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ARTICLE INFO ABSTRACT
Keywords: Background and objective: Non-invasive ventilation (NIV) improves survival of patients with
Chronic obstructive pulmonary disease chronic respiratory failure (CRF). Most often, pressure settings are made to normalize arterial
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Obesity-hypoventilation syndrome
Hypercapnia

Survival

blood gases. However, this objective is not always achieved due to intolerance to increased
pressure or poor compliance. Few studies have assessed the effect of persistent hypercapnia on
ventilated patients’ survival. Data from the Pays de la Loire Respiratory Health Research Institute
cohort were analyzed to answer this question.

Study design and methods: NIV-treated adults enrolled between 2009 and 2019 were divided into 5
subgroups: obesity-hypoventilation syndrome (OHS), COPD, obese COPD, neuromuscular disease
(NMD) and chest wall disease (CWD). PaCO, correction was defined as the achievement of a
PaCO; < 6 kPa or a 20% decrease in baseline PaCO: in COPD patients. The endpoint was all-cause
mortality. Follow-up was censored in case of NIV discontinuation.

Results: Data from 431 patients were analyzed. Median survival was 103 months and 148 patients
died. Overall, PaCO; correction was achieved in 74% of patients. Bivariate analysis did not show
any survival difference between patients who achievedPaCO: correction and those who remained
hypercapnic: overall population: p = 0.74; COPD: p = 0.97; obese COPD: p = 0.28; OHS: p =
0.93; NMD: p = 0.84; CWD: p = 0.28.

Conclusion: Moderate residual hypercapnia under NIV does not negatively impact survival in CRF
patients. In individuals with poor tolerance of pressure increases, residual hypercapnia can
therefore be tolerated under long-term NIV. Larger studies, especially with a higher number of
patients with residual PaCO, > 7 kPa, are needed to confirm these results.
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1. Introduction

Long-term non-invasive ventilation (NIV) is a cornerstone in the treatment of chronic respiratory failure (CRF). NIV improves the
quality of life, increases survival and decreases the number of hospitalizations in these patients [1-7]. It is used in patients with chronic
obstructive pulmonary disease (COPD) in case of chronic hypercapnia or repeated hospitalizations for hypercapnic exacerbations [1,2,
8]. The other approved indications are obesity-hypoventilation syndrome (OHS), kyphoscoliosis and neuromuscular diseases (NMD)
[9,10].

Upon NIV initiation, one of the objectives of NIV is to normalize the partial pressure of carbon dioxide (PaCO:) or, for COPD
patients, to achieve a 20% decrease in PaCO: [1,11]. However, in practice, such a correction is not always achieved because of, poor
compliance, increased leaks or poor tolerance of NIV. The current literature is contradictory about a potential effect of residual hy-
percapnia on survival under NIV.

Therefore, the aim of this study was to compare the survival of long-term ventilated patients depending on whether or not PaCO:
correction was achieved.

2. Materials and methods
2.1. Patients and study design

This was a multicenter prospective cohort study. All included patients were from the French Pays de la Loire Respiratory Health
Research Institute cohort study group (IRSR-PL). Inclusion criteria were: adult patients with CRF for whom long-term NIV was
indicated and who had given their written consent.

Patients were included in three hospitals: Angers University Hospital, Nantes University Hospital, and Le Mans General Hospital,
France, between September 2009 and February 2019.

They were divided into five subgroups according to the type of CRF: OHS (obesity [Body Mass Index (BMI) > 30 kg/m?] associated
with diurnal hypercapnia [PaCO2 > 6 kPa]), chest wall disease (CWD, kyphosis or scoliosis), NMD, COPD (presence of an incompletely
reversible obstructive ventilatory defect [FEV1/FVC ratio < 70%]), and obese COPD (incompletely reversible obstructive ventilatory
defect associated with obesity [BMI > 30 kg/m?]). Patients with amyotrophic lateral sclerosis were not included in the study.

2.2. NIV initiation

NIV was initiated during a scheduled hospitalization, or after a stay in intensive care unit for respiratory decompensation.

Ventilation settings were adjusted according to the machine data, awakening arterial blood gases values, nocturnal oximetry,
transcutaneous capnography, ventilatory polygraphy.

The initial objective was to achieve a PaCO: < 6 kPa. Inspiratory positive airway pressure was increased in increments of 2 cmH-0,
depending on the patient’s tolerance, until achieving PaCO: correction. Expiratory positive airway pressure was increased in in-
crements of 1 cmH-O to correct obstructive events. The safety breathing rate was set by subtracting 2 from the patient’s spontaneous
breathing rate. When ventilation was not sufficient to correct hypoxemia, oxygen was added to NIV.

The various NIV devices used in this cohort were from Philips Respironics® (mainly Synchrony II, Trilogy 100, BIPAP A30 and A40)
and ResMed® (mainly VPAP III ST, Stellar 150 and Lumis 150 ST). Different interfaces were used: nasal, nostril or oronasal mask,
depending on patient’s tolerance.

2.3. Follow-up

A follow-up visit was scheduled 6 months after NIV initiation. Pulmonary function tests and arterial blood gases (at rest, during the
day, remotely from ventilation) were performed. In case of long-term oxygen therapy (LTOT), arterial blood gases were measured
under usual oxygen flow. During that visit, compliance was assessed and averaged over the last month before the visit.

Patients were divided into subgroups depending on the PaCO: measured during the follow-up visit after NIV initiation. In OHS,
obese COPD patients and patients with a restrictive pattern (NMD and CWD), a PaCO: < 6 kPa was considered as corrected. In COPD
patients, PaCO2 was considered as corrected if it was < 6 kPa or if it decreased by at least 20% compared to its pre-NIV value.

2.4. Ethical aspects

The IRSR-PL cohort study group was authorized by the National Commission on Computer Technology and Freedom (CNIL) on 07/
04/2008 (no. 908 157). A positive advice was received from the Advisory Committee on Information Processing in Material Research
(CCTIRS) on December 17, 2009.

The database was anonymous and coded, and was approved by the Ethics Committee of Angers University.

2.5. Data collected and statistical analyzes

Upon NIV initiation, the following data were collected: patients’ age, gender, BMI, smoking status, use of LTOT, diabetes, dysli-
pidemia, cardiovascular comorbidities (arterial hypertension, rhythm disorders, coronary artery disease), the context in which NIV
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was initiated, the settings, and arterial blood gases measured before initiating ventilation.

The endpoint was all-cause mortality. Follow-up was censored in case of NIV discontinuation. Data on mortality and NIV
discontinuation were collected from the cohort provider (ASTEN SANTE), with a cut-off date of May 31, 2021.

The primary endpoint was the overall survival of patients, depending on whether or not PaCO: correction was achieved under NIV.
The secondary endpoint was the survival according to CRF etiology (five subgroups), depending on PaCO: correction under NIV.

Statistical analyzes were performed using R software (version 3.6.1).

Data for quantitative variables were presented as a median [first quartile-third quartile]. Data for categorical variables were
presented as a percentage.

Survival curves were estimated using the Kaplan-Meier method. The log-rank test was used to compare bivariate survival data.

The Cox model was used to calculate hazard ratios (HR); the variables were selected using the backward elimination method.

3. Results
3.1. Baseline patients’ characteristics

Between 2009 and 2019, 656 patients were included in the IRSR-PL cohort. A total of 225 patients were excluded (no arterial blood
gas measurement during follow-up, death or NIV discontinuation before the first follow-up visit, amyotrophic lateral sclerosis, cystic
fibrosis, sequelae of tuberculosis, sequelae of thoracic surgery, bronchiectasis). Thus, data of 431 patients were analyzed.

Baseline patients’ characteristics are presented in Table 1.

The largest group was the OHS group (39% of patients), followed by the obese COPD group (27% of patients), the NMD group (15%
of patients), the COPD group (14% of patients) and the CWD group (6% of patients).

Patients with NMD were younger (p = 0.001). BMI was significantly higher in the OHS group (p < 0.001).

FEV1 was significantly lower in COPD and obese COPD patients (p < 0.001).

pH was significantly higher and PaCO; lower in the NMD subgroup (p < 0.001). PaCO2 was significantly higher in obese COPD
patients (p < 0.001). Proportion of patients with dyslipidemia, diabetes, or cardiovascular disease was higher in the OHS group (45%,
51%, and 82% of patients, respectively).

3.2. Settings, compliance, tolerance

NIV was initiated during a scheduled hospitalization in 54% of cases, after a stay in intensive care without invasive ventilation in
34% of cases and with invasive ventilation in 12% of cases. In the NMD group, NIV was initiated during a scheduled hospitalization in
72% of cases.

Table 1
Baseline patients’ characteristics according to the type of chronic respiratory failure.
COPD Obese COPD OHS NMD CWD Total
(n =59) (n=117) (n=167) (n=64) (n=24) (n=431)
Age (years) 64 [59-68] 64 [62-66] 65 [61-67] 57 [51-64]** 66 [62-73] 64 [62-65]
Male gender (%) 71 65 53 52 46 58
BMI (kg/m2) 24 [22-26] 37 [35-39]** 43 [42-44]** 29 [26-31] 22 [20-28] 37 [35-38]
Current or past smoking (%) 95 82 47 32 33 60
LTOT (%) 34 20 14 5 13 17
VC (% of predicted value) 67 [59-71] 75 [71-80] 84 [79-87] 53 [50-64] 51 [41-68] 73 [70-76]
FEV1 (% of predicted value) 34 [30-41]** 55 [51-59]** 80 [75-84]** 52 [47-64] 50 [38-61] 63 [58-66]
FEV1/VC ratio (%) 41 [35-48]** 59 [56-61]** 76 [75-771 82 [77-85] 73 [70-82] 70 [67-71]
TLC (% of predicted value) 111 [98-122] 96 [90-99] 87 [83-90] 69 [62-75] 56 [44-69] 89 [86-91]
pH 7.35 [7.33-7.37] 7.35 [7.33-7.37] 7.37 [7.35-7.38] 7.40 [7.37-7.41]** 7.37 [7.33-7.40] 7.37 [7.36-7.37]
PaCO: (kPa) 8.00 [7.30-8.90] 8.13 [7.70-8.67] 7.44 [7.10-7.87] 6.60 [6.10-6.94]** 7.15 [6.50-8.54] 7.47 [7.30-7.80]
PaO: (kPa) 8.20 [7.47-8.90] 8.75 [8.40-8.94] 8.65 [8.39-9.00] 9.87 [9.40-10.67] 9.87 [8.14-12.40] 8.80 [8.60-9.00]

BMI: body mass index.

COPD: chronic obstructive pulmonary disease.

CWD: chest wall disease.

FEV1: forced expiratory volume in 1 s.

FEV1/VC: forced expiratory volume in 1 s relative to vital capacity.
LTOT: long-term oxygen therapy.

NMD: neuromuscular disease.

OHS: obesity-hypoventilation syndrome.

PaCOz: partial pressure of carbon dioxide in the arterial blood at baseline.
PaO:: partial pressure of dioxygen in the arterial blood at baseline.
TLC: total lung capacity.

VC: vital capacity.

*p < 0.05; **p < 0.01 (as compared with the overall population).
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The ST (Spontaneous-Timed) mode was chosen in 99% of cases and the AVAPS (Average Volume-Assured Pressure Support) mode
in 1% of cases. Facial masks were the most commonly used interface.

Median daily compliance was 7.1 h.

In our cohort, NIV was discontinued in 20% of patients who were classified as being at the end of follow-up. The proportion of NIV
discontinuation was higher in the OHS group.

Median time between NIV initiation and the first follow-up visit was 5 months.

The ventilation settings and their tolerance are detailed in Table 2.

3.3. PaCO: correction

There was a significant decrease in PaCOz under NIV in each subgroup at the follow-up visit (Fig. 1).
PaCO: correction was achieved under NIV in 74% of cases (320 patients). In the remaining cases, PaCOz ranged between 6.21 kPa
and 6.94 kPa (Table 3).

3.4. Overall survival

The median survival was 103 months (corrected PaCO,: 96 months, 95% CI [77- not reached]; uncorrected PaCO,: 128 months,
95% CI [70-not reached]; upper confidence limit not reached due to low number of events). The mortality rate was 34% (corrected
PaCO3: 111/320 patients; uncorrected PaC0:37/111 patients).

Bivariate analysis did not show any statistically significant difference in survival in the overall population between patients who
achieved PaCO: correction under NIV and those who remained hypercapnic (p = 0.74) (Fig. 2).

In the overall population, multivariate analysis of factors associated with mortality showed that age (in years) was a poor prog-
nostic factor (HR 1.05; 95% CI [1.03-1.06]) and that the absence of decline in vital capacity was a protective factor (HR 0.99; 95% CI
[0.98-0.99]) (Table 4). The presence of hypercapnia under NIV did not significantly influence the survival, nor the delta of PaCO5
change (difference between before and after NIV initiation).

3.5. Subgroups’ survival

Bivariate analysis did not show any statistically significant difference in survival in each etiological subgroup between patients who
achieved PaCO: correction under NIV and those who remained hypercapnic after NIV discontinuation (Table 5).

4. Discussion

In this 10-year multicenter cohort study of CRF patients, we showed no difference in survival depending on whether or not PaCO:
correction was achieved after NIV initiation. No predictive factor of mortality other than age was identified.

Our cohort was large, with a predominance of patients in the OHS subgroup, as in the cohorts of Janssens et al. and Laub et al. [12,
13]. Other similarities were found compared to other CRF cohorts. In particular, patients in the OHS and obese COPD subgroups had a
higher number of comorbidities (dyslipidemia, diabetes, cardiovascular comorbidities), patients in the NMD subgroup were younger,

Table 2
Settings, compliance and tolerance.
COPD Obese COPD OHS NMD CWD Total
(n =59) (n=117) (n =167) (n=64) (n=24) (n = 431)
Facial mask (%) 93 85 77 74 71 81
Nostril mask (%) 0 1 1 0 8 1
Nasal mask (%) 7 14 22 26 21 18
IPAP (cmH20) 20 [18-20] 22 [20-22] 22 [21-22] 19 [18-20] 19 [17-20] 20 [20-21]
EPAP (cmH:z0) 6 [5-6] 8 [8-9] 9 [8-10] 7 [5-7] 5 [5-8] 8 [8-8]
Frequency (cycles/min) 16 [15-16] 16 [15-16] 16 [16-16] 16 [16-16] 16 [16-16] 16 [16-16]
Compliance (hours/day) 7.5 [6.7-8.4] 7.1 [6.8-7.7] 7.0 [6.7-7.5] 6.9 [5.9-8.1] 7.9 [5.8-8.5] 7.1 [7.0-7.5]
NIV discontinuation (%) 19 14 25 19 20 20
- due to poor tolerance (%) 0 0 2 0 4 1
- due to poor compliance (%) 2 3 6 8 5
- due to improvement* (%) 7 6 10 5 4 7
- for another reason (%) 10 5 8 4 7

COPD: chronic obstructive pulmonary disease.

CWD: chest wall disease.

NMD: neuromuscular disease.

OHS: obesity-hypoventilation syndrome.

IPAP: inspiratory positive airway pressure.

EPAP: expiratory positive airway pressure.

4Includes patients on continuous positive airway pressure (CPAP) and those in whom NIV was discontinued due to lung transplantation.
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Fig. 1. Changes in PaCOz under NIV in the whole population and in each subgroup (comparison of values at baseline and at the follow-up visit).
COPD: chronic obstructive pulmonary disease; CWD: chest wall disease; NMD: neuromuscular disease; NIV: non-invasive ventilation; OHS: obesity-

hypoventilation syndrome; PaCOz: partial pressure of carbon dioxide in the arterial blood.

Table 3

Proportion of patients achieving PaCO: correction under NIV at the follow-up visit, in the total population and in each subgroup. Corresponding

median PaCO: values.

COPD (n = 59) Obese COPD (n = OHS (n = 167) NMD (n = 64) CWD (n = 24) Total (n = 431)
117)
Patients achieving PaCOy 50 77 132 44 17 320
correction
PaCO, (kPa) 5.60 5.47 [5.30-5.50] 5.20 5.37 5.58 5.37
[5.40-5.85] [5.10-5.30] [5.20-5.50] [5.40-5.60] [5.30-5.47]
Patients not achieving PaCO, 9 40 35 20 7 111
correction
PaCO, (kPa) 6.40 6.40 [6.27-6.54] 6.36 6.21 6.94 6.40
[6.08-7.60] [6.20-6.54] [6.10-6.54] [6.10-7.87] [6.27-6.40]
COPD: chronic obstructive pulmonary disease.
CWD: chest wall disease.
NMD: neuromuscular disease.
OHS: obesity-hypoventilation syndrome.
PaCO:: partial pressure of carbon dioxide in the arterial blood.
Uncorrected PaCO2 # Corrected PaCOz
1.001
£
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Fig. 2. Kaplan-Meier survival curves for all NIV patients according to PaCO, correction.

and there was a female predominance in the CWD subgroup.

One of the specificities of our study was to separate COPD patients into two subgroups. In their studies, Borel et al. and Budweiser
et al. have shown a survival difference in ventilated COPD patients depending on their BMI: an increase in BMI was associated with an
increase in survival [14,15]. Since our study focused on survival, we considered that it was important to take that factor into account.
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Table 4
Analysis of factors associated with mortality in our cohort (Cox model).
Univariate analysis Multivariate analysis
HR 95% CI p-value HR 95% CI p-value
Corrected PaCO, 1.16 [0.74-1.84] 0.51
HCO3 upon initiation 1.01 [0.97-1.05] 0.70
Age 1.05 [1.03-1.07] 1.0777 1.05 [1.03-1.06] 1.017°
Male gender 0.87 [0.57-1.31] 0.50
BMI 1.00 [0.98-1.02] 0.64
Active or past smoking 1.61 [1.02-2.54] 0.04 1.40 [0.98-2.00] 0.06
FEV1 1.00 [0.99-1.02] 0.98
vC 0.99 [0.98-1.01] 0.23 0.99 [0.98-0.99] 0.01
Absence of LTOT 1.10 [0.67-1.82] 0.70
Diabetes 1.34 [0.87-2.05] 0.19
Dyslipidemia 0.38 [0.04-3.31] 0.38
Cardiovascular disease’ 0.89 [0.53-1.48] 0.64
NIV scheduled 0.93 [0.52-1.65] 0.80

BMI: body mass index.

CI: confidence interval.

FEV1: forced expiratory volume in 1 s.

HCO3: arterial bicarbonates.

HR: hazard ratio.

LTOT: long-term oxygen therapy.

p < 0.05 was considered significant.

PaCOz: partial pressure of carbon dioxide in the arterial blood.

VC: vital capacity.

Presence of diabetes or dyslipidemia or cardiovascular disease (rhythm disorder, coronary artery disease, arterial hypertension).

Table 5
Subgroups’ survival data.
COPD Obese COPD OHS NMD CWD
(n=59) (n=117) (n =167) (n =64) (n=24)
Patients achieving PaCO correction 50 77 132 44 17
Events (death) 20 35 40 13 3
Median survival (months) 86 75 104 96 not reached
95% IC 55-not reached 60-not reached 80-not reached 61-not reached 74-not reached
Patients not achieving PaCO, correction 9 40 35 20 7
Events (death) 4 13 11 6 3
Median survival (months) 55 128 not reached not reached not reached
95% IC 41-not reached 72-not reached 70-not reached 67-not reached 18-not reached
p value 0.97 0,28 0,93 0,84 0,28

Patients in the NMD subgroup accounted for 15% of the whole cohort. This proportion was low compared to other studies,
including that by Geak Poh Tan et al., and could be explained by the exclusion of amyotrophic lateral sclerosis patients [16]. Indeed,
for these patients, the objective of NIV is to improve the quality of life and comfort, but with no strict objective of capnia normalization.
Furthermore, it has been clearly demonstrated that the survival of these patients was shorter than that of other patients with NMD [13,
16].

In our study, ventilation was set with the aim of normalizing PaCOx, as in the cohorts of Léger et al., Janssens et al., and Windisch
etal. [12,17,18]. The ventilation settings applied in our patients were higher than those used in the cohorts of Janssens et al., Casanova
et al. and Borel et al. [12,19,20]. In the more recent study from Jolly et al. who investigated predictive factors of NIV success, pressure
levels were identical to ours for COPD and OHS patients [21]. However, in our study, pressure levels were higher in patients with NMD
and CWD. These high-pressure levels had no effect on NIV discontinuation nor compliance. In our study, the median compliance was
7.1 h per day, i.e., better than reported in the studies of Janssens et al. and Jolly et al. (6.9 and 5.86 h per day, respectively) [12,21].
Similarly, the rate of NIV discontinuation due to a poor compliance was 5% in our study, compared to 6.6% in the cohort of Janssens
et al. and 14% in the cohort of Borel et al. [12,20].

Finally, our objective of PaCO5 normalization was achieved in 74% of cases. This result, as well as the high compliance and low rate
of NIV discontinuation, were markers of efficacy and good tolerance of our NIV setting method. This result was close to the percentages
of correction achieved in the studies of Jolly et al. (77%) and Janssens et al. (correction in 80% of cases in OHS patients, 84% in
patients with CWD, 85% in patients with NMD), except for COPD patients [12,21]. Only 32% of COPD patients achieved PaCO:
correction under NIV in the study of Janssens et al. compared to 85% in our study [12]. Such a difference could be explained by the
higher pressure levels applied in our cohort and by the choice to use a 20% decrease as a target for PaCO2 reduction, in line with the
study of Kohnlein et al., which was not the case in the cohort of Janssens et al. [1,12].
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We did not show a survival difference between normocapnic and hypercapnic patients under NIV but that does not mean that one
does not exist. The main explanation was the low PaCO;, level in patients who remained hypercapnic under NIV. Indeed, in our study,
median PaCO; ranged from 6.21 to 6.94 kPa in this group. It cannot be excluded that above 7 kPa, hypercapnia has a negative impact
on prognosis. However, in our study, the number of patients with a PaCO5 > 7 kPa under NIV was very low and the groups were too
unbalanced to answer this question.

Very few studies have investigated the survival of long-term ventilated CRF patients according to their PaCO,. Our findings support
those of Raveling et al., who have not shown any difference in survival in ventilated hypercapnic COPD patients, depending on
whether or not they achieved a 20% decrease in PaCO, one year after NIV initiation [22]. In most cases, the effect of the baseline
PaCO; was investigated, but not residual hypercapnia under NIV. Thus, Budweiser et al. and Duiverman et al. did not find any as-
sociation between survival and baseline PaCO in ventilated COPD patients and in patients with a restrictive pattern, respectively [15,
23].

Our results were unexpected compared to the study of Kohnlein et al. [1]. This study highlighted the importance of PaCO4
correction in the survival of ventilated COPD patients. The study of Kohnlein et al. has been conducted over a shorter period of time;
the importance of hypercapnia correction could be lessened over time. Moreover, FEV1 of their patients was 26%, compared to 34% in
our study, and it could be assumed that PaCO, correction is a challenge in the most severe patients.

Bivariate analysis did not show any statistically significant difference in survival between normocapnic and hypercapnic patients
under NIV in each subgroup. However p value was lower in the obese COPD and CWD subgroups than in the other subgroups.

Another consideration is the choice of the PaCO3 to assess residual hypoventilation under NIV. The diurnal value could be lower
than the nocturnal one, with changes in PaCO5 in the short term. In the cohort of Budweiser et al. including 126 ventilated OHS
patients, a >23% decrease in nocturnal PaCO; under NIV (compared to baseline nocturnal PaCO;) was associated with a better
prognosis [4].

Our study has some limitations. First, 26% of patients did not achieve PaCO, correction under NIV, and survival data were
compared between two unbalanced groups. Second, since the mortality rate was low, this could have reduced the statistical power for
identifying prognostic factors. Thurd, our study focused only on survival. It would be interesting to look for a difference in functional or
cognitive status depending on whether or not PaCO: correction was achieved after NIV initiation. Finally, the study sample was too
small to confirm the lack of effect of residual hypercapnia when it exceeded 7 kPa.

Sharing cohorts will allow a meta-analysis to be carried out with sufficient power on this topic.

5. Conclusion

Based on the findings from our multicenter cohort, moderate residual hypercapnia under NIV does not negatively impact survival in
CREF patients. In patients with poor tolerance of pressure increases, residual hypercapnia can therefore be tolerated under NIV. Larger
studies, in particular with a higher number of patients with residual PaCO2 > 7 kPa, are needed to confirm these results.
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Abbreviation

BMI body mass index

COPD  chronic obstructive pulmonary disease

CRF chronic respiratory failure

CWD chest wall disease

FEV1 forced expiratory volume in 1 s

IRSR-PL: Pays de la Loire Respiratory Health Research Institute

LTOT long-term oxygen therapy

NMD neuromuscular disease
NIV non-invasive ventilation
OHS obesity-hypoventilation syndrome

PaCO,  partial pressure of carbon dioxide

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e26437.
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