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Point of care ultrasound measurement of paralumbar caudal vena cava diameter and caudal vena cava to aortic ratio in hypovolemic dogs









 


	
	
ORIGINAL RESEARCH
published: 28 October 2024
doi: 10.3389/fvets.2024.1467043








[image: image2]

Point of care ultrasound measurement of paralumbar caudal vena cava diameter and caudal vena cava to aortic ratio in hypovolemic dogs

Jenna H. Cardillo, Kristin M. Zersen and Amanda A. Cavanagh*


Department of Clinical Sciences, College of Veterinary Medicine and Biomedical Sciences, Colorado State University, Fort Collins, CO, United States

Edited by
 Alex Lynch, North Carolina State University, United States

Reviewed by
 Yu Ueda, North Carolina State University, United States
 Jiwoong Her, North Carolina State University, United States

*Correspondence
 Amanda A. Cavanagh, amanda.cavanagh@colostate.edu 

Received 19 July 2024
 Accepted 08 October 2024
 Published 28 October 2024

Citation
 Cardillo JH, Zersen KM and Cavanagh AA (2024) Point of care ultrasound measurement of paralumbar caudal vena cava diameter and caudal vena cava to aortic ratio in hypovolemic dogs. Front. Vet. Sci. 11:1467043. doi: 10.3389/fvets.2024.1467043
 

Background: Accurate assessment of intravascular volume is critical for precise fluid prescription. In people, bedside or point of care ultrasound is used to measure the inferior vena cava, with or without paired aortic measurement, to estimate intravascular volume.

Objective: To determine if point of care ultrasound measurement of the caudal vena cava (CVC) diameter or the CVC diameter to the abdominal aorta (Ao) diameter (CVC:Ao) at the paralumbar view are associated with changes in intravascular volume, mean arterial pressure (MAP), or cardiac output in normovolemic and hypovolemic dogs.

Animals: 8 purpose-bred dogs.

Methods: Pressure-targeted hemorrhagic shock was induced in purpose-bred dogs under general anesthesia. Dogs were exsanguinated to a mean arterial pressure of 40 mmHg, or a maximum 60% blood volume lost, then auto-transfused shed blood. At a left paralumbar view, longitudinal plane measurements of the abdominal CVC diameter and aortic diameter were obtained. Measurements were performed at 4 timepoints: baseline under anesthesia (TP1), after hemorrhagic shock was induced (TP2), after ½ of shed blood had been re-transfused (TP3), and post-resuscitation with completed re-transfusion (TP4). Additional variables collected included cardiac output using thermodilution and arterial blood pressure.

Results: CVC:Ao was not significantly different between timepoints and was not associated with changes in CO (p = 0.28) or MAP (p = 0.50). CVC diameter was significantly different between baseline (TP1) and hemorrhagic shock (TP2). CVC diameter was significantly different at TP2 compared to TP1 after controlling for the effect of CO (p = 0.03) and MAP (p = 0.001). Aortic diameter was also significantly different at TP2 (p = 0.002, p = 0.001) and TP3 (p = 0.023, p = 0.017) compared to TP1 after controlling for CO and MAP.

Conclusions and clinical importance: Obtaining point of care ultrasound images for CVC:Ao measurement was feasible. With a marked decrease in intravascular volume, both CVC and Ao diameter decreased, resulting in an unchanged CVC:Ao. Despite changes in CVC and Ao diameters, these changes were not associated with measured changes in CO, emphasizing that CO is not a direct estimate of intravascular volume and is affected by many compensatory mechanisms. Additional studies are needed to determine the most accurate method for bedside measurement of intravascular volume status.
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Introduction

Accurate assessment of intravascular volume and fluid responsiveness is vital in critically ill patients. While often used interchangeably, these parameters are distinct though interrelated (1). Intravascular volume status can be assessed using static parameters including physical examination findings, measured blood pressure, lactate, central venous pressure, and pulmonary arterial occlusion pressure (PAOP) (2). There are limitations to the use of static parameters including the need for invasive catheterization for PAOP and lack of accuracy due to compensatory mechanisms associated with hypovolemia (3). Dogs’ robust ability to compensate for hypovolemia and maintain normotension represents a key confounding factor in intravascular volume assessment. As a result, single cardiac output and MAP measurements are unlikely to have a linear relationship with intravascular volume status (3).

Dynamic parameters are useful in predicting fluid responsiveness by revealing the change in stroke volume in response to a maneuver that increases venous return and preload, such as endogenous or exogenous fluid boluses or preload altering changes in intrathoracic pressure (1, 3, 4). Fluid responders are patients that have a 10–15% increase in cardiac output in response to an increase in preload. Dynamic parameters include stroke volume variation, pulse pressure variation, systolic pressure variation, plethysmographic variability index, and cardiac output measurement (1, 3). These dynamic variables are most accurate in mechanically ventilated patients because the depth of the breath and effect on preload is controlled with each respiratory cycle (3). The need for mechanical ventilation and the need for central catheter placement limits the usefulness of these parameters in emergency veterinary patients.

Point-of-care ultrasound can provide static and dynamic parameter measurements in a bedside, non-invasive, repeatable manner. The accuracy of these measurements is not well established in dogs (1). Static POCUS parameters for assessing intravascular volume include measurement of left ventricular end-diastolic diameter, caudal vena cava diameter, and caudal vena cava to aorta ratio (CVC:Ao) (1). With intravascular volume loss, the caudal vena cava diameter decreases as this low-pressure vessel collapses with decreased transmural pressure. While CVC diameter must be referenced to patient body size, using aortic diameter to create a ratio allows for assessment without body weight specific reference ranges. The use of CVC:Ao for volume assessment is based on a changing CVC diameter with changes in intravascular volume, while aortic diameter remains relatively unchanged. The caudal vena cava collapsibility index (CVCCI) is a dynamic POCUS parameter used to assess volume responsiveness. The CVCCI is measured as the abdominal caudal vena cava crosses the diaphragm and is defined as (CVCmax –CVCmin)/CVCmax, representing the dynamic change of the CVC with the respiratory cycle (5). Previous studies have shown poor inter-rater variability and therefore reference values for this measurement have not been successfully established in normal dogs (5). Studies attempting to predict fluid responsiveness using CVCCI have discrepant results (6, 7).

Intravascular volume assessment and fluid responsiveness using point of care ultrasound techniques is effective and accurate in people (8–13). Measurement of the inferior vena cava (IVC) diameter reflects intravascular volume and its collapsibility through the respiratory cycle in ventilated patients (IVCCI) accurately predicts fluid responsiveness in people (11, 14, 15). In dogs, studies have investigated static and dynamic POCUS measurements of the CVC at various locations, in various planes, in both experimental and clinical patients with various volume derangements (16–19). Specifically, measurements of the CVC, aorta, and CVC:Ao have been performed at intercostal (5, 7, 16) and paralumbar locations (5, 17–19), in normal dogs (7), with naturally occurring shock (17), and in the settings of blood loss (18–20) and diuretic induced volume loss (16). These varied study designs have yielded varying results. In the setting of blood loss, two studies found a significantly decreased CVC:Ao (19, 20), while another did not (18).

More data is needed in dogs regarding the significance of CVC, Ao, and CVC:Ao measurements in volume assessment and their relationship with both static and dynamic monitoring parameters. No existing studies have compared CVC and Ao measurements with specific, controlled changes in volume status, in conjunction with cardiac output monitoring by the gold standard thermodilution. Investigation of the interaction between hemodynamic parameters and ultrasound measurements in various shock states may shed further light on cardiovascular physiologic responses. Further, because there are various techniques and approaches, more data is needed to determine which location and plane is most clinically useful and accurate between operators.

The purpose of this study was to determine if static parameters, CVC diameter and CVC:Ao at the paralumbar view are associated with changes in intravascular volume, MAP, or cardiac output. We hypothesized that POCUS measured CVC diameter and CVC:Ao would be associated with intravascular volume. However, due to compensation and the indirect relationship between volume status, CO, and MAP, we hypothesized that POCUS measurements would not be associated with MAP or cardiac output in experimentally induced hypovolemia.



Materials and methods

Eight purpose-bred female spayed beagles were used in this study. Each dog was determined to be healthy based on physical examination, complete blood count, and serum biochemistry panel. All procedures were approved by the Institutional Animal Care and Use Committee at Colorado State University (IACUC #2237).

Dogs were pre-medicated with hydromorphone (0.1 mg/kg IM) and an IV catheter was placed in a cephalic vein. Dogs were preoxygenated with 100% fraction of inspired oxygen (FiO2) administered by facemask. General anesthesia was induced with propofol (5–10 mg/kg IV) to effect. Dogs were orotracheally intubated, and anesthesia was maintained using isoflurane vaporized in 100% FiO2 and delivered via a circle system. All dogs were spontaneously breathing throughout the study.

A jugular catheter was placed in a jugular vein and an arterial catheter was placed in a dorsal metatarsal artery. A Swan-Ganz catheter was placed using a flow-directed technique and location in the pulmonary artery was confirmed via pressure waveform analysis. All catheters were aseptically placed. Standard, continuous monitoring was employed throughout the procedure, including ECG, pulse oximetry, esophageal temperature, and end-tidal partial pressure of carbon dioxide via sidestream sampling. A forced air warming device and heated water blanket were used to maintain normothermia.

After induction of anesthesia and instrumentation, the mean arterial pressure (MAP) was stabilized at 70–80 mmHg for 10 min before images were obtained (TP1). Blood was then manually removed from the jugular catheter over 20 min until a MAP of 40 mmHg was reached or a maximum of 60% blood volume (blood volume = 90 mL/kg) was removed, whichever point was reached first. Shed blood was collected in blood collection bags containing citrate phosphate dextrose adenine. After 10 min, images were obtained (TP2). Then 50% of the volume of shed blood was re-transfused over 15 min. Ten minutes later, images were obtained (TP3). The remaining 50% of blood was re-transfused over 15 min, and after 10 min, final images were obtained (TP4). Dogs that had a 10% or greater increase in CO after re-transfusion were classified as fluid responders. Using point of care ultrasound, the CVC diameter and aortic diameter in a longitudinal plane at the left paralumbar view were measured at each timepoint. Because the respiratory cycle minimally affects the diameter of the CVC and Ao at this location, single CVC and Ao measurements were utilized as described previously (5). Cardiac output measurement was performed at each timepoint using thermodilution according to manufacturer guidelines.1 All CO measurements were obtained in duplicate with 2–5 min between measurements.


Ultrasound examination and measurement

Probe operation and B mode image acquisition were performed by the same investigator (JC) for each dog. Dogs were positioned in right lateral recumbency, and the abdominal CVC and aortic diameter were imaged using an ultrasound system2 equipped with a 5–10 mHz microconvex probe. Care was taken to apply minimal pressure to avoid change in vessel diameter due to excessive external probe pressure. Once the vessels were visualized another investigator (AC) captured and labeled B mode 7 s cine loops for post-hoc measurements. Vessel diameter measurements perpendicular to the vessel walls were obtained in B mode using electronic calipers incorporated in the DICOM viewer3 using inner edge to outer edge technique. CVC measurements were performed after frame-by-frame analysis to determine the maximal CVC diameter. Vessel diameter measurements were performed by a single investigator (JC). While the investigator was not blinded during the study (while collecting cine loops), they did not have access to the CV parameters during the viewing of the cine loops or measurements. Both operators involved in this study had a minimum of 4 years of experience with POCUS.

For CVC diameter and CVC:Ao measurements, the transducer was placed just caudal to the left 13th rib then angled cranially, to visualize the left kidney. The probe was then slowly fanned medially and caudally until the CVC and Ao were visualized in parallel in the same longitudinal plane; diameter was measured for both vessels perpendicular to the vessel wall in the same plane (Figure 1).
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FIGURE 1
 Measurement of CVC:Ao at a left paralumbar view in B-mode, by measuring the diameter perpendicular to the wall of each vessel (CVC:Ao, caudal vena cava to abdominal aorta ratio).





Statistics

Continuous data was described using means and standard deviation. Outcome data was evaluated for normality using Shapiro–Wilk statistics. If normality was not met, data was transformed into log scale. Analysis was performed using a linear mixed model with the factor and timepoint and an interaction effect. If the interaction term was not significant or the main term was not significant, the interaction term was excluded and data was analyzed with the factor and timepoint to calculate adjusted effects. A p-value of 0.05 was used to determine statistical significance. SAS4 was used for all statistical analyses.



Results

This study was conducted on 8 female spayed purpose-bred beagles. Descriptive statistics were performed for all 8 dogs (n = 8). Dog 1 was excluded from image related descriptive statistics and linear mixed model analysis due to loss of image data. Normal data is presented as mean ± standard deviation. If normality was not met, data is reported as median (range). Median age was 5.0 years (3.0, 5.0). The mean weight was 8.83 ± 1.56 kg. The mean volume of blood withdrawn to induce hypovolemic shock was 40 ± 12 mL/kg.

Cardiac output was significantly lower at TP2 (hemorrhagic shock) compared to TP1 (baseline) (p < 0.001). Cardiac output was not different between TP1 and TP4 (re-transfusion of shed blood) (p 0.71). MAP was significantly lower at TP2 (hemorrhagic shock) compared to TP 1 (baseline; p 0.018) (see Table 1).



TABLE 1 Median MAP and cardiac output (CO) measurements at each timepoint (n = 7).
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CVC diameter at the left paralumbar view was significantly lower at TP2 (hemorrhagic shock) compared to TP1 after controlling for the effect of CO (p = 0.03) and the effect of MAP (p = 0.001) on the outcome variable. In other words, after controlling for the influence of CO and MAP, CVC was independently different at TP2 (hemorrhagic shock). Aortic diameter at the paralumbar view was significantly lower in both TP2 (hemorrhagic shock; p 0.002) and TP3 (50% re-transfusion; p = 0.023) compared to TP1 after controlling for CO. Similarly, aortic diameter was also significantly lower at TP2 (hemorrhagic shock) compared to TP1 (p = 0.001) and at TP3 (50% re-transfusion) compared to TP1 (p = 0.017) after adjusting for MAP (Table 2).



TABLE 2 Ao, CVCd, and CVC:Ao measurements at each timepoint (n = 7).
[image: Table2]

CVC:Ao at TP1, TP2, TP3, and TP4 was 0.94 ± 0.16, 0.86 ± 0.18, 0.96 ± 0.12, and 1.06 ± 0.07, respectively (Figure 2). CVC:Ao was not significantly different between timepoints after correcting for CO and MAP (TP1 vs. TP2 p = 0.95, TP1 vs. TP3 p = 0.44, TP1 vs. TP4 p = 0.11 and TP1 vs. TP2 p = 0.19, TP1 vs. TP3 p = 0.93, TP1 vs. TP4 p = 0.07, respectively). CVC:Ao was not associated with measured changes in CO (p = 0.28) or MAP (p = 0.50).
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FIGURE 2
 Box-whisker plot of CVC:Ao data for timepoints TP1-TP4 (baseline, hemorrhagic shock, 50% re-transfusion, and 100% re-transfusion). Center box lines indicate medians. Dark green box areas indicate 50th to 75th percentile values while light green box areas indicate 25th to 50th percentile values. Bars indicate minimum and maximum values.


Finally, all dogs were fluid responders with an increase in CO of >10% from hemorrhagic shock (TP2) to transfusion of 50% of shed blood (TP3) and from hemorrhagic shock (TP2) to full resuscitation (TP4). In contrast, only 5/7 dogs were fluid responders from 50 to 100% re-transfusion (TP3 to TP4).



Discussion

In the current study, CVC diameter at the left paralumbar view is significantly smaller after induction of hemorrhagic shock consistent with a previous study investigating CVC diameter at a paralumbar view after 20 mL/kg blood donation (21). Studies in people show the CVC diameter is consistently smaller in hypovolemic people compared to euvolemic people and the maximal diameter of the cava during the respiratory cycle correlates well with catheter-based measures of right atrial pressure (22–24). Additionally, the aortic diameter was significantly different between baseline and hemorrhagic shock. Because both vessel diameters significantly decreased during severe hypovolemia, the CVC:Ao ratio did not significantly change with hypovolemia. Further studies are needed to determine a cut off value for paralumbar measurement of CVC diameter in dogs normalized to body weight that would accurately predict hypovolemia.

In our study, CVC diameter was not associated with changes in CO or MAP. Though previous studies have established that CVC measurements can predict fluid responsiveness (7, 25), this does not necessarily indicate that the degree of CVC diameter change corresponds to the degree of CO change. In states of volume loss, mean systemic filling pressure (MSFP) is bolstered by decreased capacitance of the vasculature and recruitment of unstressed volume, maintaining HR and CO (26). In this setting, compensation blunts the impact on CO. Additionally, CO is influenced by the complex interaction of many factors, including heart rate, stroke volume, preload, afterload, contractility, and autonomic nervous activity, among others (27) Similarly, MAP is affected by multiple factors, including systemic vascular resistance (SVR), CO, arterial compliance, and contractility, among others (1). It has been previously demonstrated that despite exsanguination, robust compensatory mechanisms will prevent a significant decrease in MAP (28) and due to tight regulation, MAP may not change despite an increase or decrease in CO (29). Therefore, the relationship between large vessel diameter, MAP, and CO is indirect and multifactorial, and may explain why changes in CVC and Ao measurements were not directly associated with changes in CO and MAP. The current study evaluated MAP and CO because MAP is a commonly employed, non-invasive static parameter, and direct CO measurement has not previously been utilized in a model of marked, known volume loss.

Prior veterinary studies documented a decreased CVC:Ao ratio in experimentally induced mild hypovolemia, such as volume loss secondary to furosemide administration with a mean 5.44% body weight reduction and 10 mL/kg blood donation (16, 19). In healthy dogs after a 10 mL/kg blood donation, the mean CVC:Ao ratio decreased significantly from 1.17 to 1.01 (19). In these studies, there was a significant decrease in CVC diameter with mild volume depletion, but not a concurrent significant change in aortic diameter (16, 21). In contrast, the current study induced a profound state of hypovolemia with approximately 40 mL/kg of blood loss, resulting in significant decreases of both vessel diameters and, as a result, no significant change in CVC:Ao ratio. Therefore, the CVC:Ao may significantly change in more mild states of hypovolemia, where the aortic diameter is not affected. The mean baseline CVC:Ao ratio in the current study was 0.94, which is comparable to a recent study in healthy dogs that established reference intervals for the CVC:Ao (0.93–1.32) (30). After inducing a state of profound hypovolemia in our study, the ratio was not significantly different at 0.86.

Further, discrepant CVC:Ao findings could be related to the type of shock employed and the duration. For example, a decreased CVC:Ao has been observed with simulated hypovolemic shock over hours (16), which may result in a different pathophysiologic response compared to the acute hemorrhagic shock model employed in the current study. With acute hemorrhagic shock, increased sympathetic tone and vasoconstriction are mainstays of compensation, while slow hypovolemic shock may have less drastic changes in vessel tone, relying on renal conservation of fluid via ADH and aldosterone (31). In addition to these differences, the slow hypovolemic model measured the CVC:Ao in awake patients, while our study performed measurements under general anesthesia. Though there is not literature evaluating the effect of anesthesia on CVC and Ao diameter, the known impact of anesthesia on vessel tone could affect the diameter of large vessels, potentially playing a role in the lack of CVC:Ao change observed in our study.

Two additional studies have evaluated the CVC:Ao in anesthetized animals at the porta hepatis from an intercostal view, evaluating the vessels at a location cranial to the paralumbar view. The first documented an increased CVC:Ao and good correlation with systolic pressure variation (SPV) in euvolemic dogs receiving an intravascular crystalloid fluid bolus (25). The second identified a decreased CVC:Ao, aortic diameter, and CVC diameter with hemorrhagic shock maintained for 30 min, followed by an increase in these measurements with volume resuscitation (20). Like the current study, CVC and Ao diameter were significantly affected by changes in volume, even under anesthesia in both studies. Discrepancies in CVC:Ao findings may suggest that in states of severe hypovolemia, the way in which CVC and aortic diameters change relative to each other is less predictable and perhaps influenced by differences in compensatory aortic tone.

Our study has several limitations. First, only 8 dogs were included in the study and images for one dog were lost and therefore not included in POCUS measurement analysis. The small sample size increases the likelihood of a type II error. This small sample size might explain why our CVC:Ao results are not consistent with other findings in the literature. Additionally, ultrasound measurements of the CVC and aorta have the inherent potential for error, as the accuracy of measuring a vessel is dependent on visualizing the vessel exactly on its midline and measuring diameter perpendicular to the vessel wall. Further, there is evidence in people that measurements of the vena cava are different in left lateral versus right lateral recumbency, with the smallest diameter measured in left lateral recumbency (32, 33). Therefore, it is possible that performing our measurements at a left paralumbar site, skewed the ratio of CVC diameter to aortic diameter. Our study also did not assess interobserver agreement, as all measurements and imaging were performed by the same individual. Interobserver agreement at this location should be further evaluated. The current study included young beagle dogs only, and therefore cannot evaluate the potential differences which might occur in various other breeds or ages.

The current hemorrhagic shock model produced profound hypovolemia through controlled blood loss and was able to assess the effect of hypovolemia on POCUS CVC diameter and CVC:Ao measurements. CVC diameter significantly decreased in states of hypovolemic shock independently of changes in CO. Further, changes in CVC diameter, aortic diameter, and CVC:Ao were not associated with changes in CO, emphasizing that CO is an indirect measurement of volume status and is more significantly affected by compensation.
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