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Abstract 

Background:  Alterations in perfusion to the brain during the transition from mechanical ventilation (MV) to a spon-
taneous breathing trial (SBT) remain poorly understood. The aim of the study was to determine whether changes in 
cerebral cortex perfusion, oxygen delivery (DO2), and oxygen saturation (%StiO2) during the transition from MV to an 
SBT differ between patients who succeed or fail an SBT.

Methods:  This was a single-center prospective observational study conducted in a 16-bed medical intensive care 
unit of the University Hospital Leuven, Belgium. Measurements were performed in 24 patients receiving MV immedi-
ately before and at the end of a 30-min SBT. Blood flow index (BFI), DO2, and %StiO2 in the prefrontal cortex, scalene, 
rectus abdominis, and thenar muscle were simultaneously assessed by near-infrared spectroscopy using the tracer 
indocyanine green dye. Cardiac output, arterial blood gases, and systemic oxygenation were also recorded.

Results:  During the SBT, prefrontal cortex BFI and DO2 responses did not differ between SBT-failure and SBT-success 
groups (p > 0.05). However, prefrontal cortex %StiO2 decreased in six of eight patients (75%) in the SBT-failure group 
(median [interquartile range 25–75%]: MV = 57.2% [49.1–61.7] vs. SBT = 51.0% [41.5–62.5]) compared to 3 of 16 
patients (19%) in the SBT-success group (median [interquartile range 25–75%]: MV = 65.0% [58.6–68.5] vs. SBT = 65.1% 
[59.5–71.1]), resulting in a significant differential %StiO2 response between groups (p = 0.031). Similarly, a significant 
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Introduction
For the majority of patients receiving mechanical ven-
tilation (MV), weaning can be accomplished during the 
first liberation attempt; however, this is not the case for 
15–30% of MV patients [1, 2]. Reducing the length of 
time patients are on MV decreases the risk of ventilator-
associated complications, including respiratory and loco-
motor muscle weakness, infections, and mortality [3–7]. 
On the contrary, failure rates between 10 and 30% have 
been described during early discontinuation from MV 
[8–12]. Reintubated patients have a higher incidence of 
hospital mortality, increased length of intensive care 
unit (ICU) and hospital stay, prolonged duration of MV, 
and an increased need for tracheostomy [13]. Studies to 
identify parameters to predict weaning outcomes have 
demonstrated that several parameters, and not only res-
piratory ones, should be taken into account [8].

Energy supply to the respiratory muscles plays a critical 
role during the weaning process [14]. Elegant studies in ani-
mal models have shown a redistribution of blood flow away 
from the brain during spontaneous breathing to maintain 
an adequate energy supply to the respiratory muscles [15, 
16]. More recently, studies in humans demonstrated that 
patients who fail a spontaneous breathing trial (SBT) can 
exhibit a reduction in perfusion in their splanchnic area 
and peripheral nonworking muscles that may be redistrib-
uted to the respiratory muscles [17, 18]. Nevertheless, alter-
ations in perfusion to the brain during the transition from 
MV to SBT are still poorly understood in weaning patients.

Accordingly, this study aimed to assess changes in cer-
ebral cortex perfusion, oxygen delivery (DO2), and tissue 
(i.e., cerebral cortex) oxygen saturation (%StiO2) during the 
transition from MV to SBT to determine whether these 
changes differ between patients who fail and patients who 
succeed an SBT. To address the aim of the study, we used 
near-infrared spectroscopy (NIRS) in conjunction with 

the injections of indocyanine green dye (ICG) [18–21] 
and simultaneously assessed local hemodynamic and tis-
sue %StiO2 responses of the cerebral cortex (prefrontal 
cortex area), respiratory muscles, and nonworking mus-
cles in consecutive weaning patients during MV and SBT. 
We hypothesize that SBT-failure patients would exhibit 
reduced cerebral cortex perfusion during the transition 
from MV to SBT compared with SBT-success patients.

Methods
Ethics
All procedures were performed in accordance with the eth-
ical standards of the institutional review board of Univer-
sitair  Ziekenhuis/Katholieke  University Leuven and with 
the 1964 Helsinki Declaration and its later amendments, 
which have been described in the published protocol [23]. 
Ethical approval was obtained from the responsible local 
ethical committee (Ethische Commissie Onderzoek UZ/
KU Leuven protocol ID: S60516), and the study was reg-
istered with ClinicalTrials.gov (identifier NCT03240263). 
Written informed consent was obtained from all patients. 
On the day of measurement, oral consent was allowed (i.e., 
nodding or shaking the head) only for patients who were 
unable to sign written consent because of physical weak-
ness. This procedure was always performed in the pres-
ence of a witness (i.e., a nurse or doctor). Written consent 
was obtained afterward as soon as possible.

Study Design and Participants
This single-center prospective observational study 
was conducted in a 16-bed medical ICU of the Univer-
sity Hospital Leuven, Belgium, in 24 weaning patients 
between January 2019 and March 2020. Unconscious 
patients and patients unable to comprehend the study 
information were excluded from the study [23]. The 
inclusion criterion was patients on MV for more than 

differential response in thenar muscle %StiO2 (p = 0.018) was observed between groups. A receiver operating 
characteristic analysis identified a decrease in prefrontal cortex %StiO2 > 1.6% during the SBT as an optimal cutoff, 
with a sensitivity of 94% and a specificity of 75% to predict SBT failure and an area under the curve of 0.79 (95% CI: 
0.55–1.00). Cardiac output, systemic oxygenation, scalene, and rectus abdominis BFI, DO2, and %StiO2 responses did 
not differ between groups (p > 0.05); however, during the SBT, a significant positive association in prefrontal cortex BFI 
and partial pressure of arterial carbon dioxide was observed only in the SBT-success group (SBT success: Spearman’s 
ρ = 0.728, p = 0.002 vs. SBT failure: ρ = 0.048, p = 0.934).

Conclusions:  This study demonstrated a reduced differential response in prefrontal cortex %StiO2 in the SBT-failure 
group compared with the SBT-success group possibly due to the insufficient increase in prefrontal cortex perfusion 
in SBT-failure patients. A > 1.6% drop in prefrontal cortex %StiO2 during SBT was sensitive in predicting SBT failure. 
Further research is needed to validate these findings in a larger population and to evaluate whether cerebral cortex 
%StiO2 measurements by near-infrared spectroscopy can assist in the decision-making process on liberation from MV.

Keywords:  Brain, Blood flow index, Near-infrared spectroscopy, Respiratory muscles, Weaning failure, Ventilator, 
Spontaneous breathing trial
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48  h who underwent their first SBT. Exclusion criteria 
were as follows: patients with acute or past brain injury 
(given concerns for motor deficits and brain swelling 
because the latter could affect the NIRS signal), preex-
isting neuromuscular disease, spinal cord injury above 
T8, skeletal pathology, severe kyphoscoliosis, congenital 
deformities, and contractures (given concerns for severe 
impairments in chest wall movement). Furthermore, we 
excluded patients with liver cirrhosis and chronic renal 
failure or with allergic reactions to iodine (given con-
cerns for contradictions to ICG injections); patients with 
edema, trauma, or hematoma skin lesions at the sites 
of NIRS measurements (could hinder the placement 
of NIRS sensor probes); and patients with poor general 
prognosis or anticipated fatal outcomes [23]. This study 
complies with the Strengthening the Reporting of Obser-
vational Studies in Epidemiology statement.

Protocol
Measurements were performed during two conditions 
on the day clinicians judged that the patients were ready 
to wean: (1) on MV, immediately preceding the planned 
SBT, for a period of 30 min and (2) during a 30-min SBT 
(Fig. 1). A readiness-to-wean assessment was performed 
according to a local protocol [23]. The SBT in all patients 
was performed with either low (≤ 8  cm H2O) or zero 

level pressure support ventilation and continuous posi-
tive airway pressure (≤ 5 cm H2O). The mode of MV that 
was used prior to the SBT was continuous positive airway 
pressure with pressure support for 22 patients and bilevel 
positive airway pressure for two patients.

Readiness‑to‑Wean Criteria
Readiness-to-wean criteria included the assessment of 
the following: (1) resolution of the acute phase of the dis-
ease for which the patient was intubated, (2) adequate 
oxygenation (partial pressure arterial oxygen/inspira-
tory oxygen fraction [PaO2/FIO2] of 150–200 (P/F Ratio) 
requiring positive end-expiratory pressure [PEEP] ≤ 8 cm 
H2O and FIO2 ≤ 0.5), (3) absence of fever (tempera-
ture < 38  °C), (4) hemodynamic stability (e.g., heart 
rate ≤ 140  bpm), (5) stable blood pressure and no or 
minimal vasopressors (dobutamine ≤ 5  μg/kg/minute, 
norepinephrine ≤ 0.1 µg/kg/minute), (6) absence of myo-
cardial ischemia, (7) adequate hemoglobin (e.g., hemo-
globin level > 7–8 g/dL), (8) adequate mentation, and (9) 
adequate cough [23].

Evaluation of SBT Outcomes
Criteria assessed for evaluating the success or failure 
of the SBT included all of the following: (1) adequate 
gas exchange (Peripheral capillary oxygen saturation 

Fig. 1  The timing of the different measures during MV and SBT. Black arrows indicate data collected at specific time points during MV and SBT. 
Dotted arrows indicate data recorded continuously during MV and SBT. CO cardiac output, FiO2 inspiratory oxygen fraction, Hb hemoglobin, HR 
heart rate, MAP mean arterial pressure, MV mechanical ventilation, PaCO2 partial pressure of arterial carbon dioxide, PaO2 partial pressure of arterial 
oxygen, PEEP positive end-expiratory pressure, pH hydrogen ion concentration, PS pressure support, P0.1 occlusion pressure at 100 milliseconds as 
an indicator of neuromuscular activation index of the respiratory system, RR respiratory rate, SaO2 arterial oxygen saturation, SBT spontaneous 
breathing trial, SV stroke volume, VE minute ventilation, VT tidal volume, %StiO2 fractional oxygen saturation
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[SpO2] ≥ 85–90%, PaO2 ≥ 55–60 mm Hg, pH ≥ 7.32, and 
increase in partial pressure of arterial carbon dioxide 
[PaCO2] ≤ 10  mm Hg), (2) adequate ventilatory pattern 
(respiratory rate ≤ 30–35/minute, change in respira-
tory rate during SBT < 50%), (3) hemodynamically stable 
(heart rate < 120–140 bpm, changes in heart rate during 
SBT < 20%, systolic blood pressure < 180–200  mm Hg 
and > 90  mm Hg, and change in blood pressure during 
SBT < 20%), and (4) subjective clinical signs (no changes 
in mental well-being and comfortable, no sweating, no 
paradoxical breathing). The decision to extubate the 
patient was made by the treating clinician, independ-
ent of the investigators and blinded to measurements 
performed.

Hemodynamic Status Assessment
To assess whether any local changes observed might 
reflect changes in global hemodynamics, we assessed 
stroke volume, heart rate, and cardiac output continu-
ously by pulse contour analysis using a specific sensor 
(Pulsioflex Monitor, Pulsion Medical Systems SE) [24, 
25]. The device has been validated against clinical gold 
standard methods, and the results suggest that the pulse 
contour analysis method provides clinically acceptable 
cardiac output trend assessment, particularly in hemody-
namically stable patients [26–29]. The calculation of car-
diac output was performed five times per minute (every 
12 s). Cardiac output data were exported in document file 
format and stored on disk for off-line analysis. Cardiac 
output and heart rate data were averaged over 60  s and 
were aligned with respiratory and tissues hemodynamic 
and oxygen saturation responses.

Ventilator Settings and Respiratory Parameters
Monitoring of the patients on MV before, during, and 
following the SBT was facilitated by using an electronic 
recording platform (MetaVision, iMD-Soft, Needham, 
MA) [30]. This platform can store information on patient 
demographics, anthropometric and clinical characteris-
tics, and blood gas values measured by arterial blood gas 
analysis completed by the clinical team. The platform is 
also connected with the mechanical ventilator; thus, it 
continuously records and stores ventilatory settings data, 
such as pressure support and PEEP, as well as respiratory 
parameters, such as respiratory rate, tidal volume, minute 
ventilation, and FIO2 [30]. P0.1, which is the occlusion 
pressure at 100 milliseconds, was measured as an indica-
tor of the neuromuscular activation index of the respira-
tory system [31]. P0.1 was measured in awake patients on 
MV immediately before the start of the SBT and at the 
end of the 30-min SBT.

Tissue Blood Flow Index andDO2 Assessments by NIRS
Cerebral cortex and respiratory and peripheral muscle 
blood flow indices (BFIs) were measured by a method-
ology validated in humans and various clinical popula-
tions [19–22, 32] using NIRS (Hamamatsu Photonics 
KK) in combination with injections of the tracer ICG 
(NIRS-ICG) [23]. Each injection included a dose of ICG 
of 5  mg diluted in 1  mL of saline, followed by a rapid 
10-mL flush of isotonic saline [23].

The sets of NIRS optodes (light transmitter and emit-
ter) were transcutaneously positioned as follows: for 
the brain over the prefrontal cortex area at an adequate 
distance to avoid interference with the midline sinus, 
for the scalene muscles on the left or right posterior tri-
angle of the neck, and for the upper rectus abdominis 
on upper right third of rectus abdominis below the cos-
tal cartilage. The fourth set of NIRS optodes was placed 
on the thenar eminence muscle to represent a non-
working muscle site, as previously described [23].

Path lengths of 24.0  cm for the cerebral cortex and 
18.0  cm for both respiratory and thenar muscles were 
set up according to the manufacturer’s recommenda-
tions. The separation distance between the NIRS light 
transmitter and receiver probes was 40 mm, thus allow-
ing a maximum NIRS penetration depth of 20  mm. 
ICG concentration curve data were exported by NIRS 
to a document file format and stored on disk for off-
line analysis. ICG concentration curves were analyzed 
by using the Chart5 version 5.4.2 (ADInstruments) 
program. A low-pass filter with a cutoff frequency of 
0.5 Hz and smoothing window width (by using the tri-
angular Bartlett window function) of nine points was 
used to smooth the ICG curves for BFI calculation. 
NIRS data were sampled at 6 Hz.

Tissue %StiO2 Assessment by NIRS
Continuous measurements of tissue %StiO2 were also 
performed by NIRS. NIRS-derived %StiO2 is a real-time 
and rapidly responsive absolute index of local tissue 
%StiO2 that is calculated by the ratio of microvascular 
oxygenated  hemoglobin  concentration (HbO2) to total 
hemoglobin concentration  (tHb) and is expressed in 
percentage [(HbO2/tHb) × 100] [32]. %StiO2 reflects 
the dynamic balance between local tissue DO2 and con-
sumption and therefore the capacity of tissue to match 
oxygen supplies relative to its metabolic demands [33]. 
Because of high ICG tissue concentrations, the pas-
sage of the dye bolus through the tissue may interfere 
with hemoglobin signals; thus, %StiO2 data (sampled at 
6  Hz) were averaged over 15  s immediately before the 
ICG injection and were aligned with hemodynamic and 
respiratory responses.
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Calculations
Systemic arterial O2 (SaO2) content was calculated 
using the following formula: [(1.34 × hemoglobin leve
l × SaO2) + (0.003 × PaO2)]. Systemic DO2 was calcu-
lated by multiplying cardiac output and SaO2content. 
All blood gases were measured immediately before and 
after the SBT by arterial blood gas analysis. Tissue DO2 
was calculated by multiplying tissue BFI and SaO2 con-
tent and was presented in arbitrary units (nanomole/
second × milliliterO2).

The primary outcome of the study was the difference 
in change in cerebral cortex BFI during the transition 
from MV to SBT between SBT-success and SBT-failure 
patients. Secondary outcomes include the differences 
in change in respiratory and thenar muscle BFI, change 
in cerebral cortex and respiratory and thenar muscle 
%StiO2, ventilator settings, and change in breathing pat-
tern parameters, hemodynamic parameters, and blood 
gas parameters [23].

Statistical Analysis
Categorical values are presented as numbers and propor-
tions and compared using the χ2 test. Continuous data 
are expressed as median and interquartile range. The 
normality of the data was examined by the Shapiro–Wilk 
test. There were no missing data in this study. Within-
group (before and after SBT) and between-group (SBT 
success and SBT failure) comparisons were performed 
by paired t-tests or Wilcoxon signed-rank tests and 
unpaired t-tests or Mann–Whitney U-tests, respectively, 
according to the distribution of the data. A mixed-model 
analysis of variance was applied to examine whether 
groups (i.e., SBT success and SBT failure) responded dif-
ferently during MV versus at the end of the SBT for all 
the aforementioned physiological variables.

Because PaCO2 serves as one of the fundamental regu-
lators of cerebral blood flow, Spearman’s rank correlation 
was employed to determine the strength and direction 
of this relationship between the SBT-success and SBT-
failure groups. Furthermore, if any of the cerebral cortex 
NIRS variables revealed a differential response between 
the SBT-success and SBT-failure groups, further explora-
tory analyses would involve the determination of the 
optimal cutoff, sensitivity, and specificity with the use of 
a receiver operating characteristic (ROC) curve. Specifi-
cally, an ROC curve was used to examine the diagnostic 
accuracy of the prefrontal cerebral %StiO2 to discrimi-
nate SBT failure from SBT success [34]. The Youden 
index method (i.e., the maximum of vertical distance of 
the ROC curve from the point [x, y] on the diagonal line 
[chance line]) was used to determine the optimal cutoff 
value of the prefrontal cerebral %StiO2 [35]. Statistical 

significance was defined as p < 0.05 (two-sided). Data 
were analyzed using the GraphPad Prism software.

Sample Size Calculation
The initial sample size of the study was estimated to 
be 20 SBT-failure patients [23], which was based on an 
expected effect size (Cohen’s d) of 0.467. This effect size 
was calculated from the mean difference of cerebral cor-
tex BFI (i.e., 6.70  nmol/second) and the corresponding 
pooled standard deviation (i.e., 14.0 nmol/second), from 
a previous study investigating interhemispheric differ-
ences in cerebral cortex BFI in critically ill patients [20]. 
However, because of the outbreak of the COVID-19 
pandemic in Belgium in March 2020, research activities 
were put on hold. Because the medical ICU of Univer-
sity Hospital Leuven in Belgium hospitalized patients 
with COVID-19 during all waves of the pandemic and 
no guarantee could be provided on when research activi-
ties would resume, inclusion in the trial was stopped 
prematurely.

Results
Characteristics of Patients
From January 2019 to March 2020, 287 consecutive 
patients from the medical ICU were screened for the 
study. Of those, 263 patients were excluded from the 
study because of poor general prognosis or anticipated 
fatal outcome (n = 99); chronic renal failure (n = 48); pre-
existing neuromuscular disease (n = 44); liver cirrhosis 
(n = 24); edema, trauma, or hematoma skin lesions at the 
sites of NIRS measurements (n = 22); acute or past brain 
injury (n = 8); spinal cord injury above T8 (n = 8); skel-
etal pathology that severely impaired chest wall move-
ments (n = 7), and allergic reactions to iodine (n = 3). 
Therefore, the actual number of patients recruited for the 
study was 24 patients (i.e., n = 16 SBT-success patients 
and n = 8 SBT-failure patients). Demographics, anthro-
pometrics, and clinical characteristics of all patients and 
the two subgroups separately (i.e., SBT success and SBT 
failure) are presented in Table 1. No differences in demo-
graphics and anthropometrics and clinical tools such as 
APACHE  (Acute Physiology and Chronic Health Evalu-
ation), SOFA  (Sequential Organ Failure Assessment), 
GCS (Glasgow Coma Scale), and RASS (Richmond Agi-
tation-Sedation Scale) scores were found between SBT-
success and SBT-failure groups. Only patients in the 
SBT-failure group had the clinical diagnosis of heart fail-
ure (n = 2 of 8), and 4 of 8 (50%) patients had the clinical 
diagnosis of diabetes mellitus (vs. 13% in the SBT-success 
group). The SBT-failure group had a significantly longer 
duration of MV prior to the SBT compared with the SBT-
success group (Table 1). All patients who failed the SBT 
failed at 30 min. The reasons recorded for the SBT-failure 
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group were hypercapnia (n = 2 patients), hypoxemia 
(n = 2 patients), tachypnea (n = 2 patients), tachycardia 
(n = 1 patient), and changes in mental well-being and 
comfort (n = 1 patients). Extubation was successful for all 
patients in the SBT-success group.

Cardiovascular Parameters, Blood Gas Values, 
and Ventilatory Responses
During MV, cardiovascular parameters were similar 
between groups. Changes in cardiovascular responses 
when transitioning from MV to SBT were also similar 
for both groups (Table  2). During the transition from 
MV to SBT, percentage SaO2 was significantly reduced 
in the SBT-failure group. Differential responses of PaCO2 
(p = 0.021), respiratory rate (p = 0.0006), and minute ven-
tilation (p < 0.0001) were observed between SBT-failure 
and SBT-success patients (Table 2).

Local Tissue BFI and %StiO2 Responses
During the transition from MV to SBT, prefrontal 
cortex BFI significantly increased in the SBT-success 
group (p = 0.016) but not in the SBT-failure group 
(Table  3, Fig.  2a). We could not confirm a significant 
differential response in prefrontal cortex BFI between 
groups (Table 3). Similarly, prefrontal DO2 only signifi-
cantly increased in the SBT-success group (p = 0.009; 
Table 3). In the SBT-success group, a strong and posi-
tive relationship was found between changes from MV 
to SBT in PaCO2 and prefrontal cortex BFI (ρ = 0.728, 
p = 0.002; Fig.  3) that was not observed in the SBT-
failure group (ρ = 0.048, p = 0.934; Fig.  3). During the 
transition from MV to SBT, prefrontal cortex %StiO2 
decreased in six of eight patients (75%) in the SBT-
failure group, compared to 3 of 16 patients (19%) in the 
SBT-success group (p = 0.007), resulting in a significant 
differential %StiO2 response between groups (p = 0.031; 
Table 3, Fig. 2b). No differential responses for BFI, DO2, 
and %StiO2 were observed for scalene and abdominal 

Table 1  Demographics, anthropometrics, and clinical characteristics

All patients included in the study were White. Values are expressed as median and interquartile range (IQR 25–75%) or proportion and percentage. Level of 
significance, p < 0.05. APACHE II score was assessed on the day of intensive care unit admission. SOFA score was assessed on the day of SBT. The intubation causes 
for the SBT-failure group were acute respiratory failure due to pneumonia (n = 5), cardiac arrest (n = 2), and hemorrhagic shock (n = 1). The intubation causes for the 
SBT-success group were acute respiratory failure due to pneumonia (n = 11), septic shock (n = 1), acute pancreatitis (n = 2), and gastrointestinal hemorrhage (n = 1). 
SBT-failure and SBT-success groups were balanced for sex

APACHE II Acute Physiology and Chronic Health Evaluation II, BMI body mass index, COPD chronic obstructive pulmonary disease, GCS Glasgow Coma Scale, MV 
mechanical ventilation, RASS Richmond Agitation-Sedation Scale, SBT spontaneous breathing trial, SOFA Sequential Organ Failure Assessment

*Significant differences between SBT success and SBT failure

All patients SBT success group SBT failure group

Subjects, n 24 16 8

Sex, male/female (%) 14/10 (58/42) 8/8 (50/50) 6/2 (25/75)

Age, years 64 (58–74) 61 (50–73) 71 (64–75)

Weight, kg 70 (57–100) 67 (54–108) 74 (59–95)

Height, cm 173 (163–180) 169 (161–179) 170 (165–180)

BMI 24.6 (19.3–31.2) 24.3 (18.9–35.9) 25.4 (20.7–29.8)

Body temperature, °C 37 (36.5–37.1) 36.9 (36.3–37.1) 37.0 (36.6–37.2)

APACHE II score 22 (14.8–28.0) 21.0 (15.0–27.3) 25.0 (10.3–28.8)

SOFA score 5.0 (4.0–8.0) 4.0 (4.0–6.0) 7.5 (5.0–8.8)

GCS score 11 (10–11) 11 (10–11) 10 (7–11)

RASS score 0.0 (− 1.8 to 0.0) 0.0 (− 1.0 to 0.0) − 0.5 (− 2.8 to 0.0)

Duration on MV before SBT, days 5.5 (3.3–8.0) 4.0 (3.0–6.8) 7.5 (6.3–17.0)*

Diagnosis, n (%)

 Septic shock 1 (4) 1 (6) 0

 Heart failure 2 (8) 0 (0) 2 (25)

 Respiratory 16 (67) 11 (69) 5 (63)

 Other 5 (21) 4 (25) 1 (12)

Preexistent comorbidities, n (%)

 Cardiovascular diseases 3 (13) 3 (19) 0

 COPD 6 (25) 3 (19) 3 (38)

 Diabetes mellitus 6 (25) 2 (13) 4 (50)

 Obesity 2 (8) 2 (13) 0
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muscles during the transition from MV to SBT between 
groups (Table  3). However, thenar muscle %StiO2 sig-
nificantly decreased in the SBT-failure group, resulting 
in a differential response between groups (p = 0.018) 
(Table 3).

ROC Curve Analysis
A ROC curve showed that the optimal threshold of pre-
frontal cerebral cortex %StiO2 to predict SBT failure 
was > 1.6%, exhibiting 94% sensitivity, 75% specificity, and 
an area under the curve of 0.79 (95% confidence interval: 
0.55–1.00; p = 0.024) (Fig. 4).

Discussion
To our knowledge, this is the first study that simultane-
ously and noninvasively assessed cerebral cortex and res-
piratory muscle perfusion, DO2, and %StiO2 responses on 
MV during an SBT. In contrast to our hypothesis, there 

was no differential response in perfusion and DO2 of the 
prefrontal cortex while transitioning from SBT between 
patients with SBT failure and patients with SBT success 
(Table  3). However, our findings did show a differential 
response in prefrontal cortex %StiO2 in the SBT-failure 
group compared with the SBT-success group (Table  3). 
The ROC curve indicated high sensitivity (i.e., 94%) and 
specificity (i.e., 75%) for a decrease of 1.6% in prefrontal 
cerebral cortex %StiO2 for the prediction of SBT failure 
(Fig.  4). The latter results suggest that prefrontal cortex 
%StiO2, in addition to the well-established broader physi-
ological, respiratory, and psychological criteria, might be 
a useful tool to help predict SBT failure [36, 37].

NIRS-derived %StiO2 is the ratio of microvascular 
HbO2 to total hemoglobin  (tHb), reflecting the balance 
between tissue DO2 and O2 consumption [32]. We postu-
late that the differential cerebral cortex %StiO2 response 
we found between SBT-success and SBT-failure groups 

Table 2  Hemodynamics, blood gas values, arterial oxygen content and  delivery, ventilatory settings, and  respiratory 
parameters on MV and during SBT

Values are expressed as median and interquartile range

CaO2, arterial oxygen content; CO, cardiac output; DO2, oxygen delivery; FiO2, inspiratory oxygen fraction; Hb, hemoglobin; HR, heart rate; MAP, mean arterial pressure; 
MV, mechanical ventilation; PaCO2, partial pressure of arterial carbon dioxide; PaO2, partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure; pH, 
hydrogen ion concentration; PS, pressure support; P0.1, occlusion pressure at 100 milliseconds as an indicator of neuromuscular activation index of the respiratory 
system; RR, respiratory rate; SaO2, arterial oxygen saturation; SBT, spontaneous breathing trial; SV, stroke volume; VE, minute ventilation; VT, tidal volume 

*p values indicate the comparison of the changes between patients with SBT success and SBT failure

**Within-groups significant differences. Level of significance: p < 0.05 (two-sided)

SBT success SBT failure p value*

MV 30-min SBT MV 30-min SBT

Cardiovascular parameters

 CO, L/min 7.1 (4.2–8.1) 7.4 (4.3–9.1)** 6.9 (4.7–8.8) 7.3 (4.9–10.8)** 0.580

 HR, beats/min 82 (63–98) 91 (69–104)** 84 (67–96) 92 (68–104)** 0.780

 SV, ml/beat 80 (64–99) 74 (60–100) 93 (62–105) 91 (57–122) 0.378

 MAP, mmHg 80 (74–88) 86 (78–93)** 83 (72–90) 84 (80–90)** 0.605

Blood gas values

 PaO2, mm Hg 86.1 (73.4–97.7) 84.9 (73.4–90.5) 84.9 (77.9–95.7) 82.5 (70.2–95.8) 0.831

 PaCO2, mm Hg 42.8 (36.9–47.9) 43.0 (35.1–49.5) 42.9 (39.5–47.2) 47.5 (40.4–57.1)** 0.021

 SaO2, % 96.4 (94.7–98.1) 96.4 (95.3–97.4) 96.5 (95.8–97.4) 94.4 (92.4–97.1)** 0.081

 Arterial pH 7.48 (7.42–7.49) 7.45 (7.42–7.47) 7.44 (7.37–7.50) 7.41 (7.33–7.47) 0.165

 Hb, g/L 9.5 (8.5–10.4) 9.6 (8.5–10.4) 9.0 (7.7–9.5) 9.0 (7.8–9.6) 0.830

Systemic arterial oxygen content and delivery

 CaO2, mL O2/L 123 (111–133) 125 (111–136) 118 (100–125) 111 (96–122) 0.076

 DO2, mL O2/min 844 (494–1,010) 908 (545–1,195) 808 (570–851) 849 (457–1,040) 0.195

Ventilatory settings and respiratory parameters

 PS, cm H2O 10.0 (10.0–10.0) 5.0 (5.0–5.0)** 10.0 (10.0–11.5) 5.0 (0–5.0)** 0.124

 PEEP, cm H2O 5.0 (5.0–8.0) 5.0 (1.3–5.0)** 6.0 (5.0–7.8) 2.5 (0–5.0)** 0.348

 RR, breaths/min 18.5 (16.5–20.0) 21.5 (16.3–24.5) 21.5 (16.5–22.8) 28.5 (21.5–32.3)** 0.0006

 VT, mL/min 443 (404–534) 388 (361–489)** 385 (336–482) 391 (341–516) 0.052

 VE, L/min 8.4 (7.0–10.2) 8.7 (6.7–10.9) 7.9 (5.9–9.5) 11.2 (9.6–13.3)** < 0.0001

 FiO2, % 30 (26–40) 30 (26–40) 33 (26–35) 33 (26–35) –

 P0.1, cm H2O 1.74 (0.87–3.47) 4.53 (1.00–6.07)** 2.90 (0.70–3.33) 5.10 (3.5–6.9)** 0.091
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may result from an insufficient increase in cerebral cor-
tex perfusion in the latter group, necessary to meet cer-
ebral cortex O2 requirements. Because NIRS mostly 
reflects venous %StiO2 [38] and therefore tissue oxygen 
extraction, the decrease in cerebral cortex %StiO2 values 
might indicate insufficient delivery to the cerebral cortex. 
Indeed, we observed a significant increase in prefrontal 
cortex perfusion and cerebral cortex DO2 in the SBT-
success group, but not in the SBT-failure group (Table 3), 
during the transition from MV to SBT. This hypothesis is 
supported by the lack of association between PaCO2 and 
cerebral cortex BFI in the SBT-failure group, in contrast 
to the positive relationship we found in the SBT-success 
group (Fig.  3). Normal physiological response to hyper-
capnia includes a profound effect on cerebral blood flow 
because it causes marked dilation of cerebral arteries and 
arterioles and increased blood flow [39]. Therefore, the 
greater increase in PaCO2 in the SBT-failure group would 
be expected to act as a driver for a greater increase in cer-
ebral BFI compared with the SBT-success group, which 
was not the case (Fig. 2).

The transition from positive pressure ventilation to 
SBT requires an increase in the DO2 to the respira-
tory muscles [40]. In both groups, there were signifi-
cant increases in the perfusion and DO2 of scalene and 
abdominal muscles during the SBT to maintain adequate 
respiratory muscle oxygen supply (Table  3). Previous 
studies have reported that patients who fail an SBT may 
exhibit increased sympathetically mediated peripheral 

vasoconstriction, leading to restrictions in the oxy-
gen availability of peripheral nonworking muscles in an 
attempt to support oxygen supply to the respiratory mus-
cles [17, 18]. Our findings are consistent with others, 
demonstrating a significant reduction in thenar muscle 
%StiO2 in the SBT failure group (Table  3). In addition, 
we did not observe any differential responses in sys-
temic oxygenation and hemodynamic response between 
SBT-success and SBT-failure groups (Table  2). There-
fore, the differential response in the cerebral cortex and 
thenar muscle %StiO2 between groups (Table  3) cannot 
be explained by systemic oxygenation or hemodynamic 
changes.

The differential cerebral cortex %StiO2 response 
between SBT-success and SBT-failure groups could 
either be a marker profile or an epiphenomenon, or pos-
sibly this response could in part contribute to SBT fail-
ure. The prefrontal cortex receives input from multiple 
cortical regions and is involved in emotional, attention, 
motivational, executive function, and decision-mak-
ing processes and may act as a relay station in the cen-
tral nervous fatigue-related network, regulating central 
command through peripheral feedback [41]. The role of 
the prefrontal cortex functions in SBT failure was out-
side the scope of this study. Thus, studies to implement 
objective measures of neural respiratory drive by assess-
ing esophageal pressure, transdiaphragmatic pressure, 
and respiratory muscles electromyography, together 
with cerebral %StiO2 measures, are necessary to confirm 

Table 3  Local tissue hemodynamic and oxygenation responses on MV and during SBT

Values are expressed as median and interquartile range (IQR 25–75%)

BFI, blood flow index; DO2, oxygen delivery; mlO2, ml (milliliter) O2; XXX; MV, mechanical ventilation; SBT, spontaneous breathing trial; %StiO2, oxygen saturation

*Within-group significant differences. Level of significance: p < 0.05 (two-sided)

SBT success SBT failure Interaction effect 
(group × time), p

MV 30-min SBT MV 30-min SBT

Local tissues BFI, nanomole/second

 Prefrontal cortex 7.28 (4.64–14.27) 10.31 (7.37–14.04)* 8.10 (6.79–11.01) 10.10 (6.49–14.6) 0.535

 Scalene 5.86 (3.15–6.99) 6.50 (5.11–8.75)* 5.70 (4.61–8.5) 8.13 (5.0–12.9)* 0.363

 Rectus abdominis 4.10 (2.61–7.42) 6.23 (2.84–8.01)* 4.13 (2.58–7.01) 6.07 (3.04–8.62)* 0.849

 Thenar muscle 4.08 (1.32–9.32) 3.46 (1.59–11.86) 4.12 (0.83–5.88) 2.21 (1.1–3.74) 0.776

Local tissues DO2, nanomole/second × mlO2 (arbitrary unit)

 Prefrontal cortex 889 (544–1641) 1324 (903–2,046)* 996 (661–1,405) 925 (768–1562) 0.110

 Scalene 701 (427–862) 867 (610–1065)* 573 (511–989) 706 (548–1254)* 0.907

 Rectus abdominis 481 (325–933) 811 (458–1029)* 369 (242–782) 630 (301–920)* 0.825

 Thenar muscle 447 (194–1092) 426 (197–940) 375 (80–740) 218 (87–408) 0.372

Local tissues fractional %StiO2, %

 Prefrontal cortex 65.0 (58.6–68.5) 65.1 (59.5–71.1) 57.2 (49.1–61.7) 51.0 (41.5–62.5) 0.031

 Scalene 65.2 (53.5–72.4) 68.0 (57.0–74.2)* 52.2 (45.9–58.0) 53.8 (42.9–63.8) 0.840

 Rectus abdominis 80.7 (53.8–87.0) 81.2 (57.4–86.2) 65.0 (56.2–69.6) 66.5 (56.4–75.2) 0.454

 Thenar muscle 62.3 (60.1–66.5) 64.0 (59.8–71.9) 54.8 (35.6–57.9) 45.4 (32.6–57.3)* 0.018
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this hypothesis. Nevertheless, our data support previ-
ous observational studies showing that NIRS can be a 
valuable tool for the detection of cerebral ischemia [36]. 
Indeed, intraoperative and postoperative cerebral cortex 
deoxygenation, as determined by NIRS, can predict com-
plications such as neurocognitive dysfunction, acute kid-
ney failure, wound infection, and myocardial infarction 
following cardiac and noncardiac surgeries in adult and 
pediatric patients [42–49].

Our pilot study has important limitations. The study is 
limited by the single-center design and the small sample 
size. Therefore, the power to detect differences in base-
line characteristics and certain outcomes, such as cere-
bral cortex BFI, may be limited. Although the study might 
be underpowered, we believe that the findings are novel 
and advance our understanding in this area of interest.

This study focused on the prefrontal cortex; thus, the 
“true” global brain response might not necessarily mir-
ror the local responses investigated here in the prefron-
tal region of the forehead. Indeed, the pattern of blood 

flow responses could be different among brain regions, as 
indicated by studies measuring blood flow in the internal 
carotid and vertebral arteries in humans [50]. We chose 
to assess the perfusion and %StiO2 responses in scalene 
(in the absence of technology to assess the diaphragm) 
and rectus abdominis muscles because both muscles have 
been documented to play a critical role in SBT outcomes 
[51, 52]. We also took into account previously published 
data from our group showing appropriate scalene and 
rectus abdominis NIRS signal responsiveness under pro-
gressive respiratory efforts in patients with chronic lung 
diseases and critically ill populations [53, 54]. We did not 
assess the perfusion and %StiO2 responses in the ster-
nocleidomastoid muscle to avoid potential NIRS signal 
artifacts caused by movements of the patient’s head. In 
addition, although supply could be maintained to scalene 
and rectus abdominis muscles, these data might not be 
applicable to other primary respiratory muscles, such as 
the diaphragm.

Fig. 2  a Individual values of the prefrontal cortex blood flow index (BFI) during mechanical ventilation (MV) and spontaneous breathing trial (SBT) 
between SBT-success group (gray circles) and SBT-failure group (open circles). The reasons recorded for SBT failure were hypercapnia (patients #5 
and #6), hypoxemia (patients #3 and #7), tachypnea (patients #1 and #8), tachycardia (patients #4), and changes in mental well-being and comfort 
(patients #2). b Individual values of the prefrontal cortex fractional oxygen saturation (%StiO2) during MV and SBT between SBT-success group (gray 
circles) and SBT failure group (open circles). The reasons recorded for SBT failure were hypercapnia (patients #3 and #6), hypoxemia (patients #2 and 
#7), tachypnea (patients #4 and #5), tachycardia (patients #1), and changes in mental well-being and comfort (patients #8)
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Another limitation of the study includes the nonstand-
ardized setting of PEEP and pressure support ventila-
tion during the SBT. Different levels of pressure support 
and PEEP may lead to variable responses in the work of 
breathing and respiratory muscle perfusion and %StiO2 
responses in the two groups. Along these lines, we could 
also expect different behaviors of respiratory and cerebral 
cortex %StiO2 according to the specific SBT settings. This 
must be considered in future studies exploring SBT fail-
ure by NIRS. The SBT-failure group had a significantly 
longer duration of MV prior to the SBT compared with 
the SBT-success group. Furthermore, only patients in 
the SBT-failure group had the clinical diagnosis of heart 
failure (n = 2 of 8), and 4 of 8 patients (50%) had diabetes 
mellitus Table (1), with a potential mechanism of limited 
capability to augment systemic oxygen delivery. How-
ever, the central hemodynamic responses did not differ 
between SBT-failure and SBT-success groups (Table  2). 
Differences in the intubation cause, comorbidities, and 
days on MV between study groups must be considered 
as potential confounders in future studies exploring SBT 
failure by NIRS. In addition, the inclusion of patients 
with acute or chronic brain injuries should be considered 
in future studies exploring weaning failure by brain imag-
ing techniques.

In this study, the assessment of primary physiological 
parameters at only two points (i.e., during MV and at the 
end of the SBT) did not allow us to explore the evolution 
of NIRS and other relevant physiological changes dur-
ing the SBT to the timing of the SBT failure. This study 
design is similar to that of a recent study that used non-
invasive methodologies, such as electrocardiography, 
echocardiography, and lung ultrasound evaluation before 
and after an SBT, to describe whether weaning-induced 
pulmonary edema occurred in patients with or without 
diaphragm dysfunction [55]. Finally, this study did not 
examine the reproducibility of the BFI method for meas-
uring cerebral blood flow to avoid exposing the patients 
to unnecessary ICG injections to address issues beyond 
the primary scope of this study. However, previous data 
revealed that the coefficient of variation of the prefron-
tal cerebral cortex BFI measured by the NIRS-ICG tech-
nique during repeated measures (reproducibility was 
evaluated during six ICG injections at 5-min intervals in 
14 critically ill patients) was low (i.e., median coefficient 
of variation: 10%, first and third interquartile range: 4.9–
18.5%) [22].

Fig. 3  Left panel: Scatter plot, Spearman’s rank correlation coefficients, and significance levels between changes from mechanical ventilation (MV) 
to spontaneous breathing trial (SBT) in cerebral cortex blood flow index (BFI) and partial pressure of arterial carbon dioxide (PaCO2) for the SBT-suc-
cess group (gray circles) and SBT failure group (open circles). The reasons recorded for SBT failure were hypercapnia (patients #6 and #7), hypoxemia 
(patients #3 and #4), tachypnea (patients #2 and #5), tachycardia (patients #1), and changes in mental well-being and comfort (patients #8).
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Conclusions
To conclude, during the transition from MV to SBT, we 
identified a differential response in prefrontal cortex 
%StiO2 between SBT-failure and SBT-success patients, 
possibly due to the insufficient increase in prefrontal cor-
tex perfusion in the SBT-failure group. During the SBT, 
a drop in prefrontal cerebral cortex %StiO2 > 1.6% was 
found to have the best association with SBT failure, with 
94% sensitivity. This study is hypothesis generating, and 
a large multicenter study is now needed to confirm these 
findings to validate the role of NIRS-derived cerebral cor-
tex %StiO2 responses in supporting decisions about the 
timing of liberation from MV.
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