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Abstract

Background: Assessing intravascular hypovolemia due to hemorrhage remains a clinical
challenge. Central venous pressure (CVP) remains a commonly used monitor in surgical and
intensive care settings for evaluating blood loss, despite well-described pitfalls of static pressure
measurements. The authors investigated an alternative to CVP, intravenous waveform analysis
(IVA) as a method for detecting blood loss and examined its correlation with echocardiography.

Methods: Seven anesthetized, spontaneously breathing male Sprague Dawley (SD) rats with
right internal jugular central venous and femoral arterial catheters underwent hemorrhage. Mean
arterial pressure (MAP), heart rate (HR), CVP, and 1\VA were assessed and recorded. Hemorrhage
was performed until each rat had 25% estimated blood volume removed. IVA was obtained

using fast Fourier transform and the amplitude of the fundamental frequency (f1) was measured.
Transthoracic echocardiography (TTE) was performed utilizing a parasternal short axis image of
the left ventricle during hemorrhage. MAP, CVP, and IVA were compared to blood removed and
correlated with left ventricular end diastolic area (LVEDA).

Results: All seven rats underwent successful hemorrhage. MAP and f1 peak amplitude
obtained by I\VVA showed significant changes with hemorrhage. MAP and f1 peak amplitude also
significantly correlated with LVEDA during hemorrhage (R = 0.82 and 0.77, respectively). CVP
did not significantly change with hemorrhage, and there was no significant correlation between
CVP and LVEDA.

Conclusions: In this study, f1 peak amplitude obtained by I\VVA was superior to CVVP for
detecting acute, massive hemorrhage. In addition, f1 peak amplitude correlated well with LVEDA
on echocardiography. Translated clinically, IVA might provide a viable alternative to CVVP for
detecting hemorrhage.
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Introduction:

Acute hemorrhage remains a common cause of morbidity and mortality in perioperative
surgical patientsl2. Early detection and treatment of hemorrhage has been shown to
improve outcomes; however, early detection remains a diagnostic challenge3. Continuous
measurements, such as arterial blood pressure, heart rate, and central venous pressure (CVP)
often remain unchanged early in hemorrhage, requiring large volume blood loss before
showing clinically significant changes®. Moreover, these measurements are not specific

to hypovolemia. Particularly in the perioperative patient, there are numerous factors that
can cause changes in heart rate and arterial blood pressure such as changes in anesthetic
depth and surgical stimulation. For these reasons, these continuous measurements are
limited in their ability to assist the clinician in making an early diagnosis of hypovolemia
due to acute hemorrhage. Echocardiography has been described as an alternative method
of detecting acute hypovolemia®. While static measurements of ventricular size such as

left ventricular end diastolic area (LVEDA\) are limited in their ability to predict volume
responsiveness®, changes in LVEDA over time correlate linearly with blood loss’. This
makes echocardiography useful in detecting acute hemorrhage, however it is limited in that
it is not routinely used as a continuous monitor for non-cardiac surgery. Given how quickly
hemorrhage can occur, and the benefits of early detection and treatment, an intermittent
monitor such as echocardiography may not be the ideal tool to assist in clinical decision
making.

Intravenous waveform analysis (IVA) has been used as a novel marker to detect changes

in intravascular volume. This approach utilizes spectral analysis of a venous waveform

for continuous beat-to-beat monitoring of intravascular volume status. In a pig model of
acute hemorrhage, I\VA was shown to be superior to CVP in detecting acute hemorrhage®.
Similar results were seen in humans using the volume status changes of dialysis and
retrograde autologous priming for cardiac surgery as models of hypovolemia®19. The
suspected mechanism of this technique is an exploitation of the non-linear pressure-volume
relationship of the heart and vascular system. None of these prior studies compared the
results of I\VA with echocardiographic ventricular size during hemorrhage.

We hypothesized that IVVA obtained from a central venous catheter will detect acute
hemorrhage and will correlate with echocardiographic evidence of hypovolemia. The
objectives of this study were to determine the utility of IVA to detect hypovolemia and
to compare this data with echocardiography in a rat model of hemorrhagic shock.

Materials and Methods:

This study was approved by the Institutional Animal Care and Use Committee at Vanderbilt
University Medical Center, Nashville, Tennessee and was carried out and reported in
accordance with the ARRIVE guidelines for animal researchl. Seven male Sprague Dawley
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(SD) rats (Charles River, Waltham, MA, USA, 47383 g) were housed under a 12h/12h
light dark cycle with food and water ad libidum. On the day of the experiment, rats

were anesthetized with intraperitoneal (IP) pentobarbital injection (45 mg/kg, Diamondback
Drugs, Scottsdale, AZ, USA) and laryngoscopic intubation was performed with a 14G IV
cannula (BD Insyte Autogard BD, Sandy, Utah, USA)2. During spontaneous breathing
(FiO5 0.25, 1 I/min), end-tidal CO, (EtCO,) and respiratory rate (RR) were measured by

an infrared CO,-Sensor (Capnogard, Novametrix, CT, USA). A rectal temperature probe
was placed, and core temperature maintained between 36.5°C and 37.5°C. The level of
anesthesia was regularly assessed and maintained with repeated doses of pentobarbital (10
mg/kg, IP).

Vascular access was established via surgical cutdown of the left femoral vein and artery (25
cm PE tubing [PE25 Instech, Plymouth Meeting, PA, USA] connected to a 25G blunt needle
[Air-Tite, Va. Beach, VA, USA]) for blood removal and blood pressure measurements. A
Millar® pressure catheter (3.5F SPR 825, Millar® Instruments, Houston, Texas, USA) was
placed in the right atrium via cannulation of the right jugular vein to measure CVP and IVA.
A TruWave pressure transducer (Edwards Lifesciences, Irvine, CA, USA) was connected

to the arterial line. Electrocardiogram by subcutaneous ECG needles, rectal temperature,
arterial blood pressure, and venous waveforms were recorded using Powerlab Series 16/30
and LabChart Version 8.1.13 (AD Instruments, Dunedin, New Zealand).

Transthoracic echocardiography (TTE) was performed using an Affiniti 50C ultrasound
(Philips Healthcare, Andover, MA) with an S12-4 (12-4 MHz frequency range) transducer.
An experienced echocardiographer recorded a parasternal mid-papillary short axis view of
the left ventricle at baseline and at time-stamped intervals. The image was frozen at end
diastole and left ventricular end diastolic area (LVEDA) was measured utilizing the area
measurement tool built into the echocardiography machine software by manually tracing
the endocardial border. This measurement was performed at baseline and after each level of
hemorrhage.

After approximately 60 min of surgical preparation, warmed 4 mL/kg Plasmalyte (Baxter
International, Deerfield, IL) with 400 1U/kg heparin (Fresenius Kabi USA, LLC, Lake
Zurich, IL) was infused over a 30 min stabilization period. Baseline measurements including
venous pressure waveform, mean arterial pressure (MAP), LVEDA, heart rate (HR) and
CVP were recorded at baseline. Hemorrhagic shock was induced in accordance with the
Guarini’s et al. modified method3. This method involved removing 2 mL of blood every 6
minutes (~6% estimated blood volume) for a total blood removal of 8 mL (~25% estimated
blood volume). All measurements were repeated after each 2 mL of blood removed.

Venous pressure waveform was analyzed using a fast Fourier transform (FFT) with an

8K sampling window with no window overlap. Data was recorded at a sampling rate

of 1 kHz necessitating 8 sec of continuous time-domain signal to perform the 8K-FFT
spectral analysis. The FFT converts the time domain waveform into a frequency domain
output with distinct peaks at a variety of frequencies. These peaks correspond to various
physiologic parameters that influence the waveform such as respiratory rate and heart rate.
The amplitude of each frequency peak was calculated in LabChart. The peak amplitude
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at a frequency corresponding with the HR was labeled f1 (the fundamental frequency). A
representative example of the raw waveform and corresponding FFT output with associated
peaks can be seen in Figure 1. Data was captured in triplicate for each point used in analysis.
To analyze the data, GraphPad Prism (Version 8.3.0, GraphPad Software, La Jolla, CA)
was used. To ensure normal distribution, a Kolmogorov-Smirnov normality test was run.
Normally distributed data was then analyzed using one-way ANOVA, followed by a Tukey
Multiple Comparison Test. For alpha = 0.05 and a power of 80%, we calculated a sample
size of at least five animals to demonstrate a decrease in the f1 amplitude by 50%, assuming
a standard deviation of 0.2 based on previous data evaluating f1 amplitude measurements8.
To evaluate the correlation between LVEDA and each of f1 amplitude, MAP, and CVP, a
Pearson’s correlation was performed. Correlation was considered weak if R was below 0.5,
moderate if R was 0.5-0.7, and strong if R was greater than 0.7.

All seven SD rats were successfully studied. All rats remained in normal sinus rhythm with
oxygen saturations >95% throughout the experiment. Satisfactory echocardiographic images
were obtained on all rats demonstrating normal biventricular systolic function throughout
the experiment. Venous waveforms were converted from the time domain to the frequency
domain, with the amplitude of the f1 peak measured. Representative venous waveforms and
corresponding FFT results are shown in Figures 1a—1d. Representative pre-hemorrhage and
post-hemorrhage echocardiographic images are shown in Figures 2a and 2b, respectively.
The f1 amplitude in mmHg and corresponding 95% confidence interval at baseline and

for each subsequent hemorrhage level respectively was 0.80 (0.59-1.0), 0.52 (0.34-0.71),
0.36 (0.09-0.63), 0.34 (0.09-0.59), 0.19 (0.11-0.27). Figure 3a shows this data with the

f1 amplitude versus blood removed during the hemorrhage period. There was a significant
non-zero slope of —0.0743 with P-value < 0.0001. There was a significant change in f1
amplitude after 2 mL (P = 0.014), 4 mL (P <0.01), 6 mL (P < 0.001), and 8 mL (P < 0.001)
of blood were removed from baseline. There was also a significant change between 2 mL
and 8 mL (P = 0.017). Figure 3b shows the correlation between f1 amplitude and normalized
LVEDA (R = 0.77). The MAP in mmHg and corresponding 95% confidence interval at
baseline and with each subsequent hemorrhage level respectively was 120.3 (111.2-129.3),
92.2 (77.9-106.5), 59.1 (48.0-70.2), 55.7 (25.8-85.6), 51.3 (5.6-97.1). Figures 4a and 4b
show that these changes in MAP were statistically significant with 2 mL (P < 0.01), 4 mL

(P <0.001), 6 mL (P <0.001) and 8 mL (P < 0.001) of blood removal. MAP also correlated
with normalized LVEDA (R = 0.82). CVP in mmHg and corresponding 95% confidence
interval at baseline and with each subsequent hemorrhage level respectively was 4.1 (1.1-
7.0), 3.7 (0.7-6.7), 3.6 (0.6-6.5), 4.4 (1.5-7.3), 4.3 (-1.1-9.8). Figure 5a shows this data and
was not significant at any level of hemorrhage (P = 0.92 for 8 mL removed), and Figure 5b
shows that there was no significant correlation between CVVP and normalized LVEDA (R =
0.14).

Figure 6 shows the receiver operator characteristic (ROC) curves for detection of
hemorrhage of 2 mL for IVA, MAP, and CVP. IVA generated an area under the curve (AUC)
of 0.90 (0.78-1.0). This was similar to MAP, which generated an AUC of 0.93 (0.85-1.0).
Both IVA and MAP were superior to CVP which had an AUC of 0.54 (0.34-0.73).
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Discussion:

In this feasibility study, we investigated the ability of f1 peak amplitude measured by

IVA to detect acute hypovolemia caused by hemorrhage and correlated these results with
echocardiographic evidence of hypovolemia. This study is consistent with prior studies
showing that IVA is a sensitive method for detecting hemorrhage8-°. Importantly, this is the
first study that confirms a significant correlation between IVA f1 amplitude and LVEDA
using transthoracic echocardiography.

Clinically, these results are encouraging that IVA may be a useful continuous monitor to
allow detection of hemorrhage, and that these results correlate well with echocardiographic
evidence of hypovolemia. The correlation with LVEDA is important because, while IVA
has shown to be sensitive to changes in volume status, the exact mechanism has not been
well established. It is suspected that the decrease in amplitude of the f1 signal is due to

the non-linear relationship of the pressure-volume relationship of the heart and vascular
system. While this study does not fully define this relationship, it is the first study to show a
correlation between VA and diastolic left ventricular size.

In contrast to previous studies in humans and porcine models, 1\VA was not superior to MAP
for detecting hemorrhage. Hemorrhagic studies in rats show an early and rapid reduction in
MAP consistent with this studyl41°. Future studies will compare IVA to echocardiography
in larger species where hypotension occurs at a later stage of hemorrhagic shock?. Second,
this is the first study to assess I\VVA from a central venous catheter. Prior VA studies

have been performed using peripheral veins in pigs and humans®. Future studies utilizing
peripheral venous signals are needed to ensure the correlation with echocardiography
remains, as not all patients at risk of hemorrhage have central venous access. The central
venous waveform in this study was obtained from the right atrium. It is not known if the
location of the central venous line influences the results. Further studies of larger species
will allow the comparison of venous waveform analysis from both peripheral and central
venous waveforms from various central line cannulation locations simultaneously to fully
understand the changes in waveforms throughout the venous system.

Nevertheless, this study highlights that in contrast to IVA, there is no significant change

in CVP, even in the presence of decompensated hemorrhagic shock. Further, CVP did

not correlate with LVEDA during hemorrhage. This is consistent with several studies that
have demonstrated the poor utility of CVP for estimating intravascular volume and guiding
resuscitationl6-18, Despite compelling data against its use, CVP monitoring remains in
clinical practice for hemorrhage detection and fluid management in operative and critical
care settings. IVVA has the potential to provide clinicians with a robust alternative to CVP.
Demonstration of excellent sensitivity/specificity for IVA to detect hemorrhage in a small
animal model shows promise for translation into the pediatric arena, particularly in cardiac
surgery patients where CVP monitoring is standard practice for managing neonates and
infants in the operating room and post-operative critical care settings.

IVA has previously been shown to have a significant reduction in f1 amplitude when
utilizing lower body negative pressure to simulate hypovolemia during spontaneous
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respirations!®. Our data confirms that I\VA does not depend on positive pressure-induced
changes in intrathoracic pressure to estimate intravascular volume. This is an important
distinction from other dynamic parameters, such as pulse pressure variation, that require
>8 mL/kg tidal volume to detect hypovolemia20. This unique characteristic of IVA

may be advantageous for monitoring extubated, spontaneously breathing subjects in the
postoperative setting. While the utility of IVVA during spontaneous ventilation may be an
advantage over other dynamic parameters, I\VVA has also been shown to correlate with
hypovolemia in mechanically ventilated pigs and humans810. Given that I\VA does not
depend on respiratory changes, it may be an effective monitor for both spontaneous and
mechanical ventilation.

Our study needs to be interpreted within its natural constraints. Though sufficiently powered,
this is an animal study with a small sample size, intended to be a feasibility investigation

in utilizing IVVA in rat hemorrhage model with echocardiography. All rats in this study were
male, which have been shown to decompensate more than female rats in response to trauma
and hemorrhage?!. Future large studies will include both male and female animals to ensure
consistent results. While we were able to show a strong correlation between IVA and change
in LVEDA in this rat model, further larger animal and human studies are warranted to
validate this correlation in a heterogeneous patient population with multiple comorbidities.

Although detection of hemorrhage is important, perhaps a more valuable clinical monitor
would be the ability to predict which patients will benefit from intravascular fluid
resuscitation. While this preliminary study only looked at hemorrhage, future studies

are planned to also include resuscitation in order to determine if I\VA can predict fluid
responsiveness.

All rats received pentobarbital for maintenance of anesthesia. Pentobarbital has been
associated with hemodynamic changes such as a decrease in HR and MAP; however, it

is not known what effect, if any, these changes have on I'VA waveforms. Further studies
are needed with a variety of anesthetic agents to determine their effects on 1VA waveforms.
Also, further studies are warranted to ensure the correlation between IVVA and changes

in LVEDA persists when hemorrhage occurs more slowly, and when blood pressure is
normalized with vasoconstrictive medications, as is often the case in clinical practice.

In summary, with further validation, I\VA may prove to be a valuable, objective indicator
of hemorrhage and hypovolemia. It may be particularly useful when monitoring with
echocardiography is not feasible or not available, and in situations where other dynamic
indices that depend on changes of intrathoracic pressure such as pulse pressure variation
are invalid. Based on this data, we plan to continue investigating IVA as a potential robust
monitor for detecting hemorrhage.
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Figure 1: Central venousfl amplitude decreases with hemorrhage.
Central venous waveform obtained at baseline (A) and after 8 mL of hemorrhage (B) in a rat

model. Corresponding fast Fourier transform at baseline (C) and after 8 mL of hemorrhage
(D). The first peak represents the amplitude of the venous signal at the heart rate of the
animal. The f1 peak significantly decreases following hemorrhage (P < 0.01).
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Figure 2: LVEDA decreases with hemorrhage.
(A) Shows representative baseline parasternal short axis view of the left ventricle during

diastole prior to hemorrhage. (B) Shows a similar view after 8 mL of blood was removed
revealing reduced left ventricular size.

Semin Cardiothorac Vasc Anesth. Author manuscript; available in PMC 2021 September 29.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Lefevre et al.

1 Amplitude (mmHg)

1.0

o
o

0.0

Page 11

* %

*k

* %k

- *

-
o
1
(__J

£ 4
E
- - g
[
- °
=
a 0.5_
€
] [ ] .
T T T T 0.0 T — T 1
0 2 4 6 8 0.0 0.2 04 06 0.8 1.0
Blood Removed (mL) Normalized LVEDA

Figure 3: f1 amplitude detects hemorrhage and correlates significantly with LVEDA.
(A) Depicts f1 amplitude during hemorrhage of 2, 4, 6, and 8 mL. Error bars indicate 95%

Confidence Interval. * indicates significant difference of P < 0.05, ** indicates P < 0.01. (B)
shows the correlation between f1 amplitude and LVEDA during this hemorrhage (R=0.77)
with best fit equation of Y = (1.179 +/- 0.1861) * X — (0.4137 +/- 0.149). Dotted lines
indicate 95% Confidence Interval.
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Figure 4: MAP detects hemorrhage and correlates significantly with LVEDA.
(A) Depicts MAP during hemorrhage of 2, 4, 6, and 8 mL. Error bars indicate 95%

Confidence Interval. * indicates significant difference of P < 0.05, ** indicates P < 0.01,
*** indicates P < 0.001. (B) Shows the correlation between MAP and LVEDA during this
hemorrhage (R=0.82) with best fit equation of Y = (161.1 +/- 17.78) * X — (42.67 +/-
13.79). Dotted lines indicate 95% Confidence Interval.
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Figure5: CVP does not detect hemorrhage or correlate with LVEDA.
(A) Depicts CVP during hemorrhage of 2, 4, 6, and 8 mL showing no significant change.

Error bars indicate 95% Confidence Interval. (B) shows no significant correlation between
CVP and LVEDA during this hemorrhage (R=0.14) with best fit equation of Y = (3.044 +/-
3.285) * X + (1.62 +/- 2.59). Dotted lines indicate 95% Confidence Interval.
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Figure 6: MAP and f1 show superior sensitivity and specificity compared to CVP for detecting
hemorrhage.
ROC curve showing the response of MAP (AUC 0.93 [0.85-1.0]), f1 (AUC 0.90 [0.78-1.0]),

and CVP (AUC 0.54 [0.34-0.73]).
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