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Abstract

Background Acute respiratory distress syndrome (ARDS) subphenotypes differ in outcomes and treatment
responses. Subphenotypes in high-flow nasal oxygen (HFNO)-treated ARDS patients have not been investigated.

Objectives To identify biological subphenotypes in HFNO-treated ARDS patients.

Methods Secondary analysis of a prospective multicenter observational study including ARDS patients supported
with HFNO. Plasma inflammation markers (interleukin [IL]-6, IL-8, and IL-33 and soluble suppression of tumorigenic-
ity-2 [sST2]) and lung epithelial (receptor for advanced glycation end products [RAGE] and surfactant protein D
[SP-D]J) and endothelial (angiopoietin-2 [Ang-2]) injury were measured. These biomarkers and bicarbonate were used
in K-means cluster analysis to identify subphenotypes. Logistic regression was performed on biomarker combina-
tions to predict clustering. We chose the model with the best AUROC and the lowest number of variables. This model
was used to describe the HAIS (High-flow ARDS Inflammatory Subphenotype) score.

Results Among 41 HFNO patients, two subphenotypes were identified. Hyperinflammatory subphenotype (n=17)
showed higher biomarker levels than hypoinflammatory (n=24). Despite similar baseline characteristics, the hyperin-
flammatory subphenotype had higher 60-day mortality (47 vs 8.3% p=0.014) and longer ICU length of stay (22.0 days
[18.0-30.0] vs 39.5 [25.5-60.0], p=0.034). The HAIS score, based on IL-8 and sST2, accurately distinguished subpheno-
types (AUROC 0.96 [95%Cl: 0.90-1.00]). A HAIS score >7.45 was predictor of hyperinflammatory subphenotype.

Conclusion ARDS patients treated with HFNO exhibit two biological subphenotypes that have similar clinical char-
acteristics, but hyperinflammatory patients have worse outcomes. The HAIS score may identify patients with hyperin-
flammatory subphenotype and might be used for enrichment strategies in future clinical trials.

Keywords High-flow nasal cannula, High-flow nasal oxygen, Acute respiratory distress syndrome, Inflammation,
Subphenotypes, Biomarkers, Non-invasive ventilation

*Correspondence:

Oriol Roca

oroca@tauli.cat

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-023-04687-0&domain=pdf

Blot et al. Critical Care (2023) 27:419

Background

Acute respiratory distress syndrome (ARDS) is a com-
mon condition in ICU, carrying a high mortality bur-
den. Recent research and the latest guidelines on ARDS
management underlined the importance of identifying
clinical and biological features to classify ARDS patients
into subphenotypes that might have different outcomes
and respond differently to specific therapies [1]. Identi-
fication of subphenotypes in ARDS mechanically venti-
lated patients has mainly relied on inflammation-related
biomarkers. Consistently across studies, two subpheno-
types have been reported, termed hypoinflammatory and
hyperinflammatory, that have different outcomes and
distinct responses to clinical interventions [2—7]. The
stability of the subphenotypes over time was also shown
in the same individual [8]. More recently, these subphe-
notypes were also identified in a large cohort of patients
with COVID-19-associated ARDS [9]. Differentiating
hypoinflammatory and hyperinflammatory ARDS ena-
bles prognosis enrichment and enhances the likelihood of
treatment response [10].

Since the use of high-flow nasal oxygen (HFNO) in
adult patients with hypoxemic acute respiratory fail-
ure was first described [11], its use has continuously
increased [12-14]. Traditionally, patients treated with
HFNO with bilateral opacities in the chest X-ray and a
PaO,/FiO, ratio <300 mmHg were not considered ARDS
patients as they were not on positive pressure ventilation.
However, some studies including non-intubated patients
who meet all other ARDS criteria showed that they had
similar biological characteristics [15] and clinical out-
comes [16] to mechanically ventilated ARDS patients.
Similarly, the results of a recent study in COVID-19
patients showed that more than 90% of the patients ini-
tially treated with HFNO remained with a PaO,/FiO,
ratio <300 after intubation [17]. All this evidence led to
the addition of HENO in a recently published more global
definition of ARDS [18]. The inclusion of HFNO patients
would allow us to identify patients with ARDS in earlier
stages of lung injury and, consequently, to test treatments
prior to intubation and mechanical ventilation (MV). It
will also broaden the applicability of the ARDS definition
by focusing on all patients with clinically significant lung
injury requiring high levels of oxygen support and includ-
ing those patients treated in resource-limited settings.

Patients treated with HFNO may present better out-
comes than MV ARDS patients [17, 19]. These differ-
ences in outcomes may be, at least partially, explained by
the presence of different subphenotypes. However, the
characterization of subphenotypes in patients with ARDS
treated with HFNO has not been explored. We hypoth-
esized that, as happen in MV ARDS patients, ARDS
patients treated with HFNO might present different
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subphenotypes with different outcomes. Therefore, we
aimed to identify inflammatory subphenotypes in a pro-
spective cohort of ARDS patients treated with HFNO.

Methods

We conducted a post hoc analysis of a multicenter pro-
spective observational study comparing plasma biomark-
ers in mechanically ventilated and non-intubated ARDS
patients [15]. Clinical data from the original cohort have
been published elsewhere [15]. Briefly, patients were
enrolled between 2014 and 2016 across 3 general ICU in
tertiary hospitals in Spain.

In the present study inclusion criteria were non-
intubated patients, treated with HFNO for hypoxemia
defined by PaO,/FiO,<300 or pulse oximetry (SpO,)/
FiO, <315, with bilateral radiographic opacities not fully
explained by cardiac failure. FiO, was set to ensure a
SpO,>92%. The flow was adjusted according to patient
tolerance. Need for MV was left at the discretion of the
attending physician. Ethics Committee of each hospital
approved the study. Written consent from patients or
their relatives was obtained.

Baseline-recorded data included demographic charac-
teristics, comorbidities, and etiology of ARDS. General
respiratory and hemodynamic variables were collected at
inclusion. Severity was assessed with the Acute Physiol-
ogy and Chronic Health Evaluation (APACHE) II score
within 24 h of ICU admission.

Sequential Organ Failure Assessment (SOFA) at ARDS
onset while treated with HFNO was calculated. Acute
renal failure was defined as a serum level of creatinine
of 1.2 mg/dL or higher, and shock was defined by use of
vasopressors. Follow-up for survival was performed dur-
ing the 60 days after inclusion.

Blood samples were collected within 24 h of ARDS
onset while being treated with HENO. Plasma biomark-
ers of lung epithelial (receptor for advanced glycation
end products [RAGE] and surfactant protein D [SP-D])
and endothelial (angiopoietin-2 [Ang-2]) injury as well as
inflammation markers (interleukin [IL]-6, IL-8, and IL-33
and soluble suppression of tumorigenicity-2 [sST2]) lev-
els were measured using enzyme-linked immunosorbent
assay kits.

A detailed description of the statistical analysis
is provided in the additional material (Additional
file 1). Briefly, missing data were imputed using mul-
tiple imputation. sST2, IL-6, IL-8, angiopoietin-2, and
s-RAGE were logl0. Cluster analysis by K-means was
used on the following variables: IL-33, sST2 (log), IL-6
(log), IL-8 (log), SP-D, angiopoietin-2 (log), RAGE
(log), and bicarbonate level. A heatmap was used to
represent the contribution of each biomarker to clus-
ter identification. Values range from —1 to 1. A value
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close to zero has little or no impact on cluster attribu-
tion, while being close to 1 or —1 means a high impact
on cluster attribution. The sign of the value indicates
how biomarker’s variation influences cluster attribution
(positive meaning that an increase in the value is cor-
related with cluster attribution). NbClust package was
used to determine the optimal number of cluster [20].
Stability index was calculated by bootstrapping. After
cluster attribution, patients were compared for initial
characteristics and outcomes. Continuous variables
were expressed as median [inter-quartile] and com-
pared with Wilcoxon test. Categorical variables were
reported as frequency (percentage) and compared with
Chi-square.

To reduce the number of dimensions of our model,
logistic regression was performed on all possible variable
combinations to predict cluster belonging. We chose the
model with the best area under the curve (AUC) of the
receiving operative characteristics (ROC) and the lowest
number of variables. A score to predict cluster belong-
ing was designed by multiplying the variable’s value by its
corresponding odds ratio in the chosen model. The score
threshold was then determined to achieve the optimal
sensitivity and specificity [21].

Table 1 Baseline characteristics
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Statistical analyses were conducted using R software
(version 4.2.2). Results were considered statistically sig-
nificant for a p value <0.05.

Results

Study population

During a 3-year period, 170 ARDS patients were enrolled
in the original cohort [15]. Among those patients, 127
were under mechanical ventilation at inclusion and,
therefore, they were not included in the present study.
Forty-three patients were initially treated with HFNO, of
whom 41 had measurement of biomarkers at inclusion.
The baseline characteristics of the non-intubated ARDS
population treated with HFNO included are presented in
Table 1.

Identification of subphenotypes

The correlation matrix did not identify any couple of
variables with a correlation coefficient R >0,50. The opti-
mal number of clusters was defined as two. Using unsu-
pervised clustering analysis and considering the plasma
concentration of the previously mentioned biomark-
ers, we identified 2 clusters of patients within the ARDS
patients treated with HFNO (see Additional file 2). The

Overall (n=41) Hypoinflammatory Hyperinflammatory p value
subphenotype (n=24) Subphenotype (n=17)
Sex (female), n (%) 10 (24.4) 4(16.7) 6(35.3) 0318
Age (year), median [IQR] 60 [50, 68] 61[50,67] 60[51,72] 0.761
Comorbidities, n (%)
Arterial hypertension 18 (43.9) 14 (58.3) 4(23.5) 0.058
Diabetes 12(29.3) 8(33.3) 4(23.5) 0.740
Cardiovascular diseases 6(14.6) 4(16.7) 2(11.8) 1.000
COPD 4(9.8) 2(83) 2(11.8) 1.000
ARDS etiology, n (%) 0.148
Pneumonia 31(75.6) 19 (79.2) 12 (70.6)
Other 5(12.2) 4(16.7) 1(5.9)
Pancreatitis 2 (4.9 1(4.2) 1(5.9)
Extrapulmonary sepsis 3(7.3) 0(0.0) 3(17.6)
APACHE_II, median [IQR]) 1814, 22] 15[13,21] 20[17,22] 0.058
At the time of ARDS diagnosis
SOFA, median [IQR] 6[4,8] 6[4,8] 6[5,8] 0.758
PaO,/FiO,, median [IQR] 96 [79,116] 86 (70, 114] 107 [88, 125] 0.179
FiO,, median [IQR] 0.85[0.70, 1] 0.80[0.70, 1] 0.85[0.60, 1] 0.742
Flow (L min™"), median [IQR] 60 [53, 60] 60 [53, 60] 60 [55, 60] 0.844
Respiratory rate, median [IQR] 26 [21,32] 24 (21, 30] 30 (25, 34] 0.107
pH, median [IQR] 7431[7.40,747] 7441741,747] 7431[7.39,7.44] 0.087
PaCO, (mmHg), median [IQR] 36 [32,43] 36 [32,40] 37[31,44] 0.750
Leukocytes (x10°L™"), median [IQR] 11.1[7.2,143] 11.8[7.8,14.5] 82[4.0,13.5] 0.361

COPD Chronic obstructive pulmonary disease, APACHE Acute Physiology and Chronic Health Evaluation, ARDS Acute respiratory distress syndrome, SOFA Sequential
Organ Failure Assessment. Data are expressed as median [IQR] or frequency (percentage)
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Fig. 1 Heat map representing the strength of each variable

to influence cluster belonging. Values range from —1to 1. A value
close to zero has little or no impact on cluster attribution, whereas
avalue close to 1 or —1 indicates a high impact on cluster attribution.
The sign of the value indicates how the biomarker variation
influences cluster attribution (when positive, an increase in the value
is correlated with cluster attribution). IL: interleukin; sST2: soluble
suppression of tumorigenicity-2; SP-D: surfactant protein D; RAGE:
receptor for advanced glycation end products; ANG-2: angiopoietin;

HCO3: bicarbonate
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two clusters were well separated with no overlap (see
Additional file 3). The contribution of each biomarker
to cluster identification was depicted using a heatmap
(Fig. 1). IL8 and sST2 are the two biomarkers that differ
more between clusters. The stability of our model was
evaluated by calculating the stability index by bootstrap-
ping 200 times the samples. The stability index achieved
a value of 0.63.

Clinical and biological characteristics and outcomes

of the two subphenotypes

We defined cluster 2 as the hyperinflammatory subphe-
notype as they had significantly increased levels of IL-33,
sST2, IL-8, SP-D, and ANG-2 compared to cluster 1
(Fig. 2 and see Additional file 4).

No differences were found in IL-6, RAGE, and bicarbo-
nate (HCO,). Cluster 1 was consequently defined as the
hypoinflammatory subphenotype. No differences in base-
line clinical characteristics were observed between both
subphenotypes (Table 1).

The need for MV in the hyperinflammatory subphe-
notype was 64.7 versus 33.3% in the hypoinflammatory
(p=0.096). Patients belonging to the hyperinflamma-
tory subphenotype were more frequently intubated at
day 7 compared to the hypoinflammatory subphenotype
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Fig. 2 Comparison of biomarkers levels between clusters. IL: interleukin; sST2: soluble suppression of tumorigenicity-2; SP-D: surfactant protein D;
RAGE: receptor for advanced glycation end products
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(7 (30.4%) versus 9 (52.9%), p=0.049). The ICU length of
stay was longer in the hyperinflammatory subphenotype
(22.0 days [18.0, 30.0] versus 39.5 [25.5, 60.0], p=0.034).
The hyperinflammatory patients had higher 60-day mor-
tality compared to hypoinflammatory patients (47.1% vs.
9.7%; p=0.020) (Table 2).

Subphenotype prediction with reduced model
The ROC curves illustrating the capacity of each bio-
marker to predict cluster appurtenance are presented in
Fig. 3A. IL-8 alone had an area under the ROC curve of
0.92 (0.83-1.00) for cluster prediction. Using a dimension
reduction model by logistic regression analysis, IL-8 and
sST2 were able to accurately predict the two subpheno-
types (area under the ROC curve of 0.96 [95%-CI: 0.90—
1.00]) (Fig. 3B).

A simple score based on the plasma concentration of
IL-8 and sST2, named HAIS score (High-flow ARDS

Table 2 Clinical outcomes during ICU course
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Inflammatory Subphenotype), was able to determine
the subphenotype of each patient (HAIS score=1.48*
log10([IL-8]) +1.52* log10([ST-2])). A HAIS score >7.45
indicates that the patient belongs to subphenotype 2
with a sensitivity of 0.87 and a specificity of 0.94. It has
a positive and negative predictive value of 0.95 and 0.84,
respectively.

Discussion

This is the first study that analyzed the presence of sub-
phenotypes in non-intubated ARDS patients treated with
HENO. Based on inflammatory biomarkers, we identi-
fied two different subphenotypes that, despite presenting
similar clinical characteristics at baseline, had divergent
outcomes. Indeed, patients of hyperinflammatory sub-
phenotype had higher mortality and longer ICU length
of stay. Moreover, a score based on 2 inflammatory

Overall (n=41) Hypoinflammatory Hyperinflammatory p value
subphenotype (n=24) subphenotype (n=17)
Shock, n (%) 22 (53.7) 11 (45.8) 11(64.7) 0.381
Renal failure, n (%) 21(51.2) 10 (41.7) 11(64.7) 0.256
Need for MV during ICU course, n (%) 19 (46.3) 8(33.3) 11(64.7) 0.096
Need for MV at day 3, n (%) 14 (35.0) 6(26.1) 8(47.1) 0.299
Need for MV at day 7, n (%) 16 (40.0) 7 (304) 9(52.9) 0.049
Days of MV, median (IQR) (all patients) 8.5[6.0,22.0] 9.0[5.0,23.0] 8.0[7.0,20.0] 0916
Days of MV, median (IQR) (survivors) 8.5 [6.5,20.8] 9.0 [5.0,23.0] 8.0[7.5,14.0] 1.000
ICU length of stay, median (IQR) 28.0[185,56.5] 22.0[18.0,30.0] 39.5[25.5,60.0] 0.034
60-day mortality, n (%) n=39 10 (25.6) 2(9.1) 8(47.1) 0.020
MV mechanical ventilation, ICU intensive care unit. Data are expressed as median [IQR] or frequency (percentage)
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biomarkers (sT2 and IL-8) can accurately identify the
subphenotype of HENO patients who met ARDS criteria.

ARDS is characterized by a pulmonary and systemic
inflammatory response which injures lung epithelium
and endothelium resulting in protein-rich pulmonary
edema [22]. Traditionally, the use of biomarkers has pro-
vided valuable insights into ARDS pathophysiology and
has been used for risk stratification. Higher plasma con-
centrations of RAGE and SP-D, which are markers of
epithelial injury, have been observed in ARDS patients
[23, 24]. Similarly, elevated plasma Ang-2 predicts ARDS
development in MV patients [25]. More recent studies
have also shown the importance of the IL33/ST2 axis
in the generation and modulation of lung injury [26,
27]. Finally, it has also been shown how these and other
biomarkers, such as IL6 or IL8, are associated with out-
comes, in both MV [28] and HFNO [15] ARDS patients.
Interestingly, HFNO and MV ARDS patients have simi-
lar plasma levels of inflammatory biomarkers, suggesting
that both have the same underlying pathophysiological
alterations [15].

Subphenotypes in ARDS patients were first described
by Calfee et al. [2] using latent class analysis of two ret-
rospective cohorts of ARDS patients previously included
in two randomized controlled trials. Subsequently, the
same subphenotypes were observed in other secondary
analyses of randomized controlled trials [3-5] and also
in unselected populations of ARDS patients [6, 7, 9]. All
studies agreed on the description of two subphenotypes
that have different outcomes. As differences between
subphenotypes were mainly driven by plasma levels of
different biomarkers, they were named as the hyperin-
flammatory subphenotype, which had a higher mortal-
ity, and the hypoinflammatory subphenotype, which had
a lower mortality rate. The subphenotype was typically
evaluated on day one of the ARDS diagnosis. However, it
has also been shown that ARDS subphenotypes are sta-
ble over the first three days of enrollment in the trial [8].
Finally, subphenotypes responded differently to various
therapeutic interventions. In this sense, patients with the
hyperinflammatory subphenotype have a lower mortal-
ity rate when treated with higher PEEP [2], a conserva-
tive fluid strategy [3], or simvastatin [4], suggesting that
phenotyping ARDS patients may be a useful enrichment
strategy to increase the likelihood of positive results in
clinical trials with MV ARDS patients.

In contrast, most studies on HFNO have focused on
identifying predictors of intubation based on patients’
clinical characteristics. Indeed, no studies have attempted
to identify HFNO patients with a higher risk of death. To
our knowledge, it is the first time that subphenotypes are
identified across non-intubated ARDS patients. Indeed,
another prospective observational study (NCT04009330)
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is currently recruiting patients to study ARDS subpheno-
types in classical MV ARDS and in non-intubated ARDS.
Importantly, this is the first time that we have been able
to predict mortality in patients with HENO. It should
also be noted that our results are consistent with the sub-
phenotypes observed in MV ARDS and their association
with mortality. The identification of subphenotypes may
therefore enhance enrichment strategies in clinical trials
involving HFNO patients aiming to reduce the heteroge-
neity of treatment effect and to increase the likelihood of
benefit of any given treatment.

The present study has some limitations. First, it is a sec-
ondary analysis that included a relatively small sample
size. However, for k-means clustering analysis, the power
to detect clustering primarily depends on cluster separa-
tion rather than on sample size [29]. Indeed, 20 observa-
tions per subgroup resulted in sufficient power to detect
the presence of subgroups with k-means, also providing
near-perfect accuracy for detecting the true number of
clusters, and very high classification accuracy of indi-
vidual observation’s group membership. Moreover, it is a
unique cohort of HENO patients in whom a panel of bio-
marker concentration has been determined. Second, our
results need to be prospectively validated in an external
cohort and the stability over time of these subphenotypes
in HENO patients should also be assessed. However, the
results presented are consistent with previously reported
data on MV ARDS patients [2-7, 9]. Third, the number of
biomarkers compared to the number of patients exposed
to the risk of overfitting. Nevertheless, this risk is com-
pensated by the fact that each biomarker we used has
been highly validated in MV ARDS studies, giving infor-
mation on prognosis, or allowing the identification of
subphenotypes. Fourth, the post hoc design of our study
does not allow to study the correlation between biological
subphenotypes and other clinical features such as radio-
logical phenotype (diffuse or focal) or the delay between
the first respiratory symptoms and non-intubated ARDS
diagnosis. Likewise, as SpO, was not recorded, we could
not calculate the ROX index. However, PaO,/FiO, ratio
and RR were similar between groups. Therefore, it is
unlikely that significant differences existed in the ROX
index between groups.

In conclusion, using cluster analysis on inflammatory
biomarkers we identified two subphenotypes in non-intu-
bated ARDS patients under HFNO. These subphenotypes
were indistinguishable according to the baseline clinical
characteristics. However, they had radically different out-
comes. A score based on sST2 and IL-8 serum concen-
trations can identify these subphenotypes with excellent
accuracy and might be used for enrichment strategies in
future clinical trials involving HENO patients.
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Abbreviations

Ang-2 Angiopoietin-2

APACHE Acute Physiology and Chronic Health Evaluation

ARDS Acute respiratory distress syndrome

AUROC Area under the curve of the receiving operative characteristics
HAIS score  High-flow ARDS Inflammatory Subphenotype score

HCO, Bicarbonate

HFNO High-flow nasal oxygen

ICU Intensive care unit

IL-6 Interleukin-6

IL-8 Interleukin-8

IL-33 Interleukin-33

MV Mechanical ventilation

PaO,/FiO,  Partial pressure of oxygen in arterial blood to the fraction of

inspiratory oxygen concentration ratio
PEEP Positive end-expiratory pressure

RAGE Receptor for advanced glycation end products
SOFA Sequential Organ Failure Assessment

SP-D Surfactant protein D

SpO2 Peripheral oxygen saturation

sST2 Soluble suppression of tumorigenicity-2
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