University of Arkansas, Fayetteville

ScholarWorks@UARK

Biomedical Engineering Undergraduate Honors

Theses Biomedical Engineering

5-2022

Pulse Rate Variability Analysis During Hemorrhage in an
Experimental Porcine Model

Gabbie Bonvillain
University of Arkansas, Fayetteville

Lauren Crimmins
Md Abul Hayat
Adria Abella Villafranca

Sam Stephens

See next page for additional authors

Follow this and additional works at: https://scholarworks.uark.edu/bmeguht

b Part of the Biomedical Devices and Instrumentation Commons

Citation

Bonvillain, G., Crimmins, L., Hayat, M. A,, Villafranca, A. A, Stephens, S., Jensen, H. K., Sanford, J. A., Wu,
J., Sexton, K. W., & Jensen, M. (2022). Pulse Rate Variability Analysis During Hemorrhage in an
Experimental Porcine Model. Biomedical Engineering Undergraduate Honors Theses Retrieved from
https://scholarworks.uark.edu/bmeguht/131

This Thesis is brought to you for free and open access by the Biomedical Engineering at ScholarWorks@UARK. It
has been accepted for inclusion in Biomedical Engineering Undergraduate Honors Theses by an authorized
administrator of ScholarWorks@UARK. For more information, please contact scholar@uark.edu,
uarepos@uark.edu.


https://scholarworks.uark.edu/
https://scholarworks.uark.edu/bmeguht
https://scholarworks.uark.edu/bmeguht
https://scholarworks.uark.edu/bmeg
https://scholarworks.uark.edu/bmeguht?utm_source=scholarworks.uark.edu%2Fbmeguht%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/235?utm_source=scholarworks.uark.edu%2Fbmeguht%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/bmeguht/131?utm_source=scholarworks.uark.edu%2Fbmeguht%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholar@uark.edu,%20uarepos@uark.edu
mailto:scholar@uark.edu,%20uarepos@uark.edu

Author

Gabbie Bonvillain, Lauren Crimmins, Md Abul Hayat, Adria Abella Villafranca, Sam Stephens, Hanna K.
Jensen, Joseph A. Sanford, Jingxian Wu, Kevin W. Sexton, and Morten Jensen

This thesis is available at ScholarWorks@UARK: https://scholarworks.uark.edu/bmeguht/131


https://scholarworks.uark.edu/bmeguht/131

Pulse Rate Variability Analysis During Hemorrhage in an

Experimental Porcine Model

Gabriel P. Bonvillaint, Lauren D. Crimmins-Pierce® , Md Abul Hayat?, Adria Abella Villafranca®, Sam E. Stephens?,

Hanna K. Jensen*, Joseph A. Sanford®56, Jingxian Wu?, Kevin W. Sexton*>678 Morten O. Jensen!

From the:

!Department of Biomedical Engineering, University of Arkansas, Fayetteville, AR, USA,

2Department of Electrical Engineering, University of Arkansas, Fayetteville, AR, USA,

3Department of Anesthesiology, University of Arkansas for Medical Sciences, Little Rock, AR, USA,

“Department of Surgery, University of Arkansas for Medical Sciences, Little Rock, AR, USA.

SDepartment of Biomedical Informatics, University of Arkansas for Medical Sciences, Little Rock, AR, USA.
SInstitute for Digital Health and Innovation, University of Arkansas for Medical Sciences, Little Rock, AR, USA.
"Department of Health Policy and Management, University of Arkansas for Medical Sciences, Little Rock, AR, USA.

8Department of Pharmacy Practice, University of Arkansas for Medical Sciences, Little Rock, AR, USA.

Corresponding Author: Morten Jensen
Department of Biomedical Engineering
University of Arkansas
White Hall Engineering
790 W Dickson Street
Fayetteville, AR 72701
Tel. 479-575-4997

mojensen@uark.edu

Keywords: pulse rate variability, acute hemorrhage, autonomic nervous system


https://orcid.org/0000-0002-9568-6193
https://orcid.org/0000-0003-3563-5906
https://orcid.org/0000-0002-1104-643X
https://orcid.org/0000-0003-1503-2163
https://orcid.org/0000-0002-2312-9523
https://orcid.org/0000-0001-8487-7982
https://orcid.org/0000-0002-2698-8075
https://orcid.org/0000-0003-1167-6930
https://orcid.org/0000-0002-1460-9867
https://orcid.org/0000-0002-1607-6179
mailto:mojensen@uark.edu

Abstract

During the acute phase of hemorrhage, heart rate and peripheral resistance increases to maintain proper
oxygen delivery to vital organs. This response is mediated by the autonomic nervous system. Heart rate variability
(HRV) has become a widely utilized measure to determine the autonomic nervous system control over the heart.
Recently, pulse rate variability (PRV) has been suggested to serve as a surrogate for HRV. This study evaluates the
ability of PRV obtained from peripheral arterial pressure waveforms as a method for detecting hemorrhage. Time
domain and frequency domain metrics were evaluated for 5-minute and 15-minute arterial pressure waveform signals
prior to hemorrhage, during acute hemorrhage, and after the commencement of hemorrhage in four porcine subjects.
PRV analysis demonstrates an increase in time domain and frequency domain metrics at the onset of hemorrhage,
followed by an opposing decrease at the commencement of hemorrhage. The frequency domain metrics associated
with sympathetic input increased at the onset of hemorrhage and decreased once hemorrhage ended. These results
suggest that PRV metrics obtained from arterial pressure waveforms have the potential to serve as a diagnostic method
for acute hemorrhage.

Abstract Word Count: 184 words

Introduction

Traumatic injury is the leading cause of death among young individuals, and approximately 20% to 40% of
deaths following traumatic injury occurs after hospital admissions and are potentially preventable with rapid
hemorrhage control [1, 2]. Therefore, early detection and accurate diagnosis of hemorrhage is essential to decreasing
mortality rates among trauma patients. Currently, detection and diagnosis of hemorrhage relies on physical
examination and traditional vital signs such as heart rate, arterial oxygen saturation, and blood pressure which lack
the sensitivity to detect acute changes in blood volume and could remain normal until approximately 1 to 1.5 L of
blood loss [3-5].

The compensatory response to hemorrhage occurs in two stages: the first stage is initiated by a progressive
increase in sympathetic vasoconstriction, peripheral resistance, and heart rate to maintain arterial blood pressure at
approximately normal levels, then, when approximately 20-30% of blood volume is lost, the second stage is initiated

by reducing the sympathetic input, which results in a decrease in peripheral resistance and blood pressure [5, 6]. Since



this compensatory response is controlled by the autonomic nervous system, a method of measuring the autonomic
nervous system activity may offer the ability to detect acute hemorrhage.

Heart rate variability (HRV) is a signal composed of the beat-to-beat intervals of the heart, which has been
identified as a tool for assessing autonomic nervous system activity [7]. Traditionally, HRV is applied to long-term
electrocardiogram (ECG) signals. Since the peripheral arterial and venous signals are affected by the change in
peripheral resistance and the change in heart rate, peripheral pressure waveforms may provide greater sensitivity to
detecting changes in blood volume. Recently, studies have shown that pulse rate variability (PRV) metrics can be
acquired from the venous waveform and may serve as a surrogate for HRV [8].

There is growing evidence that the venous pressure waveform has the ability to detect acute changes in blood
volume; however, the arterial vasculature is more susceptible to vasoconstriction and vasodilation, therefore, this study
has chosen to focus analysis on the peripheral arterial signal [9]. The purpose of this study is to evaluate the utility of

the PRV metrics derived from the peripheral arterial pressure waveform as a method for detecting acute hemorrhage.

Methods

Study Population

In a controlled animal study, arterial pressure waveforms were obtained from four female porcine subjects.
The average weight of the subjects was 72.8 £ 1.6 kg, and the average age was 16.8 weeks old with all four subjects

having an age between 16 and 17 weeks.

Instrumentation and Signal Acquisition

Each subject was anesthetized under isoflurane at a 1.5% minimum alveolar concentration and propofol at a
concentration of 0.05 mg/kg/min prior to instrumentation. The femoral arterial pressure signal was collected by an
MLTO0670 disposable blood pressure transducer (ADInstruments). The pressure transducer was connected by
MLAC11 Grass adapter cables (ADInstruments) to an FE221 bridge amplifier (ADInstruments). The output from the
amplifier was then connected to a USB-6009 data acquisition system (National Instruments) by BNC-to-BNC cables.
This data acquisition device, then interfaced with LabVIEW (National Instruments) to record the pressure waveform
with a sampling frequency of 1000 Hz.

After instrumentation, a baseline 15-minute recording was collected prior to hemorrhage. Continuous 15-

minute recordings were taken as each subject was exsanguinated at a rate of 0.4 cc/s from the arterial sensor.



Approximately 20% blood volume was removed from each subject during the 15-minute signal during hemorrhage.

After the hemorrhage commenced, a 15-minute recording was collected during the recovery phase.

Signal Analysis and Post Processing

Each 15-minute signal was maintained for post processing and then divided into three smaller 5-minute
signals for short term PRV analysis. The collected femoral arterial pressure waveforms were passed through a low-
pass filter with a normalized frequency of 15 Hz to exclude noise from other instruments in the room. Then, a beat-
detection algorithm was utilized to determine the location of each pulse in the filtered 15-minute signals. The time
difference between each pulse, or the R-R interval, was extracted for each signal. An adaptive filter was implemented
to detect and remove abnormal beats and noise disturbances. This filter was applied to the R-R intervals to create a
normalized N-N interval time series that excluded any R-R intervals less than 20 milliseconds or that were greater

than three standard deviations away from the moving average.

PRV Analysis

From the time domain, three PRV indices were calculated in accordance with the standards of measurement
guidelines from the Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology [7]. The time domain HRV indices that were utilized in this study are as follows:

e Mean: the mean N-N interval in milliseconds.

e STD: the standard deviation of N-N intervals for the entire signal in milliseconds.

¢ RMS: the root mean squared difference between successive N-N intervals
The power spectra of the linearly interpolated, equally spaced tachograms were taken to determine four PRV indices
in the frequency domain. The frequency domain PRV indices that were utilized in this study are as follows:

e  LF: the power of the low frequency band from 0.04-0.15 Hz measured in ms?

e HF: the power of the high frequency band from 0.15-0.4 Hz measure in

e P: the total power of the power spectra measure in

e LF/HF: the ratio between LF and HF



Statistical Analysis

Across each porcine subject the percent change from before hemorrhage to during hemorrhage and during
hemorrhage to after hemorrhage was assessed for each PRV metric obtained from the 15-minute signal. For each PRV
metric, a one-way analysis of variance (ANOVA) was conducted to determine if a statistical difference was present
between the average of the four subjects across each 5-minute signal. In the one-way ANOVA groups 5, 10, and 15
corresponding to the 5-minute intervals prior to hemorrhage, groups 20, 25, and 30 corresponding to the 5-minute
intervals during hemorrhage, and groups 35, 40, and 45 corresponding to the 5-minute intervals after hemorrhage.

Results

15-Minute Analysis

The percent change in mean, STD, RMS, LF, HF, P, and LF/HF between the 15-minute recordings are reported in
Table 1 and 2. Table 1 reports the percent change from before hemorrhage to during hemorrhage across all four porcine
subjects, and Table 2 reports the percent change from during hemorrhage to after hemorrhage across all four porcine

subjects.

Table 1- The percent change in PRV metrics from before hemorrhage to during hemorrhage for the 15-minute signals.

Time Domain Pig 1 Pig 2 Pig 3 Pig 4

Mean 2.0% -10.8% 3.5% 24.5%

STD 1343.8% 1129.5% 399.3% 701.8%
RMS 1493.6% 1416.1% 1036.0% 964.5%
Frequency Domain | Pig 1 Pig 2 Pig 3 Pig 4

LF 644706.9 243108.3% 101639.2% 25292.8%
HF 39783.8% 12663.8% 12533.6% 12047.073%
P 27744.2% 13359.0% 2223.8% 6542.2%
LF/HF 492.4% 1820.8% 706.9% 111.4%




Table 2- The percent change in PRV metrics from during hemorrhage to after hemorrhage for the 15-minute signals.

Time Domain Pig 1 Pig 2 Pig 3 Pig 4
Mean 39.9% -9.0% 32.1% 4.2%
STD 4.9% -92.7% 22.7% -32.6%
RMS 10.1% -94.1% 51.6% -18.3%
Frequency Domain | Pig 1 Pig 2 Pig 3 Pig 4
LF -64.5% -100.0% -58.4% -60.6%
HF -44.4% -99.5% 91.3% -13.4%
P -57.0% -99.4% -4.2% -58.2%
LF/HF -36.2% -95.8% -78.3% -55.2%

From before hemorrhage to during hemorrhage, there was a large, positive percent change across all four
porcine subjects for the STD, RMS, LF, HF, P, and LF/HF. The percent change in mean N-N intervals increased
across three pigs and decreased for one pig from the 15-minutes before hemorrhage to the 15-minutes during
hemorrhage.

From the 15-minute signal during hemorrhage to the 15-minute signal after hemorrhage, there was a negative
percent change in LF, P, and LF/HF across all four porcine subjects. HF had a positive percent change for one subject
and a negative percent change for three subjects. The time domain metrics revealed a positive percent change in STD
and for two subjects with a negative percent change for the remaining two subjects. The percent change in mean N-N
intervals increased across three pigs and decreased for one pig from the 15-minutes during hemorrhage to the 15-

minutes after hemorrhage.



5-Minute Analysis

Post-hoc analysis of the one-way ANOVA results comparing the mean N-N intervals revealed no significant
difference between any groups. The box-plot comparison of the mean N-N intervals across the nine 5-minute signals
is depicted in Figure 1.
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Figure 1- Boxplot comparison of the mean N-N intervals across nine 5-minute PRV signals.

The STD of N-N intervals obtained from the 5-minute PRV signals showed a substantial increase at the onset
of hemorrhage, followed by two progressively smaller increases as hemorrhage continued. Additionally, there was a
decrease in standard deviation from the last 5-minutes. Post-hoc analysis determined that groups 25 and 30 were
significantly different than the three baseline recordings (groups 5, 10, and 15). Boxplot comparison of our samples
average STD values across all nine 5-minute PRV signals is presented in Figure 2.
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Figure 2- Boxplot comparison of the standard deviation of the N-N intervals across nine 5-minute PRV signals.



The one-way ANOVA comparing the average RMS value across all nine 5-minute PRV signals revealed an

increase at the onset of hemorrhage and a sustained increase as hemorrhage progressed. At the end of hemorrhage, a

drop in RMS values was seen. The boxplot representation of this comparison is depicted in Figure 3. Post-hoc analysis

revealed a significant difference in the RMS values obtained in group 30 as compared to the recordings from baseline

(groups 5, 10, and 15).
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Figure 3- Boxplot comparison of the root mean standard deviations of the N-N intervals across nine 5-minute PRV signals.

At the onset of hemorrhage, there was an increase in HF, and, as hemorrhage continued, HF continually

increased. Then, when hemorrhage ended, there was a decrease in the average HF value. Post-hoc analysis of the one-

way ANOVA revealed no significant difference between any of the nine groups of 5-minute signals. The box plot

comparison of the average HF values across all nine 5-minute signals is displayed in Figure 4.
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Figure 4- Boxplot comparison of the high frequency power across nine 5-minute PRV signals.



The boxplot comparison of the 5-minute analysis of LF, represented in Figure 5, demonstrates an increase in
LF at the onset of hemorrhage and a decrease in LF as hemorrhage commenced. Post-hoc analysis of the results from
the one-way ANOVA revealed that the LF values for the groups during hemorrhage (groups 20, 25, and 30) were
significantly different than the groups during baseline recording (groups 5, 10, and 15). Additionally, it was found that

final group during hemorrhage (group 30) was significantly different than the first group after hemorrhage ended

(group 35).
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Figure 5- Boxplot comparison of the low frequency power across nine 5-minute PRV signals.

One-way ANOVA results comparing the total power across all nine 5-minute PRV signals demonstrated an
increase in power throughout hemorrhage and decrease once hemorrhage was concluded. The post-hoc analysis
revealed that the last 5-minute signal during hemorrhage (group 30) was significantly different than all 5-minute
baseline recordings (groups 5, 10, and 15). The boxplot comparison of these results is portrayed in Figure 6.
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Figure 6- Boxplot comparison of the total power across nine 5-minute PRV signals.



The analysis of the change in LF/HF across the 5-minute signals revealed an increase in the LF/HF ratio at
the onset of hemorrhage followed by a decrease in the LF/HF ratio once hemorrhage was completed. The boxplot
comparison of the LF/HF ratio across all nine 5-minute signals is shown in Figure 7. Post-hoc analysis of the one-way
ANOVA results displayed a significant difference between the groups during hemorrhage (groups 20, 25, and 30) and
the baseline groups prior to hemorrhage (groups 5, 10, and 15). Additionally, it was found that the first group during
hemorrhage (group 20) was significantly different than all the groups after hemorrhage (groups 35, 40, and 45) and
the last group during hemorrhage (group 30) was significantly different than two groups after hemorrhage (group 35
and 45). The multi-comparison of the last group during hemorrhage (group 30), displayed in blue, compared to all

other groups is portrayed in Figure 8.
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Figure 7- Boxplot comparison of the ratio of low frequency power to high frequency power across nine 5-minute PRV signals.
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Figure 8- The comparison of the ratio of low frequency power to high frequency power in group 30 to the ratio of low frequency
power to high frequency power across all 5-minute PRV signals. Group 30, corresponding to the last 5-minute signal during

hemorrhage, is displayed in blue. All groups that are significantly different than group 30 are displayed in red.



Discussion

The physiological response to hemorrhage occurs in two distinct phases. The first phase is associated with
an increase in heart rate and peripheral resistance in order to maintain a near normal blood pressure, which has been
shown to fall by only a few mmHg after approximately 25% blood loss [6]. The second stage is associated with failure
of baroreceptor mediated recovery and results in a dramatic drop in heart rate and peripheral resistance, which results
in an accompanying drop in blood pressure [6, 10]. Once patients enter the secondary decompensatory phase of
hemorrhage, there is insufficient oxygen delivery to organs resulting in hemorrhagic shock [5].

Hemorrhagic shock can directly lead to early fatality and has been identified as a predictor of poor outcomes
in injured patients [11]. Additionally, one common therapeutic approach to mitigating adverse effects of hemorrhagic
shock is the use of red blood cell transfusions, which has been associated with multiple organ failure, increased
intensive care unit admissions, increased length of hospital stays, and mortality [11, 12]. Therefore, identification of
hemorrhage prior to the decompensatory phase may decrease adverse effects of traumatic injury and may lead to a
decrease in the mortality rates associated with hemorrhage.

Since the initial physiological response to hemorrhage is mediated by sympathetic input into baroreceptors,
tools that can identify sympathetic activity, such as heart rate variability (HRV), may be able to detect acute
hemorrhage with greater sensitivity than traditional vital signs. Recently, studies have found that pulse rate variability
(PRV) obtained from piezoelectric recording of venous pressure waveforms can be used as a surrogate for HRV [8].
While the venous and arterial pressure waveforms are both affected by the change in heart rate, the arterial vasculature
is more susceptible to the vasoconstriction that occurs during the acute phase of hemorrhage [9]. Therefore, PRV
analysis obtained from the arterial pressure waveform may be able to detect the early sympathetic input associated
with acute hemorrhage.

In this study, we evaluate the utility of peripheral arterial pressure waveforms for 15-minute and 5-minute
short-term PRV signals. The initial reduction of blood volume, less than approximately 20%, results in the initial
compensatory response, so we would expect to see an increase in heart rate and a decrease in the N-N intervals as
hemorrhage begins and an opposing decrease in heart rate and increase in N-N intervals after hemorrhage stops.
Additionally, previous studies have reported a decrease in mean N-N intervals obtained from HRV at the onset of
hemorrhage [13]; however, in this study, we found that the mean N-N intervals during the 15-minute signals increased

for three subjects and a decreased for one subject with a total range in percent change from —10.8% to 24.5% across



all four pigs. Additionally, after hemorrhage commenced, there was a continued increase in the mean N-N intervals
across three subjects and a decrease for one subject. This large variability demonstrates that on an individual basis,
the mean N-N interval from 15-minute short-term PRV may not be a reliable method for detecting acute hemorrhage.

Further analysis in the time domain of the 15-minute signals aligned with expectations and previously
reported trends in HRV indices at the onset of hemorrhage. We saw that the standard deviation and root mean squared
deviation of N-N intervals during the 15-minute signals provided cohesive results with all four porcine subjects seeing
a positive percent change at the onset of hemorrhage. This suggests that standard deviation and root mean squared
deviation of N-N intervals may provide the ability to detect the onset of acute hemorrhage. From during hemorrhage
to after hemorrhage, there was a continued increase in standard deviation and root mean squared deviation for two
subjects and a decrease for the remaining two subjects. These results demonstrate that the standard deviation and root
mean squared deviation obtained from the 15-minute PRV signals may not be able to detect the end of hemorrhage.

Across all four porcine subjects, LF, HF, total power, and the LF/HF ratio was increased from before
hemorrhage to during hemorrhage in the 15-minute PRV signals. Furthermore, opposing trends were observed in the
15-minute signals from during hemorrhage to after hemorrhage resulting in a decrease in LF, total power, and the
LF/HF across all four porcine subjects. The HF values of the 15-minute signals from during hemorrhage to after
hemorrhage demonstrated a negative percent change across three porcine subjects and a positive percent change in
one porcine subject. These results demonstrate that the frequency domain metrics form the 15-minute signals may
have a higher sensitivity to detect the onset and the commencement of hemorrhage than the time domain metrics.
Among the frequency domain metrics, it was seen that the LF values and the LF/HF ratio provided a greater ability to
detect the commencement of hemorrhage than the HF values.

LF values have been associated with sympathetic activity such as thermoregulation, peripheral vasomotor
activity, and baroreflex function, therefore, we hypothesize that this increase in LF values at the onset of hemorrhage
may be attributed to the increase in peripheral resistance that occurs during the acute phase of hemorrhage [7, 14].
The HF values have been associated with parasympathetic activations such as respiration, which may be attributed to
a rise in respiration to maintain proper oxygen delivery to tissues during the acute phase of hemorrhage [7, 14].

The LF/HF ratio is a PRV metric that has been suggested to reflect the balance between sympathetic and
parasympathetic activation [7, 14]. Therefore, the increase in the LF/HF ratio at the onset of hemorrhage demonstrates

that the power in the frequency domain dominates in the low frequency range, which has been associated with a high



sympathetic activity and low parasympathetic activity [7, 14]. Additionally, the decrease in the LF/HF ratio at the end
of hemorrhage demonstrates that as hemorrhage commenced the power in the frequency domain begins to shift back
into the high frequency range. These results align with our general understanding of the physiological response to
hemorrhage. This suggests that the LF/HF ratio may provide a proper indication of the acute phase of hemorrhage.

Further analysis of the 5-minute short term PRV signals reveals that the frequency domain metrics provides
greater sensitivity to acute hemorrhage than the time domain metrics. The mean N-N intervals had no significant
difference across all hemorrhage statuses. This demonstrates that the mean N-N interval of 5-minute PRV signals may
not be sensitive enough to detect hemorrhage. The standard deviation and the root mean squared deviation showed
greater sensitivity than the mean N-N intervals by having one or two of the 5-minute signals during hemorrhage show
significantly different values than the three baseline recordings; however, none of the signals during hemorrhage were
significantly different than the three 5-minutre PRV signals after hemorrhage ended. This demonstrates that the time
domain metrics may not have the sensitivity to detect the immediate onset of hemorrhage and do not have the ability
to detect the commencement of hemorrhage; however, the standard deviation and root mean squared deviation do
have the sensitivity to differentiate between PRV metrics in the acute phase of hemorrhage and baseline PRV metrics.

In the frequency domain, the HF values during the 5-minute PRV signals increased throughout hemorrhage
and decreased at the end of hemorrhage; however, there was no significant difference across all hemorrhage statuses.
This shows that 5-minute analysis of the high frequency power may not be a viable metric to indicate acute
hemorrhage. The total power in the frequency domain showed similar increases throughout hemorrhage with the last
5-minute signal providing a significantly different power than the three baseline recordings prior to hemorrhage. This
shows that the total power in the frequency domain of 5-minute HRV signals may not have the sensitivity to detect
the early onset of hemorrhage, but it does have the ability to detect hemorrhage during the acute phase.

The LF values were shown to increase during hemorrhage and decrease at the commencement of hemorrhage.
The 5-minute analysis revealed that all three 5-minute PRV signals during hemorrhage were significantly different
than the three 5-minute PRV signals prior to hemorrhage. This demonstrates that the LF values of 5-minute PRV
signals can detect the onset and continuation of hemorrhage. Additionally, it was found that the final group during
hemorrhage was significantly different than the first 5-minute interval after hemorrhage. This suggests that the LF

values have the ability to differentiate between the onset and commencement of hemorrhage.



The 5-minute analysis of the LF/HF ratio demonstrated the greatest ability to detect hemorrhage by showing
significant differences between all groups during hemorrhage and all baseline recording groups prior to hemorrhage.
Additionally, the first group during hemorrhage was found to be significantly different than every group after
hemorrhage ended and the last 5-minute signal during hemorrhage had significantly different LF/HF ratios than the
first and last 5-minute signal after hemorrhage. These results suggest that the LF/HF ratio has the sensitivity to detect
the onset of hemorrhage, the continuation of hemorrhage, and the commencement of hemorrhage. Across all PRV
metrics evaluated in this study, the LF/HF ratio of 5-minute PRV signals demonstrated the greatest ability to detect
hemorrhage.

Conclusion

During the acute phase of hemorrhage, traditional vital signs are insufficient measures for detecting
hemorrhage. This study shows that PRV obtained from a peripheral arterial pressure waveforms can serve as an
indicator of hemorrhage status during the acute phase. Opposing trends in PRV metrics were found at the onset of
hemorrhage and at the commencement of hemorrhage. The results suggests that the 5-minute signals provided a greater
sensitivity to detecting changes in blood volume status than the 15-minute signals. Furthermore, it was found that the
frequency domain metrics provided a greater sensitivity to the changes in blood volume than the time domain metrics.
It was found that the frequency domain metrics from 5-minute PRV signals provided the greatest sensitivity to
detecting changes in hemorrhage status, with the low frequency powers and the ratio of low frequency power
compared to the high frequency power providing the greatest ability to determine the onset of hemorrhage and the

commencement of hemorrhage.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

J. B. Holcomb et al., "Transfusion of plasma, platelets, and red blood cellsina 1:1:1 vs a
1:1:2 ratio and mortality in patients with severe trauma: the PROPPR randomized clinical
trial,” (in eng), JAMA, vol. 313, no. 5, pp. 471-82, Feb 2015, doi: 10.1001/jama.2015.12.
C.f.D.C.a.P.(CDC), "Vital signs: Unintentional injury deaths among persons aged 0-
19 years - United States, 2000-2009," (in eng), MMWR Morb Mortal WKly Rep, vol. 61,
pp. 270-6, Apr 20 2012.

L. Paladino, R. Sinert, D. Wallace, T. Anderson, K. Yadav, and S. Zehtabchi, "The utility
of base deficit and arterial lactate in differentiating major from minor injury in trauma
patients with normal vital signs,” (in eng), Resuscitation, vol. 77, no. 3, pp. 363-8, Jun
2008, doi: 10.1016/j.resuscitation.2008.01.022.

M. Wilson, D. P. Davis, and R. Coimbra, "Diagnosis and monitoring of hemorrhagic
shock during the initial resuscitation of multiple trauma patients: a review," (in eng), J
Emerg Med, vol. 24, no. 4, pp. 413-22, May 2003, doi: 10.1016/s0736-4679(03)00042-8.
C. G. Scully et al., "Effect of hemorrhage rate on early hemodynamic responses in
conscious sheep,” (in eng), Physiol Rep, vol. 4, no. 7, Apr 2016, doi:
10.14814/phy2.12739.

A. F. Van Leeuwen, R. G. Evans, and J. Ludbrook, "Haemodynamic responses to acute
blood loss: new roles for the heart, brain and endogenous opioids,"” (in eng), Anaesth
Intensive Care, vol. 17, no. 3, pp. 312-9, Aug 1989, doi: 10.1177/0310057X8901700312.
"Heart rate variability: standards of measurement, physiological interpretation and
clinical use. Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology,” (in eng), Circulation, vol. 93, no. 5, pp. 1043-
65, Mar 01 1996.

D. Hernando et al., "Validity of Venous Waveform Signal for Heart Rate Variability
Monitoring," presented at the Computing in Cardiology Conference (CinC), Maastricht,
Netherlands, 2018.

L. Crimmins-Pierce et al., "Critical Information from High Fidelity Arterial and Venous
Pressure Waveforms During Anesthesia and Hemorrhage," in press.

R. K. Gupta and M. Fahim, "Regulation of cardiovascular functions during acute blood
loss,” (in eng), Indian J Physiol Pharmacol, vol. 49, no. 2, pp. 213-9, Apr 2005.

D. S. Kauvar and C. E. Wade, "The epidemiology and modern management of traumatic
hemorrhage: US and international perspectives,” (in eng), Crit Care, vol. 9 Suppl 5, pp.
S1-9, 2005, doi: 10.1186/cc3779.

A. Bouglé, A. Harrois, and J. Duranteau, "Resuscitative strategies in traumatic
hemorrhagic shock," (in eng), Ann Intensive Care, vol. 3, no. 1, p. 1, Jan 12 2013, doi:
10.1186/2110-5820-3-1.

E. Saloméo et al., "Heart Rate Variability Analysis in an Experimental Model of
Hemorrhagic Shock and Resuscitation in Pigs,” (in eng), PLoS One, vol. 10, no. 8, p.
e0134387, 2015, doi: 10.1371/journal.pone.0134387.

A. Plaza-Florido, J. Sacha, and J. M. A. Alcantara, "Short-term heart rate variability in
resting conditions: methodological considerations,” (in eng), Kardiol Pol, vol. 79, no. 7-
8, pp. 745-755, 2021 2021, doi: 10.33963/KP.a2021.0054.



	Pulse Rate Variability Analysis During Hemorrhage in an Experimental Porcine Model
	Citation
	Author

	tmp.1651266579.pdf.t6eV0

