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Performance of four cardiac output monitoring techniques vs. intermittent pulmonary artery thermodilution during a modified passive leg raise maneuver in isoflurane-anesthetized dogs
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Objective: This study investigated the performance among four cardiac output (CO) monitoring techniques in comparison with the reference method intermittent pulmonary artery thermodilution (iPATD) and their ability to diagnose fluid responsiveness (FR) during a modified passive leg raise (PLRM) maneuver in isoflurane-anesthetized dogs undergoing acute blood volume manipulations. The study also examined the simultaneous effect of performing the PLRM on dynamic variables such as stroke distance variation (SDV), peak velocity variation (PVV), and stroke volume variation (SVV).

Study design: Prospective, nonrandomized, crossover design.

Study animals: Six healthy male Beagle dogs.

Methods: The dogs were anesthetized with propofol and isoflurane and mechanically ventilated under neuromuscular blockade. After instrumentation, they underwent a series of sequential, nonrandomized steps: Step 1: baseline data collection; Step 2: removal of 33 mL kg−1 of circulating blood volume; Step 3: blood re-transfusion; and Step 4: infusion of 20 mL kg−1 colloid solution. Following a 10-min stabilization period after each step, CO measurements were recorded using esophageal Doppler (EDCO), transesophageal echocardiography (TEECO), arterial pressure waveform analysis (APWACO), and electrical cardiometry (ECCO). Additionally, SDV, PVV, and SVV were recorded. Intermittent pulmonary artery thermodilution (iPATDCO) measurements were also recorded before, during, and after the PLRM maneuver. A successful FR diagnosis made using a specific test indicated that CO increased by more than 15% during the PLRM maneuver. Statistical analysis was performed using one-way analysis of variance for repeated measures with post hoc Tukey test, linear regression, Lin’s concordance correlation coefficient (ρc), and Bland–Altman analysis. Statistical significance was set at p < 0.05.

Results: All techniques detected a reduction in CO (p < 0.001) during hemorrhage and an increase in CO after blood re-transfusion and colloid infusion (p < 0.001) compared with baseline. During hemorrhage, CO increases with the PLRM maneuver were as follows: 33% for iPATD (p < 0.001), 19% for EC (p = 0.03), 7% for APWA (p = 0.97), 39% for TEE (p < 0.001), and 17% for ED (p = 0.02). Concurrently, decreases in SVV, SDV, and PVV values (p < 0.001) were also observed. The percentage error for TEE, ED, and EC was less than 30% but exceeded 55% for APWA. While TEECO and ECCO slightly underestimated iPATDCO values, EDCO and APWACO significantly overestimated iPATDCO values. TEE and EC exhibited good and acceptable agreement with iPATD. However, CO measurements using all four techniques and iPATD did not differ before, during, and after PLRM at baseline, blood re-transfusion, and colloid infusion.

Conclusion and clinical relevance: iPATD, EC, TEE, and ED effectively assessed FR in hypovolemic dogs during the PLRM maneuver, while the performance of APWA was unacceptable and not recommended. SVV, SDV, and PVV could be used to monitor CO changes during PLRM and acute blood volume manipulations, suggesting their potential clinical utility.
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1. Introduction

Circulatory shock can pose as a life-threatening event, occurring because of inadequate blood flow and oxygen delivery to tissues. Amidst such hemodynamic instability, the cornerstone of treatment lies in fluid therapy, which ameliorates venous return, cardiac preload, cardiac output (CO), and tissue oxygen utilization (1). Over the past two decades, the concept of “fluid responsiveness” (FR), rooted in the Frank-Starling cardiac curve, has garnered significant attention, targeting the challenges of precisely dosing fluid therapy. Following a fluid bolus, an increase of more than 10–15% in CO or stroke volume signifies FR, as there are heightened cardiac preload and ventricular filling pressures. By contrast, minimal changes occur with fluid nonresponsiveness (2–5). FR evaluation uses static or dynamic indices. Static indices such as central venous pressure and pulmonary artery occlusion pressure, although established as cardiac filling pressures, lack a strong correlation with FR (6, 7). Dynamic indices such as stroke volume variation (SVV) and pulse pressure variation depend on heart-lung interactions induced by mechanical ventilation and measure the subsequent effect of positive-pressure ventilation on fluctuations in stroke volume across a respiratory cycle. While these indices hold clinical relevance in both human medicine (2–4) and veterinary medicine (8, 9), their accuracy diminishes during spontaneous breathing, low tidal volume ventilation, cardiac rhythm disturbances, right-sided heart failure, and open chest conditions (2, 10, 11). In such scenarios, researchers have introduced the “passive leg raising” test that can trigger a preload challenge similar to a traditional fluid bolus or heart-lung interactions, effectively predicting FR based on multiple trials and meta-analyses (12–15).

Historically, passive leg raising was employed as an emergency measure during acute circulatory crises or hemorrhagic events in human patients. This simple bedside test shifts a patient from a semi-recumbent to a horizontal trunk position, raising the lower limbs at 30–45° (2, 16, 17). This gravitational shift causes the movement of approximately 150–300 mL of blood volume from the lower body to cardiac chambers, mimicking a fluid bolus’ effects (18, 19). This transient and reversible hemodynamic change eliminates the risk of volume overload. In an ideal scenario, real-time cardiovascular assessment is crucial to capture brief circulatory adjustments during passive leg raising (2, 16, 17). Transthoracic or transesophageal echocardiography has been routinely used in diverse human populations to precisely monitor the real-time cardiovascular response to this test (2, 12–14, 16). A replication of the 45° passive leg raising test during cardiopulmonary resuscitation in an experimental porcine model of prolonged ventricular fibrillation yielded comparable outcomes to those of standard positioning in terms of spontaneous circulation return and 24-h survival rates. Animals undergoing passive leg raising exhibited notably better neurological alertness scores (20).

Until recently, only limited literature has been available on this maneuver in veterinary species. Recognizing inter-species variations in pelvic limb conformation, size, and blood volume distribution, a modified passive leg raise (PLRM) maneuver was developed and demonstrated in anesthetized pigs (21) and dogs (22). During acute hemorrhage, the inclination of the pelvic limbs and caudal abdomen at 15° in pigs and 30° in dogs caused a significant CO increase of more than 25%, measured through intermittent pulmonary artery thermodilution (iPATDCO). While iPATDCO is often regarded as the “gold standard” for veterinary research (23–25), its application in clinical settings is hindered by complications, expertise requirements, extensive training, and costly equipment setup (26). Real-time minimally invasive (e.g., esophageal Doppler [EDCO], transesophageal echocardiography [TEECO], arterial pressure waveform analysis [APWACO]) or noninvasive (e.g., electrical cardiometry [ECCO]) methods that provide continuous, reproducible CO measurements remain unvalidated for assessing PLRM in animals.

The objectives of the present study were as follows: (1) gaging the agreement between invasive iPATDCO and EDCO, TEECO, APWACO, and ECCO for monitoring CO changes in response to PLRM in anesthetized dogs subjected to hemodynamic effects from induced blood volume changes; (2) evaluating the ability of EDCO, TEECO, APWACO, and ECCO to identify more than 15% iPATDCO increase, indicative of FR; and (3) investigating the correlation between EC and ED-derived dynamic variables like SVV, stroke distance variation (SDV), and peak velocity variation (PVV) with iPATDCO measurements during PLRM analysis. The following hypotheses were proposed: (1) strong and acceptable agreement will be observed between EDCO, TEECO, APWACO, ECCO, and iPATDCO; (2) all test methods will detect more than 15% increase in CO signifying FR; and (3) SVV, SDV, and PVV will demonstrate correlation with iPATDCO readings during PLRM.



2. Materials and methods


2.1. Ethics statement

This prospective, nonrandomized, crossover experimental study involving dogs was reviewed and granted approval by the Institutional Animal Care and Use Committee of Virginia Tech University (protocol number 20-235).



2.2. Animals in the study

Six adult, sexually intact male, healthy Beagles aged 13–16 months and weighing 10.5 ± 0.3 kg (mean ± standard deviation), bred specifically for research, were included in this investigation. A comprehensive physical examination, complete blood count, and serum chemistry panel were conducted on all dogs. The dogs were deemed healthy as no abnormalities were observed in the blood test results or during the cardiopulmonary examination. Following an extensive review of pertinent literature on human studies detecting a positive CO response to the passive leg raising test (2, 12–15), published data on the PLRM maneuver in pigs (21), and an unpublished pilot study involving dogs, an a priori power analysis affirmed that a sample size of at least six dogs would be necessary to detect a significant 15% difference in CO, assuming a statistical power of 0.8 and an alpha level of 0.05 (G*Power 3.1, Heinrich-Heine-Universität Düsseldorf, Germany). An effect size greater than 0.8, derived from these animal studies, indicated a substantial difference effect. The dogs were individually housed in kennels under controlled temperature conditions and were acclimatized to the laboratory environment for 2 weeks. Food was withheld for 12 h before the experimental procedures, while access to water was maintained. A physical examination was conducted for all dogs on the day of general anesthesia.



2.3. Anesthetic induction and standard anesthetic monitoring

The determination of the order in which each dog underwent the experiment on a given day was randomized using a tool available at: https://www.randomizer.org/. On the designated study day, intravenous (IV) catheterization of the right cephalic vein was performed. This was followed by preoxygenation using a facemask to administer oxygen at a flow rate of 4Lmin−1. General anesthesia was induced facemask to administer IV propofol (Propoflo 10 mg mL−1, Zoetis Inc., MI, United States), titrated until orotracheal intubation could be accomplished with an appropriately sized, cuffed endotracheal tube. After securing the airway, the dog was connected to an anesthesia workstation integrated with a ventilator (Datex-Ohmeda Aestiva 5/7900, GE Healthcare, WI, United States) through a circle anesthetic breathing circuit. Anesthetic maintenance was achieved using isoflurane (Fluriso, VetOne, ID, United States) in oxygen (1–2 L min−1), targeting an end-tidal concentration of isoflurane between 1.5 and 1.7%. The dogs were placed in a right lateral recumbent position. End-tidal isoflurane concentration and end-tidal carbon dioxide concentration were continuously monitored using a calibrated side-stream infrared gas analyzer linked to a multiparameter monitor (Datex-Ohmeda S/5 Compact anesthesia monitor; GE Healthcare). Using the same monitor, Standard lead II electrocardiogram, heart rate (HR), esophageal temperature, and peripheral hemoglobin oxygen saturation were also recorded at 5-min intervals throughout the experiment, as part of routine anesthetic monitoring and record keeping. Body temperature was maintained between 36.7°C and 38.1°C during anesthesia using a forced-air warming blanket and a circulating water-heating system.

Arterial catheterization of the dorsal pedal artery was performed to measure invasive systolic, diastolic, and mean arterial blood pressures. The catheter was connected to a disposable pressure transducer through non-compliant short tubing (15.24 cm) filled with heparinized saline (2 IU mL−1) and connected to a three-way Luer lock stopcock. The transducer was positioned at a height approximating the right atrium location. Neuromuscular paralysis was initiated to prevent patient-ventilator dyssynchrony, with an initial IV dose of 0.4 mg kg−1 rocuronium (rocuronium bromide 10 mg mL−1, Pfizer, NY, United States), followed by a continuous rate infusion of 0.4 mg kg−1 h−1. Supramaximal stimulation of the common peroneal nerve was generated using a peripheral nerve stimulator (Stimpod 450X, Xavant Technology, Pretoria, SA) to assess the effectiveness of the blockade. Mechanical ventilator settings were adjusted to a volume-controlled mode set at 12 mL kg−1, with an inspiratory-to-expiratory ratio ranging from 1:2 to 1:3, and the respiratory rate was adjusted to maintain end-tidal carbon dioxide concentration between 30 and 40 mmHg. Throughout the experiment, no maintenance crystalloid fluids were administered to prevent potential blood volume changes that could skew hemodynamic data.



2.4. Instrumentation for ECCO measurements

The technique employed by the ICON monitor (Osypka Medical Inc., CA, United States) for continuous hemodynamic data monitoring, including ECCO and SVV readings, is referred to as electrical cardiometry. After preparing the skin areas by clipping and cleaning, four Cardiotronic (Osypka Medical Inc.) electrocardiographic electrodes with adhesive patches were positioned. Two electrodes were placed on the left aspect of the neck (at the level of the common carotid artery), and the other two electrodes were attached to the left thoracic area (at the level of the T8-T13 vertebrae), as previously described in published studies (27–29). These electrodes were then connected to the ICON EC monitor through a cable. The ICON EC monitor was synchronized with a laptop using the iControl™ software application (Osypka Medical Inc.) and an external communication cable, facilitating efficient data management. The ICON monitor employed the Electrical Velocimetry™ (Osypka Medical Inc.) physiological model to assess changes in thoracic electrical bioimpedance during cardiac systole, thereby capturing volumetric changes in the aorta. Detailed information on the physiology and algorithmic calculations used for ECCO derivation can be found in other studies (28, 29). Additionally, the computation of SVV was automated with ICON internal software using a specific formula.
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where SVmax and SVmin are the maximum and minimum stroke volume (mL), respectively, over one respiratory cycle.

At each data point, the ECCO (L min−1) and SVV (%) data were recorded as an averaged value over a 1-min interval, as configured in the internal database settings.



2.5. Instrumentation for iPATDCO measurements

Subsequently, the dogs were positioned in dorsal recumbency and maintained in this posture throughout the course of the experiment. Areas of approximately 4 × 4 cm over the left and right jugular veins were clipped and prepared with aseptic techniques. A 5 Fr 13-cm double-lumen central venous catheter (MILA International Inc., KY, United States) was introduced into the left jugular vein to draw a consistent blood volume during acute hemorrhagic shock and to facilitate blood transfusion and colloid solution administration during correction of hypovolemia. Concurrently, a 6 Fr 8.5 cm hemostasis introducer (Fast-Cath, Abbott Cardiovascular, MN, United States) was positioned in the right jugular vein, through which a 5 Fr 75 cm pulmonary artery Swan Ganz catheter (132FS, Edwards Lifesciences Corp., CA, United States) was inserted. Both the proximal and distal ports of the pulmonary artery catheter were connected to additional disposable pressure transducers. These transducers were calibrated and positioned in a manner analogous to the arterial pressure transducer. The pulmonary artery catheter was cautiously advanced through the right atrium and right ventricle until its distal port was situated within the pulmonary artery. The positioning accuracy was affirmed by monitoring characteristic pressure waveforms and values, using the CO monitor (Carescape B850, GE Healthcare, IL, United States). Measurement of the pulmonary artery wedge aided the assessment of left ventricular filling and left atrial pressure, pertaining to a concurrent independent research study. For the determination of iPATDCO, a 3-mL chilled (2–5°C) bolus of 0.9% sodium chloride solution was injected at the end of the expiration phase for <3 s through the proximal injectate port. The appropriate computation constant was selected on the CO monitor screen based on the catheter model, injectate volume, and temperature, as advised by the manufacturers. The catheter thermistor measured core body temperature as well as the difference in blood temperature downstream, which the CO monitor converted into a dilution curve through a modified Stewart-Hamilton equation. At each data timepoint, a CO reading represented the mean of three consecutive measurements within a 10% variation range. The injections were manually executed consistently by the same individual, with a minimum interval of 90 s between each injection.



2.6. Instrumentation for arterial pressure waveform analysis-based CO measurements

The LiDCOplus monitor (LiDCO Ltd., Cambridge, UK) employed the PulseCO algorithm based on pulse power analysis to continuously determine real-time CO values. This algorithm relied on arterial pressure waveforms and lithium dilution for intermittent calibration. To calibrate, a 0.006 mmol kg−1 IV bolus of lithium chloride (LiDCO Ltd.) was injected through the central venous catheter in the left jugular vein. The concentration of lithium was measured by a lithium ion-sensitive electrode sensor connected to a three-way stopcock on the indwelling arterial catheter (30, 31). Blood samples were collected using a peristaltic pump at a flow rate of 4 mL min−1 across the sensor. The packed cell volume and serum sodium concentration, which were correction factors required by the LiDCO monitor, were analyzed using a benchtop blood gas machine just before CO measurement. The resultant lithium concentration vs. time was employed to calculate plasma flow using the Stewart-Hamilton equation. The calibration CO value (L min−1) was determined using the following formula (32, 33):
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The PulseCO algorithm integrated a time-based autocorrelation and transformed the arterial waveform into a volume-time waveform, accounting for compliance and aortic volume. The root mean square method, independent of waveform morphology, estimated the effective value (approximately 0.7 times the original amplitude) of this volume waveform, calculating the “nominal stroke volume.” This was then scaled to an “actual stroke volume” using a patient-specific calibration derived from the lithium dilution CO measurement, considering the individual’s age, height, and weight (33–35). The APWACO (arterial pressure waveform analysis-based CO) was automatically calculated as the product of stroke volume and heart rate (HR), continuously monitored and recorded by the LiDCOplus monitor. At each data point, the recorded value for PulseCO was an average over a 1-min interval.



2.7. Instrumentation for TEECO measurements

A multiplane transesophageal transducer (Canon i6SVX2–1.8-6mHz, Canon Medical Systems, CA, United States) was inserted into the esophagus, reaching a mid-esophageal position. The image plane was digitally rotated forward until a mid-esophageal long-axis view was obtained (36, 37). The image was optimized for clear visualization of the left ventricular outflow tract (LVOT), the sinus of Valsalva, and the proximal portion of the ascending aorta. The “zoom” function of the ultrasound machine (Aplio i900, Canon Medical Systems, CA, United States) was employed to enhance the visibility of these structures. Electrocardiogram-triggered cine-loop, encompassing three consecutive cardiac cycles, was stored for subsequent offline analysis. Subsequently, the probe was advanced to a deep trans-gastric position and its tip was anteflexed to obtain a short-axis view of the left ventricle. The image plane was further rotated forward to visualize the LVOT in a position as parallel as possible to a Doppler gate. This image plane remained fixed for the rest of the procedure. At predetermined time points, a pulsed wave-Doppler gate was positioned in the LVOT, just below the aortic valve, in accordance with the American Society of Echocardiography Guidelines (38). Care was exercised to position the gate at the same location where the LVOT measurements were taken. Spectral Doppler traces spanning at least three cardiac cycles were stored for subsequent analysis. Continuous-wave Doppler was employed in a similar manner when the Nyquist limit was reached to acquire LVOT Doppler spectrograms. The acquired images and cine-loops were imported into a workstation equipped with specialized cardiac analysis software (Tomtec Arena, Tomtec Imaging Systems, Germany). All measurements were conducted over three consecutive cardiac cycles, and the average values were used for statistical analysis. LVOT diameter was measured from zoomed images captured from the mid-esophageal long-axis view, selecting a mid-systolic frame just below the aortic valve. The LVOT cross-sectional area (LVOTArea) was then calculated as π × (LVOT diameter/2)2. To minimize sources of error, given that LVOTArea was not anticipated to vary significantly over the study duration, the LVOTArea was measured only once for each dog (38). For each acquired Doppler spectrogram, the velocity time integral of three consecutive beats was measured using the embedded function of the software program. Instantaneous heart rate (HR) was also measured by the embedded function of the software, calculating the time between two consecutive envelope peaks. At each time point, TEECO was calculated as follows: velocity time integral × LVOTArea × HR.



2.8. Instrumentation for EDCO measurements

The esophageal Doppler veterinary monitoring system (CardioQ-EDMV+, Deltex Medical, UK), equipped with a 4.02-MHz continuous Doppler ultrasound emitting probe (K9P, Deltex Medical), was utilized to estimate stroke distance (cm), SDV (%), and PVV (%). The probe, measuring 120 cm in length, featured 6 depth markers to aid in guiding the insertion depth and ensuring proper probe placement. Following lubrication with aqueous gel, the probe was introduced into the oral cavity alongside the existing TEE probe and gently advanced into the esophagus. Further insertion continued until the probe tip reached a position approximately aligned with the fifth to sixth thoracic vertebra, coinciding with peak aortic blood flow. Once a characteristic triangular waveform, accompanied by a distinct maximal pitch Doppler “whip crack” sound, was visualized, the probe was stabilized in that position to confirm peak blood flow from the descending thoracic aorta. The working principle of this method, Doppler waveform analysis, and the derived variables have been recently documented in canine studies (25). The CardioQ-EDMV+ monitor did not automatically display quantified EDCO values. Therefore, the LVOTArea measured using TEE was used to calculate EDCO (L min−1) with the following formula, referencing a study conducted in canines (39):
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During each mechanical breath delivered by the ventilator, SDV and PVV were automatically computed by an internal software program, and the results were continuously displayed on the CardioQ-EDMV+ monitor screen (25). Before data collection at each time point, a minimum of 3 min was allowed to ensure a consistent, high-quality signal and Doppler waveform. The average values for stroke distance, SDV, and PVV over a 1-min cycle were recorded.
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2.9. Study timeline and performing PLRM maneuver

After completing the instrumentation process and confirming the proper functioning of all CO equipment, each dog underwent a sequential nonrandomized study design to induce acute alterations in blood volume. The experiment followed a four-step sequence (Figure 1): Step 1 involved obtaining baseline data corresponding to euvolemia; Step 2 initiated acute hemorrhage by withdrawing 33 mL kg−1 of circulating blood volume from the left jugular catheter over a 15-min period (induction of hypovolemia). The removed blood was stored in blood collection bags coated with citrate phosphate dextrose adenine as an anticoagulant. Step 3 encompassed autologous blood transfusion through the left jugular catheter over 15 min using an infusion pump (to restore lost blood volume); Step 4 comprised the administration of a 20 mL kg−1 IV bolus of 6% hydroxyethyl starch (VetStarch 130/0.4 in 0.9% sodium chloride, Zoetis Inc.) as a colloid solution into the left jugular vein over a 15-min period (induction of hypervolemia). After each step, a 10-min period was provided for hemodynamic stabilization. The purpose of subjecting the dogs to various blood volume phases was to induce significant CO changes during each step, creating a physiological context to demonstrate and simultaneously assess the presence or absence of FR using the various CO techniques.

[image: Figure 1]

FIGURE 1
 Timeline of the experimental study design and cardiac output data: The timeline of this experimental study design and cardiac output data was obtained through various techniques such as minimally invasive esophageal Doppler (EDCO), transesophageal echocardiography (TEECO), arterial pressure waveform analysis (APWACO), noninvasive electrical cardiometry (ECCO), and the gold standard intermittent pulmonary artery thermodilution (iPATDCO). The evaluation was conducted during a modified passive leg raise (PLRM) maneuver in six healthy anesthetized Beagle dogs. After anesthesia induction and instrumentation, each dog underwent a sequential nonrandomized four-step sequence: Step 1: baseline data collection; Step 2: induction of hypovolemia by withdrawing 33 mL kg−1 of circulating blood volume over a 15-min period; Step 3: autologous blood transfusion over 15 min; and Step 4: administering a 20 mL kg−1 intravenous bolus of a colloid solution over 15 min. A 10-min stabilization period was implemented after each step and before data collection. In each step, hemodynamic data were collected three times: before the PLRM maneuver (Pre-PLRM); after 5 min of being in the PLRM maneuver, wherein the elevation of the pelvic limbs and caudal abdomen was assessed at 30° (PLRM); and after 5 min of returning to the original position (Post-PLRM). The final data were obtained, the jugular and arterial catheters were removed, and anesthetic recovery was initiated.


The Passive Leg Raise Maneuver (PLRM), as depicted in Figure 2, was executed according to the recently characterized detailed description in dogs (22). Hemodynamic data were collected under each step three times: before performing the PLRM maneuver (Pre-PLRM; see Figure 2A), after 5 min of the PLRM maneuver involving elevating the pelvic limbs and caudal abdomen at a 30° angle (PLRM; Figure 2B), and after returning the original position for 5 min (Post-PLRM; Figure 2A).

[image: Figure 2]

FIGURE 2
 Graphical illustration of the modified passive leg raise (PLRM) maneuver: A visual depiction of the PLRM maneuver that was performed in six healthy, anesthetized dogs according to the detailed description published recently in a canine model (22). The PLRM maneuver involved two states: (A) Before performing the PLRM maneuver, and (B) the PLRM maneuver itself, achieved by raising the caudal abdomen and pelvic limbs at 30° relative to the horizontal surface of the table [Created by V. Paranjape and J. Mauragis]. This image is reproduced with permission from Source: Paranjape et al. (22).




2.10. Summary for data collection

To ensure unbiased data collection, each researcher was assigned to collect data from a specific CO monitoring technique and remained unaware of the data recorded by others. One researcher was responsible for altering body positions during the PLRM maneuver. While the order for collecting CO data from the four test methods in the study (EC, APWA, TEE, and ED) was randomized (using https://www.randomizer.org/), iPATDCO measurements were consistently performed after acquiring CO data from the other CO techniques. This sequencing was designed to prevent the fluid volume from multiple 0.9% saline injections for iPATDCO potentially affecting data from the test methods. Moreover, preserving the required sodium concentrations for LiDCOplus CO calibration in determining APWACO values was essential, which could be influenced by the administration of 0.9% saline injections. Calibration of CO by the LiDCOplus monitor for estimating APWACO values was conducted before Step 1, Step 3, and Step 4. The data recorded under each step for studying the effects of the PLRM maneuver (Pre-PLRM, during PLRM, and Post-PLRM) are summarized as follows:

I. ICON electrical cardiometry monitor measured ECCO and SVV values.

II. LiDCOplus monitor with the PulseCO algorithm for pulse power analysis- measured APWACO values.

III. Transesophageal echocardiography probe measured velocity time integral and LVOTArea to calculate TEECO measurements.

IV. CardioQ-EDMV+ esophageal Doppler monitor measured stroke distance, SDV, and PVV values.

V. Carescape B850 intermittent pulmonary artery thermodilution monitor measured iPATDCO values.



2.11. Anesthetic recovery

Subsequent to the final data collection, rocuronium administration was ceased. A train-of-four ratio ≥0.9, consistent spontaneous ventilation, and generation of more than 3 cmH2O negative pressure during spontaneous inspiration were taken as indicators of recovery from rocuronium-induced neuromuscular block. The pulmonary artery, jugular, and arterial catheters were removed with careful application of external pressure on the catheter sites to prevent bleeding and hematoma formation. Anesthetic recovery was marked by discontinuing the isoflurane vaporizer. Following extubation, all dogs received 0.3 mg kg−1 IV methadone (methadone hydrochloride injection 10 mg mL−1, Akorn, IL, United States), and they were transferred to individual kennels. Cardiopulmonary parameters were monitored, and catheter sites were periodically observed over the subsequent 96 h. Pain scores were assessed using the Glasgow composite pain scale short form, along with physical examination and noninvasive blood pressure measurements. Additional administration of 0.25 mg kg−1 IV methadone was considered if needed based on pain scores.



2.12. Statistical analysis

The normality of variables across the sequential steps (baseline, hemorrhage, autologous blood transfusion, and hydroxyethyl starch infusion) for each CO measurement method (iPATD, EC, APWA, TEE, and ED) was assessed using the Shapiro–Wilk and D’Agostino-Pearson tests. All variables were determined to be normally distributed and are presented as mean ± standard deviation. A one-way analysis of variance for repeated measures was employed to compare differences between the sequential steps during acute blood volume manipulation for all variables, with the Greenhouse and Geisser correction applied when sphericity assumptions were not met. Post hoc Tukey adjustment was applied for multiple pairwise comparisons. Student t-tests were also conducted for pairwise comparisons, with significance set at p < 0.05 for all analyses. According to the definition of FR (2–5), the test methods were deemed successful in diagnosing FR in response to the PLRM only if there was a more than 15% increase in CO values during the PLRM maneuver compared to Pre-PLRM CO values.

To calculate bias, the difference between iPATDCO and CO values for each of the other methods (ECCO, APWACO, TEECO, and EDCO) was expressed as a percentage of the average CO values between iPATDCO and the specific method. This relative bias was represented as a percentage of average CO values, utilizing a formula previously reported (24). Relative bias was considered positive when CO values were underestimated by other methods in comparison to iPATDCO, and negative when CO values were overestimated. Limits of agreement were calculated as relative bias ±1.96 × standard deviation to encompass 95% confidence intervals. The absolute value of relative bias for each observation was compared with a 30% threshold to calculate the count of observations within the acceptable performance range. The percentage error was expressed as 1.96 × standard deviation of bias/mean CO × 100, calculated for all test methods, and compared with the acceptable range (<30%) proposed in the literature (40).

The relationships between the reference method iPATDCO and test methods (iPATD, EC, APWA, TEE, and ED) were analyzed using linear regression, and concordance was assessed using Lin’s concordance correlation coefficient (ρc), where perfect concordance equated to a value of 1 (41). Agreement between iPATDCO and individual test methods was evaluated through the Bland–Altman (BA) method (42), and a polar plot was employed to visualize the agreement (43, 44). In cases where bias between CO values of test methods and reference (iPATDCO) depended on the magnitude of the original measurement, a BA analysis for nonuniform differences was performed, and the bias was regressed linearly against the average bias. The distance from the center indicated the absolute values of the mean change in ([∆COPATD+ ∆COEC]/2), while the angle with the horizontal (0° radial) indicated disagreement. A good trend was evident when data were situated within 10% of mean CO values. Commercial statistical software (SAS version 9.4; SAS Institute Inc.) was utilized for all analyses, with BA and polar plots generated using available software (Excel, Microsoft Corp.; Polar Plot 2 analysis add-in; accessed 11 December, 2022)1.




3. Results

The anesthetic induction, maintenance, and recovery phases proceeded without adverse events for all dogs. In each case, iPATD instrumentation and placement of the thermodilution catheter were successfully executed without any reported complications. No missing data were noted for iPATD, EC, APWA, TEE, and ED. The experimental procedures were completed successfully across all dogs. The dogs maintained normothermia throughout the anesthetic period (37.2 ± 0.6°C). No discernible differences were noted in total anesthesia time (p = 0.51), time spent during hemorrhage (p = 0.46), time spent during blood transfusion (p = 0.89), and colloid administration (p = 0.66) among the dogs.

Compared with baseline Pre-PLRM CO values, significant reductions (p < 0.001) in hemorrhage Pre-PLRM CO values were detected by iPATD, EC, APWA, TEE, and ED. Following blood transfusion and colloid infusion, Pre-PLRM CO values were notably higher (p < 0.001) than baseline measurements, consistent across all test methods, including iPATD. Throughout baseline, blood transfusion, and colloid infusion, iPATDCO measurements displayed no disparity between the Pre-PLRM, PLRM, and Post-PLRM readings. This trend was mirrored in ECCO, APWACO, TEECO, and EDCO measurements. During blood volume depletion, iPATDCO showed an approximately 33% increase during the PLRM maneuver as compared to Pre-PLRM CO measurements. When evaluating the test methods, EC, APWA, TEE, and ED identified an approximate increase in PLRM CO values of 19% (p = 0.03), 7% (p = 0.97), 39% (p < 0.001), and 17% (p = 0.02), respectively. Thus, alongside iPATD, only EC, TEE, and ED could successfully diagnose FR in response to the maneuver in hypovolemic dogs. Derived dynamic variables from EC (SVV) and ED (SDV and PVV) accurately tracked changes in CO values resulting from acute blood volume manipulation (Table 1). Commencement of acute hemorrhage induced significant increases in SVV, SDV, and PVV values (p < 0.001) compared with baseline. Following volume replacement with blood and colloids, these variables returned to baseline levels. However, no differences were observed between Pre-PLRM, PLRM, and Post-PLRM readings for these variables during Steps 1, 3, and 4. By contrast, during hypovolemia, the maneuver led to a significant decrease in SVV, SDV, and PVV (p < 0.001) compared with Pre-PLRM values. Returning the abdomen and legs to the horizontal position significantly increased these values, moving them closer to Pre-PLRM readings (p < 0.001).



TABLE 1 Mean ± standard deviation of hemodynamic variables stroke volume variation (SVV), stroke distance variation (SDV), and peak velocity variation (PVV) derived from electrical cardiometry (EC) and esophageal Doppler (ED) monitors recorded in six healthy, mechanically ventilated, isoflurane-anesthetized dogs undergoing sequential manipulation of blood volume: Step 1: baseline; Step 2: acute hemorrhage by withdrawing circulating blood volume (33 mL kg−1); Step 3: autologous blood transfusion; and Step 4: 20 mL kg−1 intravenous bolus of 6% hydroxyethyl starch (colloid). Data were collected immediately before performing the modified passive leg raise (PLRM) maneuver (Pre-PLRM), after 5 min of PLRM (PLRM), and 5 min after the abdomen and limbs were returned to the horizontal position (Post-PLRM).
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For each dog, pairs of CO measurements were obtained using iPATD and EC, APWA, TEE, and ED techniques at Pre-PLRM, PLRM, and Post-PLRM timepoints, during baseline, hemorrhage, autologous blood transfusion, and colloid infusion. Thus, 12 pairs of CO comparisons between iPATD and the four test methods were collected for each dog, amounting to 72 pairs per test method across all six dogs. Percentage error, relative bias, LOA, and Lin’s concordance correlation coefficient for all test methods across all time points are presented in Table 2. TEE, ED, and EC exhibited percentage errors within the acceptable range (<30%) established as a standard (40), while APWA showed >55% error in performance across time points and during sequential manipulation of blood volume. Lin’s concordance correlation, indicating test method data reproducibility, was the highest for TEE (>0.90) and EC (>0.90), followed by ED (0.61–0.66), and the lowest for APWA (0.41–0.45). In comparison to iPATDCO measurements, TEECO (Figure 3A) and ECCO (Figure 3B) consistently displayed underestimation (positive relative bias; slope < 1 about Y = X on regression line) across time points and during sequential blood volume manipulation. Conversely, EDCO (Figure 3C) and APWACO (Figure 3D) consistently demonstrated significant overestimation of iPATDCO measurements (negative relative bias; slope > 1 about Y = X on regression line).



TABLE 2 Percentage error (%), mean ± standard deviation (SD) of the relative bias (%), limits of agreement (%), and Lin’s concordance correlation coefficient (ρc) for the cardiac output (CO) values measured using the test methods transesophageal echocardiography (TEECO), arterial pressure waveform analysis (APWACO), esophageal Doppler (EDCO), and electrical cardiometry (ECCO) in comparison with the reference method intermittent pulmonary artery thermodilution.
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FIGURE 3
 Scatterplot of cardiac output (CO) measurements using (A) transesophageal echocardiography (TEECO), (B) electrical cardiometry (ECCO), (C) esophageal Doppler (EDCO), and (D) arterial pressure waveform analysis (APWACO) against the reference method intermittent pulmonary artery thermodilution (iPATDCO) in six healthy, anesthetized dogs across three timepoints (before, during, and after the modified passive leg raise maneuver) and during sequential acute manipulations to the blood volume, thus yielding 72 paired observations (circles) per test method. The dotted line equates to the best-fit correlation. When compared with iPATDCO measurements, TEECO and ECCO displayed consistent slight underprediction (slope < 1 about Y = X on regression line), while EDCO and APWACO showed constant significant overprediction of iPATDCO measurements (slope > 1 about Y = X on regression line).


BA analysis for TEECO (Figure 4A) showed a negative trend (slope = −0.16; intercept = 0.45) between bias and average CO data, indicating underestimation for lower CO values and slight overestimation at higher CO values. ECCO BA analysis (Figure 4B) revealed a positive trend (slope = 0.22; intercept = −0.33) between bias and average CO data, suggesting increased bias at higher CO values. Slight overestimation was observed for lower CO values, with slight underestimation at higher CO values. Overall, good agreement emerged between TEE, EC, and iPATD, with only a few observations falling outside the limits of agreement, and bias magnitude relatively small across a range of CO values. BA analysis for EDCO (Figure 4C) showcased a very weak negative trend (slope = −0.04; intercept = −0.59) between bias and average CO data, suggesting uniform bias distribution across a broad CO range, with a relatively higher magnitude of consistent overestimation. APWACO BA analysis (Figure 4D) demonstrated a strong negative trend (slope = −0.46; intercept = 0.30) between bias and average CO data, indicating consistent overestimation across a wide CO range, with bias increasing at higher CO values. Consequently, only satisfactory agreement was observed between ED, APWA, and iPATD, with a few observations lying outside the limits of agreement.
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FIGURE 4
 Bland–Altman analysis of the nonuniform differences in cardiac output (CO) measurements using (A) transesophageal echocardiography (TEECO), (B) electrical cardiometry (ECCO), (C) esophageal Doppler (EDCO), and (D) arterial pressure waveform analysis (APWACO) as compared with the reference method intermittent pulmonary artery thermodilution (iPATDCO) in six healthy, anesthetized dogs across three timepoints (before, during, and after the modified passive leg raise maneuver) and during sequential acute manipulations to the blood volume, which yielded 72 paired observations (circles) per test method. Each circle represents an individual comparison of the difference with the mean, and the central line represents the nonuniform mean bias of the difference. The solid lines indicate the mean (green) as well as the upper (blue) and lower (red) limits of agreement, and the dashed lines indicate the 95% confidence intervals around these values.


Polar plot analysis revealed strong trending patterns for TEECO (Figure 5A), ECCO (Figure 5B), and EDCO (Figure 5C), with <20% of data points situated outside the limits of good agreement (i.e., 10% = 0.198 Lmin-1 as mean iPATDCO = 1.98 Lmin-1). Contrarily, the trending ability of APWACO was poor, with >50% of data points located outside the limits of good agreement, as depicted in the polar plot (Figure 5D).
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FIGURE 5
 Polar plot representing changes in cardiac output (CO) measurements evaluated by (A) transesophageal echocardiography (TEECO), (B) electrical cardiometry (ECCO), (C) esophageal Doppler (EDCO), and (D) arterial pressure waveform analysis (APWACO) as compared with the reference method intermittent pulmonary artery thermodilution (iPATDCO) in six healthy, anesthetized dogs across three timepoints (before, during, and after the modified passive leg raise maneuver) and during sequential acute manipulations to the blood volume, thus yielding 72 paired observations (circles) per test method. Dotted lines represent 10% agreement boundaries (i.e., 10% = 0.198 Lmin-1 as mean iPATDCO = 1.98 Lmin-1). The distance from the center represents the absolute values of the mean change in CO ([ΔiPATDCO + ΔTest method CO]/2), and the angle from the horizontal 0° radial axis represents the disagreement. Polar plot analysis revealed a good trending pattern for TEECO, ECCO, and EDCO across the wide range of CO values, as <20% of the data points were located outside the limits of good agreement. By contrast, the trending ability of APWACO was poor, as >50% of the data points were located outside the limits of good agreement.




4. Discussion

During the past two decades, the dependability of the passive leg-raising test has been substantiated across a diverse range of human patients, including those with sepsis in line with the Surviving Sepsis Campaign (45), and in patients with COVID-19 manifesting with acute respiratory failure (46). Furthermore, its predictive efficacy persists in patients featuring spontaneous ventilation, cardiac arrhythmias, and right ventricular failure (2, 47). A novel adaptation of the traditional passive leg raise has recently been applied to veterinary contexts, wherein both the pelvic limbs and caudal abdomen are elevated, prompting a significant redistribution of blood volume from the caudal region toward the central compartment. In healthy mechanically ventilated isoflurane-anesthetized pigs (21) and Beagle dogs (22), employing the PLRM maneuver at angles of 15° and 30° accurately gaged FR during acute hemorrhagic shock, yielding an increase in iPATDCO of more than 30% (pigs) and 28% (dogs), respectively. In instances of euvolemia and hypervolemia, marginal variations in CO were observed, indicating fluid nonresponsiveness. Remarkably, the percentage CO increase attributed to PLRM surpassed the conventional 15% benchmark from human studies (2–4), highlighting the credibility of outcomes in these two animal studies (21, 22). In our investigation, as we examined the impact of PLRM amidst moderate–severe hypovolemia, TEE, EC, and ED successfully diagnosed FR by detecting a > 15% CO elevation, akin to the reference iPATD method. Other hemodynamic variables derived from EC (such as SVV) and ED (such as SDV and PVV) exhibited close alignment with fluctuations in iPATDCO values stemming from abrupt blood volume shifts and responses to the PLRM maneuver. This correspondence harmonizes with previously reported canine literature (25, 27, 48–50). The TEE, ED, and EC displayed an acceptable percentage error range, while APWA exhibited the lowest Lin’s concordance. Generally, TEE and EC displayed good agreement with iPATD, maintaining a consistent trending pattern across a broad spectrum of CO values.

A comprehensive meta-analysis conducted on critically ill human patients, exploring the prognostic value of CO changes induced by the passive leg raising (at angles of 30–45°), reported pooled sensitivity and specificity values of 89.4 and 91.4%, respectively, based on the analysis of 351 fluid boluses. The pooled area under the curve stood at 0.95, with the prediction threshold for fluid responsiveness ranging from 8 to 15%. The alterations in CO resulting from the passive leg raise test correlated well with the CO increase facilitated by fluid infusion, effectively distinguishing between fluid responders and nonresponders (12). Correspondingly, Monnet et al. (14) identified 21 studies encompassing 991 adult patients, scrutinizing the hemodynamic effects of 995 fluid challenges. The study yielded a notably significant pooled correlation coefficient of 0.76 (p < 0.001) between CO readings influenced by the test and those by fluid administration. The optimal threshold mean was a CO elevation of more than 10 ± 2%, reflective of test performance. Across multiple clinical trials (12–15), primary variables for precise hemodynamic response detection encompassed CO, cardiac index, stroke volume, stroke volume index, or aortic blood flow. The techniques commonly employed for direct measurement of these variables involved calibrated pulse contour analysis, echocardiography, ED, iPATD, transpulmonary thermodilution, bioimpedance, bioreactance, and APWA. Therefore, the advanced hemodynamic monitoring techniques selected for our study were iPATD (considered the gold standard), TEE, EC, ED, and APWA, ensuring congruence with published human patient findings.

Minimally invasive TEE not only delivers precise, swift, and reliable CO measurements but also assesses derived parameters such as respiratory variations in superior and inferior vena cava diameter, maximal Doppler velocity in the LVOT, left ventricular ejection fraction, LVOT velocity–time integral, and ventricular end-diastolic area ratio. These parameters have demonstrated utility in investigating the effects of the passive leg raise test within human medicine (51). While TEE’s specific evaluation for FR in dogs has not been explored, its precision in CO estimation is well documented (52). Nonetheless, TEE does entail substantial training, skill, and high equipment costs, rendering it potentially less accessible at the bedside. Conversely, noninvasive EC is extensively employed in both adults and children owing to its simplicity, convenience, and continuous hemodynamic monitoring. However, its diagnostic value in the context of the passive leg raise test remains relatively unexplored. In pediatric patients undergoing cardiac surgery, EC-derived stroke volume and cardiac index were evaluated for FR prediction and effectiveness of the passive leg raise test, demonstrating accuracy in guiding circulatory function (53). Similarly, thoracic electrical bioimpedance cardiography exhibited good discriminatory ability in predicting responders to the passive leg raise in critical situations. Among key parameters, a secondary derivative of impedance wave slope displayed the highest predictive capacity for responder identification (54). It is essential to note that the EC technique’s Electrical Velocimetry™ model leverages the volume of electrically participating tissue based on anthropometric measures such as body mass and height, to estimate the electrically participating volume of the thorax. Predominantly influenced by patient weight, the mass-based volumetric equivalent of thoracic blood volume was determined using human subjects in both stable normal states and unstable cardiopulmonary disease states (55, 56). Consequently, the translation of this patient constant, derived from human data, to canines might account for potential errors reported in our EC analysis. Overall, the performance of TEE and EC in our study dogs indicated these methods could be used interchangeably with iPATD in assessing the PLRM maneuver.

When interpreting EDCO values, despite the percentage error remaining within acceptable bounds, this method consistently exhibited an overestimation of iPATDCO measurements and displayed lower data reproducibility. Notably, the precision of measuring descending aortic blood velocity is significantly influenced by the alignment between the Doppler ultrasound beam and blood flow direction, termed the angle of insonation (57, 58). When employing ED, the sole approach to ensuring precise alignment lies in optimizing signal quality, manifested as a constant, distinct aortic waveform featuring the highest peak velocity, accompanied by a pronounced pitch “whip crack” sound. As the angle between the Doppler beam and blood flow widens, the inaccuracy in blood velocity measurements escalates due to the cosine error in the Doppler equation, coupled with deviation from the assumed angle of insonation (57–59). Furthermore, the ED veterinary monitoring system (CardioQ-EDMV+) lacks direct CO display, necessitating the use of the TEE-measured cross-sectional area of the LVOT to calculate EDCO, as previously described in dogs (39). In contrast to TEE, however, the EDCO probe tip location, and consequently the flow traces’ origin, do not stem from the LVOT but from a segment of the descending aorta. Additionally, the potential discrepancy between the LVOT area and descending aorta area, the location where EDCO traces were derived, could introduce variability and error into measurements. The ED human monitoring system (Cardio-Q ODM+) provides continuous CO measurements grounded in a human nomogram derived from patient age, height, and weight, correlating with the relationship between descending aortic blood velocity and iPATDCO values (58). When used in animals, this human-based monitor might contribute to inaccurate CO evaluations.

Another CO measurement technique displaying substantial percentage error, low concordance, consistent iPATDCO overestimation, and poor trending capacity was APWA. Several factors might have contributed to the heightened proportion of miscalculations seen with APWA. Lithium dilution serves as the preferred CO calibration method for the PulseCO algorithm, enabling beat-to-beat CO monitoring through a lithium-selective electrode sensor connected to a standard arterial line setup. Nondepolarizing muscle relaxants, however, can interact with the lithium sensor, leading to drift and calibration interference (60). Given that rocuronium bolus followed by constant rate infusion was administered throughout the study, its influence on APWACO values cannot be disregarded. During hemodynamic fluctuations, recalibration for the LiDCO system is advised with major shifts (35). In our study, recalibration was conducted only three times (before Steps 1, 3, and 4). We speculate that the PLRM maneuver, particularly during hypovolemia, introduced significant hemodynamic shifts, evident in an iPATDCO increase exceeding 30%. This could potentially contribute to APWACO errors. The PulseCO algorithm transforms the arterial pressure waveform into a volume-time waveform through autocorrelation and subsequently assesses the effective value using the root mean square approach. The “nominal stroke volume” is estimated during aortic ejection and equated with actual stroke volume through independent lithium dilution CO measurements (35, 61). An alternative scaling method entails employing a calibration factor based on a human nomogram derived from patient age, height, and weight. This accounts for vascular tree compliance specific to a given blood pressure (35, 62). However, direct application of this nomogram to veterinary species may not be appropriate. An inherent challenge of this method lies in the repeated lithium injections necessary for CO estimation, carrying a risk of lithium accumulation. It is worth noting that subpar performance of APWA has been reported in dogs (31, 63) and ponies (64) in previous studies.

Cardiac preload hinges upon the pressure gradient between mean systemic filling pressure and the right atrium, alongside vascular resistance. A considerable pressure gradient coupled with lower right atrial pressure corresponds to higher preload. Mean systemic filling pressure propels forward flow toward the right atrium, influenced by global blood volume and vascular compliance (9, 65). A specific resting fluid volume termed the “unstressed volume,” occupies the vascular bed without exerting force on vessel walls or contributing to venous flow. By contrast, the “stressed volume” stretches vessel walls, exerting an outward force that facilitates fluid movement from vessels (9, 65). The Frank-Starling cardiac function curve stipulates that when ventricular preload increases, the interaction between actin and myosin filaments intensifies, bolstering intrinsic cardiac contractility and CO. However, if myofilaments stretch beyond their maximum length, increased cardiac preload has no impact on CO, defining the ventricles as “preload unresponsive” (2–5). At this juncture, a fluid challenge might escalate stressed volume and mean systemic filling pressure, albeit to a lesser extent than right atrial pressure. This scenario risks volume overload (65). The passive leg-raising test rapidly and temporarily redistributes fluids within the vasculature, without altering total vascular volume. This maneuver taps into part of the resting volume in the venous reservoir of the lower body, converting unstressed volume into stressed volume (17). As stressed volume increases, mean systemic filling pressure surges, subsequently elevating right ventricular preload. If the right ventricle is fluid responsive, CO on the right side and left ventricular filling witness an increase (2, 16, 17). Conversely, in cases of fluid nonresponsiveness, the “self-transfusion” effect of leg raising boosts right atrial pressure but fails to elevate cardiac preload and CO. A significant advantage over fluid challenges is that the “virtual” bolus effects of leg raising can be swiftly reversed by returning the legs to a horizontal position (2, 17). The transient and reversible nature of the PLRM maneuver hemodynamic effects was also evident in our study. Following acute hemorrhage, when the legs and caudal abdomen were repositioned (Post-PLRM), iPATDCO measurements and variables such as SVV, SDV, and PVV values reverted to those recorded prior to the maneuver (Pre-PLRM).

The intensity of the hemodynamic response triggered by the passive leg raise test hinges on the extent to which unstressed volume from the lower body’s venous reservoir is redirected toward the cardiac ventricles, manifesting as a significant rise in venous return and CO. In human patients, this test can be executed using two methods: (1) beginning from a 45° semirecumbent position, then lowering the head and upper torso to lie supine while simultaneously elevating the legs at a 45° angle; and (2) initiating from a supine (horizontal) position and elevating the legs to a 30° to 45° angle (15). Upon comparison, researchers found that the supine position recruited approximately 300 mL of unstressed blood volume, whereas the semirecumbent position recruited approximately 450–500 mL of unstressed volume (2, 15, 19). The semirecumbent-initiated leg raise led to significantly higher central venous pressure and CO values compared with the supine-initiated leg raise, indicating the starting effect of the position on the preload change. In the 45° semirecumbent position, this phenomenon can be attributed to the greater transfer of unstressed venous blood volume from both the legs and the splanchnic compartment due to simultaneous trunk lowering and leg raising (2, 19). The adaptation of the passive leg raise test to animals drew inspiration from these human findings, while also accounting for potential differences in limb conformation, size, and blood volume distribution between humans and quadrupeds. Although the exact volume autotransfused by the PLRM maneuver in pigs (21) and dogs (22) is undisclosed, the substantial iPATDCO increase of ≈33% observed in our study during hypovolemia corroborates: (1) significant recruitment of unstressed blood volume from the pelvic limb and caudal abdomen venous reservoirs; (2) substantial conversion of unstressed blood to stressed blood by PLRM; and (3) preload responsiveness exhibited by both ventricles. The angle of inclination used for the PLRM maneuver in our study was consistent with the established standard in dogs (22). In accordance with extensive human literature, it is recommended to assess the response to the passive leg raise within 90 s of test initiation due to its short-term circulatory effects; extending leg elevation does not preserve these effects (2, 16, 17). Data acquisition times (immediately before and 5 min after PLRM, and 5 min after returning the pelvic limbs and abdomen to their original positions) were aligned with the canine study, which demonstrated key hemodynamic changes within this timeframe. Continuous measurement of cardiovascular variables such as stroke distance, SDV, PVV, SVV, and ECCO was maintained throughout the 5-min period. Based on data evaluation, we believe that the PLRM maneuver induces a stable hemodynamic state lasting at least 5 min, although it remains unclear whether, after this period, the heart gradually adjusts to the new volume status or the effects start to diminish, potentially complicating their capture.

In the context of fluid administration decision-making, a pivotal question arises: does preload responsiveness invariably correlate with fluid resuscitation, while nonresponsiveness mandates fluid avoidance? Changes in cardiac contractility and afterload not only shift the Frank-Starling curve but also impact cardiac performance for a given preload. As a result, the ventricle does not operate on a single Frank-Starling curve; rather, a family of curves exists, characterized by inotropy and afterload (2, 5). Clinically, during acute absolute hypovolemia, a positive CO response to a fluid challenge can be anticipated, with the patient’s ventricles operating on the steeper portion of the Frank-Starling curve. However, fluid responsiveness does not always signify hypovolemia, and such patients may not require volume expansion. This concept was demonstrated in earlier canine studies (66, 67), where CO increased post-volume resuscitation in euvolemic, nonhypotensive, anesthetized dogs. Fluids augment the stressed venous volume, and considering the higher vascular capacitance of the venous system relative to the arterial system, a positive response to fluids that augment CO might be a normal physiological reaction. While the body is equipped to counter hypovolemia through homeostatic mechanisms, managing volume overload poses greater challenges. The absolute necessity for volume infusion must be assessed alongside the risks of fluid administration. The juxtaposition of the Frank-Starling curve and the Marik-Philips curve underscores the need to evaluate the effect of increasing preload and CO on extravascular lung water in fluid responders and nonresponders (8, 9). As a patient’s capacity to respond to fluids diminishes, extravascular lung water increases significantly due to elevated cardiac filling pressures and transmitted hydrostatic pressures (4).

Several factors may influence the response to the PLRM maneuver, as indicated by human studies investigating the passive leg raise test (2, 12–15). Pain, autonomic stimulation, and vasoactive medications could alter the maneuver’s response. Patients with elevated intra-abdominal pressure might not be suitable candidates for the test, as PLRM could exacerbate intra-abdominal hypertension and yield false results by interrupting caudal vena cava flow. Additionally, splanchnic blood volume recruited by the test could decrease in the presence of intra-abdominal hypertension (5, 16, 17). While keeping the thorax in the horizontal plane during PLRM might reduce the risk of gastro-esophageal reflux, this requires further investigation. Furthermore, due to positional differences between PLRM in our study and passive leg raise test in humans, it’s worth exploring whether PLRM minimally affects intracerebral pressure and is safe to perform during head trauma. Considering that handling stress and anxiety can trigger sympathetic stimulation, utilizing PLRM might not be feasible in awake canine patients, necessitating an examination of anesthetic and sedative influences on the test. Patients with pelvic and hindlimb fractures and hindleg amputations should not undergo PLRM. The response to the maneuver could also be altered during vasodilation and vasoconstriction due to variations in unstressed blood volume relative to stressed volume, as well as the availability of blood in the venous reservoir (2, 17). Executing PLRM in the operating theater or during imaging procedures might not be practical for diagnosing FR. This simple, valuable, and cost-effective assessment tool could prove diagnostically valuable in clinical scenarios involving canine patients that are spontaneously breathing or mechanically ventilated, devoid of intra-abdominal hypertension, and experiencing: (1) arrhythmias; (2) hemodynamic collapse due to trauma; (3) absolute hypovolemia; (4) sepsis; or (5) admission to intensive care units, enabling repeated FR assessment without the risk of inducing pulmonary edema or cor pulmonale in potential fluid nonresponders.

Our study has several limitations. The small sample size is a notable constraint. The stepwise approach for acute blood volume manipulation was not randomized; its fixed sequence was crucial for detecting FR by PLRM and the responsiveness of the tested CO methods. If hypervolemia preceded hypovolemia, crossover effects would significantly affect hemodynamics and our study data. The minimally invasive or noninvasive CO measurement techniques (EC, APWA, TEE, and ED) were selected based on current literature on CO monitoring in canines. It is acknowledged that while these techniques are less invasive and easy to learn, they may be costly for clinical practices and not universally available. Hence, other CO monitoring methods such as transpulmonary thermodilution, bioreactance, transpulmonary ultrasound dilution, and partial carbon dioxide rebreathing should be evaluated during PLRM for their potential applicability in clinical settings. While integrating EC, ED, and APWA into veterinary species, careful scrutiny is needed regarding the mathematical models’ application based on human data for animals. The study involved healthy canines weighing approximately 10 kg placed in dorsal recumbency. Further clinical exploration is imperative to demonstrate the application of these CO measurement techniques during PLRM in critically ill canine patients, encompassing different sizes, breeds, limb conformations, relative hypovolemia, and septic shock.



5. Conclusion

This study represents one of the first exploratory efforts to assess minimally invasive or noninvasive CO measurement techniques potentially substituting the invasive gold standard iPATD during PLRM response evaluation in anesthetized healthy dogs undergoing acute blood volume manipulation. TEE, EC, and ED effectively diagnosed FR in hypovolemic dogs during this maneuver by detecting CO increases of >15%. Percentage error for TEE, ED, and EC fell within acceptable ranges, whereas it exceeded 55% for APWA. Moreover, TEE, EC, and iPATD exhibited good agreement, suggesting potential clinical applicability. Also, TEECO, ECCO, and EDCO displayed a satisfactory trending pattern across the range of CO values in our study dogs. Lin’s concordance was the highest for TEE and EC, followed by ED, and lowest for APWA. Further studies are essential to validate the constancy of TEE, EC, and ED performance across diverse clinical canine populations when applied during this maneuver.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Virginia Tech University-Institutional Animal Care and Use Committee (protocol number 20-235). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

VP: conception and study design, funding acquisition, execution and supervision of the study, animal care and management, training for the selected cardiac output techniques, data collection, data interpretation, original manuscript draft preparation, and artwork. NH-G and GM: data collection, review, and editing during manuscript preparation. SS: statistical analysis, data interpretation, review and editing during manuscript preparation, and figures for data presentation. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the Virginia-Maryland College of Veterinary Medicine-Veterinary Memorial Fund (grant no. 446641) and Virginia Polytechnic Institute and State University (fund no. 178592).



Acknowledgments

We thank Andre C. Shih and Fernando Garcia-Pereira for contributing to early study planning, Hyeon Jeong for helping with data collection, and Jordi Mauragis for assistance with creating graphical artwork. We would also like to thank Markus Osypka (ICON monitor; Osypka Medical Inc., CA, USA), Andy Mears (CardioQ-EDMV+ esophageal Doppler monitor; Deltex Medical, West Sussex, UK), and Janet K. Tate (LiDCOplus monitor; LiDCO Ltd., Cambridge, UK) for providing expertise and training for the equipment utilized in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://andypope.info/charts/polarplot3.html



References

 1. Hall, K, and Drobatz, K. Volume resuscitation in the acutely hemorrhaging patient: historic use to current applications. Front Vet Sci. (2021) 8:638104. doi: 10.3389/fvets.2021.638104 

 2. Monnet, X, Shi, R, and Teboul, JL. Prediction of fluid responsiveness. What’s new? Ann Intensive Care. (2022) 12:46. doi: 10.1186/s13613-022-01022-8 

 3. Cherpanath, TG, Geerts, BF, Lagrand, WK, Schultz, MJ, and Groeneveld, AB. Basic concepts of fluid responsiveness. Neth Heart J. (2013) 21:530–6. doi: 10.1007/s12471-013-0487-7 

 4. Marik, PE, and Lemson, J. Fluid responsiveness: an evolution of our understanding. Br J Anaesth. (2014) 112:617–20. doi: 10.1093/bja/aet590

 5. Marik, PE, Monnet, X, and Teboul, JL. Hemodynamic parameters to guide fluid therapy. Ann Intensive Care. (2011) 1:1. doi: 10.1186/2110-5820-1-1 

 6. Osman, D, Ridel, C, Ray, P, Monnet, X, Anguel, N, Richard, C , et al. Cardiac filling pressures are not appropriate to predict hemodynamic response to volume challenge. Crit Care Med. (2007) 35:64–8. doi: 10.1097/01.CCM.0000249851.94101.4F

 7. Marik, PE, and Cavallazzi, R. Does the central venous pressure predict fluid responsiveness? An updated meta-analysis and a plea for some common sense. Crit Care Med. (2013) 41:1774–81. doi: 10.1097/CCM.0b013e31828a25fd

 8. Araos, J, Kenny, JS, Rousseau-Blass, F, and Pang, DS. Dynamic prediction of fluid responsiveness during positive pressure ventilation: a review of the physiology underlying heart-lung interactions and a critical interpretation. Vet Anaesth Analg. (2020) 47:3–14. doi: 10.1016/j.vaa.2019.08.004 

 9. Boysen, SR, and Gommeren, K. Assessment of volume status and fluid responsiveness in small animals. Front Vet Sci. (2021) 8:630643. doi: 10.3389/fvets.2021.630643 

 10. Marik, PE, Cavallazzi, R, Vasu, T, and Hirani, A. Dynamic changes in arterial waveform derived variables and fluid responsiveness in mechanically ventilated patients: a systematic review of the literature. Crit Care Med. (2009) 37:2642–7. doi: 10.1097/CCM.0b013e3181a590da 

 11. Michard, F, Chemla, D, and Teboul, JL. Applicability of pulse pressure variation: how many shades of grey? Crit Care. (2015) 19:144. doi: 10.1186/s13054-015-0869-x 

 12. Cavallaro, F, Sandroni, C, Marano, C, La Torre, G, Mannocci, A, De Waure, C , et al. Diagnostic accuracy of passive leg raising for prediction of fluid responsiveness in adults: systematic review and meta-analysis of clinical studies. Intensive Care Med. (2010) 36:1475–83. doi: 10.1007/s00134-010-1929-y 

 13. Cherpanath, TG, Hirsch, A, Geerts, BF, Lagrand, WK, Leeflang, MM, Schultz, MJ , et al. Predicting fluid responsiveness by passive leg raising: a systematic review and meta-analysis of 23 clinical trials. Crit Care Med. (2016) 44:981–91. doi: 10.1097/CCM.0000000000001556

 14. Monnet, X, Marik, P, and Teboul, JL. Passive leg raising for predicting fluid responsiveness: a systematic review and meta-analysis. Intensive Care Med. (2016) 42:1935–47. doi: 10.1007/s00134-015-4134-1 

 15. Pickett, JD, Bridges, E, Kritek, PA, and Whitney, JD. Passive leg-raising and prediction of fluid responsiveness: systematic review. Crit Care Nurse. (2017) 37:32–47. doi: 10.4037/ccn2017205 

 16. Monnet, X, and Teboul, JL. Passive leg raising: five rules, not a drop of fluid! Crit Care. (2015) 19:18. doi: 10.1186/s13054-014-0708-5 

 17. Monnet, X, and Teboul, JL. Passive leg raising. Intensive Care Med. (2008) 34:659–63. doi: 10.1007/s00134-008-0994-y

 18. Rutlen, DL, Wackers, FJ, and Zaret, BL. Radionuclide assessment of peripheral intravascular capacity: a technique to measure intravascular volume changes in the capacitance circulation in man. Circulation. (1981) 64:146–52. doi: 10.1161/01.cir.64.1.146 

 19. Jabot, J, Teboul, JL, Richard, C, and Monnet, X. Passive leg raising for predicting fluid responsiveness: importance of the postural change. Intensive Care Med. (2009) 35:85–90. doi: 10.1007/s00134-008-1293-3 

 20. Dragoumanos, V, Iacovidou, N, Chalkias, A, Lelovas, P, Koutsovasilis, A, Papalois, A , et al. Passive leg raising during cardiopulmonary resuscitation results in improved neurological outcome in a swine model of prolonged ventricular fibrillation. Am J Emerg Med. (2012) 30:1935–42. doi: 10.1016/j.ajem.2012.04.014 

 21. Paranjape, VV, Shih, AC, and Garcia-Pereira, FL. Use of a modified passive leg-raising maneuver to predict fluid responsiveness during experimental induction and correction of hypovolemia in healthy isoflurane-anesthetized pigs. Am J Vet Res. (2019) 80:24–32. doi: 10.2460/ajvr.80.1.24 

 22. Paranjape, VV, Henao-Guerrero, N, Menciotti, G, and Saksena, S. Volumetric evaluation of fluid responsiveness using a modified passive leg raise maneuver during experimental induction and correction of hypovolemia in anesthetized dogs. Vet Anaesth Analg. (2023) 50:211–9. doi: 10.1016/j.vaa.2023.02.009 

 23. Garofalo, NA, Teixeira-Neto, FJ, Rodrigues, JC, Cerejo, SA, Aguiar, AJ, and Becerra-Velásquez, DR. Comparison of transpulmonary thermodilution and calibrated pulse contour analysis with pulmonary artery thermodilution cardiac output measurements in anesthetized dogs. J Vet Intern Med. (2016) 30:941–50. doi: 10.1111/jvim.13984 

 24. Paranjape, VV, Shih, AC, Garcia-Pereira, FL, and Saksena, S. Transpulmonary ultrasound dilution is an acceptable technique for cardiac output measurement in anesthetized pigs. Am J Vet Res. (2022) 83:83. doi: 10.2460/ajvr.21.11.0189 

 25. Paranjape, VV, Henao-Guerrero, N, Menciotti, G, and Saksena, S. Esophageal doppler-derived indices and arterial load variables provide useful hemodynamic information during assessment of fluid responsiveness in anesthetized dogs undergoing acute changes in blood volume. Am J Vet Res. (2023) 84:84. doi: 10.2460/ajvr.22.11.0198 

 26. Evans, DC, Doraiswamy, VA, Prosciak, MP, Silviera, M, Seamon, MJ, Rodriguez Funes, V , et al. Complications associated with pulmonary artery catheters: a comprehensive clinical review. Scand J Surg. (2009) 98:199–208. doi: 10.1177/145749690909800402 

 27. Sasaki, K, Mutoh, T, Mutoh, T, Kawashima, R, and Tsubone, H. Electrical velocimetry for noninvasive cardiac output and stroke volume variation measurements in dogs undergoing cardiovascular surgery. Vet Anaesth Analg. (2017) 44:7–16. doi: 10.1111/vaa.12380 

 28. Osthaus, WA, Huber, D, Beck, C, Winterhalter, M, Boethig, D, Wessel, A , et al. Comparison of electrical velocimetry and transpulmonary thermodilution for measuring cardiac output in piglets. Paediatr Anaesth. (2007) 17:749–55. doi: 10.1111/j.1460-9592.2007.02210.x 

 29. Paranjape, VV, Henao-Guerrero, N, Menciotti, G, Saksena, S, and Agostinho, M. Agreement between electrical cardiometry and pulmonary artery thermodilution for measuring cardiac output in isoflurane-anesthetized dogs. Animals (Basel). (2023) 13:1420. doi: 10.3390/ani13081420 

 30. Valverde, A, Gianotti, G, Rioja, E, and Hathway, A. Comparison of cardiac output determined by arterial pulse pressure waveform analysis method (Flotrac/Vigileo) versus lithium dilution method in anesthetized dogs. J Vet Emerg Crit Care (San Antonio). (2011) 21:328–34. doi: 10.1111/j.1476-4431.2011.00650.x 

 31. Cooper, ES, and Muir, WW. Continuous cardiac output monitoring via arterial pressure waveform analysis following severe hemorrhagic shock in dogs. Crit Care Med. (2007) 35:1724–9. doi: 10.1097/01.CCM.0000266590.25109.F2 

 32. Linton, RA, Band, DM, and Haire, KM. A new method of measuring cardiac output in man using lithium dilution. Br J Anaesth. (1993) 71:262–6. doi: 10.1093/bja/71.2.262 

 33. Chen, HC, Sinclair, MD, Dyson, DH, McDonell, WN, and Sears, WC. Comparison of arterial pressure waveform analysis with the lithium dilution technique to monitor cardiac output in anesthetized dogs. Am J Vet Res. (2005) 66:1430–6. doi: 10.2460/ajvr.2005.66.1430 

 34. Rhodes, A, and Sunderland, R. Editors. Arterial pulse power analysis: The LiDCOℳ plus system. Berlin, Heidelberg: Springer Berlin Heidelberg (2005).

 35. Montenij, LJ, de Waal, EE, and Buhre, WF. Arterial waveform analysis in anesthesia and critical care. Curr Opin Anaesthesiol. (2011) 24:651–6. doi: 10.1097/ACO.0b013e32834cd2d9

 36. Puchalski, MD, Lui, GK, Miller-Hance, WC, Brook, MM, Young, LT, Bhat, A , et al. Guidelines for performing a comprehensive transesophageal echocardiographic: examination in children and all patients with congenital heart disease: recommendations from the American Society of Echocardiography. J Am Soc Echocardiogr. (2019) 32:173–215. doi: 10.1016/j.echo.2018.08.016 

 37. Domenech, O, and Oliveira, P. Transoesophageal echocardiography in the dog. Vet J. (2013) 198:329–38. doi: 10.1016/j.tvjl.2013.08.014

 38. Porter, TR, Shillcutt, SK, Adams, MS, Desjardins, G, Glas, KE, Olson, JJ , et al. Guidelines for the use of echocardiography as a monitor for therapeutic intervention in adults: a report from the American Society of Echocardiography. J Am Soc Echocardiogr. (2015) 28:40–56. doi: 10.1016/j.echo.2014.09.009 

 39. Canfrán, S, Cediel, R, Sández, I, Caro-Vadillo, A, and Gómez de Segura, IA. Evaluation of an oesophageal Doppler device for monitoring cardiac output in anaesthetised healthy normotensive dogs. J Small Anim Pract. (2015) 56:450–5. doi: 10.1111/jsap.12362

 40. Critchley, LA, and Critchley, JA. A meta-analysis of studies using bias and precision statistics to compare cardiac output measurement techniques. J Clin Monit Comput. (1999) 15:85–91. doi: 10.1023/a:1009982611386 

 41. Lin, LI. A concordance correlation coefficient to evaluate reproducibility. Biometrics. (1989) 45:255–68. doi: 10.2307/2532051

 42. Bland, JM, and Altman, DG. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet. (1986) 47:931–6. doi: 10.1016/j.ijnurstu.2009.10.001

 43. Critchley, LA, Lee, A, and Ho, AM. A critical review of the ability of continuous cardiac output monitors to measure trends in cardiac output. Anesth Analg. (2010) 111:1180–92. doi: 10.1213/ANE.0b013e3181f08a5b 

 44. Critchley, LA, Yang, XX, and Lee, A. Assessment of trending ability of cardiac output monitors by polar plot methodology. J Cardiothorac Vasc Anesth. (2011) 25:536–46. doi: 10.1053/j.jvca.2011.01.003

 45. Evans, L, Rhodes, A, Alhazzani, W, Antonelli, M, Coopersmith, CM, French, C , et al. Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021. Crit Care Med. (2021) 49:e1063–143. doi: 10.1097/CCM.0000000000005337 

 46. Hasanin, A, and Mostafa, M. Evaluation of fluid responsiveness during Covid-19 pandemic: what are the remaining choices? J Anesth. (2020) 34:758–64. doi: 10.1007/s00540-020-02801-y 

 47. Van de Bovenkamp, AA, Wijkstra, N, Oosterveer, FPT, Vonk Noordegraaf, A, Bogaard, HJ, van Rossum, AC , et al. The value of passive leg raise during right heart catheterization in diagnosing heart failure with preserved ejection fraction. Circ Heart Fail. (2022) 15:e008935. doi: 10.1161/CIRCHEARTFAILURE.121.008935 

 48. Sasaki, K, Mutoh, T, Mutoh, T, Taki, Y, and Kawashima, R. Noninvasive stroke volume variation using electrical velocimetry for predicting fluid responsiveness in dogs undergoing cardiac surgery. Vet Anaesth Analg. (2017) 44:719–26. doi: 10.1016/j.vaa.2016.11.001 

 49. Sasaki, K, Mutoh, T, Yamamoto, S, Taki, Y, and Kawashima, R. Utility of electrical velocimetry-based noninvasive stroke volume variation in predicting fluid responsiveness under different ventilation modes in anaesthetized dogs. Clin Exp Pharmacol Physiol. (2018) 45:983–8. doi: 10.1111/1440-1681.12968 

 50. Sasaki, K, Yamamoto, S, and Mutoh, T. Noninvasive assessment of fluid responsiveness for emergency abdominal surgery in dogs with pulmonary hypertension: insights into high-risk companion animal anesthesia. PLoS One. (2020) 15:e0241234. doi: 10.1371/journal.pone.0241234 

 51. Vignon, P, Repessé, X, Bégot, E, Léger, J, Jacob, C, Bouferrache, K , et al. Comparison of echocardiographic indices used to predict fluid responsiveness in ventilated patients. Am J Respir Crit Care Med. (2017) 195:1022–32. doi: 10.1164/rccm.201604-0844OC 

 52. Paranjape, VV, Pereira, FLG, Menciotti, G, Saksena, S, Guerrero, NH, and Pereira, CHR. Agreement of cardiac output measurements by esophageal Doppler and transesophageal echocardiography with intermittent pulmonary artery thermodilution during pharmacologic manipulation of hemodynamics in anesthetized dogs. Am J Vet Res. (2023) 84:1–11. doi: 10.2460/ajvr.23.05.0101 

 53. Labib, H, Hussien, R, and Salem, Y. Monitoring the correlation between passive leg-raising maneuver and fluid challenge in pediatric cardiac surgery patients using impedance cardiography. Egypt J Cardiothorac Anesth. (2016) 10:17. doi: 10.4103/1687-9090.183222

 54. Li, L, Ai, Y, Huang, L, Ai, M, Peng, Q, and Zhang, L. Can bioimpedance cardiography assess hemodynamic response to passive leg raising in critically ill patients: a strobe-compliant study. Med (Baltim). (2020) 99:e23764. doi: 10.1097/MD.0000000000023764 

 55. Bernstein, D, and Osypka, M. Apparatus and method for determining an approximation of the stroke volume and the cardiac output of the heart. U.S. Patent, 6,511,438 B2. (2003). Available at: https://patents.google.com/patent/EP1247487A1/en (Accessed 24 February, 2023)

 56. Osypka, M. An introduction to electrical cardiometry. Electrical Cardiometry (2009) 46:1. Available at: https://www.osypka-asia.com/pdf/technique.pdf

 57. Schober, P, Loer, SA, and Schwarte, LA. Perioperative hemodynamic monitoring with transesophageal Doppler technology. Anesth Analg. (2009) 109:340–53. doi: 10.1213/ane.0b013e3181aa0af3 

 58. Singer, M. Oesophageal Doppler. Curr Opin Crit Care. (2009) 15:244–8. doi: 10.1097/MCC.0b013e32832b7083

 59. Cholley, BP, and Singer, M. Esophageal Doppler: noninvasive cardiac output monitor. Echocardiography. (2003) 20:763–9. doi: 10.1111/j.0742-2822.2003.03033.x

 60. Sangkum, L, Liu, GL, Yu, L, Yan, H, Kaye, AD, and Liu, H. Minimally invasive or noninvasive cardiac output measurement: an update. J Anesth. (2016) 30:461–80. doi: 10.1007/s00540-016-2154-9

 61. Hendy, A, and Bubenek, Ş. Pulse waveform hemodynamic monitoring devices: recent advances and the place in goal-directed therapy in cardiac surgical patients. Rom J Anaesth Intensive Care. (2016) 23:55–65. doi: 10.21454/rjaic.7518.231.wvf 

 62. Teboul, JL, Saugel, B, Cecconi, M, De Backer, D, Hofer, CK, Monnet, X , et al. Less invasive hemodynamic monitoring in critically ill patients. Intensive Care Med. (2016) 42:1350–9. doi: 10.1007/s00134-016-4375-7 

 63. Duffy, AL, Butler, AL, Radecki, SV, and Campbell, VL. Comparison of continuous arterial pressure waveform analysis with the lithium dilution technique to monitor cardiac output in conscious dogs with systemic inflammatory response syndrome. Am J Vet Res. (2009) 70:1365–73. doi: 10.2460/ajvr.70.11.1365 

 64. Schauvliege, S, Van den Eede, A, Duchateau, L, Pille, F, Vlaminck, L, and Gasthuys, F. Comparison between lithium dilution and pulse contour analysis techniques for cardiac output measurement in isoflurane anaesthetized ponies: influence of different inotropic drugs. Vet Anaesth Analg. (2009) 36:197–208. doi: 10.1111/j.1467-2995.2009.00446.x 

 65. Persichini, R, Lai, C, Teboul, JL, Adda, I, Guérin, L, and Monnet, X. Venous return and mean systemic filling pressure: physiology and clinical applications. Crit Care. (2022) 26:150. doi: 10.1186/s13054-022-04024-x 

 66. Muir, WW 3rd, Kijtawornrat, A, Ueyama, Y, Radecki, SV, and Hamlin, RL. Effects of intravenous administration of lactated Ringer’s solution on hematologic, serum biochemical, rheological, hemodynamic, and renal measurements in healthy isoflurane-anesthetized dogs. J Am Vet Med Assoc. (2011) 239:630–7. doi: 10.2460/javma.239.5.630 

 67. Muir, WW, Ueyama, Y, Pedraza-Toscano, A, Vargas-Pinto, P, Delrio, CL, George, RS , et al. Arterial blood pressure as a predictor of the response to fluid administration in euvolemic nonhypotensive or hypotensive isoflurane-anesthetized dogs. J Am Vet Med Assoc. (2014) 245:1021–7. doi: 10.2460/javma.245.9.1021 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Performance of four cardiac output monitoring techniques vs. intermittent pulmonary artery thermodilution during a modified passive leg raise maneuver in isoflurane-anesthetized dogs



		1. Introduction



		2. Materials and methods



		2.1. Ethics statement



		2.2. Animals in the study



		2.3. Anesthetic induction and standard anesthetic monitoring



		2.4. Instrumentation for ECCO measurements



		2.5. Instrumentation for iPATDCO measurements



		2.6. Instrumentation for arterial pressure waveform analysis-based CO measurements



		2.7. Instrumentation for TEECO measurements



		2.8. Instrumentation for EDCO measurements



		2.9. Study timeline and performing PLRM maneuver



		2.10. Summary for data collection



		2.11. Anesthetic recovery



		2.12. Statistical analysis









		3. Results



		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fvets-10-1238549-t002.jpg
CO values from Timepoint Percentage error  Relative bias (%) Limits of Lin's

test method (%) Mean +SD agreement (%)  concordance (p.)
TEEco Pre-PLRy 27.1 142 £18.0 =2L.1t049.5 0.94
PLRy, 272 104£157 ~2041041.1 093
Post-PLRy 265 117 £14.0 =157 10 39.0 0.94
APWA, Pre-PLRy 64.2 -2431433 —109.2t0 60.6 045
PLR, 578 ~260+403 ~10501053.0 042
Post-PLRy 55.6 =345141.2 —-11521046.2 041
EDco Pre-PLRy 268 -31.0£17.6 —65.5t03.4 0.66
PLRy 208 =31.1£132 =57.0to =5.1 0.61
Post-PLR,, 27 -344£179 6951008 064
ECco Pre-PLRy 244 31£129 —22.1t0284 093
PLRy 231 38£106 —16910245 092
Post-PLRy 245 08+ 144 =27.51029.0 094

These data were obtained from six healthy, mechanically ventilated, isoflurane-anesthetized dogs undergoing sequential manipulation of blood volume: Step 1: baseline; Step 2: acute
hemorrhage by withdrawing circulating blood volume (33 mLkg™); Step 3: autologous blood transfusion; and Step 4: 20mL kg™ intravenous bolus of 6% hydroxyethyl starch (colloid). Data
were collected at three timepoints in each step: immediately before performing the modified passive leg raise (PLR) maneuver (Pre-PLR,), Smin after PLRy, (PLR,), and 5min after the
abdomen and limbs were returned to the horizontal position (Post-PLR,).
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