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Gastric reactance as a marker for major perioperative complications in high-risk cardiac surgery patients undergoing cardiopulmonary bypass
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Background: Gastric reactance (XL) is a bioelectrical property of the stomach lining that responds to changes in gut perfusion. It is measured through bioimpedance spectroscopy, a technology that assesses the tissue's electrical resistance and capacity to store electrical charge, providing insight into the physiological state of the gastric mucosa.



Objective: This prospective observational study explored the relationship between XL and hemodynamic variables in high-risk adult patients undergoing elective cardiac surgery with cardiopulmonary bypass (CPB) at the National Institute of Cardiology, Mexico City.



Methods: A binary composite endpoint was constructed to aggregate major perioperative complications into a single outcome measure. The sample size was calculated based on anticipated event rates. Associations among variables were examined using nonparametric statistical tests. Predictive performance, including confidence intervals, was estimated using bootstrapped receiver operating characteristic (ROC) curves.



Results: Thirty-seven patients were enrolled and categorized according to the development of major perioperative complications (MPOC; n = 23) or absence thereof (Non-MPOC; n = 14). Baseline demographic and intraoperative variables did not differ significantly between groups. However, the MPOC group exhibited higher postoperative severity scores (APACHE II: 21.5 vs. 18.5, p = 0.231; SOFA: 12.5 vs. 12.0, p = 0.249) and greater postoperative bleeding (1.0 L vs. 0.4 L, p < 0.001). XL minimum values (XL_Min) were consistently elevated in the MPOC group throughout all perioperative events, with a significant shift of 6.14 -jΩ (95% CI [1.06, 11.34], p = 0.022) in Post-CPB.



Conclusion: These findings suggest that gastric impedance spectroscopy is a safe and feasible technique for intraoperative and postoperative monitoring, and that elevated XL_Min values may aid in the early identification of patients at risk for MPOC by detecting gastric mucosal hypoperfusion during high-risk cardiac surgery.
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Introduction

Cardiac surgery patients frequently experience a range of complications, while some are common and predictable, there are Major Perioperative Complications (MPOC) such as, excessive bleeding (10%), vasoplegic syndrome (5%–25%), and cardiogenic shock (3%–8%) that present the highest risk for the patients' outcome (1–3). Such complications stem from systemic disturbances affecting multiple organs, making it critical for clinicians to possess a comprehensive understanding of the multisystem pathophysiology behind the status of the patient for timely identification and management of complications (1). To predict mortality and complications, scoring models such as the Sequential Organ Failure Assessment (SOFA), the Acute Physiology and Chronic Health Evaluation (APACHE-II), EuroSCORE II, and Society of Thoracic Surgeons (STS) risk scores are widely used. While effective, these models have specific time frames of application, i.e., SOFA and APACHE-II are most useful in the first 24 h post-surgery, while EuroSCORE II and STS scores are more relevant preoperatively (4, 5). Particularly for cardiogenic shock, the Society for Cardiovascular Angiography and Interventions (SCAI) proposed a method for classification and management that is widely used, the SCAI SHOCK stage classification stratifies patients from SCAI-A to SCAI-E (6). This method uses a 3-axis model which incorporates shock severity, clinical phenotype, and risk modifiers.

Hemodynamic monitoring is an essential aspect of managing cardiac surgery patients. Pulmonary Arterial Catheters (PAC) are useful for obtaining real-time measurements of hemodynamic variables such as Mean Arterial Pressure (MAP), Cardiac Index (CI), Pulmonary Artery Wedge Pressure (PAWP), and Mixed venous oxygen saturation (SvO2) (7). These parameters are key indicators of macrocirculation, which refers to the large-scale circulatory dynamics of the body. Monitoring these variables allow clinicians to maintain macrocirculatory stability by keeping their values within target ranges, crucial for patient survival (7–9); however, macrocirculatory stability does not ensure adequate perfusion to all organs (e.g., hypoperfusion during normotension) (8).

Complementing hemodynamic monitoring with other variables like metabolic markers or microcirculatory indicators gives a better understanding of mechanisms affecting perfusion. For instance, blood lactate (LCT) levels have long been used as a marker of tissue hypoperfusion, with hyperlactatemia (>3 mmol/L) indicating a higher likelihood of adverse outcomes (9). However, lactate alone is insufficient to determine circulatory failure, as it cannot account for regional variations in oxygen delivery, which may differ from global oxygen delivery (10).

Considering the above, clinicians move away from focusing on single, predefined threshold values of hemodynamic parameters and emphasize a more individualized approach based on overarching patient characteristics and contexts, which can be informed by integrating emerging technologies that expand on the hemodynamic profile (8). For example, gastric tonometry, microcirculatory monitoring, urethral photoplethysmography, mitochondrial oxygen tension, and tissue oxygen saturation, have been proposed to provide more accurate assessments of tissue perfusion (11–14).

This work focuses on gastric impedance spectroscopy (15, 16), a technique that continuously measures impedance of the gastric wall at multiple frequencies to calculate gastric reactance (XL). Measured in imaginary ohms (jΩ), this parameter senses bioelectrical properties of the gastric mucosa which reflect variations in gastrointestinal perfusion (15). Thereby, it provides physiologically relevant information about the state of the stomach lining. Since changes in tissue oxygenation cause cellular alterations that manifest as measurable changes in the tissue's electrical impedance, this parameter functions as a marker for inadequate gastric mucosa perfusion (15–18). XL is hypothesized to be a sensitive marker of mucosal ischemic injury due to splanchnic hypoperfusion in critically ill patients. This study aims to explore XL in patients likely to develop MPOC, comparing key hemodynamic variables, and metabolic markers with XL along each perioperative event in high-risk patients undergoing CPB-assisted cardiac surgery. Monitoring occurred throughout the operating room (OR), the first four hours in the ICU, after 24 h, 48 h, and at a 30-day follow-up.



Material and methods


Study design

This prospective cohort study analyzed measurements (gastric impedance, hemodynamic, laboratories, blood gas, vital signs, and risk scales) taken during three key phases: preoperative, intraoperative, and postoperative for patients undergoing elective cardiac CPB-assisted surgery. During the intraoperative phase, measurements were taken at three specific events: before CPB cannulation (Pre-CPB), during CPB (CPB), and after CPB (Post-CPB). In the postoperative phase, measurements were taken at five different events: the first four hours in the ICU, after 24 h, 48 h, 72 h, and at a 30-day follow-up (see Figure 1). Given the observational nature of the study, no blinding was implemented, and the XL marker values influenced no diagnostic or therapeutic decisions.


[image: Flowchart depicting the process from preoperative to postoperative stages in cardiac surgery, detailing recruitment, monitoring, and follow-up. Includes enrollment numbers, medical criteria, and monitoring intervals. Recruitment period was October 2018 to December 2019, with a study sample mortality of 30 percent. Exclusions were noted for specific medical reasons.]
FIGURE 1
Study design and STROBE flowchart. APACHE II, acute physiology and chronic health evaluation; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; EuroSCORE II, European system for cardiac operative risk evaluation II; ICU, intensive care unit; LVEF, left ventricular ejection fraction; MPOC, major postoperative complications; PAC, pulmonary artery catheter; STS, society of thoracic surgeons; SOFA, sequential organ failure assessment; SvO2, mixed venous oxygen saturation; TAPSE, tricuspid annular plane systolic excursion; TV S', systolic peak velocity of the lateral ring of the tricuspid; XL, gastric reactance.


The study was conducted according to the Declaration of Helsinki, Good Clinical Practices of the International Conference of Harmonization (ICH E6 R2), ISO 14155:2011 Clinical investigation of medical devices for human subjects—Good Clinical Practice, and Mexican regulations—the General Health Law regarding Health Research, and NOM-012-SSA3-2012. The study was approved by Local Ethics Committees and authorized (193300912X0085/2019) by the Mexican Ministry of Health through the Federal Commission for the Protection against Sanitary Risks (COFEPRIS). The study was registered at ClinicalTrials.gov under registration ID NCT03799133. All study participants provided written informed consent. This study was reported by the STROBE statement for observational studies (see Supplementary Table S1). The recruitment period for this study was from October 1, 2018, to December 28, 2019 at the Intensive Care Unit in the National Institute of Cardiology (INCICH), Mexico City, Mexico.



Inclusion and exclusion criteria

The study included men and women aged 18 years and older, in sinus rhythm, scheduled for elective cardiac procedures such as valvular replacement, revascularization, or both. Eligible participants required intraoperative monitoring with a pulmonary artery catheter (PAC) with no contraindications for feeding tube placement for measuring XL. Additionally, to ensure a high-risk profile, patients had to meet at least one of the following conditions: mortality risk score STS equal to or greater than 6%, or EuroSCORE II equal to or greater than 6%, or left ventricular ejection fraction (LVEF) less than 45%, or displacement of the tricuspid annular plane systolic excursion (TAPSE) less than 17 mm, or systolic peak velocity of the lateral ring of the tricuspid (TV S') measured by tissue Doppler imaging less than 0.1 m/s. Exclusion criteria were gastrointestinal bleeding in the past 30 days, stroke, congenital heart disease, maxillofacial malformation, inability to place a feeding tube, pregnancy, lactation, permanent pacemaker or defibrillator, or contraindication to orogastric/nasogastric tube placement.



Clinical management

Vital signs, hemodynamics, anesthetics, and fluid management adhered to standard in-hospital and international clinical protocols. All patients underwent oral intubation, CPB, and were maintained on an anesthesia machine (Datex Ohmeda/5, General Electric). Anesthetic induction was performed using standard doses: fentanyl (3 µg/kg), etomidate (0.1–0.2 mg/kg), rocuronium (0.6 mg/kg), and lidocaine (1 mg/kg).

A central venous catheter and a pulmonary artery catheter (PAC) equipped with a SvO₂ probe were inserted into the right internal jugular vein. Hemodynamic profiles were obtained via the PAC and calculated using established equations (7, 19) during both intraoperative (pre-CPB and post-CPB) and postoperative (first 4 h in the ICU) phases. Cardiopulmonary bypass (CPB) was conducted by institutional protocols and international standards (20–22). Following surgery, all patients were transferred to the ICU. The clinical management of each patient was at the physician's discretion, reflecting the observational nature of the study. Data collection was performed using a HIPAA-compliant electronic data capture platform (Medrio™).



Gastric impedance measurements

In this study, XL was measured through the Mucosal Impedance Measurement System (MIMS), which comprises a feeding tube equipped with an impedance sensor (Athena, model ISMO-16-120, Alandra Medical) and a bedside monitor (Florence, model ISMO 1.0, Alandra Medical) that displays both real-time (every min) and trend values of XL (every 10 min). To maintain optimal signal quality, gastric secretions were aspirated from the feeding tube every 20 min (see Figure 2).
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FIGURE 2
Mucosal impedance measurement system (MIMS). (A)—bedside monitor; (B)—sample applications in humans with a feeding tube fitted with an impedance sensor.




Statistical analysis

The study utilized a binary composite endpoint (CEP), which was defined as an outcome combining several endpoints of interest within a single variable (23, 24). It is important to note that the CEP does not reflect the effects of individual components, even if they individually show statistically significant and clinically relevant effects.

The CEP was defined as the occurrence of at least one of the following high-risk complications: cardiogenic shock (CI ≤ 2.2 L/min/m2 and PAWP ≥ 15 mmHg), clinically significant bleeding (801–1,000 mL) (25), vasoplegic syndrome (in clinical practice vasoplegia can be assessed clinically by the vasopressor dosage necessary to maintain MAP and by the drop in diastolic blood pressure) (26), or death. Patients who develop any CEP component were categorized into the MPOC group, while those without such complications during follow-up were included into the Non-MPOC group.

The sample size was determined using the methodology proposed by Peduzzi and Concato (27), which recommends 10–20 events per variable (EPV) for time-to-event study designs. Expected incidences were derived from published data and institutional records: 6% for cardiogenic shock (2), 10% for clinically significant bleeding (1), 5% for vasoplegic syndrome (1), and 8.4% for mortality (as reported by INCICH), yielding a cumulative CEP incidence of 29.4%. Based on these estimates, the required sample size ranged from 34–68 patients. Ultimately, 37 patients who met the eligibility criteria were included in the study.

All variables included in the analyses met a ≥85% measurement threshold. Variables below this threshold, corresponding to event-time data, were excluded and are not reported in the results (28). For all variables, minimum and maximum values were calculated for each event to increase accuracy (29). The XL minimum values (XL_Min) were chosen to consider its worst-case scenario (15). The Shapiro–Wilk test was employed to assess the normality of continuous variables; however, nonparametric methods were utilized due to the prevalence of non-normal data. Normality of continuous variables was tested through the Shapiro–Wilk test. Due to non-normality, Fisher's exact test was used for categorical data and the Wilcoxon rank-sum test for continuous data. Associations between XL_Min and macrocirculatory variables were evaluated with Kendall's tau-b. Perioperative group differences (Pre-CPB, CPB, Post-CPB, 4h-ICU) were analyzed with the Wilcoxon test, reporting Hodges–Lehmann estimates, 95% CIs, effect sizes, and exact p-values. Bonferroni correction was applied for multiple comparisons. All analyses were deemed significant for p-values < 0.05. Data analyses were performed in R 4.4.1 with RStudio 1.4.1106 (Windows 11).

The predictive performance of XL_Min for morbimortality was evaluated and compared against key variables using receiver operating characteristic (ROC) curves. Binary classification was based on the presence or absence of MPOC within the CEP cohort. The model performance was quantified by positive predictive value (PPV), negative predictive value (NPV), area under the ROC curve (AUC), sensitivity, and specificity. Furthermore, 95% confidence intervals (CIs) were estimated via 2,000 stratified bootstrap replicates to ensure robust inference.




Results

A total of 37 subjects were enrolled in the study (8 out of 45 screened individuals were excluded for not meeting the inclusion criteria). Figure 1 illustrates the participant's workflow. During the recruitment period, 5,831 surgical procedures were performed at the institution, with an overall hospital mortality rate of 5.81%.

Within the study cohort, the 72 h mortality rate was 11% (4/37), and the 30-day mortality rate was 30% (11/37). MPOC occurred in 62% of patients (23/37), including bleeding (35%), cardiogenic shock (22%), and vasoplegic syndrome (5%). The remaining 38% (14/37) did not develop MPOC (Non-MPOC group). The mortality rate among patients with MPOC was 48% (11/23), with all deaths associated with at least one additional complication.

Intraoperative transfusion volumes were comparable between groups: the MPOC group received a median of 812.0 mL (IQR: 384.0–1,239.0), while the Non-MPOC group received 673.5 mL (IQR: 311.0–1,198.0; p = 0.584). At 24 h postoperatively, transfusion volumes were 392.0 mL (IQR: 272.0–752.5) in the MPOC group and 449.5 mL (IQR: 246.5–849.0) in the Non-MPOC group (p = 0.925).

Table 1 compares baseline demographic and clinical characteristics, revealing no statistically significant differences between the MPOC and Non-MPOC groups, confirming that both cohorts consisted of high-risk patients. Table 2 presents perioperative cardiovascular risk factors, with significant differences observed only in postoperative bleeding events (p = 0.001).



TABLE 1 Baseline demographic and clinical characteristics.



	Variable
	Overall
n = 37
	MPOC
n = 23
	Non-MPOC
n = 14
	p-value





	Age, year
	52.0 (18.0)
	52.0 (15.5)
	49.0 (27.5)
	0.962a



	Female gender
	11 (30%)
	9 (39%)
	2 (14%)
	0.150b



	BMI, kg/m2
	27.0 (3.6)
	26.7 (4.2)
	27.3 (3.4)
	0.294a



	Type of Surgery
	
	
	
	0.643b



	First surgery



	 Single procedure
	21 (57%)
	13 (57%)
	8 (57%)
	



	 Combined procedure
	11 (30%)
	6 (26%)
	5 (36%)
	



	Reoperation



	 Combined procedure
	5 (14%)
	4 (17%)
	1 (7.1%)
	



	 Admission criteria
	
	
	
	0.074b



	 EuroSCORE II ≥ 6%
	6 (16%)
	6 (26%)
	0 (0%)
	



	 LVEF < 45%
	23 (62%)
	14 (61%)
	9 (64%)
	



	 Combined surgical procedures
	8 (22%)
	3 (13%)
	5 (36%)
	



	Diabetes
	11 (30%)
	8 (35%)
	3 (21%)
	0.477b



	Hypertension
	18 (49%)
	12 (52%)
	6 (43%)
	0.737b



	Smoking
	12 (32%)
	9 (39%)
	3 (21%)
	0.306b




	Data are presented as median (IQR) or Frequency (%) as appropriate.


	BMI, body mass index; CABG, coronary artery bypass graft; EuroSCORE II, European system for cardiac oRisk evaluation II; LVEF, left ventricular ejection fraction; MPOC, major postoperative complications; Single procedure: single valvular replacement or CABG, Combined procedure: double or triple valvular replacement or CABG with single valvular replacement.


	aWilcoxon rank sum test.


	bFisher's exact test.









TABLE 2 Perioperative cardiovascular risk factors by groups.



	Variable
	Overall
n = 37
	MPOC
n = 23
	Non-MPOC
n = 14
	p-value





	Preoperative



	 BSA, m2
	1.8 (0.3)
	1.7 (0.3)
	1.8 (0.3)
	0.510



	 STS, %
	1.4 (2.5)
	1.2 (2.2)
	1.5 (2.3)
	0.609



	 EuroSCORE II, %
	2.6 (5.1)
	3.4 (6.7)
	2.2 (4.1)
	0.650



	Intraoperative



	 CPB-Time, min
	167.0 (110.0)
	170.0 (124.5)
	162.0 (60.3)
	0.672



	 Aortic cross-clamp Time, min
	121.0 (68.0)
	121.0 (83.5)
	121.5 (65.3)
	0.950



	 Surgery-Time, min
	320.0 (145.0)
	360.0 (149.0)
	300.5 (88.0)
	0.056



	 Urine Output, mL/Kg/h
	2.5 (1.2)
	2.5 (0.9)
	2.6 (1.8)
	0.605



	 Fluid Balance, L
	−0.4 (1.1)
	−0.4 (1.1)
	−0.3 (1.4)
	0.963



	 Bleeding, L
	0.4 (0.4)
	0.5 (0.6)
	0.4 (0.1)
	0.064



	Postoperative
	n = 34
	n = 20
	n = 14
	p-value



	 Admission at ICU



	  APACHE II, points
	21.0 (4.8)
	21.5 (3.5)
	18.5 (4.8)
	0.231



	  SOFA, points
	12.0 (2.8)
	12.5 (2.3)
	12.0 (3.0)
	0.249



	 24 h at ICU



	  LVEF, %
	35 (10)
	34 (10)
	35 (14)
	0.456



	  Urine Output, mL/Kg/h
	1.5 (0.9)
	1.3 (0.7)
	1.9 (0.8)
	0.302



	  Fluid Balance, L
	1.5 (2.0)
	1.7 (2.4)
	1.0 (1.4)
	0.111



	  Bleeding, L
	0.6 (0.7)
	1.0 (0.9)
	0.4 (0.4)
	0.001*



	 Follow up



	  LOS-ICU, days
	4.5 (4.8)
	5.5 (5.8)
	3.0 (2.8)
	0.179




	Data are presented as median (IQR); Wilcoxon rank sum test.


	*For statistically significant results (p < 0.05).


	APACHE II, acute physiology and chronic health evaluation; BSA, body surface area; CPB, cardiac pulmonary bypass; EuroSCORE II, European system for cardiac operative risk evaluation; ICU, intensive care unit; LOS, length of stay; LVEF, left ventricular ejection fraction; MPOC, major perioperative complications; SOFA, sequential organ failure assessment; STS, society of thoracic surgeons.







Figure 3 depicts the behavior of XL_Min during intraoperative and postoperative events for both groups. XL_Min values were consistently higher in the MPOC group compared to Non-MPOC, with a statistically significant difference observed during the post-CPB event.


[image: Box plot comparing XL_Min values between MPOC and Non-MPOC groups across four events: Pre-CPB, CPB, Post-CPB, and 4h-ICU. MPOC values consistently exceed Non-MPOC, with a significant median location shift of 6.14 -jOhms in Post-CPB. Other events show no significant differences.]
FIGURE 3
Intraoperative (pre-CPB, CPB, post-CPB) and postoperative (4h-ICU) events comparison for MPOC and Non-MPOC changes in XL_Min. *for statistically significant results (p < 0.05). CPB, cardiopulmonary bypass; ICU, intensive care unit; MLS, median location shift; MPOC, major perioperative complications; ns, non-significant, XL_Min, the minimum value for gastric reactance.


The median location shift (MLS) analysis of XL_Min between Non-MPOC and MPOC groups across all evaluated events revealed the following (see Figure 3). During the Pre-CPB a median location shift of 4.3 -jΩ [95% CI (−1.72, 10.09), p = 0.115] was observed; during CPB, the shift was 4.03 -jΩ [95% CI (−1.39, 9.34), p = 0.122]; Post-CPB a statistically significant shift of 6.14 -jΩ [95% CI (1.06, 11.34), p = 0.022] was evident; and during the first 4 h in ICU, the shift was −0.75 -jΩ [95% CI (−6.17, 9.51), p = 0.769]. Among these, only the Post-CPB difference reached statistical significance (p < 0.05).

Table 3 presents the median (IQR), MLS with 95% CI [Low, High], minimum, and maximum values of key variables by event and group. SvO₂_Min was statistically significant during the pre-CPB event; XL_Min and SvO₂_Min were significant during the post-CPB event; and CI_Max and SvO₂_Max were significant during the 4-hour ICU period. Table 4 details the correlation coefficients of key variables, stratified by group and event. No statistically significant differences were observed.



TABLE 3 Intraoperative and postoperative key variables by groups and events.



	
	Pre-CPB
	CPB
	Post-CPB
	4h-ICU



	Variable
	MPOC
n = 23
	Non-MPOC
n = 14
	p-value
	MLS
95% CI
	MPOC
n = 23
	Non-MPOC
n = 14
	p-value
	MLS
95% CI
	MPOC
n = 23
	Non-MPOC
n = 14
	p-value
	MLS
95% CI
	MPOC
n = 20
	Non-MPOC
n = 14
	p-value
	MLS
95% CI





	XL_Min, -jΩ
	18.89 (9.98)
	14.36 (5.95)
	0.115
	4.31 (−1.72, 10.09)
	17.93 (11.01)
	13.06 (5.10)
	0.122
	4.03 (−1.39, 9.34)
	17.96 (14.94)
	12.55 (6.77)
	0.022*
	6.14 (1.06, 11.34)
	16.85 (16.67)
	13.99 (11.99)
	0.769
	−0.75 (−6.17, 9.51)



	LCT_Max, mmol/L
	1.40 (0.60)
	1.30 (0.20)
	0.276
	0.10 (−0.10, 0.40)
	2.20 (0.70)
	2.65 (1.58)
	0.594
	−0.20 (−1.00, 0.50)
	3.60 (3.30)
	2.45 (1.40)
	0.141
	0.80 (−0.30, 2.40)
	4.30 (4.83)
	3.00 (2.33)
	0.294
	0.80 (−0.50, 3.00)



	LCT_Min, mmol/L
	1.00 (0.30)
	1.15 (0.20)
	0.476
	−0.09 (−0.20, 0.10)
	1.50 (0.50)
	1.35 (0.45)
	0.801
	0.00 (−0.30, 0.30)
	2.80 (1.95)
	2.40 (0.60)
	0.266
	0.40 (−0.30, 1.20)
	3.55 (4.10)
	2.15 (1.13)
	0.061
	1.10 (0.00, 2.80)



	MAP_Max, mmHg
	74.67 (19.00)
	72.17 (8.58)
	0.491
	3.00 (−6.00, 11.00)
	-
	-
	-
	-
	67.67 (8.34)
	71.00 (12.67)
	0.228
	−3.34 (−9.33, 2.00)
	83.83 (15.25)
	86.50 (10.83)
	0.234
	−5.66 (−14.66, 3.00)



	MAP_Min, mmHg
	62.00 (18.84)
	58.67 (16.08)
	0.616
	1.90 (−6.33, 8.00)
	-
	-
	-
	-
	58.33 (12.67)
	63.50 (11.00)
	0.069
	−6.67 (−13.00, 0.66)
	61.67 (10.50)
	67.67 (10.92)
	0.059
	−6.38 (−13.33, 0.33)



	CI_Max, L/min/m2
	2.08 (0.89)
	1.78 (0.94)
	0.562
	0.14 (−0.41, 0.69)
	-
	-
	-
	-
	2.21 (0.67)
	2.38 (1.54)
	0.136
	−0.45 (−1.14, 0.13)
	2.51 (1.18)
	3.29 (1.57)
	0.022*
	−0.90 (−1.63, −0.17)



	CI_Min, L/min/m2
	1.43 (0.65)
	1.54 (0.70)
	0.772
	−0.06 (−0.53, 0.34)
	-
	-
	-
	-
	1.90 (0.64)
	2.10 (1.23)
	0.146
	−0.48 (−1.07, 0.11)
	1.93 (0.87)
	2.41 (1.39)
	0.137
	−0.41 (−1.05, 0.13)



	PAWP_Min, mmHg
	18.00 (13.00)
	15.00 (3.50)
	0.255
	3.00 (−3.00, 8.00)
	-
	-
	-
	-
	14.00 (7.00)
	15.50 (5.75)
	0.407
	−1.66 (−5.00, 3.00)
	8.50 (18.00)
	10.00 (9.50)
	0.531
	−1.89 (−9.00, 13.00)



	PAWP_Max, mmHg
	22.50 (15.25)
	18.50 (7.75)
	0.256
	4.00 (−3.00, 10.00)
	-
	-
	-
	-
	18.00 (8.75)
	19.50 (9.50)
	0.591
	−1.00 (−5.00, 4.00)
	15.00 (16.50)
	15.00 (9.75)
	0.964
	−0.92 (−10.00, 10.00)



	SvO2_Max, %
	75.00 (19.50)
	81.00 (14.63)
	0.266
	−3.85 (−13.00, 3.00)
	-
	-
	-
	-
	74.00 (11.25)
	83.80 (17.50)
	0.128
	−7.50 (−14.00, 2.00)
	74.00 (13.00)
	81.00 (9.00)
	0.031*
	−9.00 (−16.00, −1.00)



	SvO2_Min, %
	69.00 (11.45)
	74.00 (12.25)
	0.018*
	−9.00 [−16.00, −1.00)
	-
	-
	-
	-
	67.00 (18.25)
	79.00 (9.75)
	0.012*
	−9.00 (−18.00, −2.00)
	69.00 (17.00)
	72.00 (15.00)
	0.173
	−9.00 (−17.00, 3.00)




	Data are presented as median (IQR); Wilcoxon rank sum test.


	4h-ICU, first four hours in the intensive care unit; CI_Min, the minimum value for cardiac index; CI_Max, the maximum value for cardiac index; CPB, cardiac pulmonary bypass; LCT_Max, the maximum value for lactate; LCT_Min, the minimum value for lactate; MAP_Min, the minimum value for mean arterial pressure; MAP_Max, the maximum value for mean arterial pressure; MLS, median location shift, MPOC, major perioperative complications; PAWP, pulmonary artery wedge pressure; Pre-CPB, preoperative cardiac pulmonary bypass; Post-CPB, postoperative cardiac pulmonary bypass; SvO2_Max, the maximum value for mixed venous oxygen saturation; SvO2_Min, the minimum value for mixed venous oxygen saturation; XL_Min, the minimum value for gastric reactance.


	*For statistically significant results (p < 0.05) and 95% CI (Low, High).









TABLE 4 Correlation with XL_Min.



	
	Pre-CPB
	CPB
	Post-CPB
	4h-ICU



	Variables
	MPOC
t
	p-value
	Non-MPOC
t
	p-value
	MPOC
t
	p-value
	Non-MPOC
t
	p-value
	MPOC
t
	p-value
	Non-MPOC
t
	p-value
	MPOC
t
	p-value
	Non-MPOC
t
	p-value





	LCT_Min, mmol/L
	0.110
	0.487
	−0.060
	0.777
	−0.130
	0.411
	0.310
	0.135
	−0.040
	0.791
	−0.023
	0.912
	0.090
	0.581
	0.000
	1.000



	LCT_Max, mmol/L
	0.091
	0.556
	0.120
	0.594
	−0.036
	0.812
	0.150
	0.443
	0.052
	0.731
	0.056
	0.784
	0.058
	0.721
	0.022
	0.913



	MAP_Min, mmHg
	0.380
	0.011
	0.230
	0.279
	-
	-
	-
	-
	−0.240
	0.107
	0.330
	0.100
	−0.230
	0.165
	0.011
	1.000



	MAP_Max, mmHg
	0.083
	0.579
	0.083
	0.579
	-
	-
	-
	-
	−0.140
	0.342
	−0.140
	0.342
	−0.120
	0.455
	−0.120
	0.455



	CI_Min, L/min/m2
	0.026
	0.866
	−0.230
	0.306
	-
	-
	-
	-
	0.110
	0.542
	0.039
	0.855
	0.350
	0.053
	−0.300
	0.157



	CI_Max, L/min/m2
	−0.052
	0.735
	−0.280
	0.204
	-
	-
	-
	-
	0.170
	0.299
	0.150
	0.510
	0.330
	0.069
	−0.055
	0.830



	SvO2_Min, %
	−0.250
	0.091
	−0.140
	0.475
	-
	-
	-
	-
	−0.037
	0.820
	−0.230
	0.249
	0.097
	0.591
	0.240
	0.269



	SvO2_Max, %
	−0.110
	0.475
	−0.089
	0.660
	-
	-
	-
	-
	−0.043
	0.795
	−0.310
	0.123
	0.060
	0.741
	0.130
	0.538



	STS, %
	0.077
	0.747
	−0.210
	0.548
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	EuroSCORE II, %
	−0.230
	0.140
	0.055
	0.830
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	APACHE II, points
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	−0.270
	0.108
	0.100
	0.619



	SOFA, points
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	−0.056
	0.741
	−0.047
	0.823




	Data are presented as the correlation coefficient.


	4h-ICU, first four hours in the intensive care unit; CI_Max, the maximum value for cardiac index; CI_Min, the minimum value for cardiac index; CPB, cardiac pulmonary bypass; LCT_Max, the maximum value for lactate; LCT_Min, the minimum value for lactate; MAP_Max, the maximum value for mean arterial pressure; MAP_Max, the maximum value for mean arterial pressure; MAP_Min, the minimum value for mean arterial pressure; MPOC, major perioperative complications; Pre-CPB, preoperative cardiac pulmonary bypass; Post-CPB, postoperative cardiac pulmonary bypass; SvO2_Max, the maximum value for mixed venous oxygen saturation; SvO2_Min, the minimum value for mixed venous oxygen saturation; XL_Min, the minimum value for gastric reactance.







Table 5 summarizes the ROC analysis for key variables across different time points. Specifically, post-CPB, XL_Min demonstrated good predictive performance with an AUC of 0.73 (95% CI: 0.56–0.89), sensitivity of 0.65, and high specificity of 0.86. SvO2_Min showed even higher sensitivity at 0.85 and an AUC of 0.76 (95% CI: 0.58–0.93), reflecting strong discriminatory ability. Other variables, including LCT_Max, CI Min, and MAP Min, exhibited moderate predictive accuracy, with AUCs ranging from 0.65–0.68. Overall, these findings underscore XL_Min and SvO2_Min as the most reliable predictors of post-CPB morbimortality in this cohort.



TABLE 5 ROC curves analysis per time-event and variable.



	Time-event
	Measurement
	ROC curve area
(CI 95%)
	Cut-off point
	Sensitivity
(CI 95%)
	Specificity
(CI 95%)
	PPV
(CI 95%)
	NPV
(CI 95%)





	Preoperative



	 Enrollment
	EuroSCORE II (%)
	0.55 (0.34, 0.75)
	2.84
	0.57 (0.3,1)
	0.71 (0.14,1)
	0.76 (0.64,0.94)
	0.5 (0.41,1)



	 Enrollment
	STS (%)
	0.57 (0.28, 0.86)
	0.64
	1 (0.14,1)
	0.38 (0.25,1)
	0.74 (0.7,1)
	1 (0.4,1)



	Intraoperative



	 Pre-CPB
	XL Min (-jΩ)
	0.66 (0.46, 0.85)
	15.78
	0.7 (0.52,0.91)
	0.79 (0.43,1)
	0.84 (0.7,1)
	0.61 (0.48,0.85)



	 Pre-CPB
	LCT_Max (mmol/L)
	0.61 (0.40, 0.80)
	1.65
	0.39 (0.26,0.91)
	0.93 (0.5,1)
	0.9 (0.69,1)
	0.48 (0.42,0.79)



	 Pre-CPB
	SvO2 Min (%)
	0.74 (0.57, 0.90)
	72.5
	0.7 (0.3,0.96)
	0.71 (0.5,1)
	0.8 (0.71,1)
	0.59 (0.46,0.89)



	 Pre-CPB
	CI Min (L/min/m2)
	0.53 (0.32, 0.74)
	1.46
	0.55 (0.09,1)
	0.62 (0.08,1)
	0.71 (0.65,1)
	0.44 (0.39,1)



	 Pre-CPB
	MAP Min (mmHg)
	0.45 (0.26, 0.64)
	51.5
	0.17 (0.04,0.91)
	1 (0.29,1)
	1 (0.67,1)
	0.42 (0.39,0.67)



	 Post-CPB
	XL Min (-jΩ)
	0.73 (0.56, 0.89)
	16.9
	0.65 (0.39,0.87)
	0.86 (0.71,1)
	0.88 (0.8,1)
	0.6 (0.48,0.79)



	 Post-CPB
	LCT_Max (mmol/L)
	0.65 (0.46, 0.83)
	3.25
	0.61 (0.26,0.91)
	0.71 (0.43,1)
	0.78 (0.69,1)
	0.53 (0.43,0.83)



	 Post-CPB
	SvO2 Min (%)
	0.76 (0.58, 0.93)
	77.5
	0.85 (0.45,1)
	0.57 (0.36,1)
	0.74 (0.67,1)
	0.73 (0.52,1)



	 Post-CPB
	CI Min (L/min/m2)
	0.65 (0.44, 0.87)
	2.66
	0.95 (0.35,1)
	0.46 (0.23,1)
	0.73 (0.67,1)
	0.86 (0.5,1)



	 Post-CPB
	MAP Min (mmHg)
	0.68 (0.51, 0.86)
	58.5
	0.57 (0.26,0.96)
	0.79 (0.43,1)
	0.81 (0.7,1)
	0.52 (0.44,0.85)



	Postoperative



	 ICU admission
	SOFA (points)
	0.62 (0.42, 0.81)
	8.5
	0.95 (0.1,1)
	0.21 (0.14,1)
	0.63 (0.61,1)
	0.75 (0.44,1)



	 ICU admission
	APACHE II (points)
	0.62 (0.43, 0.82)
	19.5
	0.7 (0.2,0.95)
	0.57 (0.36,1)
	0.7 (0.62,1)
	0.57 (0.44,0.85)



	 First 4 h in the ICU
	XL Min (-jΩ)
	0.47 (0.27, 0.67)
	22.32
	0.4 (0.05,0.75)
	0.79 (0.5,1)
	0.73 (0.61,1)
	0.48 (0.42,0.65)



	 First 4 h in the ICU
	LCT_Max (mmol/L)
	0.61 (0.41, 0.80)
	3.65
	0.65 (0.15,0.95)
	0.64 (0.36,1)
	0.72 (0.65,1)
	0.56 (0.45,0.88)



	 First 4 h in the ICU
	SvO2 Min (%)
	0.65 (0.45, 0.85)
	58.5
	0.35 (0.24,1)
	0.92 (0.23,1)
	0.86 (0.62,1)
	0.52 (0.48,1)



	 First 4 h in the ICU
	CI Min (L/min/m2)
	0.66 (0.46, 0.86)
	3.28
	1 (0.24,1)
	0.29 (0.21,1)
	0.63 (0.61,1)
	1 (0.52,1)



	 First 4 h in the ICU
	MAP Min (mmHg)
	0.71 (0,53, 0.88)
	65.67
	0.71 (0.33,1)
	0.64 (0.36,1)
	0.75 (0.68,1)
	0.6 (0.48,1)







Supplementary Table S2 compares preoperative and postoperative laboratory test results, showing no statistically significant differences between groups. Supplementary Table S3 summarizes concomitant medication use, with vasopressin administration showing statistical significance only in the postoperative phase. The behavior of other variables is illustrated in Figure 4 and Supplementary Table S4, which presents the postoperative hemodynamic and oxygenation profiles.


[image: Box plots comparing MPOC and Non-MPOC groups across four time points: Pre-CPB, CPB, Post-CPB, and 4h-ICU. Panels A through D show LCT_Max, MAP_Min, CI_Min, and SVO2_Min measurements, respectively. Differences are indicated as either not significant (ns) or significant (*) at specific stages.]
FIGURE 4
Intraoperative (pre-CPB, CPB, post-CPB) and postoperative (4h-ICU) event comparison for MPOC and Non-MPOC changes in (A) LCT_Max, (B) MAP_Min, (C) CI_Min and (D) SvO2_Min. *for statistically significant results (p < 0.05). CI_Min, the minimum value for cardiac index; CPB, cardiopulmonary bypass; ICU, intensive care unit; LCT_Max, the maximum value for lactate; MAP_Min, the minimum value for mean arterial pressure; MPOC, major perioperative complications; ns, non-significant; Pre-CPB, preoperative cardiac pulmonary bypass; Post-CPB, postoperative cardiac pulmonary bypass; SvO2_Min, the minimum value for mixed venous oxygen saturation.



[image: ROC curves for different phases: A) Pre-CPB, B) CPB, C) Post-CPB, D) First 4 hours ICU. The plots show sensitivity vs. 1-specificity with three indicators: LCT_Max (dotted line), SvO2_Min (dashed line), and XL_Min (solid line). Each indicator is represented in a distinct color.]
FIGURE 5
ROC analysis in XL_Min at intraoperative (pre-CPB, CPB, post-CPB) and postoperative (4h-ICU) events. CPB, cardiopulmonary bypass; ICU, intensive care unit; XL_Min, the minimum value for gastric reactance.


No adverse events related to the Florence monitor or Athena catheter were reported. Some unanticipated deviations were identified in clinical procedures, enrollment, and device utilization, prompting a protocol amendment to address these issues.



Discussion

This study examined the behavior of XL_Min in the MPOC and Non-MPOC patient groups and compared it against key macrocirculatory variables throughout perioperative events (Pre-CPB, CPB, Post-CPB, 4h-ICU) in high-risk patients undergoing cardiac surgery with CPB.

The demographic and clinical characteristics of the study population (Tables 1, 2) confirm that both groups present high-risk factors, with no statistically significant differences between them. Moreover, Table 2 highlights that “CPB-Time” and “Aortic Cross-Clamp Time” exceeded 140 min in both groups, a factor known to be associated with an increased incidence of intraoperative and postoperative complications in cardiac surgery (30), further indicating that both groups consisted of high-risk patients (30).

In the postoperative phase (Table 2), upon ICU admission, the MPOC group exhibited a higher APACHE II score (21.5 points, corresponding to a 30% probability of hospital mortality) compared to the Non-MPOC group (18.5 points, 12% probability of hospital mortality). The SOFA score reflected an 80% probability of mortality in both groups (scores of 12.5 and 12.0, respectively). Heart failure with reduced ejection fraction (HFrEF, defined as LVEF <40%) was observed in both groups at the 24 h postoperative phase. Additionally, the MPOC group exhibited greater oliguria than the Non-MPOC group. Postoperative bleeding showed statistically significant differences between the groups [median (IQR), 1.0 (0.9) L, p < 0.001], indicating a higher mortality risk in the MPOC group (1).

The following sections discuss the relevant findings of key macrocirculatory variables and XL_Min across intraoperative and postoperative phases, as presented in Tables 3, 4, and Figure 3.


Intraoperative phase


Pre-CPB

During this event, both groups exhibited clinical evidence of hemodynamic instability, with cardiac indices <2.2 L/min/m² and PAWP ≥ 15 mmHg, suggesting left ventricular dysfunction. MAP_Min indicated a tendency toward hypotension in both groups, although lactate levels remained within normal ranges, suggesting the absence of hypoperfusion, consistent with a SCAI-B classification (6). Additionally, in the MPOC group, SvO2 was <70%, indicating an emerging imbalance between oxygen supply and demand. The behavior of XL_Min during this event showed no statistically significant MLS between the groups.



CPB

During this event hemodynamic measurements using the PAC are not possible due to the use of CPB. However, both groups exhibited a tendency toward hyperlactatemia (≥2.0 mmol/L), indicating the onset of hypoperfusion. A MLS of 4.03 -jΩ in XL_Min values was observed in the MPOC group compared to the Non-MPOC group, although this location difference was not statistically significant.



Post-CPB

In this event, both groups exhibited persistent hyperlactatemia, with a greater increase observed in the MPOC group, which had a median (IQR) of 3.60 (3.30) mmol/L. Furthermore, the MPOC group demonstrated sustained hypotension, while the Non-MPOC group showed a tendency towards MAP >60 mmHg. The cardiac index in the MPOC group remained ≤2.2 L/min/m², while in the Non-MPOC group, it increased to a median (IQR) of 2.38 (1.95) L/min/m². Both groups presented PAWP > 15 mmHg. SvO2 values showed significant differences between the groups, with values <70% in the MPOC group, indicating that the majority of MPOC patients met the criteria for hypoperfusion, consistent with a SCAI-C (6). Notably, during this event, the MLS for XL_Min was 6.14 -jΩ higher in the MPOC group compared to the Non-MPOC group, showing statistical significance.




Postoperative phase (4 h-ICU)

During the first 4 h in the ICU, both groups maintained hyperlactatemia, although only the MPOC group experienced episodes of mild hypotension. Cardiac indexes improved in both groups, with values exceeding 2.2 L/min/m², likely due to pharmacological management. In the Non-MPOC group, the maximum values reached a median (IQR) of 3.29 (1.57) L/min/m², with statistical significance, as well as SvO2 values of 81%. Moreover, the MPOC group continued to show signs of hypoperfusion. The MLS of XL_Min was −0,75 -jΩ, not showing statistical significance.



XL_Min measurements

XL_Min in the MPOC group consistently presented higher values compared to the Non-MPOC group throughout all phases, indicating that complicated patients presented more severe hypoperfusion in the gastric wall, particularly at the post-CPB event where differences are statistically significant [MLS = 6.14 -jΩ, 95% CI (1.06, 11.34), p = 0.022*]. This significant location shift suggests that XL_Min serves as a sensitive marker of gastric mucosal ischemia during cardiac surgery with CPB. These results support the potential clinical utility of continuous monitoring XL_Min to detect early signs of splanchnic hypoperfusion, thereby enabling timely identification and intervention for patients at higher risk of complications starting from the intraoperative phase. The ROC analysis (see Figure 5) shows that XL_Min is potential predictor for post-CPB morbimortality, with an AUC of 0.73. Its combination of moderate sensitivity and high specificity suggests it can effectively identify patients at risk. These results point in the direction that XL_Min is a valuable marker for assessing patient prognosis after CPB. Compared to XL_Min, SvO2_Min demonstrated a slightly higher AUC of 0.76 and greater sensitivity, indicating stronger discriminatory power. Nonetheless, both variables appear to be valuable markers for assessing patient prognosis after CPB.

These findings, particularly at the Post-CPB phase, align with previous investigations examining the behavior of regional perfusion markers across different phases of CPB. Gastric tonometry measurements, for example, have been reported to demonstrate abnormally low values immediately after weaning from CPB, being recognized as a sensitive predictor of postoperative complications (31, 32). Similarly, microcirculation imaging studies have shown that the microcirculatory flow index (MFI) increases significantly at the conclusion of CPB in patients who subsequently develop complications (33). More recently, investigations of mitochondrial oxygen tension have indicated that patients who develop acute kidney injury (AKI) after cardiac surgery exhibit persistently reduced mitochondrial oxygen tension compared with those who do not develop AKI (34). These observed parallels underscore the need for further evaluation of the predictive value of XL, both in the setting of elective cardiac surgery and in other patient populations at elevated risk of hemodynamic instability.

Finally, it should be noted that Table 4 reveals that XL_Min has no clinical association with macrocirculatory variables and risk scores. Such a discrepancy might be explained by the phenomenon of hemodynamic incoherence that occurs when macrocirculatory markers appear normal, but microcirculatory perfusion is impaired (35–37). This phenomenon is frequently observed during CPB, where systemic inflammatory responses, endothelial activation, and altered rheology disrupt the alignment between global and regional circulation (38). An important limitation of the present study is the absence of direct microcirculatory imaging, which would have allowed to study the association between XL and microvascular dysfunction; nevertheless, the present findings reinforce the importance of incorporating microcirculatory assessment into future investigations as, advancing the integration of microvascular endpoints into perioperative hemodynamic management has been increasingly recognized as a pathway to more personalized and effective care (39).

Concordance between our findings and prior gastric tonometry and microcirculation imaging studies, in which abnormal measurements immediately after weaning from CPB predict postoperative complications, suggests that XL may provide an early signal of splanchnic compromise. It may also help with early assessment of increased gut barrier permeability and the attendant risk of endotoxemia, consistent with earlier advocacy for gastric tonometry (40). These observations are specific to the population studied and should not be generalized without caution. At the same time, the physiological determinants of XL and their link to the complications observed in this study remain incompletely characterized, and a direct mechanistic link between microcirculatory alterations and XL has not been demonstrated. Prospective studies are needed to test its association with direct microcirculatory measurements, to define clinically actionable thresholds, and to quantify incremental predictive value over standard monitoring using patient-centered outcomes. The potential value of XL at this stage is as a complementary marker for perioperative risk assessment in cardiac surgery rather than as a replacement for macrocirculatory variables.



Limitations

The selection criteria for the study focused on high-risk patients undergoing CPB at a single site, resulting in a modest sample size that may be affected by selection bias [the lower bound for the sample size according to the methodology proposed by Peduzzi and Concato (27) is 34 and the study included 37 patients]. Consequently, the statistical significance of XL_Min might be different in other clinical settings, lower-risk patients, or patients undergoing beating-heart procedures.

On the other hand, the lack of clinical association between XL_Min and macrocirculatory variables suggest that XL_Min may open an avenue for further understanding the phenomenon of hemodynamic incoherence, also noticed in the context of microcirculation imaging and urethral photoplethysmography (11, 13); however, the study didn't include validated microcirculation markers that could shed light on their correlation with XL_Min.

Finally, the bedside monitor (Florence, model ISMO 1.0, Alandra Medical) is provided with algorithms that automatically discard unreliable measurements caused by external factors such as movement artifacts, enteral feeding, or electromagnetic interference emitted by electrosurgery units, or transesophageal echocardiography devices. Discarding such measurements resulted in unequal sampling of the XL signal during such events.




Conclusion

In high-risk cardiac surgery patients, XL_Min values were consistently higher in those who developed MPOC, with statistically significant differences observed in the post-CPB phase. These findings suggest that gastric impedance spectroscopy may aid in the early identification of patients at risk of MPOC by detecting gastric mucosal hypoperfusion. The technique proved safe and feasible for intraoperative and postoperative monitoring.
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