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Abstract

Background. Diagnosing and discriminating non-cardiogenic interstitial syndrome (NCIS) and cardiogenic
pulmonary edema (CPE) is notoriously difficult in a mixed intensive care unit (ICU) population. We
hypothesized that a comprehensive lung ultrasound exam can be used to accurately diagnose interstitial
syndrome and can discriminate between NCIS and CPE.

Methods. A single center prospective diagnostic accuracy study was used as derivation cohort and a
post-hoc analysis of a multi-center prospective observational study as validation cohort. Consecutive
adult ICU patients that received a lung ultrasound examination for clinical or study purposes were
included. The reference standard was the diagnosis interstitial syndrome (NCIS or CPE) or non-interstitial
syndromes (other pulmonary diagnoses and no pulmonary diagnoses) at the moment of examination
based on full post-hoc clinical chart review except lung ultrasound. The index test was a comprehensive
lung ultrasound examination performed and scored by a researcher blinded to clinical information.

Results. 101 patients were included in the derivation and 125 in validation cohort. In the derivation cohort,
patients with interstitial syndrome (n=56) were reliably discriminated from other patients based on the
presence of a B-pattern (defined as =3 B-lines in one frame) with an accuracy of 94.7% (sens 90.9%, spec
91.1%), while specificity was higher for a bilateral B-pattern (accuracy 86.0%; sens 74.5%, spec 100%). For
the discrimination of NCIS (n=29) from CPE (n=27), the presence of bilateral pleural line abnormalities
had the highest diagnostic accuracy (94.6%; sens 89.3%, spec 100%) followed by consolidation (76.8%;
sens 69.0%, spec 85.2%) and subtle lung sliding (67.9%; sens 62.1%, spec 74.1%). A diagnostic algorithm
(BLUISH protocol) using B-pattern and bilateral pleural abnormalities had an accuracy of 0.86 (95%ClI
0.77-0.95) for diagnosis and discrimination of interstitial syndromes. In the validation cohort, which
included 125 patients with interstitial syndrome, pleural line abnormalities discriminated NCIS (n=101)
from CPE (n=24) with a sensitivity of 30% (95%Cl 21-40%) and a specificity of 100% (95%Cl: 86-100%).

Conclusions. Lung ultrasound can be used to diagnose and discriminate interstitial syndromes in ICU
patients with moderate to good accuracy. Pleural line abnormalities are highly specific for NCIS, but
sensitivity is limited.

Background

Interstitial syndrome is an important cause of respiratory failure for intensive care unit (ICU) patients.
Discriminating between the two most common etiologies of interstitial syndrome, namely non-
cardiogenic interstitial syndrome (NCIS) and cardiogenic pulmonary edema (CPE) is notoriously difficult
due to their similar clinical manifestations and radiologic appearances, but of clinical importance
considering their associated therapeutic and prognostic implications. Despite advances in diagnostic and

monitoring instruments, the current gold standard remains post-hoc expert clinical review [1].

Lung ultrasound is an accurate bedside diagnostic tool that can help to differentiate between several
causes of respiratory failure [2,3]. In healthy lungs the pleura acts as a specular reflector of ultrasound
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beams due to high acoustic impedance disparity with the air-filled lungs beneath. In a diseased lung this
impedance disparity is altered, resulting in artefactual or anatomical ultrasound images. Both NCIS and
CPE disrupt (regional) acoustic behavior of the pleura, but their distinct pathogenesis alludes to potential
ultrasound differences [4]. The 2012 international consensus recommendations suggest a potential role
for ultrasound to diagnose and discriminate interstitial syndromes, but advise further research as
recommendations are based on one study [5,6]. To date, bar a study using M-Mode, it remains
unvalidated [7]. When further substantiated, bedside lung ultrasound may lead to quicker diagnosis and
discrimination of interstitial syndromes, which will decrease the need for more invasive and costly
diagnostic modalities and facilitate earlier initiation of appropriate therapy [8,9].

This study aims to evaluate the diagnostic accuracy of predefined lung ultrasound signs for the
diagnosis of interstitial syndrome and to discriminate NCIS and CPE in ICU patients. We hypothesized
that a B-pattern can be used to accurately diagnose interstitial syndrome and consolidations and pleural
abnormalities can discriminate between NCIS and CPE.

Methods
Study design

This is a multicenter observational diagnostic accuracy study with a derivation and validation cohort. The
protocol for the derivation cohort was approved by the local institutional review board (METc VUmc,
registration 2016.002) and necessity to obtain informed consent was waived. The protocol for the
validation cohort was approved by its institutional review board (METc AMC, registration W18_311).
Written informed consent for use of data was obtained from the patient or the legal representative for the
validation cohort. The STARD checklist was used to draft this manuscript (EQUATOR network, 2015).

Participants

The derivation cohort included prospectively collected adult (>18 years) patients admitted to the mixed
ICU of the Amsterdam UMC, location VUmc, an academic hospital in The Netherlands, prospectively

between 15t of January 2018 and 15t of August 2020. Patients were included when they received a
clinically indicated lung ultrasound examination (as determined by the clinical team).

The validation cohort consisted of a post-hoc analysis of an observational, prospective study performed
at the mixed ICU's of the Amsterdam UMC, location AMC and the Maastricht UMC+, both academic

hospitals located in The Netherlands, between 26 of March 2019 until 26" of February 2021. Patients
were included when their expected ventilation duration was >24 hours.

Test methods: index test

For the derivation cohort, all images were acquired or supervised by lung ultrasound certified clinicians,
using a Sonosite-EDGE Il ultrasound machine. Certification entailed a two-day course and thereafter
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supervision by a physician with extensive ultrasound experience (>5 years) until sufficient expertise was
reached (a minimum of 30 exams) [10]. All subjects were scanned using a standardized protocol based
on the Bedside Lung Ultrasound in Emergency (BLUE) protocol, consisting of two anterior and one
posterolateral point, on either side of the thorax [11]. Anterior measurements were performed in B-mode
and M-mode using a 10-5 MHz linear transducer with image depth set >6¢cm in lung setting, whereas
posterolateral measurements were performed with a 5-1 MHz cardiac (phased array) transducer in
cardiac setting. All patients were scanned in supine position. As per our local clinical protocol patients
were scanned in supine position and with probe perpendicular to rib orientation.

All 2D and M-mode images and clips were independently evaluated offline by two investigators (MLAH
and SKE) blinded to clinical diagnosis. Any disputes were resolved by a third investigator (MEH). In each
anterior zone the following 2D items were evaluated using the linear transducer in accordance with
international evidence-based recommendations [6,12]: 1. presence of a B-pattern (=3 B-lines in a single
frame); 2. if a B-pattern was present whether its appearance was nonhomogeneous (discordant B-line
appearance with asymmetric distribution) 3. presence of an anterior consolidation defined as a
subpleural echo-poor region or one with tissue-like echotexture; 4. lung sliding as present, subtle
(identified by clinical “gestalt”), or absent; and 5. pleural line characterization as fragmented (disruption
of the pleural line), thickened (pleural line thickness >2 mm), and irregular (coarse pleural line lacking well
defined borders). Figure 1 shows the morphology of specific pleural line abnormalities and examples of
their appearance in CPE and NCIS. The M-Mode images of each anterior zone were evaluated for the
following items [7]: 6. pleural line characterization as normal, fragmented, or sinusoidal; and 7.
orientation of the subpleural area as horizontal or vertical. Each posterolateral zone was evaluated using
the phased array transducer for 8. the presence of posterolateral alveolar and/or pleural syndrome
(PLAPS) (11). When PLAPS was positive, the presence of a 9. pleural effusion >1cm was also recorded.

Lung ultrasound examinations in the validation cohort were performed 1-3 days after start of mechanical
ventilation by one of three dedicated researchers (LAH, NFLH & MRS). Four anterior regions were
analyzed in the present study, corresponding to the analysis of the derivation cohort. Images were
obtained with the linear probe using a transversal approach between the ribs. Pleural line abnormalities
were scored in all images and defined as a pleura that is evidently altered through (a combination of)
fragmentation, thickening, or irregularity.

Test methods: reference standard

In the derivation cohort the reference standard was the determined by expert consensus. Two
investigators (MLAH and SKE) independently annotated patients with NCIS, CPE, other pulmonary
diagnoses (‘other’), and no pulmonary diagnoses (‘healthy’) at the moment of examination based on full
post-hoc clinical chart review including imaging, laboratory data, physical examination, and other clinical
characteristics except lung ultrasound. Any disputes were resolved by a third investigator (PRT).
Interstitial syndrome was defined as the composite group of NCIS and CPE. The NCIS group included
patients with interstitial lung disease (ILD) based on pulmonologist diagnosis in concert with imaging or
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serology, or acute respiratory distress syndrome (ARDS) without clinical evidence of systolic or diastolic
cardiac dysfunction and using the Berlin definition [13]. The CPE group includes patients with a clinical
diagnosis of decompensated systolic or diastolic heart failure, based on imaging, including
echocardiography. The non-interstitial syndrome group was defined as the composite group of ‘other’ and
‘healthy’; other were patients with non-interstitial pulmonary pathology (atelectasis, pneumonia, or pleural
effusion) and healthy were patients without pulmonary pathology. Patients with an overlapping
diagnosis of NCIS and CPE were excluded from the study. Patients were also excluded if a pneumothorax
was present, as it impedes normal view of the (visceral) pleura and M-mode evaluation.

In the validation cohort the NCIS group consisted of patients with ARDS, that was scored by an expert
panel using the Berlin definition [13]. Patients with ARDS were only analyzed in the present study when
the expert panel was certain about the ARDS diagnosis. CPE was additionally scored by one expert
(LDJB). The groups ‘other’ and ‘healthy’ were not specified in the validation cohort as data on these
diagnoses was not prospectively collected.

Outcomes and analysis

The primary outcome of the study was to identify which predetermined lung ultrasound signs were most
accurate to diagnose and discriminate interstitial syndromes. To address this, the following comparisons
were made: 1. patients with interstitial syndrome versus the non-interstitial group; and 2. patients with
NCIS versus CPE. Novel findings from the derivation cohort were corroborated in the validation cohort. To
further evaluate clinical applicability, secondary outcomes were interrater agreement of ultrasound signs
and constructing a clinical diagnostic algorithm to arrive at the correct pulmonary diagnosis. In both
cohorts, baseline, laboratory, ventilator characteristics, and the sequential organ failure assessment
(SOFA) score were collected from the electronic patient database at the time of ultrasound examination.
Prevalence of baseline characteristics and lung ultrasound signs across groups were tested for
significant differences using Pearson’s chi-squared test. All data were analyzed with SPSS for Windows
(version 22 IBM) and R studio (version 4.0.3). Continuous variables were presented as means * standard
deviations (+SD), medians and interquartile range [IQR], or numbers (percent %) when appropriate. A
Shapiro-Wilk's test, visual inspection of histograms, and Q-Q plots were used to determine data
distribution.

Diagnostic accuracy.

Diagnostic accuracy parameters (sensitivity, specificity, positive likelihood ratio, and negative likelihood
ratio) of 2D and M-mode ultrasound signs were calculated for diagnosis of interstitial syndrome and for
discrimination of NCIS and CPE. Specific pleural line abnormalities (fragmented, thickened, and irregular)
were tested for internal consistency across items with a two-way random intraclass correlation model
with average measures of absolute agreement to evaluate whether compilation was possible. In case of
excellent consistency (intraclass correlation coefficient >0.8 [14]) between specific pleural abnormalities,
diagnostic accuracy parameters for the one, two, or three pleural line abnormalities simultaneously, in any

ultrasound zone or bilaterally, were calculated.
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Interrater agreement.

Agreement for dichotomous and ordinal variables as derived by the two observers was evaluated with a
kappa statistic and a spearman’s correlation coefficient respectively. In addition, a joint probability of
agreement was calculated of all variables as follows: (number of cases in agreement / total number of
cases).

Diagnostic algorithm. For the derivation cohort, a hierarchical diagnostic algorithm was built based on
substantial reliability (defined as kappa statistic >0.60 or spearman’s correlation coefficient >0.70 [15,16])
and substantial accuracy (defined as both a positive and negative likelihood ratio of >4.0 and <0.30
respectively, indicating a clinically useful shift in disease probability of at least 25% [17]). The initial step
was diagnosis of interstitial syndromes, and thereafter discrimination of NCIS and CPE, as well as other
and healthy patients respectively.

Sample size

A sample size calculation was made using a chi-square contingency table. Based on previous literature
and expert opinion the proportion of pleural line abnormalities was estimated to be 0.9 in the NCIS group
and 0.1 in the CPE group [7,12]. At least twenty-one patients per group would be required assuming an a
of 0.05 and a B of 0.20. Patients were collected until each group reached the required sample size. This
study was powered for pleural line abnormalities because previous literature indicated their importance
for discrimination, whilst anterior consolidations and B-pattern are already well-established signs of NCIS
and CPE respectively. No sample size calculation was performed for the validation cohort.

Post-hoc analysis

To further elucidate differences between the derivation and validation cohort a post-hoc analysis of the
NCIS group was performed and reported separately.

Results

In the derivation cohort, a total of 110 patients were included until the sample size for each group was
reached. Nine patients were excluded due to pneumothorax (n=5) or simultaneous occurrence of CPE and
NCIS (n=4). One-hundred and one patients were finally included and a total of 1010 ultrasound files were
examined (404 anterior clips, 202 posterolateral clips, and 404 M-Mode images). Twenty-seven (2.7%) of
these files were deemed of insufficient quality, leaving 983 for analysis. Characteristics of patients at time
of ultrasound examination are shown in Table 1. Sixty-eight percent was male and mean age was
64(+14.5) years. NCIS patients were more frequently intubated, had a lower median Pa02/Fi02, and a
higher median C-reactive protein; CPE patients were found to have a higher median brain natriuretic
peptide level.

Table 1. Characteristics of included patients of the derivation cohort at time of ultrasound examination
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Diagnosis Total NCIS CPE Other (n=24) Healthy (21) P

(n=101) (n=29) (n=27) value
Age 64.0 60.0 £ 63.7 £ 68.6 +11.7 64.6 + 14.2 145
14.5 14.7 16.1
Gender (male) 69 19 16 18 (75.0%) 15 (71.4%) .649
(67.6%) (65.5%) (59.3%)
Diagnosis 12 ILD 9 Pneumonia  No pulmonary
diagnosis
17 ARDS 8 Pleural
Effusion

7 Atelectasis

Intubated 59 25 15 7 (29.2%) 12 (57.1%) <.001
(58.4%) (86.2%) (55.6%)

P/F ratio 196 [172] 134 [94] 185 [164] 206 [94] 323 [143] <.001

SOFA 8 [7] 9 [5] 9 [8] 7 [10] 6[12] .037

CRP 73 [131] 99 [191] 66 [127] 93[118] 37[101] .013

BNP 1771 1081 8815 1627 [160] 270[1526] .001
[9441] [4582] [19441]

Clips and

frames

Ventral 401 114 108 95 84 -

M-mode 392 113 102 94 83 -

PL-clips 190 58 52 45 35 -

BNP brain natriuretic peptide; CPE cardiogenic pulmonary edema; CRP C-reactive protein; COPD chronic
obstructive pulmonary disease; ILD interstitial lung disease; NCIS noncardiogenic interstitial syndrome;
P/F ratio between arterial oxygen saturation and oxygen fraction of inspired air; SOFA sequential organ
failure assessment; PL-clips; posterolateral clips; Continuous variables were presented as means +
standard deviations (+SD), medians and interquartile range [IQR], or numbers (percent %) when
appropriate.

The distribution of ultrasound signs across diagnostic groups is shown in Additional file 1. The
prevalence of B-pattern was different for the interstitial compared to the non-interstitial groups. Anterior
consolidation, abnormal lung sliding, and pleural abnormalities had a different prevalence for the NCIS
group compared to the CPE group. Any ultrasound sign appearing bilaterally had a different prevalence in
the interstitial groups compared to the non-interstitial group, except for M-mode subpleural vertical
orientation, which was not differently distributed across diagnostic groups. In the validation cohort, 125
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patients with interstitial syndrome were included. Baseline characteristics for the validation cohort are
shown in Additional file 2.

Diagnosis of interstitial syndrome in derivation cohort

Table 2 shows the diagnostic accuracy parameters of ultrasound signs for interstitial syndrome (versus
non-interstitial). Only signs with a sensitivity and specificity of >60% for diagnosis or discrimination are
presented (full table of estimates per group is shown in Additional file 3; full table of estimates for
interstitial versus noninterstitial, NCIS versus CPE, and other versus healthy is shown in Additional file 4).
The intraclass correlation coefficient for degree of resemblance among pleural line abnormalities was
0.87 (95%Cl; .84-.90; p<.001) indicating excellent agreement [14]. Therefore, diagnostic accuracy
parameters of one, two, or three composite pleural line abnormalities were also calculated and reported.
For diagnosis of interstitial syndrome, the presence of a B-pattern had the highest diagnostic accuracy;
specificity increased to 100% when observed bilaterally.

Table 2. Diagnostic accuracy of predetermined ultrasound signs for interstitial (versus non-interstitial
syndrome) in the derivation cohort
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B-pattern

Any
Nonhomogenous
Bilateral

Anterior
consolidation (any)
Lung sliding (subtle)
Pleural line
abnormalities
Fragmented
Thickened

Irregular

One any zone

One bilateral

Two any zone

Two bilateral
Three any zone
Three bilateral

PLAPS (bilateral)

M-mode
fragmentation

Interstitial vs non-interstitial

Accuracy

91.0 (83.6-
95.8)

73.2 (59.7-
84.2)

86.0 (77.6-
92.1)(7

56.4 (46.2-
66.3)

61.6 (51.3-
71.2)

69.3 (59.3-
78.1)

68.3 (58.3-
77.2)

68.3 (58.3-
77.2)

66.3 (56.3-
75.4)

69.7 (59.7-
78.5)

68.3 (58.3-
77.2)

67.7 (57.6-
76.8)

69.3 (59.3-
78.1)

61.6 (51.3-
71.2)

64.1 (53.3-
73.9)

58.7 (48.0-
68.9)

Sens

90.9 (80.1-
97.0)

72.5 (58.3-
84.1)

74.5 (61.0-
85.3)

42.9 (29.7-
56.8)

44.6 (31.3-
58.5)

73.2 (59.7-
84.2)

51.8 (38.0-
65.3)

60.7 (46.8-
73.5)

71.4 (57.8-
82.7)

52.7 (38.8-
66.4)

58.9 (45.0-
71.9)

45.5 (32.0-
59.5)

50.0 (36.3-
63.6)

30.9 (19.1-
44.8)

66.7 (52.6-
78.9)

54.0 (39.3-
68.2)

Spec

91.1(78.8-
97.5)

80.0 (28.4-
99.5)

100 (92.1-
100)

73.3 (58.1-
85.4)

83.7 (69.3-
93.2)

64.4 (48.8-
78.1)

88.9 (76.0-
96.3)

77.3 (62.9-
88.8)

60.0 (44.3-
74.3)

90.9 (78.3-
97.5)

80.0 (65.4-
90.4)

95.5 (84.5-
99.4)

93.3 (81.7-
98.6)

100 (92.0-
100)

61.1 (43.5-
76.9)

64.3 (48.0-
78.5)

+LR

10.21 (4.0-
26.1)

3.13 (0.62-
21.1)

o0
1.60 (0.91-
2.85)

2.73 (1.31-
5.74)

2.06 (1.35-
3.15)

4.67 (1.96-
11.1)

2.67 (1.52-
4.91)

1.79 (1.20-
2.65)

5.80 (2.20-
15.3)

1.71 (1.09-
2.69)

1.51 (0.94-
2.44)

0.10 (0.04-
0.23)

0.47 (0.18-
0.64)

0.26 (0.16-
0.40)

0.78 (0.58-
1.04)

0.66 (0.50-
0.87)

0.42 (0.26-
0.67)

0.54 (0.41-
0.73)

0.51 (0.35-
0.72)

0.48 (0.30-
0.77)

0.50 (0.39-
0.70)

0.51 (0.36-
0.73)

0.57 (0.45-
0.73)

0.54 (0.41-
0.70)

0.69 (0.58-
0.82)

0.55 (0.34-
0.86)

0.72 (0.49-
1.04)
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-LR negative likelihood ratio; +LR positive likelihood ratio; PLAPS posterolateral alveolar and/or pleural
syndrome; Sens sensitivity; Spec specificity. Bold numbers were those with both a +LR and —LR of >4.0
and <0.30 respectively, based on a clinically useful shift in disease probability of 25% (17).

Discrimination between NIC and CPE in derivation cohort

Table 3 (and Additional file 4) shows the diagnostic accuracy parameters of ultrasound signs for
discrimination between NCIS and CPE. Pleural line abnormalities were found to have the highest
diagnostic accuracy (91.0%; 95%Cl 83.6-95.8). When compiling abnormalities per zone, justified by their
consistency, bilateral presence of at least two pleural line abnormalities had the highest combined
diagnostic accuracy for discrimination of NCIS from CPE (94.6%; 95%Cl 84.9-98.9%). Specificity of two
pleural line abnormalities increases as more zones are positive (figure 2). Additional file 5 shows
diagnostic accuracy for the subgroup of mechanically ventilated patients. The diagnostic accuracy in this
subgroup remained the highest for B-pattern (94.7%; 95%CI 85.3-98.9) and bilateral presence of at least
two pleural line abnormalities (92.3%; 95%Cl 79.1-98.4) for diagnosis and discrimination of interstitial
syndrome, respectively.

Table 3. Diagnostic accuracy of predetermined ultrasound signs for NCIS (versus CPE) in the derivation
cohort
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B-pattern

Any zone
Nonhomogenous
Bilateral

Anterior
consolidation (any)
Lung sliding (subtle)
Pleural line
abnormalities
Fragmented
Thickened

Irregular

One any zone

One bilateral

Two any zone

Two bilateral
Three any zone
Three bilateral

PLAPS (bilateral)

M-mode
fragmentation

NCIS vs CPE

Accuracy

49.1 (35.4-
62.9)

78.4 (34.9-
75.6)

50.9 (37.1-
64.7)

76.8 (63.6-
87.0)

67.9 (54.0-
79.7)

78.6 (65.6-
88.4)

92.9 (82.7-
98.0)

91.1 (80.4-
97.0)

76.8 (63.6-
87.0)

87.3 (75.5-
94.7)(7

92.9 (82.7-
98.0)

94.6 (85.0-
98.9)

91.1 (80.4-
97.0)

80.0 (67.0-
89.6)

35.2 (22.7-
49.4)

80.0 (66.3-
90.0)

Sens

89.3 (71.8-
97.7)

100 (86.8-
100)

75.0 (55.1-
89.3)

69.0 (49.2-
84.7)

62.1 (42.3-
79.3)

100 (88.1-
100)

93.1 (77.2-
99.2)(7

100 (88.1-
100)

96.6 (82.2-
99.9)

89.3 (71.8-
97.7)(7

100 (88.1-
100)

89.3 (71.8-
97.7)

89.7 (72.7-
97.8)

60.7 (40.6-
78.5)

51.7 (32.5-
70.6)

81.5 (61.9-
93.7)

85.2 (663-
95.8)

74.1 (53.7-
88.9)

55.6 (35,3-
74.5)

92.6 (75.7-
99.1)

81.5 (61.9-
93.7)

55.6 (35.3-
74.5)

85.2 (66.3-
95.8)

85.2 (66.3-
95.8)

100 (87.2-
100)

92.6 (75.6-
99.1)

100 (87.2-
100)

16.0 (4.5-
36.1)

78.3 (56.3-
92.5)

+LR

0.96 (0.82-
1.14)

2.27 (1.46-
3.54)

1.01 (0.74-
1.38)

4.66 (1.82-
11.9)

2.39 (1.19-
4.81)

2.25 (1.48-
3.43)

12.7 (3.30-
47.9)

5.40 (2.45-
11.9)

2.17 (1.42-
3.33)

6.03 (2.4-
15.0)

6.76 (2.73-
16.7)

[e¢]

12.1 (3.17-
46.2)

[e¢]

(0.42-

— —
N

(1.69-

ow oo

W O O
— O

1.45 (0.26-
7.99)

0
0.97 (0.74-
1.38)

0.36 (0.21-
0.64)

0.51 (0.31-
0.86)

0.07 (0.02-
0.28)

0
0.06 (0.01-
0.44)

0.13 (0.04-
0.37)

0
0.11 (0.04-
0.31)

0.11 (0.04-
0.33)

0.39 (0.25-
0.62)

3

7

0

0

02 (1.14-
.99)

24 (0.10-
54)
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-LR negative likelihood ratio; +LR positive likelihood ratio; CPE cardiogenic pulmonary edema; NCIS
noncardiogenic interstitial syndrome; PLAPS posterolateral alveolar and/or pleural syndrome; Sens
sensitivity; Spec specificity. Bold numbers were those with both a +LR and —LR of >4.0 and <0.30
respectively, based on a clinically useful shift in disease probability of 25% (16).

Discrimination between NCIS and CPE in validation cohort

The application of bilateral pleural line abnormalities in the validation cohort showed a sensitivity of 30%
(95%Cl 21-40%) and a specificity of 100% (95%CI 86-100%). The positive and negative likelihood ratios
were ‘infinity’ and 0.70 (95%Cl 0.62-0.80), respectively.

Seconda/y outcome: interrater agreement

All ultrasound signs had at least a substantial strength of interrater agreement, except for a
nonhomogenous B-pattern and M-mode pleural line evaluation which had fair and moderate agreement
respectively (Additional file 6).

Secondary outcome: diagnostic algorithm

The high diagnostic accuracy and interrater agreement of ultrasound signs enabled the development of a
diagnostic algorithm; presented as the Bedside Lung Ultrasound for Interstitial Syndrome Hierarchy
(BLUISH)-protocol (figure 3). First, the presence of any B-pattern was selected to diagnose interstitial
syndromes, and the presence of bilateral pleural line abnormalities (at least 2 out of 3 specific pleural
abnormalities present in a zone) was subsequently used to discriminate NCIS from CPE for a total
accuracy of 0.86 (95%Cl 0.79-0.93). Although not part of our primary outcome, diagnostic accuracy
parameters to discriminate other non-interstitial pulmonary pathology from healthy lungs using anterior
consolidation and positive PLAPS were included (Additional file 4). When restricting the diagnostic
algorithm to mechanically ventilated patients its accuracy remained 0.86 (95%Cl 0.77-0.95).

Post-hoc analysis

The NCIS group of the derivation cohort contained 12 ILD patients (41.4%) whereas the NCIS of the
validation cohort contained exclusively ARDS. A logistic regression analysis on the derivation cohort
showed an that bilateral B-pattern had an odds ratio of 0.067 (95%Cl .007-.678) for ILD (versus ARDS)
and total pleural abnormalities had an odds ratio of 2.99 (95%Cl 1.1-8.3) for ILD (versus ARDS).

Discussion

The main findings of this diagnostic accuracy study on lung ultrasound to diagnose and discriminate
interstitial syndromes in ICU patients are: 1. B-pattern is the most accurate ultrasound sign to diagnose
interstitial syndromes; 2A. Bilateral pleural line abnormalities is the most accurate ultrasound sign to
discriminate NCIS from CPE; 2B. In the validation cohort, bilateral pleural line abnormalities had a
specificity of 100% for the differentiation of NCIS from CPE, but limited sensitivity; 3. Interrater agreement
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for aforementioned ultrasound signs is excellent and substantial, respectively; 4. An ultrasound
diagnostic algorithm (the BLUISH protocol) can diagnose and discriminate interstitial syndromes in
critically ill patients with a high accuracy of 0.86.

Discriminating NCIS from CPE is notoriously difficult but of major clinical importance. Ultrasound signs
to discriminate NCIS from CPE have been included in expert consensus recommendations despite paucity
of evidence [6]. The only prior study on this subject has a small and selected population, lacks sample
size justification, has a single derivation cohort, and is inapplicable in a complex ICU setting. Similarly,
recently described M-mode signs of NCIS lack validation [7]. We comprehensively evaluated and
validated the diagnostic accuracy of NCIS-specific ultrasound signs in ICU patients and show that lung
ultrasound is an accurate tool in this regard. Evaluating these signs in ultrasound examinations could
lead to quicker, bedside, arrival at diagnosis and facilitates timely and appropriate treatment. A patient
with CPE is typically treated with diuretics and pre- or afterload reduction, and may require treatment for
underlying coronary pathology. NCIS patients require appropriate identification and management of
concealed underlying etiology and consideration of systemic therapy such as corticosteroids [18]. As
such, prompt utilization of lung ultrasound can reduce uptake of more invasive or costly monitoring tools
such as pulmonary artery catheters or chest computed tomography. Even more so, it could provide a
framework for an improved clinical definition of ARDS [19].

Based on the most accurate ultrasound signs, we developed a diagnostic algorithm, the BLUISH protocol,
for use in ICU patients. The BLUISH protocol contains simple and often used sonographic signs, which
will allow for rapid clinical implementation. Its high diagnostic accuracy of 86% is comparable to the
accuracy of the landmark BLUE-protocol in emergency department patients. Addition of non-ultrasound,
but readily available, clinical information may further improve its accuracy, for example C-reactive protein
and brain natriuretic peptide were different between diagnoses.

Inconsistent definitions and methodology are a persistent issue in lung ultrasound literature, especially
concerning pleural line abnormalities [20]. The consensus for specific pleural line abnormalities is
categorizing it as ‘irregular’, ‘fragmented’, and ‘thickened’, but other terms such as blurred, coarse, and
tightening are also frequently used, albeit equally ill-defined [6,21-23]. Consequently, reproducibility and
generalizability of studies is limited. The current study’s explicit a priori definitions generated substantial
interrater agreement, increasing external validity. In addition, specific pleural abnormalities carry distinct
diagnostic accuracies; thickening being the most accurate for NCIS, followed by irregular and
fragmented. Considering their consistency across items it is reasonable to compile pleural line
abnormalities for bedside decisions. After testing many variables it appears that the dichotomy of normal
or abnormal pleural line is most appropriate to balance clinical applicability and efficacy of the test.
Future investigations should explore whether specific pleural line abnormalities have characteristic
spectral signatures and distinct histopathological correlates or belong on a continuum of aeration
amongst A-lines, B-lines, and consolidation [4,24].
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External validation demonstrates that clinically evident bilateral pleural abnormalities could be an
excellent sign to rule in NCIS, with a specificity of 100%. The lower sensitivity found in validation cohort
may be due to several differences between the cohorts. First, 41% of included NCIS patients in the
derivation cohort were classified as ILD, whilst the validation cohort did not include ILD patients. Post-hoc
analyses showed that ILD had a higher propensity for pleural abnormalities and lower propensity for B-
pattern when compared to ARDS. Second, scoring of the pleura line was different between the cohorts. In
the derivation cohort all images were scored by two raters and disputes concerning pleural abnormalities
were resolved by a third rater while in the validation cohort the pleura was scored by a single rater. Lastly,
the validation cohort performed transversal lung ultrasound scanning, which increases visible pleural
surface when compared to examination perpendicular to the ribs. Despite differences, this finding is very
useful for the derivation of refined ARDS definitions and clinical diagnosis of NCIS, but does not allow for
ruling out of CPE. This may also be because initial CPE presentations, emerging extremely rapid or
existing for an extended period, may convert to an inflammatory syndrome with secondary permeability
edema due to endothelial cell dysfunction, but this effect cannot occur vice-versa [25].

Other ultrasound signs of potential interest are spared areas and lung pulse. These measurements were
not included in the current study [12]. We did evaluate nonhomogenous quality of B-pattern, and although
its diagnostic accuracy parameters were reasonable, agreement between offline reviewers was ‘fair’,
making it less clinically useful. These results are in line with other literature finding low agreement when
evaluating or classifying the distribution of B-pattern [26,27]. In contrast to results of a recent study, our
study shows that use of M-mode on lung ultrasound does not offer an advantage when compared to 2D
pleural line examination. Though M-mode ultrasound can be used to detect other thoracic abnormalities
(pneumothorax and pleural effusion), its usefulness to discriminate NCIS from CPE appears limited [2].

This study has several limitations. There is a risk of selection bias as the patient population was derived
from patients with a clinical indication for bedside ultrasound. Besides a relatively high ILD population,
baseline characteristics of our population are comparable to that of the case mix of ICU patients in The
Netherlands [28]. The additional validation on an external cohort further diminished this limitation. There
are differences in cohort design, such as timing of ultrasound examination, examination protocol, and
center-specific population, but these can be considered within the scope of normal between-center
variation and therefore further increase external validity. It should be noted that this study evaluates the
diagnostic accuracy of singular lung ultrasound signs in a deterministic fashion, whereas clinician-based
practice in a complex ICU setting often relies on clinical conglomerates. This should be considered in
future research and during clinical application [3]. Finally, patients with an uncertain ARDS diagnosis
were excluded from the validation cohort, possibly leading to selection bias. This study also has several
strengths. Our study is adequately powered and, even more so, the largest study to date on this subject.
Compared to previous research, we increased external validity for a general ICU population by adding
‘other’ and ‘healthy’ patient populations as control groups. Moreover, performed an external validation of
previously determined ultrasound signs which had not been done before and constructed the BLUISH
protocol based on straightforward ultrasound signs increasing this algorithm’s generalizability.
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Conclusion

This diagnostic accuracy study in ICU patients shows that lung ultrasound is a valuable tool to diagnose
and discriminate interstitial syndromes. Pleural line abnormalities, anterior consolidations, and subtle
lung sliding have high diagnostic accuracy for NCIS and substantial to excellent interrater agreement. Our
novel diagnostic algorithm (BLUISH protocol), containing a B-pattern and bilateral pleural line
abnormalities, has an accuracy of 86% for diagnosing and discriminating the cause of interstitial
syndrome. External validation of these findings demonstrates that pleural line abnormalities have a
perfect specificity for NCIS, but limited sensitivity to rule out CPE.
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Figures

Irregular Thickened Fragmented

Figure 1

From left to right: examples of irregular, thickened, and fragmented pleural line. On the right, examples of
patients with cardiogenic pulmonary edema and noncardiogenic interstitial syndrome, respectively.
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Figure 2

Composition of diagnoses for increasing lung zones with a pleural line abnormality
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Figure 3

Diagnostic algorithm for the diagnosis and discrimination of interstitial syndrome, the BLUISH protocol,
with a total accuracy of 0.86. Bilateral pleural abnormalities signifies the presence of at least two pleural
abnormalities (fragmented, thickened, or irregular) per hemithorax.
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