretation would be substantial, based on the 125
high agreement in other clinical scenarios. We also evaluated the impact of the transducer 126
orientation in LUS acquisitions in COVID-19 patients on the observed findings. 127

2. Materials and Methods 128

In this study, a total of 33 physicians (internal medicine n =16, intensivist n =4; family 129
physician n = 5, pneumology = 1, pediatrics = 1, and emergency medicine, n = 6) from 29 130
different healthcare centers in Spain, with advanced experience in performing and inter- 131
preting LUS, evaluated independently previously acquired ultrasound videos of 20 pa- 132
tients. All of them had more than 3 years of performing and interpreting LUS. 133
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The acquisitions corresponded to patients with COVID-19 diagnosed by nasopha- 134
ryngeal RT-PCR for SARS-CoV-2 obtained in the internal medicine service of two different 135
hospitals in Madrid collected during the summer of 2021 [8]. All the studies were collected 136
by 2 physicians (YT-C, AT-V), who followed a 12 areas LUS protocol and a 0-3 point per 137
finding score system [18]- (Figure 1). Specifically, each area was scored from 0 to 3 accord- 138
ing to the observed patterns (Figure 2). Score 0 is associated with the physiological hori- 139
zontal artifacts, A-lines. Score 1 is assigned when isolated vertical artifacts appear (B-lines). 140
Score 2 is associated to confluent B-lines in less than 50% of the pleural line. Score 3 is 141
associated with confluent B-lines extending more than 50% of the pleural line, as well as 142
subpleural or lobar consolidation or pleural effusion. In each zone, the ultrasound probe 143
was used in longitudinal and transverse positions, and a 3-seconds video of 20 fps was 144
recorded. In total, 24 videos of 3 seconds each were acquired per patient. No patient had 145
more than one scan in the database. Each physician assigned the highest score to the 3- 146
seconds video. 147

Score O Score 1 Score 2 Score 3 148

Figure 2. Examples of the four different scores regarding the respective LUS findings. 149

In all cases, the data was acquired with the ULTRACOV ultrasound scanner proto- 150
type using a 3.5 MHz convex probe with 128-channel ultrasound electronics [8]. This re- 151
sulted in a total of 480 videos (28,800 frames). The imaging depth in all cases was set to 13~ 152
cm. More details of the data acquisition can be found in a recently published work focused 153

on the automatic calculation of LUS score [8] More-details-of the-dataacquisitioncanbe 154
found-in8) 155

The data was acquired in a study investigating the reduction in the exploration time 156
per patient when using an ultrasound system developed specifically for LUS, which was 157
conducted at a tertiary academic hospital and an emergency field hospital. The study was 158
reviewed by our institutional review board (IRB) and approved at both participating sites. 159
Informed consent was obtained for each patient. 160

Several LUS protocols have been proposed for the lung assessment of COVID-19 pa- 161
tients based on the number of areas or points to explore. We adopted a 12-zone scanning 162
protocol which has been previously validated and shown to be consistent with higher ICC 163
and a higher degree of concordance with CT [18]. 164

The selected patients for this study (n=20) were selected from the total acquired da- 165
taset from that study (n=28) so that half of the cases (n=10) corresponded to patients with 166
relatively good condition (with a total score between 1 and 7 based on the in-situ assess- 167
ment of the LUS expert) and the other half (n=10) corresponded to patients with moderate 168
condition (with a score between 8 and 18 based on the in-situ assessment of the LUS ex- 169
pert). As the LUS device was not located within the ICU, no severe cases were presentin 170
the database. 171

The physicians had no information about the patients in the survey and were blinded 172
to their history and clinical information. They also did not have access to the characteris- 173
tics of the scanner and the evaluations performed by the other physicians. All the videos 174
from the same patient were provided together before going to the next patient as it would 175
happen in a regular patient examination. 176
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The sonographer expert who collected the videos also performed the survey, so that 177
a comparison between the findings obtained during the examination and the ones ob- 178
served in the surveyed videos was also done. As the survey was performed 9 months after 179
the scans there was no recollection of each patient's status at that time. 180

2.1. Preparation 181

All participant physicians were instructed to evaluate the de-identified studies and 182
provide their interpretation using a survey web. They received instructions at the begin- 183
ning of the study, which included the scanning protocol and definition of the orientation 184
of the probe in each case. No other information on the interpretation, or the definitions 185
the LUS findings were provided during the evaluation. The physicians were blinded to 186
any clinical or imaging information. Furthermore, they had no prior experience with the 187
system used to collect the videos. 188

In previous studies [4,14], physicians met before performing the evaluations for the 189
inter-rater study to review a few sample videos to discuss their interpretation. In this case, 190
no previous calibration session was conducted. 191

2.2. Data Analysis 192

We performed a series of statistical analyses comparing the interpretation of the pres- 193
ence of ultrasound artifacts, and the ultrasound diagnosis performed by the physicians. 194
They were all performed with python using NumPy and Scikit-learn libraries. 195

First, we evaluated the agreement between raters of the individual scores (0,1,2, or 3) 196
assigned by each observer to each of the 480 videos of the study. These videos correspond 197
to the 20 patients, with 12 zones and 2 probe orientations each. Cohen’s kappa was used = 198
to quantify the interrater agreement between each pair of physicians [19]. The coefficient 199
can range from -1 to +1, 0 represents random chance and 1 represents perfect agreement. 200

Based on the total score from the evaluation of the 12 zones, patients were classified 201
into 4 subgroups: A. total score 0; B. total score between 1 and 7; C. total score between 202
8 and 18; D. total score between 19 and 36. These subgroups have been used in previous 203
studies to obtain a fair indication of the severity of their condition. Similarly, to the previ- 204
ous case, Cohen’s kappa between this 4-class classification was obtained. In this case, the 205
analysis was performed separately for the longitudinal and transverse examinations. The 206
results are shown in Figure 4. 207

The agreement in the interpretation of each ultrasound artifact (A-lines, isolated B- 208
lines, confluent B-lines, and consolidations) was also assessed separately. The degree of 209
inter-rater agreement was evaluated using Fleiss’ kappa statistics (k) [19,20]. k values close 210
to 1 imply strong agreement beyond chance in the LUS diagnosis [19,20]. We interpreted 211
the scaled kappa statistics as follows: k < 0, less than chance agreement; k 0.01-0.20, slight 212
agreement; k 0.21-0.40, fair agreement; k 0.41-0.60, moderate agreement; k 0.61-0.80, sub- 213
stantial agreement; and k > 0.81, near perfect agreement [19,20]. Table 1 contains the re- 214
sults of this analysis. 215

As an alternative way to visualize the agreement in the findings, Figure 5 shows a 216
matrix of the scores assigned to each video with respect to the most voted score (among 217
the 33 evaluations), which can be considered as a surrogate of the ground truth. This pro- 218
vides a quick view of what are the most challenging scores. Agreement in the comparison 219
of the ultrasound diagnosis performed in situ and with the recorded videos was also done 220

utilizing k adjusted for maximum attainable agreement. 221
3. Results 222
3.1. Patients 223

The selected patients in this study (n=20) corresponded to admissions to the hospital 224
due to COVID-19. The mean age was 53.2 years (standard deviation—SD 11.9) and 45% 225
were female. Five patients (25%) had hypertension, 2 patients (10%) had diabetes, and 0 226
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patients had cardiovascular disease. They had an average of 19.1 days (SD 20.6) after
symptom onset, consisting of fever (95%), shortness of breath (75%), and weakness (85%).
The mean lymphocyte count was 1.81 x 109 (SD 1.00), C-reactive protein was 29.4mg/dL
(SD 33.3), and D-dimer 536.47 ng/mL (SD 315.7) at admission. No patients died at follow-
up. The LUS exams were performed within 2-3 days of their hospital admission after ob-
taining consent. None of these patients ended up in the ICU and were discharged after

several days/weeks at the hospital.

3.2. Overall agreement between raters

The overall Cohen’s kappa statistics between each pair of raters of the 480 videos are
shown in Figure 3. Raters are sorted from left to right based on their overall Cohen’s kappa
with their peers (which varies from 0.45 to 0.78).
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Figure 3. Comparison of the agreement between each pair of raters using Cohen’s kappa. It was 241
obtained from the scores assigned by each rater using all 480 videos. Raters are sorted from left to 242
right based on their overall Cohen’s kappa with their peers (indicated in the axis ticks). 243

The comparison of the evaluations of the sonographer who collected the videos per- 244
formed during the examination with respect to the ones observed in the surveyed videos 245
indicates a Cohen’s kappa value of 0.68 (moderate agreement). 246

The most relevant outcome of the patient LUS evaluation is their classification into 4 247
subgroups based on the severity of their lung condition. Therefore, we evaluated Cohen’s 248
kappa between the classification of patients in each subgroup performed by each physi- 249
cian considering longitudinal and transversal directions (Fig. 4). The agreement was 250
slightly higher with the studies performed in the longitudinal direction (Fig. 4a). 251

252

ek o s s o 253
(a). (b)

Figure 4. Cohen’s kappa between raters for (a) longitudinal acquisitions; and (b) transversal acqui- 254
sitions classifying patients into 4 subgroups according to their total score. Raters are sorted from 255
left to right based on their overall Cohen’s kappa with their peers (indicated in the axis ticks). 256

3.2. Agreement in specific findings 257

Regarding the degree of agreement between physicians with respect to the specific 258
finding, Table 1 summarizes Fleiss’ kappa analysis. There was a good agreement on de- 259
termining (normal) A-lines (k =0.74) and a fair agreement on determining the presence of 260
individual B-lines (ic = 0.36), as well as on the presence of confluent B-lines occupying less 261
than 50% of the ultrasound image (i = 0.26). And a moderate agreement was found for 262

confluent B-lines occupying more than 50% and consolidations (k = 0.50). 263
Table 1. Fleiss Kappa analysis of the interrater agreement in the findings in all the videos. 264
Score Finding Fleiss Kappa (k and 95% CI) Agreement

0 Normal / A-lines 0.74 [0.71 - 0.76] Substantial

1 Individual B-lines 0.36 [0.33 - 0.39] Fair

2 Confluent B-lines < 50% 0.26 [0.24 - 0.29] Fair

fl B-lines > 509
5 Confluent B-lines > 50% & 0.50 [0.47 - 0.53] Moderate
Consolidations

Figure 5 shows the matrix with the information on how the scores are assigned to 265
each video with respect to the most voted score (mode) in each case. The most voted score 266
(mode) may be considered a good estimation of the ground truth. The largest differences 267
are found for score=2. 268
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Figure 5. Scores assigned to each video (vertical axis) with respect to the most voted scores (mode, 270
horizontal axis) among the 33 evaluations in each case. 271

3.2. Agreement in specific findings 272

Regarding the impact of the probe orientation (longitudinal or transversal, as shown 273
in Fig. 1) when performing the study, the total score assigned to each patient in both cases 274
is shown in Figure 6. A scatter plot shows a very good correlation between both types of 275
examination (R?=0.87) and the Bland-Altman plot of longitudinal minus transversal scores 276

indicates that on average the longitudinal view provides slightly lower scores (-1.12). 277
278
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Figure 6. (a) Scatter plot with the Longitudinal vs Transversal total scores per patient. Points and 280
error bars correspond to the average and standard deviation respectively of the evaluations ob- 281
tained from all the physicians. The 3 subgroups shown correspond to the classification of the pa- 282
tients based on their severity; (b) Bland-Altman plot of the total score total per patient (obtained as 283
the average value of all the evaluations) assigned to the videos acquired with Longitudinal and 284
Transversal probe orientation. “Score difference” indicates Longitudinal minus Transversal scores. 285

4. Discussion 286

Easy-to-access and reliable diagnostic methods which can accurately guide manage- 287
ment in COVID-19 are vital in nonhospital settings and areas with limited resources [5]. 288
Some studies start to point out that LUS could be a first-line diagnostic tool alternative to 289
conventional chest X-ray and CT scans since there is no exposure to ionizing radiation 290
[4,6,13],and should be encouraged to avoid transporting patients and reduce the risk of 291
environmental contamination [21-23].- Moreover, it can be considered in vulnerable pop- 292
ulations such as pregnant women and children. 293

Previous research has shown that COVID-19 has notable LUS characteristics, such as 294
B-lines or consolidations [11]. These findings correlate well with COVID-19 CT findings, 295
such as ground-glass consolidations and septal thickening [9]. As a result, given that LUS = 296
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may be able to predict outcomes in COVID-19 patients, it is crucial to ascertain whether 297
clinicians can correctly interpret these results. 298

In this study, several LUS findings demonstrated moderate agreement (e.g., consoli- 299
dations), and others a fair agreement (individual B-lines and confluent B-lines <50%). 300
Therefore, LUS may represent a reliable COVID-19 diagnostic and prognostic tool. More- 301
over, there was a good agreement on whether a LUS scan was interpreted as normal. In 302
addition, beyond COVID-19, an abnormal LUS scan has prognostic implications for mul- 303
tiple diseases. This study represents the first study assessing the interobserver agreement 304
of LUS findings in COVID-19, obtained with the same device and including practitioners 305
from multiple specialties and centers, who commonly use different portable devices. 306

Our results are similar to other previous studies on interrater reliability for LUS out- 307
side of COVID-19. Previous investigations have demonstrated moderate to substantial 308
agreement for B-lines [15-17]. In contrast, there is only moderate to a fair agreement for 309
consolidations. This is similar to the results obtained in a previous LUS study with 310
COVID-19 patients [14]. 311

This work shows the importance of working towards a more standardized interpre- 312
tation protocol. Among the possible solutions, may be considered the following options: 313

1) Standardization of the terminology to describe artifacts and signs in LUS is essen- 314
tial. Several definitions of each LUS abnormality can be found in the literature, especially 315
for consolidations, but also regarding pleural abnormalities [1], which was not considered 316
in this study. This group believes that the reliability of findings such as consolidations 317
might improve with a more specific and consensus-based definitions. 318

2 ) The use of automatic tools to quickly analyze the acquisitions and obtain some 319
quantitative values such as the percentage of affected pleura (B lines <50% or >50%) and 320
the size of the consolidations may be helpful to obtain more consistent results among 321

raters. 322
3 ) The length of the acquired videos (3 seconds in this study) may be extended to 323
provide more information in some cases. 324
4) Having additional clinical data about the patients may also help in their evalua- 325
tion. 326

There are several limitations to this study. Due to its dynamic nature, the use of LUS 327
is fundamentally different from traditional medical imaging practices in which an exam 328
is performed by a technologist and interpreted remotely by a physician with limited clin- 329
ical knowledge of the patient. The same provider performs and interprets the study, inte- 330
grates the findings into the clinical setting immediately, and repeats the study as needed 331
to identify changes associated with bedside interventions. In this case, the raters did not 332
have the opportunity to explore the patients or adapt the ultrasound exploration accord- 333
ing to their preferences and findings. Therefore, despite allowing us to evaluate the scans 334
in a very controlled setting (same device, same image quality), this kind of patient obser- 335
vation is not realistic. This fact may have caused some errors in the interpretation of some 336
particular cases. The impact of this was evaluated by performing a comparison of the eval- 337
uations of the sonographer who collected the videos during the examination with respect 338
to the ones observed in the surveyed videos. The moderate agreement found (Cohen’s 339
kappa 0.68) in this case, is a good indication of the differences that may be expected be- 340
tween in-situ and evaluations performed with a recorded video. 341

Furthermore, in this study, there were no patients in very severe conditions. This 342
reduced the number and size of the consolidations_(if present), making them harder to 343
identify (see Figure 7). As shown in Figure 5, and Table 1, the cases with score=2 were the = 344
ones with significantly higher disagreements. 345
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Figure 7. Pie chart with the distribution of findings observed by the participants in
all the videos considered. The reduced number of severe cases can be observed.

Regarding which is the best way to perform LUS, i.e. using longitudinal or transver-
sal view, our results show that there is a very good correlation between both types of
examination (R?=0.87) although, on average the transversal view provides slightly higher
scores (1.12). This was expected as avoiding the ribs provides a larger field-of-view of the
lungs, and therefore a higher probability of detection of pneumonia-related artifacts. The
difference is small, and it does not impact the classification of patients into subgroups for
most patients. However, in our case, 4 out of 20 patients would change their subgroup,
with 3 of them increasing their subgroup classification with a transversal view and one
decreasing its subgroup (Figure 6).—_This does not necessarily mean the two orientations
are similarly useful, especially since we only examined a type of interstitial lung disease.
In certain pathologies, such as pneumothorax, the visualization of the ribs provides a
depth landmark, and helps to better identify the pleural line. In consequence, our group
believes that each patient might benefit most from a different approach, adapted to a flex-
ible scanning protocol subject to the clinical scenario. We want to acknowledge that as in
all cases the 12 videos of the transversal view of each patient were evaluated right after
the 12 videos of the longitudinal view, this may have created some unwanted correlation
between both evaluations. This was chosen to mimic the original in-situ study, but a more
randomized order of the videos could have been a better choice.

Furthermore, pathological findings such as B-lines may have been more represented
than others (consolidations and pleural effusions). Despite these limitations, this study
represents one of the most controlled studies into the interobserver agreement of LUS
findings for COVID-19.

Other studies are possible with the gathered data. For instance, a study of the varia-
bility by region (i.e., anterior vs lateral vs posterior), upper and lower, left and right.
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Furthermore, we did not include Al tools able to evaluate the acquired videos and com-
pare them with human observers. In this work, the Al tool used in [8,16] was not compared,
and it will be part of future work.

5. Conclusions

The most reliable LUS findings with COVID-19 were the presence of B lines or deter-
mining if a scan is normal. We did not observe statistically significant differences between
the longitudinal and transverse scans. The IRR in LUS of COVID-19 patients may benefit
from more standardization of the clinical protocols.
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