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ABSTRACT 
Background: The initial response to hemorrhage is mediated by the 
autonomic nervous system. A method for detecting autonomic nervous 
system activity may provide the ability to detect acute changes in blood 
volume. Previous work has indicated that heart rate variability may be able 
to detect acute hemorrhage in a porcine model. This study evaluates the 
ability of pulse rate variability, used as a surrogate for heart rate variability, 
and obtained from peripheral arterial pressure waveforms, to detect 
hemorrhage in a porcine model. 
 
Methods: Using a model consisting of four subjects, peripheral arterial 
pressure waveforms were collected over 15-minute intervals before, 
during, and after hemorrhage. Percent changes for pulse rate variability 
metrics were evaluated for the 15-minute signals. These longer signals 
were subsequently divided into three 5-minute signals for short term 
pulse rate variability analysis. A One-Way Analysis of Variance with a 
significance level of 0.05 was used to evaluate the sensitivity of pulse rate 
variability metrics for detecting hemorrhage.  
 
Results: At the onset of hemorrhage, an increase in standard deviation, 
root mean squared error, low frequency power, high frequency power, 
total power, and the ratio of low to high frequency power was observed, 
followed by an opposing decrease at the conclusion of hemorrhage. The 
low frequency power and the ratio of low to high frequency power had 
the greatest sensitivity to detecting changes in hemorrhage levels.  
 
Conclusion: These results suggest that pulse rate variability metrics 
obtained from arterial pressure waveforms have the potential to serve as 
a diagnostic method for acute hemorrhage. 
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Introduction 
Traumatic injury is the leading cause of death among 
individuals under 44 years old1. Approximately 20% 
to 40% of deaths following traumatic injury occur 
after hospital admissions, and these are potentially 
preventable with rapid hemorrhage control 2. Early 
detection and accurate diagnosis of hemorrhage is 
essential to effective treatment. This relies on physical 
examination and traditional vital signs such as heart 
rate, arterial oxygen saturation, and blood pressure. 
Currently, these methods are insensitive to acute 
changes in blood volume and can remain normal 
until approximately 1 to 1.5 L of blood loss2-5. 
 

The initial physiological response to hemorrhage is 
characterized by a progressive increase in sympathetic 
vasoconstriction, peripheral resistance, and heart 
rate to maintain arterial blood pressure at 
approximately normal levels5-8. This initial response 
is controlled by the autonomic nervous system 
(ANS), therefore, a method of measuring the ANS 
activity has been proposed as a technique for acute 
hemorrhage detection.  
 

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 ANS activity9. 
Studies have begun utilizing HRV as a method for 
assessing the autonomic response to hemorrhage10,11; 
however, heart rate variability measurements are 
traditionally applied to long-term (24-hour) 
electrocardiogram (ECG) signals, which limits 
utility. Recent advancements have proposed the 
use of shorter time frames (5-20 minutes) as a 
method for detecting the acute changes in 
sympathetic innervation12,13. Additionally, a method 
of pulse rate variability (PRV) that utilizes a 
continuously acquired pulse or pressure waveforms 
as a surrogate for the ECG recordings traditionally 
used in HRV measurements has been proposed13-15. 
The use of PRV as a surrogate for HRV provides a 
significant advantage due to the low cost, and 
widely accessible methods of acquiring pulse rate 
variability metrics16. 
 

The arterial pressure waveform can identify rapid 
changes in systolic, diastolic, and mean arterial 

pressures, so it has been proposed as a way to 
detect acute hemorrhage17. Recent studies have 
utilized the peripheral arterial pressure waveform 
to identify changes in pulse wave velocity and 
pulse wave reflection that are associated with 
arterial stiffness and hemorrhage-induced 
vasoconstriction18,19. Furthermore, studies have 
shown that the heart rate can be reliably derived 
from arterial pressure waveforms19,20.  
 

With the increasing utility of continuously acquired 
arterial pressure waveforms, this study chose to use 
a porcine model to evaluate the utility of short-term 
PRV metrics derived from peripheral arterial pressure 
waveforms as a method for detecting hemorrhage. 
The goal of this study is to characterize the changes 
of the short-term PRV metrics while undergoing 
hemorrhage. While Salomão et al. has previously 
conducted research on HRV metrics in a porcine 
model undergoing hemorrhage, prior research on 
the specific utilization of PRV as a surrogate to HRV 
during hemorrhage in a porcine model is extremely 
limited11. We hypothesize that PRV metrics 
obtained from the peripheral arterial pressure 
waveform during hemorrhage mimic trends in HRV 
metrics previously reported during hemorrhage by 
Salomão et al.11. Specifically, we expect the 
frequency domain metrics to experience a 
significant, positive percent change from the 
before hemorrhage to during hemorrhage states. 
Further, we expect metrics in the time domain to 
experience a significant, positive percent change in 
a similar fashion. Additionally, we predict that the 
changes in the PRV metrics previously stated at the 
onset of hemorrhage will oppose the changes in 
the PRV metrics at the end of hemorrhage. Lastly, 
we hypothesize that the use of pulse rate variability 
metrics obtained from a peripheral arterial 
pressure waveform will be able to definitively 
differentiate between hemorrhage statuses. 
 
Methods 
 

STUDY POPULATION 
Arterial pressure waveforms were obtained from 
four healthy female porcine subjects under general 
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anesthesia (16-17 weeks old, average age: 16.8 
weeks old, average weight: 72.8 ± 1.6 kg). 
 

INSTRUMENTATION AND SIGNAL ACQUISITION 
Each subject was anesthetized with isoflurane at a 
1.5% minimum alveolar concentration and 
propofol infusion at a concentration of 0.05 
mg/kg/min prior to instrumentation. The femoral 
artery was accessed via the left leg. The femoral 
arterial pressure signal was collected by an 
MLT0670 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 and BNC breakout connectors. This data 
acquisition device, then interfaced with LabVIEW 
(National Instruments) to record the pressure 
waveform with a sampling frequency of 1000 Hz. 
This sampling frequency was chosen based on the 
requirements of the hardware used for signal 
acquisition and processing. 
 

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 s stopcock. The rate of 
blood loss was determined as an appropriate rate 
to mimic hemorrhage in this study based on prior 
porcine hemorrhage models11. Approximately 20% 
blood volume was removed from each subject 
during the 15-minute window. The amount of 
blood loss for each subject was determined based 
on their initial weights. After the hemorrhage 
concluded, a 15-minute recording was collected 
during the recovery phase. 
 

SIGNAL ANALYSIS AND POST PROCESSING 
The collected femoral arterial pressure waveforms 
were passed through a low-pass filter to exclude 
noise from other instruments in the room. Prior 
studies have indicated that due to the low 
frequency nature of PVP signals, only signal 
sections within the frequency range from 0 to 20 
Hz may be utilized for processing21. Therefore, a 
normalized frequency of 15 Hz was deemed 
appropriate for the low-pass filter in this study. 
Each 15-minute signal was preserved to allow for 
interpretation based on major trends in the PRV 
signal and then copied and divided into three 
smaller 5-minute signals for short term PRV 
analysis. A representative example from subject 4 
is depicted in Figure 1. 
 

 

 
 

Figure 1: Title: Arterial Pressure Signal: A.) The full 15-minute arterial pressure signal split into three 5-minute signals corresponding to: B.) the first 
5 minutes (Group 5, red box), C.) the second 5 minutes (Group 10, blue box), and D.) the last 5-minutes of the 15-minute signal (Group 15, green box). 
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A beat-detection algorithm was then utilized to 
determine the location of each pulse in the filtered 
15-minute signals. The time difference between 
each pulse, or the pulse peak  difference, denoted 
as the P-P interval, was extracted for each signal. 
An adaptive filter was created to detect and 
remove abnormal beats and noise disturbances 22. 
This filter was applied to the P-P intervals to create 
a normal-to-normal beat interval, denoted as the 
N-N interval. The filtering criteria for the P-P 
intervals - specifically, the exclusion of intervals 
shorter than 20 milliseconds or those exceeding 
three standard deviations from the moving average 
- were selected to ensure physiologically valid PRV 
signals. Intervals shorter than 20 milliseconds are 
not compatible with normal cardiac physiology in 
porcine subjects and are likely to represent 

artifacts, such as noise or false peak detection. 
Similarly, P-P intervals that deviate significantly 
from the local average often reflect motion 
artifacts, transient signal loss, or ectopic beats, 
rather than true autonomic modulation. By 
removing these non-physiological data points, the 
resulting N-N interval series more accurately 
reflects normal beat-to-beat variation driven by 
autonomic nervous system activity and improves 
the reliability of derived PRV metrics, both in the 
time and frequency domains. This approach aligns 
with established practices in HRV analysis and 
helps preserve the physiological interpretability of 
PRV signals. Figure 2 depicts the beat detection 
used and the corresponding N-N interval that was 
created for subject 4. 

 

 
 

Figure 2: Title: Selected Arterial Pressure Waveform: A.) The arterial pressure waveform from subject 4 prior to hemorrhage with the time (in seconds, 
s) between beats indicated. B.) The corresponding PRV signal derived from the pulse intervals labeled in A.). 
 

PULSE RATE VARIABILITY ANALYSIS 
Using time domain analysis methods, three PRV 
indices were calculated. The metrics chosen were 
derived from the standards of measurement 
guidelines for HRV indices from the Task Force of 
the European Society of Cardiology and the North 
American Society of Pacing and Electrophysiology9. 
The time domain PRV indices that were utilized in 
this study are the mean N-N interval in milliseconds 
(Mean), the standard deviation of N-N intervals for 

the entire signal in milliseconds (STD), and the root 
mean squared difference between successive N-N 
intervals in milliseconds (RMS). The power spectra 
of the PRV signals were taken to determine four 
PRV indices in the frequency domain. The frequency 
domain PRV indices that were utilized in this study 
are the power of the low frequency band, from 
0.04-0.15 Hz, in milliseconds squared (LF), the power 
of the high frequency band, from 0.15-0.4 Hz, in 
milliseconds squared (HF), the total power of the 
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power spectra in milliseconds squared (P), and the 
ratio between LF and HF (LF/HF).  
 

STATISTICAL ANALYSIS 
For 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. Then, a one-way analysis of 
variance (ANOVA) with a significance level of 0.05 
was conducted for all PRV metrics obtained from 
the 5-minute signals to determine if a statistical 
difference was present between the average of the 
four subjects. In the one-way ANOVA, groups 5, 
10, and 15 correspond to the 5-minute intervals 
prior to hemorrhage, groups 20, 25, and 30 
correspond to the 5-minute intervals during 
hemorrhage, and groups 35, 40, and 45 

correspond to the 5-minute intervals after 
hemorrhage. The normality of the data was tested 
with a q-q plot as well as the Anderson-Darling 
normality test23,24. Post-hoc analysis of a pairwise 
ANOVA was conducted for every possible pair of 
groups with a p-value of <0.05 to determine if a 
statistical difference was present between groups. 
Tukey s Honestly Significant Difference (HSD) test 
was applied to correct for multiple comparisons 
and maintain the family-wise error rate at 0.05. 
 

Results 
 

15-MINUTE ANALYSIS 
The percent change in mean, STD, RMS, LF, HF, P, 
and the LF/HF ratio for the 15-minute recordings 
before hemorrhage to during hemorrhage across 
all four porcine subjects are reported in Table 1. 

 

 PRV Metrics Pig 1 Pig 2 Pig 3 Pig 4 

Time Domain 
Mean 2.0% -10.8% 3.5% 24.5% 
STD 1,344% 1,130% 399% 702% 
RMS 1,494% 1,416% 1,036% 965% 

Frequency Domain 

LF 644,707% 243,108% 101,639% 25,293% 
HF 39,784% 12,664% 12,534% 12,047% 
P 27,744% 13,359% 2,224% 6,542% 

LF/HF 492% 1,821% 707% 111% 
 

Table 1: Title: Change in the Mean of N-N Intervals From Before Hemorrhage to During Hemorrhage: The percent change in the mean of N-
N intervals (Mean), standard deviation (STD), root mean squared deviation (RMS), low frequency power (LF), high frequency power (HF), total power 
(P), and the ratio between low and high frequency (LF/HF) from before to during hemorrhage for the 15-minute signals. 
 

From the 15-minutes before hemorrhage to the 15-
minutes during hemorrhage, the percent change in 
mean N-N intervals increased across three subjects 
and decreased for one subject. The time domain 
metrics revealed that the standard deviation and 
root mean squared deviation of N-N intervals 
during the 15-minute signals had a positive percent 
change at the onset of hemorrhage among all 

subjects. There was a large, positive percent change 
across all subjects for LF, HF, P, and the LF/HF ratio 
from before hemorrhage to during hemorrhage. 
 

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

 

 PRV Metrics Pig 1 Pig 2 Pig 3 Pig 4 

Time Domain 
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 

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% 
 

Table 2: Title: Change in the Mean of N-N Intervals From During Hemorrhage to After Hemorrhage: The percent change in the mean of N-N 
intervals (Mean), standard deviation (STD), root mean squared deviation (RMS), low frequency power (LF), high frequency power (HF), total power 
(P), and the ratio between low and high frequency (LF/HF) from during to after hemorrhage for the 15-minute signals. 
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From the 15-minutes during hemorrhage to the 15-
minutes after hemorrhage, The percent change in 
mean N-N intervals of the 15-minute signals 
continued to increase across three subjects and 
decrease for one subject. The time domain metrics 
revealed that the standard deviation and the root 
mean squared deviation increased for two of the 
subjects and decreased for two of the subjects. 
There was a negative percent change, much 
smaller in magnitude than the positive percent 
change observed in the 15 minutes before 
hemorrhage to the 15 minutes during hemorrhage, 
in LF, P, and LF/HF across all subjects. HF had a 
positive percent change for one subject and a 
negative percent change for three subjects.  
 

5-MINUTE ANALYSIS 
A one-way ANOVA was used to compare the PRV 
metrics across all nine 5-minute signals. The 
boxplot comparison of the time domain PRV 
metrics across each of the 5-minute segments is 
depicted in Figure 3. 
 

The mean N-N intervals had no significant difference 
across all hemorrhage levels. The STD and RMS 
values obtained from the 5-minute PRV signals 
showed an increase at the onset of hemorrhage, 
followed by two progressively smaller increases as 
hemorrhage continued. Additionally, there was a 
decrease in both STD and RMS from the last 5-
minutes during hemorrhage to the first 5-minutes 
after hemorrhage. The p-values derived from the 
post-hoc pairwise comparisons are reported in a 
table as supplemental digital content (SDC). The 
pairwise comparisons of the mean, STD, and RMS 
are reported in SDC1, SDC2, and SDC3, respectively. 
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).  Post-hoc analysis of the STD values 
determined that groups 25 and 30 were 
significantly different than the three baseline 
recordings (groups 5, 10, and 15), which shows 
greater sensitivity than the mean and RMS metrics. 
Furthermore, none of the groups after hemorrhage 
were significantly different than any groups during 

hemorrhage for both the STD and RMS values. The 
boxplot comparison of frequency domain metrics 
for the nine 5-minute signals is displayed in Figure 4 
 
The frequency domain metrics all showed similar 
trends with an increase at the onset of hemorrhage, 
followed by smaller increases as hemorrhage 
progressed.  Then, when hemorrhage ended, the 
PRV metrics displayed a decrease that opposes the 
trends at the beginning of hemorrhage. The p-
values from post-hoc pairwise comparisons for LF, 
HF, P, and LF/HF are reported in SDC4, SDC5, 
SDC6, and SDC7, respectively. The post-hoc 
analysis revealed that the HF values had no 
significant differences between any of the nine 5-
minute signals. Additionally, the P value during the 
last 5-minute signal during hemorrhage (group 30) 
was significantly different than all 5-minute 
baseline recordings (groups 5, 10, and 15), but no 
groups after hemorrhage had significantly different 
P values than any groups during hemorrhage. The 
post-hoc analysis from the one-way ANOVA 
revealed that the LF values for all 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 the final group 
during hemorrhage (group 30) had significantly 
different LF values than the first group after 
hemorrhage ended (group 35).  Finally, the analysis 
of the LF/HF ratio across all nine 5-minute signals 
displayed a significant difference between all 
groups during hemorrhage (groups 20, 25, and 30) 
and the baseline groups prior to hemorrhage 
(groups 5, 10, and 15). Further, 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). 
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Figure 3: Title: Boxplot Comparison of the Time Domain Metrics for the Nine 5-minute Signals: Boxplot comparison of the mean, standard deviation, and root mean 
squared deviation from the nine 5-minute signals. Groups 5, 10, and 15 correspond to the 5-minute intervals prior to hemorrhage, groups 20, 25, and 30 correspond to 
intervals during hemorrhage, and groups 35, 40, and 45 correspond to intervals after hemorrhage. Significant differences are labeled: . 
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Figure 4: Title: Boxplot Comparison of Frequency Domain Metrics for the Nine 5-minute  Boxplot comparison of the low frequency power, high frequency power, 
total power, and the ratio between low and high frequency from the nine 5-minute signals. Groups 5, 10, and 15 correspond to the 5-minute intervals prior to hemorrhage, 
groups 20, 25, and 30 correspond to intervals during hemorrhage, and groups 35, 40, and 45 correspond to intervals after hemorrhage. Significant differences are  
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Discussion 
Currently, precision medicine is not used for the 
detection and diagnosis of hemorrhage, instead 
clinicians rely on physical examination and 
traditional vital signs such as heart rate, arterial 
oxygen saturation, and blood pressure, which 
remain at near-normal levels until approximately 
1.0 to 1.5 L of blood loss3-5. At 20% to 30% blood 
loss, the second phase of hemorrhage, patients 
experience insufficient oxygen delivery to vital 
organs, leading to hemorrhagic shock5-8. 
Hemorrhagic shock is one of the leading early 
causes of death and has been identified as a 
predictor of poor outcomes in injured patients 25. 
Therefore, this investigation sought to lay the 
groundwork to decrease adverse effects of 
traumatic injury and decrease mortality rates 
associated with hemorrhage by using algorithmic 
detection of hemorrhage prior to the 
decompensatory phase.  
 
Across all PRV metrics, the full 15-minute analysis 
showed a greater ability to detect the onset of 
hemorrhage than the conclusion of hemorrhage. 
All four frequency domain metrics showed a large 
positive percent change from before hemorrhage 
to during hemorrhage, which aligned with our 
expectations and previously reported trends in 
HRV11. This suggests that these metrics have the 
potential to distinguish between signals during 
baseline and acute hemorrhage. In the time 
domain, the standard deviation and root mean 
squared deviation showed similar results by having 
a large positive percent change from before 
hemorrhage to during hemorrhage, which followed 
the previously reported trends in HRV metrics at 
the onset of hemorrhage 11. This suggests that both 
the standard deviation and root mean squared 
deviation have the potential to detect the onset of 
hemorrhage. Finally, the mean increased across 
three of the four subjects from before hemorrhage 
to after hemorrhage. These results oppose the 
findings of Salomão et al., who found that the 
mean derived from HRV metrics decreased at the 
onset of hemorrhage. This suggests that further 

studies need to be conducted to determine if the 
mean derived from PRV analysis has the least 
sensitivity to detecting the onset of hemorrhage. 
 

The observed differences between PRV and HRV 
trends may be attributed to physiological and 
signal acquisition disparities. While both metrics 
reflect autonomic modulation of cardiovascular 
function, PRV is derived from peripheral vascular 
pressure waveforms, which are influenced not only 
by cardiac output but also by vascular compliance, 
pulse wave transmission, and peripheral resistance. 
These additional hemodynamic factors can distort 
the timing and shape of pressure waveforms, 
particularly during sympathetic activation such as 
hemorrhage. In contrast, HRV is derived directly 
from the cardiac electrical cycle via ECG and is less 
susceptible to these peripheral influences. As a 
result, PRV may exhibit exaggerated or delayed 
changes relative to HRV, especially in the 
frequency domain, where vascular tone and pulse 
transit time introduce variability not directly related 
to heart rate modulation. 
 

Analysis of the full 15-minute signals from during 
hemorrhage to after hemorrhage further emphasized 
that the frequency domain metrics may have a 
greater sensitivity to detecting changes in blood 
volume. For LF, P, and LF/HF there was a negative 
percent change from during hemorrhage to after 
hemorrhage for all four porcine subjects. These 
results opposed the findings from before hemorrhage 
to during hemorrhage, which suggests that the PRV 
metrics used may have the ability to identify 
differences in the onset of hemorrhage and the 
conclusion of hemorrhage. The magnitude of these 
percent changes was lower than the magnitude of 
the percent changes from before hemorrhage to 
after hemorrhage, which suggests that these 
metrics may have a greater sensitivity to detecting 
the onset of hemorrhage than the conclusion of 
hemorrhage. The HF values had similar results for 
three subjects but had one subject having opposing 
results with a positive percent change from during 
hemorrhage to after hemorrhage. Additionally, the 
time domain metrics also presented varying results 
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in the full 15-minute analysis from during 
hemorrhage to after hemorrhage. These opposing 
trends at the conclusion of hemorrhage may be 
due to physiological variations in  ability 
to recover from blood loss. 
 

The full 15-minute analysis indicates the potential 
ability for PRV metrics to detect the onset of 
hemorrhage and, with less sensitivity, the 
conclusion of hemorrhage. To gain a deeper 
understanding of the sensitivity of these metrics, 
we evaluated smaller 5-minute segments of the 
larger 15-minute signal. The mean and HF metrics 
showed no significant differences were found 
across all nine groups of 5-minute signals, which 
suggests that further methods of analysis may be 
needed to utilize the mean and HF metrics for 
detecting differences in hemorrhage statuses. The 
RMS and P metrics each had the last 5-minute 
group during hemorrhage being significantly 
different than all three of the 5-minute groups from 
prior to hemorrhage. This suggests that these 
metrics are sensitive enough to detect hemorrhage 
during the acute phase; however, they were only 
able to identify hemorrhage after the subject had 
been hemorrhaging for 10-minutes. Additionally, 
the 5-minute analysis of STD demonstrated greater 
sensitivity because the last two groups during 
hemorrhage were significantly different than all 
three baseline groups, which shows an ability to 
detect acute hemorrhage after 5-minutes of 
hemorrhage. These results indicate that the RMS, 
STD, and P found from PRV analysis may have the 
sensitivity to detect the onset of acute 
hemorrhage. However, none of these metrics had 
any significantly different groups from during 
hemorrhage to after hemorrhage, therefore, the 5-
minute analysis of these metrics may not have the 
sensitivity to detect the conclusion of hemorrhage.  
 

5-minute analysis of LF and the LF/HF ratio 
revealed the greatest sensitivity to detecting the 
onset of hemorrhage because each group during 
hemorrhage was significantly different than all 
three of the baseline recordings prior to 
hemorrhage. This suggests that these two 

frequency domain metrics may have the sensitivity 
to detect acute hemorrhage within the first 5-
minutes of hemorrhage and were able to maintain 
this distinction throughout the entire 15-minutes of 
hemorrhage. Furthermore, these were the only two 
metrics that had groups during hemorrhage being 
significantly different than any groups after 
hemorrhage concluded, which demonstrates their 
potential to distinguish between hemorrhage and 
hypovolemic baseline. 
 

Overall, the significant trends observed in PRV 
metrics throughout the study provide evidence 
that PRV-based hemorrhage detection methods 
may have the ability to aid clinicians as an earlier 
detection of acute hemorrhage in patients prior to 
the decompensatory phase, leading to a shorter 
response time for treatment and therefore a lower 
patient mortality rate due to hemorrhagic shock. 
 

LIMITATIONS AND FUTURE DIRECTIONS 
The results of this study suggest that PRV metrics 
may be used as a viable method for assessing the 
onset and conclusion of hemorrhage; however, this 
method relies on the sympathetic control over the 
heart rate. As the heart rate varies under a wide 
range of environmental and physical stimulation, 
the trends that we found in this study may be 
attributed to the increase in heart rate rather than 
the baroreceptor mediated control of peripheral 
resistance during hemorrhage. Therefore, future 
studies should evaluate these metrics under 
stimulation that changes the heart rate while 
maintaining constant blood volume to ensure that 
the changes in PRV metrics found in this study can 
be attributed to changes in blood volume.  
 

The major limitation to this study is the small 
sample size. With four subjects, we can identify 
metrics and trends that may provide the potential 
to serve as a method for detecting acute hemorrhage, 
but we are unable to create broad generalizations 
with the results of this study. Future studies should 
include a larger number of porcine subjects.  
 

While many studies have identified PRV metrics as 
a surrogate for HRV, some studies suggest that this 
may not be completely true. One study found that 
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time domain metrics from PRV had a strong 
correlation with HRV metrics but showed that 
frequency domain metrics from PRV do not have 
the precision to estimate the HRV metrics in the 
frequency domain26. Recently, studies have 
suggested that the deviation of PRV and HRV 
frequency domain metrics may be influenced by 
changing pulse transmittance time and distortions 
of the pulse wave throughout the vasculature, 
which is highly influenced by sympathetic activity, 
peripheral resistance, and cardiac output27,28. 
Additionally, most of these studies rely on 
photoplethysmography (PPG) signals rather than 
peripheral venous or arterial pressure waveforms, 
so future studies should evaluate the comparison 
between PRV metrics derived from PPG and PRV 
metrics derived from peripheral venous and arterial 
pressure waveforms to determine if results found 
for PRV signals derived from PPG signals may be 
applied to PRV metrics from these pressure 
waveforms16. Ultimately, further validation of the 
correlation between HRV and PRV metrics 
obtained from venous and arterial pressure 
waveforms is required to determine if PRV 
obtained in this manner is a reliable surrogate for 
HRV metrics before using these methods to confer 
physiological interpretations. 
 

Conclusion 
During the acute phase of hemorrhage, traditional 
vital signs are insufficient measures for detecting 
hemorrhage. The results of this study suggest that 
pulse rate variability metrics obtained from a 
peripheral arterial pressure waveform has the 
potential to 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 conclusion of hemorrhage. 
The results suggest that because the analysis of the 
frequency domain metrics of the 5-minute signals 
were found to be the most sensitive to changes in 
hemorrhage states, 5-minute signals may provide 
a greater sensitivity to detecting changes in blood 
volume status than 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. While the results of this study are 
promising for the future of early hemorrhage 
detection, there is a clear need for further research 
in this area, including expansion of the methods 
discussed here to a larger sample size and eventual 
validation in human models. 
 
Conflicting Interests/Competing 
Interests 
The authors have no conflicts of interest to declare. 
 

Funding Statement: 
The project was supported by the Translational 
Research Institute (TRI), Grant UL1 TR003107 and 
Grant TL1 TR003109 through the National Center 
for Advancing Translational Sciences of the National 
Institutes of Health (NIH). The content is solely the 
responsibility of the authors and does not necessarily 
represent the official views of the NIH. This work 
was also supported by the Arkansas Research 
Alliance and the University of Arkansas  
Innovation and Commercialization Grant. This work 
was also supported by The Department of Defense 
Congressionally Directed Medical Research Programs 
award number HT9425-24-1-0189 (PR231853) 
 

Acknowledgements: 
The project described was supported by the 
Translational Research Institute (TRI), Grants UL1 
TR003107 and TL1 TR003109 through the National 
Center for Advancing Translational Sciences of the 
National Institutes of Health (NIH). The content is 
solely the responsibility of the authors and does 
not necessarily represent the official views of the 
NIH. This work was also supported by the Arkansas 
Research Alliance and the University of Arkansas 

 Innovation and Commercialization 
Grant. This work was also supported by The 
Department of Defense Congressionally Directed 
Medical Research Programs award number 
HT9425-24-1-0189 (PR231853) 



Pulse Rate Variability Analysis During Hemorrhage in an Experimental Porcine Model 

© 2025 European Society of Medicine 12 

References: 
1. Holcomb JB, Tilley BC, Baraniuk S, et al. 
Transfusion of plasma, platelets, and red blood 
cells in a 1:1:1 vs a 1:1:2 ratio and mortality in 
patients with severe trauma: the PROPPR 
randomized clinical trial. JAMA. 2015;313(5):471-
482. doi:10.1001/jama.2015.12 
 

2. Centers for Disease Control and Prevention 
(CDC). Vital signs: Unintentional injury deaths 
among persons aged 0-19 years - United States, 
2000-2009. MMWR Morb Mortal Wkly Rep. 
2012;61:270-276. 
 

3. Paladino L, Sinert R, Wallace D, Anderson T, 
Yadav K, Zehtabchi S. The utility of base deficit and 
arterial lactate in differentiating major from minor 
injury in trauma patients with normal vital signs. 
Resuscitation. 2008;77(3):363-368. doi:10.1016/j. 
resuscitation.2008.01.022 
 

4. Wilson M, Davis DP, Coimbra R. Diagnosis and 
monitoring of hemorrhagic shock during the initial 
resuscitation of multiple trauma patients: a review. 
J Emerg Med. 2003;24(4):413-422. doi:10.1016/s 
0736-4679(03)00042-8 
 

5. Scully CG, Daluwatte C, Marques NR, et al. 
Effect of hemorrhage rate on early hemodynamic 
responses in conscious sheep. Physiol Rep. 
2016;4(7):e12739. doi:10.14814/phy2.12739 
 

6. Van Leeuwen AF, Evans RG, Ludbrook J. 
Haemodynamic responses to acute blood loss: 
new roles for the heart, brain and endogenous 
opioids. Anaesth Intensive Care. 1989;17(3):312-
319. doi:10.1177/0310057X8901700312 
 

7. Gupta RK, Fahim M. Regulation of 
cardiovascular functions during acute blood loss. 
Indian J Physiol Pharmacol. 2005;49(2):213-219. 
 

8. Ryan KL, Rickards CA, Hinojosa-Laborde C, 
Cooke WH, Convertino VA. Sympathetic responses 
to central hypovolemia: new insights from 
microneurographic recordings. Front Physiol. 2012 
;3:110. Published 2012 Apr 26. doi:10.3389/fphys. 
2012.00110 
 

9. 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. Circulation. 1996;93(5):1043-1065. 
 

10. Cooke WH, Convertino VA. Heart rate 
variability and spontaneous baroreflex sequences: 
implications for autonomic monitoring during 
hemorrhage. J Trauma. 2005;58(4):798-805. doi: 
10.1097/01.ta.0000151345.16338.fd 
 

11. Salomão E Jr, Otsuki DA, Correa AL, et al. Heart 
Rate Variability Analysis in an Experimental Model 
of Hemorrhagic Shock and Resuscitation in Pigs. 
PLoS One. 2015;10(8):e0134387. Published 2015 
Aug 6. doi:10.1371/journal.pone.0134387 
 

12. Plaza-Florido A, Sacha J, Alcantara JMA. Short-
term heart rate variability in resting conditions: 
methodological considerations. Kardiol Pol. 2021; 
79(7-8):745-755. doi:10.33963/KP.a2021.0054 
 

13. Weinschenk SW, Beise RD, Lorenz J. Heart rate 
variability (HRV) in deep breathing tests and 5-min 
short-term recordings: agreement of ear 
photoplethysmography with ECG measurements, 
in 343 subjects. Eur J Appl Physiol. 2016;116(8) 
:1527-1535. doi:10.1007/s00421-016-3401-3 
 

14. Hernando, David & McCallister, Reid & Lazaro, 
Jesus & Hocking, Kyle & Gil, Eduardo & Alvis, Bret 
& Laguna, Pablo & Brophy, Colleen & Bailón, 
Raquel. (2018). Validity of Venous Waveform Signal 
for Heart Rate Variability Monitoring. 10.22489/ 
CinC.2018.289. 
 

15. Selvaraj N, Jaryal A, Santhosh J, Deepak KK, 
Anand S. Assessment of heart rate variability 
derived from finger-tip photoplethysmography as 
compared to electrocardiography. J Med Eng 
Technol. 2008;32(6):479-484. doi:10.1080/030919 
00701781317 
 

16. Schäfer A, Vagedes J. How accurate is pulse 
rate variability as an estimate of heart rate 
variability? A review on studies comparing 
photoplethysmographic technology with an 
electrocardiogram. Int J Cardiol. 2013;166(1):15-
29. doi:10.1016/j.ijcard.2012.03.119 
 

17. Nirmalan, Mahesh & Dark, Paul. (2014). Broader 
applications of arterial pressure wave form analysis. 



Pulse Rate Variability Analysis During Hemorrhage in an Experimental Porcine Model 

© 2025 European Society of Medicine 13 

Continuing Education in Anaesthesia, Critical Care 
& Pain. 14. 285-290. 10.1093/bjaceaccp/mkt078. 
 

18. Dark P, Little R, Nirmalan M, Purdy J. Systemic 
arterial pressure wave reflections during acute 
hemorrhage. Crit Care Med. 2006;34(5):1497-
1505. doi:10.1097/01.CCM.0000215451.26971.89 
 

19. Wasicek PJ, Teeter WA, Yang S, et al. Arterial 
waveform morphomics during hemorrhagic shock. 
Eur J Trauma Emerg Surg. 2021;47(2):325-332. 
doi:10.1007/s00068-019-01140-2 
 

20. Jiménez RF, Torres P, Günther B, Morgado E, 
Jiménez CA. Wavelet and Fourier analysis of 
ventricular and main arteries pulsations in 
anesthetized dogs. Biol Res. 2004;37(3):431-447. 
doi:10.4067/s0716-97602004000300008 
 

21. Al-Alawi AZ, Henry KR, Crimmins LD, et al. 
Anesthetics affect peripheral venous pressure 
waveforms and the cross-talk with arterial pressure. 
J Clin Monit Comput. 2022;36(1):147-159. 
doi:10.1007/s10877-020-00632-6 
 

22. Wessel, Niels & Voss, Andreas & Malberg, 
Hagen & Ziehmann, Christine & Voss, Henning & 
Schirdewan, Alexander & Meyerfeldt, Udo & 
Kurths, Juergen. (2000). Nonlinear analysis of 
complex phenomena in cardiological data. 
Herzschrittmachertherapie und Elektrophysiologie. 
11. 159-173. 10.1007/s003990070035. 
 

23. Hayter AA. Probability and Statistics for 
Engineers and Scientists. International Thompson 
Publishing Co.; 1996.  
 

24. Montgomery D. Design and Analysis of 
Experiments. John Wiley & Sons, Inc.; 1997.  
 

25. Kauvar DS, Wade CE. The epidemiology and 
modern management of traumatic hemorrhage: US 
and international perspectives. Crit Care. 2005;9 
Suppl 5(Suppl 5):S1-S9. doi:10.1186/cc3779 
 

26. Dehkordi P, Garde A, Karlen W, Wensley D, 
Ansermino JM, Dumont GA. Pulse rate variability 
compared with Heart Rate Variability in children 
with and without sleep disordered breathing. Annu 
Int Conf IEEE Eng Med Biol Soc. 2013;2013:6563-
6566. doi:10.1109/EMBC.2013.6611059 

27. Castiglioni P, Meriggi P, Di Rienzo M, Lombardi 
C, Parati G, Faini A. Heart Rate Variability from 
Wearable Photoplethysmography Systems: 
Implications in Sleep Studies at High Altitude. 
Sensors (Basel). 2022;22(8):2891. Published 2022 
Apr 9. doi:10.3390/s22082891 
 

28. Di Rienzo M, Avolio A, Rizzo G, Zeybek ZMI, 
Cucugliato L. Multi-Site Pulse Transit Times, Beat-
to-Beat Blood Pressure, and Isovolumic 
Contraction Time at Rest and Under Stressors. IEEE 
J Biomed Health Inform. 2022;26(2):561-571. 
doi:10.1109/JBHI.2021.3101976 


