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Abstract

Purpose—Peripheral venous pressure (PVP) waveform anal-
ysis is a novel, minimally invasive, and inexpensive method of
measuring intravascular volume changes. A porcine cohort
was studied to determine how venous and arterial pressure
waveforms change due to inhaled and infused anesthetics and
acute hemorrhage.
Methods—Venous and arterial pressure waveforms were
continuously collected, while each pig was under general
anesthesia, by inserting Millar catheters into a neighboring
peripheral artery and vein. The anesthetic was varied from
inhaled to infused, then the pig underwent a controlled
hemorrhage. Pearson correlation coefficients between the
power of the venous and arterial pressure waveforms at each
pig’s heart rate frequency were calculated for each variation
in the anesthetic, as well as before and after hemorrhage. An
analysis of variance (ANOVA) test was computed to
determine the significance in changes of the venous pressure
waveform means caused by each variation.
Results—The Pearson correlation coefficients between ve-
nous and arterial waveforms decreased as anesthetic dosage
increased. In an opposing fashion, the correlation coefficients
increased as hemorrhage occurred.
Conclusion—Anesthetics and hemorrhage alter venous pres-
sure waveforms in distinctly different ways, making it critical
for researchers and clinicians to consider these confounding
variables when utilizing pressure waveforms. Further work

needs to be done to determine how best to integrate PVP
waveforms into clinical decision-making.

Keywords—Peripheral venous pressure, Inhaled anesthetic,

Hemorrhage, Cross-talk between venous and arterial circu-

lations.

INTRODUCTION

Hemorrhage is the second leading cause of death for
Americans between the ages of one to forty-six, despite
approximately 20–40% of deaths involving massive
hemorrhage being potentially preventable with rapid
hemorrhage control.10,14 The current standard for
evaluating intravascular volume status and dehydra-
tion, however, relies on clinicians’ interpretation of
vital signs, physical exam signs, and urine output—all
of which lack sensitivity to early blood loss.17,20 This
lack of sensitivity limits the ability to diagnose dehy-
dration and detect early hemorrhage.17,20

Analysis of the minimally invasive peripheral ve-
nous pressure (PVP) waveforms have shown a greater
sensitivity to acute changes in blood volume than tra-
ditional vital signs.2–7,13,16 This is because the venous
system is highly sensitive to changes in blood volume
due to the large proportion of blood circulating within
the venous tree and its high compliance.12,24 Recent
studies have proven that PVP waveform analysis in the
frequency-domain can significantly detect acute blood
loss as compared to traditional vital signs.3,8 Specifi-
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cally, researchers have utilized the power spectral
density (PSD) of the PVP signal.1–8,13,16 The PSD is the
visualization of a signal’s power content across a range
of frequencies, and in PVP research, peak power is
often seen at the heart rate and respiratory rate fre-
quencies.25 Through the use of a PSD, correlations can
be found in the PVP waveform between the power
contributions at the heart rate frequency and changes
in blood volume.2,3,6,7,13 One recent use of PSD anal-
ysis occurred when Alian et al. discovered that heart
rate frequencies were significantly reduced during mild
hypovolemia.2 It was proposed that this change in the
venous pressure waveform at the heart rate frequency
was due to the right atrium pulse pressure not being
transmitted from the central venous pressure back
(against flow direction) to the peripheral venous pres-
sure in states of low venous blood volume.2 Other re-
cent studies have utilized PVP PSDs to determine
strong correlations between the arterial and venous
pressure waveforms at the heart rate frequency.1,7

Despite a growing understanding of the venous
pressure waveform, the arterial pressure waveform has
been more widely used than the venous signal.11,22

Traditionally, the arterial pressure waveform has been
easier to interpret because it is stronger than the ve-
nous signal, but, with the recent development of
amplifying technologies, small changes in the venous
pressure waveform may be detected. Given that the
majority of current clinically available hemodynamic
monitors focus on the arterial waveform and with the
growing body of research supporting the potential for
the venous pressure signal to detect acute changes in
blood volume, it is vital to understand the relationship
between the venous and arterial signals.22 We believe
that understanding this relationship could improve the
sensitivity of current clinical technologies or lead to
developing novel clinical monitors. In this study, we
will evaluate the relationship between venous and
arterial pressure waveforms throughout varying levels
of anesthetic and hemorrhage.

The ability for the PVP waveform to detect acute
hemorrhage combined with the arterial vasoconstric-
tion associated with blood loss makes hemorrhage an
ideal model for evaluating vasoconstricting effects on
the relationship between the arterial and venous pres-
sure waveforms.23 While studies have evaluated the
effects of vasoconstricting agents on the peripheral
venous waveform in a controlled animal study, studies
that evaluate the effects of vasodilating agents were
found in a clinical setting.1,6 Therefore, there remains
the need to validate the effects of vasodilating agents in
a controlled animal study. General anesthetics such as
propofol and isoflurane, which are known vasodila-
tors, are routinely used within trauma surgeries, where
changes in intravascular volume are common. As

vasodilators, anesthetics increase the proximity of
neighboring arteries and veins.15,19 Bonasso et al.
proposed an additional hydromechanical interaction
that states that the close physical proximity of veins
and arteries allows for arterial pulse pressure to cross
over into the venous system.7 This hydromechanical
interaction differs from the mechanism proposed by
Alian et al. because it relies on the pulse pressure
waveform that travels through the arterial tree from
the aorta.1 Bonasso proposes that as arteries dilate,
they will become physically closer, which increases the
‘‘cross-talk,’’ or the transfer of pulse pressure from the
arterial system into the venous system.1,7 Bonasso’s
hydromechanical interaction is illustrated in Fig. 1 to
illustrate the hypothesis of an arteries effect on its
neighboring vein under varying hemodynamic condi-
tions.

While PVP waveforms continue to be studied to
assess intravascular volume, it is critical to understand
the effect of anesthesia on the waveform in a controlled
hemorrhage experimental setting and the correspond-
ing relationship between the artery and vein. This
study aims to determine the effects of anesthetic
vasodilation and hemorrhagic vasoconstriction on
PVP waveforms and the relationship between venous
and arterial pressure waveforms in a controlled setting.
We hypothesize anesthetics and hemorrhage will pro-
duce contrasting effects on both the PVP waveform
and the relationship between the arterial and venous
pressure waveforms.

METHODS

Porcine Demographics

Four female pigs with an average weight of 72.8 ±

1.6 kg were entered into the study. The average age was
16.8 weeks.

Acquiring the High Fidelity Pressure Data

Porcine data was collected during a controlled ani-
mal study at the Arkansas Children’s Hospital Re-
search Institute. Venous and arterial pressure
waveforms were measured with SPR-350S Millar
Mikro-Tip Pressure Catheters (Millar, Inc.) in the first
two porcine subjects and SPR-320 Millar Mikro-Tip
Pressure Catheters in the second two porcine subjects.
The SPR-320 Catheters were used in the last two trials
because they were more easily guided through the
narrow vasculature. The catheters were inserted in the
extremity such that the catheter tips were anatomically
within 4cm to each other, allowing a more accurate
detection of mechanical crossover between the artery
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and vein. In the first experiment the catheters were
placed directly into the internal jugular vein and car-
otid artery and threaded downward to the extremity
vessels. In all other samples, the catheters were placed
in the radial artery and vein and passed centrally to a
similar final location as in the first subject. The venous
catheter was advanced in all cases to the inferior aspect
of the superior vena cava (ultrasound placed) and the
arterial catheter advanced to match. As shown in
Fig. 2, the Millar Catheter tip locations were confirmed
using a BK5000 Ultrasound system (BK Medical),
showing the transducer tips were approximately 2cm
apart in the axial direction and less than 1cm apart in
the radial direction. The axial direction was also con-
trolled by using markers on the catheters, which en-
sured that the length of catheter inserted was
approximately the same, within 5mm. Post-operative
dissection confirmed that the axial/radial distances

between the tip of the catheters were consistently less
than 40mm/10mm.

The Venous and Arterial Millar Catheters were at-
tached to a Millar PCU-2000 Pressure Control Unit
(Millar, Inc.) via a pair of PED-10D cables. The
Millar PCU-2000 then sent analog voltage signals for
each catheter to a NI USB-6009 (National Instru-
ments) data acquisition system via 1/4 inch phono-to-
BNC cables. The NI USB-6009 interfaced with Lab-
VIEW (National Instruments) with a USB to record
the waveforms. The data acquisition setup is illustrated
in Fig. 3. The venous and arterial pressure waveforms
were sampled at a frequency of 1000 Hz. Each pig
underwent varying levels of inhaled and infused anes-
thetics and was then subjected to a controlled hemor-
rhage until the estimated intravascular volume
decreased by 20%. This is shown in Fig. 3 and details
are stated in the following paragraph.

Vasoconstricted Vasodilated

F1

F1

(a)

(b)

(c)

(d)

(e)

(f)

DDa Da
Dv Dv

FIGURE 1. Illustration of the hydromechanical interaction, or cross-talk, proposed in Bonasso et al. (a) Under vasoconstriction,
there is a lack of physical proximity between veins and arteries. (b) The venous pressure waveform on a 10-second interval for a
vasoconstricted subject is used to generate the (c) power spectral density characterized by a peak at F1, the heart rate frequency.
(d) In a vasodilated state, there is a physical proximity between veins and arteries that allows for the pulse pressure to move from
the artery to the neighboring vein. (e) The venous pressure waveform on a 10 second interval gives the corresponding (f) power
spectral density characterized by an increase in F1 in a vasodilated state.
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FIGURE 2. Indications of Millar pressure catheter tip distance proximity: (a) The axial distance was targeted at less than 4cm,
which was confirmed during the experiments by ultrasound examination before measurements as well as (b) during post-op
dissection. (c) The radial proximity near the tip of the catheters was also confirmed during the experiments with ultrasound before
measurements.
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FIGURE 3. Illustration of the Arterial and Venous Millar Waveform data acquisition setup consisting of Millar Mikro-Tip Pressure
Catheters (Millar, Inc.), PED-10D cables, Millar PCU-200 (Millar, Inc.), NI USB-6009 DAQ (National Instruments), and LabVIEW
(National Instruments). Waveforms were viewed and data was saved on LabVIEW before being transferred for analysis in MATLAB
(MathWorks Inc.).
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Each animal was induced under general anesthesia
with a fixed respiratory rate, instrumented, and left for a
10-minute stabilization period. Inhaled isoflurane
anesthetics were increased to three varying levels of
minimum alveolar concentration (MAC): MAC 1
(1.8%), MAC 2 (2.5%), andMAC 3 (2.8%). Anesthetic
concentrations were chosen to represent a single general
anesthetic level and to create a broad range of vascular
system stress to optimize observable hemodynamic
trends from varying anesthetic dosage. After inhaled
isoflurane changes, the subjects were switched to infused
propofol as the anesthetic. A stabilization period was
present between the inhaled and infused anesthetics, The
subjects were gradually taken off isoflurane to 1.5%
before switched to 0.1 mg/kg/min propofol, and there
was additional 10-minute stabilization period for
propofol before data collection was performed. How-
ever, due to the inability of waking the subject in the
experiment, it is unknown if the effects of the isoflurane
were fully out of the subject’s system. Infused anesthetics
were increased to the three varying levels, Propofol 1
(0.1 mg/kg/min), Propofol 2 (0.15 mg/kg/min), and
Propofol 3 (0.2 mg/kg/min). When the inhaled or in-
fused anesthetic level was increased for each respective
section, each subject underwent a 10-minute stabiliza-
tion period, followed by a 15-minute data collection
window. After the anesthetic returned to baseline, a 20-
minute stabilization period occurred for euvolemic
baseline data collection and then the porcine subject was
subjected to hemorrhage of twenty percent of its blood
volume over a 15-minute data collection period.
Exsanguination was performed via central venous ca-
theter into empty blood donation bags that were con-
tinuously weighed against a calculated total circulating
blood volume. Another 20-minute stabilization period
followed to collect the hypovolemic baseline.

Data Preparation

Data acquired from LabVIEW was analyzed in
MATLAB R2020a (MathWorks Inc.). Figure 4 shows
representative examples of the time domain waveforms
for the venous and arterial signals under two anesthetic
levels, MAC 1 and MAC 3. The figure includes only 10
seconds of the waveforms to demonstrate the shape
and overall periodic oscillation due to respiration. The
venous and arterial waveforms appear to be in phase
with similar peaks around times 2 and 7 seconds, due
to the respiratory rate of the subject. Figure 4a shows a
noisier pressure waveform than Fig. 4b as respiration is
more prominently seen in the venous pressure wave-
form. Despite the presence of noise in the venous
pressure waveform, Bonasso et al. (2018) determined
that this shape of the waveform would still provide
accurate waveform analysis.6

Spectrum Analysis: Determining General Trends Across
the Spectrums for Different Anesthetic and Hemorrhage

Levels

A Fast Fourier Transform (FFT) was applied to the
entire length of the acquired signal for both the arterial
and venous waveforms. The power spectral density
was plotted for the whole signal to compare the overall
trends between the venous and arterial signals. The
PSD of both signals indicate peaks at the same fre-
quencies, as shown in Fig. 5. The power at the heart
rate frequency, F1, was determined for all subjects over
the varying MAC, propofol, and hemorrhage levels.
Continuous recordings of the heart rate were not col-
lected during this study, and instead the heart rate
frequencies for each pig were determined from the
PSD, as there is a distinct peak at the heart rate fre-
quency as shown in Fig. 5.

Spectrum Analysis: Demonstrating the Relationship
Between the Arterial and Venous Waveforms

The simultaneously collected arterial and venous
waveforms spanned across 135 minutes, giving 15
minutes to each variation of anesthetic or hemorrhage
as displayed in Fig. 3. However, because anesthetics
affect individuals differently, it was necessary to focus
on changes that happen within each individual pig
rather than across the whole dataset. To achieve this,
the 15-minute waveforms collected under each varied
setting were divided into forty-five 20-second windows.
Because the overall waveform is periodic in nature,
there was not a concern in creating smaller windows
out of the whole waveform.

A FFT was applied to each 20-second window and
the resulting PSD was plotted using MATLAB to use
for statistical analysis. The magnitude of the power at
the heart rate frequency, F1, was determined from the
venous and arterial PSDs. Pearson’s correlation coef-
ficients were calculated (Eq. 1) between the waveforms
at the F1 frequencies for each pig. In Eq. 1, X is the
magnitude of the power at F1 from the venous pressure
waveform, and Y is the magnitude of the power at F1

for the arterial pressure waveform.

qX;Y ¼
P

ð X� lXð Þ Y� lYð ÞÞ
rXrY

ð1Þ

Statistical Analysis

An Analysis of Variance (ANOVA) test was con-
ducted to determine whether a statistical difference was
present between the mean of the venous pressure
waveforms in mmHg due to anesthetic levels and vol-
ume status within each pig. The MATLAB anova1
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function was used to determine the ANOVA results,
and a 0.01 significance level was chosen.18

The venous pressure waveforms were collected for
MAC 1, MAC 2, and MAC 3 for each porcine subject
individually. ANOVA was conducted for each of the
four subjects separately, with the dependent variable
being the continuous venous waveform, and the MAC
levels as the three categorical independent variables.

The venous pressure waveforms were also collected
before, during, and after hemorrhage for each subject
individually. The ANOVA test was conducted for each
pig separately, not comparing across pigs, with the
dependent variable being the continuous venous
waveform, and the hemorrhage levels as three inde-
pendent, categorical variables.

RESULTS

Spectrum Analysis

The full spectrum analysis allowed for interpreta-
tions based on major trends in the waveforms. The
anesthetic and hemorrhage status had competing

trends in the subject’s heart rate frequency, F1, and the
arterial power at the same frequency. Due to the ve-
nous and arterial signals’ simultaneous collection, the
heart rate frequency, F1, and consequential percent
change are the same across both scenarios. A consis-
tent decrease in the subject’s heart rate frequency oc-
curred as the inhaled anesthetic level increased,
averaging an 8% decrease in heart rate frequency from
MAC 1 to MAC 3. The infused anesthetic demon-
strated a similar overall trend in the heart rate fre-
quency decreasing from Propofol 1 to 3, but the results
were not consistent for all four subjects like the inhaled
anesthetic. As hemorrhage status changed, there was
an average increase of 37% in the heart rate frequency.

The trends in the arterial power for inhaled anes-
thetic and hemorrhage were consistent with the trends
in their heart rate frequency. However, the arterial
power at F1 increased for the infused propofol, which
demonstrated a trend closer to hemorrhage rather than
the isoflurane. The venous signal power trends at F1

were not consistent for either anesthetic but was con-
sistent for the hemorrhage model. The percent changes
can be seen in Fig. 6.
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FIGURE 4. (a) Venous pressure waveform and (b) simultaneous 10-second arterial pressure waveform for porcine subject 4 while
under MAC 1 inhaled anesthesia. (c) Venous pressure waveform and (d) simultaneous 10-second arterial pressure waveform for
porcine subject 4 while under MAC 3.
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Relationship Between the Arterial and Venous
Waveforms

The Pearson correlation coefficients between the
power of the arterial and venous waveforms at the
heart rate frequency under varying anesthetic and
hemorrhage levels are reported in Table 1 for each pig.

There is a significant drop between the correlation
at MAC 1 and MAC 3. This change in correlation can
be visualized by the change in slope of the trendlines
from MAC 1 to MAC 3 in Fig. 7, which shows the

correlation coefficient plots for pig 1 and the two
anesthetic levels. The correlation coefficient at the
heart rate for infused propofol demonstrates the same
drop in correlation from Propofol 1 to Propofol 3. Pig
1 does not follow this trend, but the overall trend for
both inhaled and infused anesthetic shows as dosage
increases, the correlation between arterial and venous
circulation decreases. Since both anesthetics displayed
the same trend, and inhaled isoflurane showed a more
prominent drop in correlation only the plots of the
isoflurane coefficients are shown in Fig. 7. The data
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while under MAC 1 inhaled anesthetic. The two plots display the pig’s heart rate as F1.
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represented in Table 1 demonstrates no significant
change between the correlations across hemorrhage
levels. Figure 8 presents the correlation coefficient
plots for all porcine subjects before and after hemor-
rhage and illustrates the stability of the correlation.

The variations of the venous pressure waveform
means across anesthetic levels and hemorrhage status
are displayed in Figs. 9 and 10 to exemplify the results
of the ANOVA. The plots show a significant rela-
tionship between the venous signal mean and the
anesthetic and hemorrhage levels. For the infused
propofol, while the means were significantly different,
there was no consistent trend in the mean venous
pressure displayed in a boxplot. The ANOVA results
for hemorrhage show that as the subject loses blood
volume the mean values of the venous waveform show
no clear trends. This relationship is depicted in Fig. 10.
Additionally, a pairwise ANOVA was conducted for
anesthetics and hemorrhage for every possible pair for
porcine subjects. The p-value was <0.01 for all pair-
wise groups, thus demonstrating statistical differences
between all mean venous pressure waveforms.

An ANOVA test was computed for the arterial
pressure as well. Under the influence of both inhaled
and infused anesthetics, the mean pressure in the artery
dropped as anesthetic increased. The ANOVA results
for arterial pressure under the hemorrhagic condition
did not show a clear trend in the effect on mean
pressure. Some porcine subjects had a greater arterial
pressure after bleeding, while other subjects were the
opposite. All ANOVAs and additional post-hoc pair-
wise tests for arterial pressure had a p-value less than
0.01, displaying a statistical difference amongst the
arterial pressures as well.

DISCUSSION

Our results demonstrate that the relationship
between venous and arterial pressure waveforms are
impacted by both anesthetics and hemorrhage. There
was a decrease in the correlation coefficient between
venous and arterial pressure as the inhaled and infused
anesthetics dosage increased. Similarly, the correlation
coefficient increased after hemorrhage occurred for
three of the four porcine subjects. Furthermore,
increasing levels of isoflurane was associated with an
increase in the PVP mean value, and hemorrhage
demonstrated a decrease in the PVP mean value.
Overall, our study displayed the hypothesized com-
peting trends for the anesthetics and hemorrhage.

As anesthetics are vasodilators, the increase in
cross-sectional area of arteries due to an increase in
anesthetic level causes a decrease in resistance across
the arterioles. This decrease in arterial resistance cre-
ates a drop in mean arterial pressure, or the average
arterial pressure per cardiac cycle.9 Additionally, the
weakening of the mean arterial pressure is propor-
tional to a decrease in cardiac output, which can be
achieved through a reduction in heart rate, which ex-
plains the change in heart rate from MAC 1 to MAC 3
in Fig. 2.9 The decrease in the arterial power from the
addition of anesthetics displays that the vasodilation is
causing a drop in the average of the pressure waveform
in mmHg. Our preliminary results show that as inhaled
anesthetic is increased, the mean value of the venous
pressure increases. Thus, as vasodilation occurs, there
is a corresponding rise in the venous system’s mean
pressure. However, the infused anesthetic showed no
trend in the mean venous pressure from the first dose
of propofol to the last, which may be due to residual
isoflurane from the beginning of the study.

TABLE 1. Correlation coefficients at the heart rate frequency for varying anesthetic (MAC and Propofol) and hemorrhage status.

Porcine Subject 1 Porcine Subject 2

MAC Propofol Hemorrhage MAC Propofol Hemorrhage

1 0.98 0.95 0.97 1 0.77 0.99 0.89

2 0.96 0.95 0.95 2 0.92 0.99 0.93

3 0.68 0.99 0.98 3 0.36 0.94 0.91

Porcine Subject 3 Porcine Subject 4

1 0.98 0.92 0.90 1 0.89 0.99 0.95

2 0.99 0.90 0.85 2 0.77 0.92 0.97

3 0.79 0.89 0.99 3 0.65 0.87 0.95

The correlations were determined between the power of the arterial waveform and the power of the venous waveform. 1 indicates the first

dose and before hemorrhage, 2 indicates the second dose and during hemorrhage, and 3 indicates the third dose and after hemorrhage for

anesthetics and hemorrhage respectively.
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In contrast, the hemorrhage model shows a consis-
tent increase in both heart rate and arterial power at
the heart rate frequency. Since hemorrhage is a vaso-
constricting model, it has opposing effects on arterial
diameter, mean arterial pressure, and cardiac output

than the vasodilating effects previously discussed.9

Therefore, the decrease in arterial diameter corre-
sponds to an increase in arterial power at the heart rate
frequency as seen in Fig. 2. There is no clear evidence
of the venous signal trends from the spectrum analysis.
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FIGURE 7. Correlation coefficient plots all four porcine subjects at heart rate frequency for MAC 1 and MAC 3 anesthetic level for
(a) porcine subject 1, (b) porcine subject 2, (c) porcine subject 3, (d) porcine subject 4. The correlation coefficients for each
scenario are displayed on its corresponding plot. Note: Subject 1 MAC 3 has significantly less data points due to a shorter data
collection window, resultant from the subject becoming unstable at the high anesthetic dosage.
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FIGURE 8. Correlation coefficient plots for all four porcine subjects at heart rate frequency before and after hemorrhage for (a)
porcine subject 1, (b) porcine subject 2, (c) porcine subject 3, (d) porcine subject 4. The correlation coefficients for each scenario
are displayed on its corresponding plot. ANOVA: The ANOVA p-values and F-statistics were computed and are shown in Tables 2
and 3. The tables show a significant relationship between the venous waveform and anesthetics and hemorrhage.
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Thus, to understand this, more subjects would be
needed to determine a stronger trend.

Our results further indicate that the relationship
between venous and arterial circulation is influenced
by confounding effects. As anesthetics and hemorrhage
have opposing effects on the venous system, they fur-
ther have differing effects on the relationship between
arterial and venous circulation. Increasing anesthetics
causes a drop in the correlation between arterial and
venous circulation. The porcine subjects demonstrated
strong correlations between the arterial and venous
waveform at the initial anesthetic dosage, MAC 1, and
a drop in correlation coefficients when anesthetics
reached MAC 3. The consistent drop across all porcine
subjects shows a consistent decrease in the correlation
as inhaled anesthetic value increases. Thus, as the ve-
nous system reacts to the increase in diameter and the
pressure simultaneously increases, a less noticeable
relationship occurs. Therefore, the physiological cor-
relation between the arterial and venous pressure
waveforms provides a potential future mechanism for
inhaled anesthetic monitoring. The hemorrhage cor-

relation coefficients demonstrated a consistently strong
relationship between the arterial and venous circula-
tion before and after acute hemorrhage. There was a
slight increase in correlation for three porcine subjects
from before to after hemorrhage, which could indicate
the opposite of the relational effect seen in anesthetics.
However, the overall consistency suggests that while
hemorrhage occurs, a constant inhaled anesthetic
overwhelms the hemorrhage effect. Thus, under gen-
eral anesthesia, the relationship between arterial and
venous pressure waveforms may not be reliable in
drawing conclusions to better assess volume status.

Limitations

The small sample size of porcine subjects while
creating important indications include some limita-
tions in the broader generalization of the study’s
findings. For future analysis, more porcine subjects
would be studied to draw more general conclusions on
the relationship between the arterial and venous pres-
sure waveforms. Additionally, in future studies we
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FIGURE 9. Boxplot Display of ANOVA for each Porcine Subject under varying Anesthetic levels. For each boxplot the values on
the x-axis correspond to the same MAC level: 1 is MAC 1, 2 is MAC 2, and 3 is MAC 3. The mean for each scenario is notated with a
blue X. Significant difference bars and asterisks have been omitted for clarity, due to all pair wise ANOVAs demonstrating
statistical differences.

BIOMEDICAL
ENGINEERING 
SOCIETY

High Fidelity Arterial and Venous Pressure Waveforms 895



would like to additionally record a ‘true baseline’ ve-
nous and arterial pressure waveform from the animal
subjects prior to any anesthetic application. Overall,
this study does not prove causation of the relationships
between the venous and arterial circulations, as there
could be more confounding factors affecting the
determined relationships, such as the slight variations
caused by different sizes of catheters. However, the
study proves a noticeable relationship under both the
influence of anesthetics and acute hemorrhage. There is

also a clear distinction between the effects on the ve-
nous pressure’s mean between competing vasodilation
and vasoconstriction impacts. Thus, PVP waveform
researchers are encouraged to take into account the
affect anesthetics and acute hemorrhage have on the
venous waveform and additionally consider the
hydromechanical cross-talk between the arterial and
venous circulation.

CONCLUSION

Isoflurane and propofol are known vasodilators,
and acute hemorrhage results in vasoconstriction. Our
results suggest that the opposing vascular resistance
changes due to anesthetics and hemorrhage cause dis-

TABLE 2. ANOVA results for anesthetic level.

Porcine Subject # df df error F p-value

Isoflurane

1 2 599997 15084 <0.01

2 2 2699997 87072 <0.01

3 2 2699997 10384000 <0.01

4 2 2699997 516337 <0.01

Propofol

1 2 1499997 449 <0.01

2 2 2699997 569 <0.01

3 2 2699997 77374100 <0.01

4 2 2699997 207214 <0.01

TABLE 3. ANOVA results for hemorrhage status.

Porcine Subject # df df error F p-value

1 2 2099997 138020 <0.01

2 2 2099997 29180 <0.01

3 2 2099997 632250 <0.01

4 2 2099997 69970 <0.01
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FIGURE 10. Boxplot Display of ANOVA for each Porcine Subject under varying hemorrhage levels. For each boxplot the values on
the x-axis correspond to hemorrhage level: 1 is before hemorrhage, 2 is during hemorrhage, and 3 is after hemorrhage. The mean
for each scenario is notated with a blue X. Significant difference bars and asterisks have been omitted for clarity, due to all pair
wise ANOVAs demonstrating statistical differences.
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tinct differences in the venous waveforms under the
two conditions. The results demonstrate a correlation
between the venous and arterial pressure waveforms,
which supports the theory that the heart rate pulse
from the arterial waveform may influence findings on
the venous side. The correlation between the venous
and arterial signals found in this controlled setting
demonstrates the reliability of similar findings in a
clinical setting. The apparent strong correlation
between venous and arterial waveforms throughout
varying dosages of anesthetic and hemorrhage attests
to a relationship between venous and arterial circula-
tion that should be investigated further in future PVP
research. The evident opposing effects of anesthetic
and hemorrhage should also be considered in future
research as the two have confounding effects on the
venous pressure waveform.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material
available at https://doi.org/10.1007/s13239-022-00624-
4.

ACKNOWLEDGMENTS

The project described was supported by the Trans-
lational 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.

AUTHOR CONTRIBUTIONS

KWS, JAS, MOJ, AAV, SES, and LDC collected
porcine subject data. LDC, GPB, and KRH developed
and tested the methods and performed the statistical
analyses under the guidance of HKJ, MOJ, and JW.
LDC, GPB, and KRH wrote the first draft of the
manuscript. MAH and JW supervised the signal
analysis protocol. All authors reviewed and edited the
manuscript and approved the final version of the
manuscript.

FUNDING

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 Chancellor’s Innovation
and Commercialization Grant.

CONFLICT OF INTEREST

The authors declare that they have no conflict of
interest.

ETHICAL APPROVAL

The study was approved by the University of Ar-
kansas for Medical Sciences Institutional Animal Care
and Use Committee.

CONSENT TO PARTICIPATE

Not applicable.Guarantor: MOJ

HUMAN STUDIES

No human studies were carried out by the authors
for this article.

ANIMAL STUDIES

All institutional and national guidelines for the care
and use of laboratory animals were followed and ap-
proved by the appropriate institutional committees.

REFERENCES

1Al-Alawi, A. Z., K. R. Henry, L. D. Crimmins, P. C.
Bonasso, M. A. Hayat, M. S. Dassinger, et al. Anesthetics
affect peripheral venous pressure waveforms and the cross-
talk with arterial pressure. J Clin Monit Comput. 2021.
https://doi.org/10.1007/s10877-020-00632-6.
2Alian, A. A., N. J. Galante, N. S. Stachenfeld, D. G. Sil-
verman, and K. H. Shelley. Impact of lower body negative
pressure induced hypovolemia on peripheral venous pres-
sure waveform parameters in healthy volunteers. Physiol
Meas. 35(7):1509–1520, 2014. https://doi.org/10.1088/096
7-3334/35/7/1509.
3Alvis, B. D., R. McCallister, M. Polcz, J. L. O. Lima, J. H.
Sobey, D. R. Brophy, et al. Non-Invasive Venous wave-
form Analysis (NIVA) for monitoring blood loss in human
blood donors and validation in a porcine hemorrhage
model. J Clin Anesth.61:109664, 2020. https://doi.org/10.
1016/j.jclinane.2019.109664.
4Alvis, B. D., M. Polcz, J. H. Huston, T. S. Hopper, P.
Leisy, K. Mishra, et al. Observational study of noninvasive

BIOMEDICAL
ENGINEERING 
SOCIETY

High Fidelity Arterial and Venous Pressure Waveforms 897

https://doi.org/10.1007/s13239-022-00624-4
https://doi.org/10.1007/s13239-022-00624-4
https://doi.org/10.1007/s10877-020-00632-6
https://doi.org/10.1088/0967-3334/35/7/1509
https://doi.org/10.1088/0967-3334/35/7/1509
https://doi.org/10.1016/j.jclinane.2019.109664
https://doi.org/10.1016/j.jclinane.2019.109664


venous waveform analysis to assess intracardiac filling
pressures during right heart catheterization. J Card Fail.
26(2):136–141, 2020. https://doi.org/10.1016/j.cardfail.201
9.09.009.
5Alvis, B. D., M. Polcz, M. Miles, D. Wright, M. Shwetar,
P. Leisy, et al. Non-invasive venous waveform analysis
(NIVA) for volume assessment in patients undergoing
hemodialysis: an observational study. BMC Nephrol.
21(1):194, 2020. https://doi.org/10.1186/s12882-020-01845-
2.
6Bonasso, P. C., M. S. Dassinger, M. O. Jensen, S. D.
Smith, J. M. Burford, and K. W. Sexton. Optimizing
peripheral venous pressure waveforms in an awake pedi-
atric patient by decreasing signal interference. J Clin Monit
Comput. 32(6):1149–1153, 2018. https://doi.org/10.1007/s1
0877-018-0124-5.
7Bonasso, P. C., K. W. Sexton, M. A. Hayat, J. Wu, H. K.
Jensen, M. O. Jensen, et al. Venous physiology predicts
dehydration in the pediatric population. J Surg Res.
238:232–239, 2019. https://doi.org/10.1016/j.jss.2019.01.03
6.
8Chang, D., P. J. Leisy, J. H. Sobey, S. K. Reddy, C.
Brophy, B. D. Alvis, et al. Physiology and clinical utility of
the peripheral venous waveform. JRSM Cardiovasc Dis.
9:2048004020970038, 2020. https://doi.org/10.1177/204800
4020970038.
9Chaudhry, R., J. H. Miao, and A. Rehman. Physiology,
Cardiovascular. Treasure Island: StatPearls, 2020.

10Donley, E. R., Loyd JW.. Hemorrhage, and Control. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing, 2020.

11Esper, S. A., and M. R. Pinsky. Arterial waveform analysis.
Best Pract Res Clin Anaesthesiol. 28(4):363–380, 2014.
https://doi.org/10.1016/j.bpa.2014.08.002.

12Gelman, S. Venous function and central venous pressure: a
physiologic story. Anesthesiology. 108(4):735–748, 2008.
https://doi.org/10.1097/ALN.0b013e3181672607.

13Hocking, K. M., B. Sileshi, F. J. Baudenbacher, R. B.
Boyer, K. L. Kohorst, C. M. Brophy, et al. Peripheral ve-
nous waveform analysis for detecting hemorrhage and
iatrogenic volume overload in a porcine model. Shock.
46(4):447–452, 2016. https://doi.org/10.1097/SHK.0000000
000000615.

14Holcomb, J. B., B. C. Tilley, S. Baraniuk, E. E. Fox, C. E.
Wade, J. M. Podbielski, et al. Transfusion of plasma, pla-
telets, 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. 313(5):471–482, 2015.
https://doi.org/10.1001/jama.2015.12.

15Larach, D. R., and H. G. Schuler. Direct vasodilation by
sevoflurane, isoflurane, and halothane alters coronary flow
reserve in the isolated rat heart. Anesthesiology. 75(2):268–

278, 1991. https://doi.org/10.1097/00000542-199108000-00
015.

16Miles, M., B. D. Alvis, K. Hocking, F. Baudenbacher, C.
Guth, J. Lindenfeld, et al. Peripheral Intravenous Volume
Analysis (PIVA) for quantitating volume overload in
patients hospitalized with acute decompensated heart fail-
ure-a pilot study. J Card Fail. 24(8):525–532, 2018. http
s://doi.org/10.1016/j.cardfail.2018.05.003.

17Niescierenko, M., and R. Bachur. Advances in pediatric
dehydration therapy. Curr Opin Pediatr. 25(3):304–309,
2013. https://doi.org/10.1097/MOP.0b013e328360a1bd.

18One-Way ANOVA- MATLAB & Simulink MathWorks.
Accesed 16 Apr 2021.

19Pagel, P. S., J. P. Kampine, W. T. Schmeling, and D. C.
Warltier. Evaluation of myocardial contractility in the
chronically instrumented dog with intact autonomic ner-
vous system function: effects of desflurane and isoflurane.
Acta Anaesthesiol Scand. 37(2):203–210, 1993. https://doi.
org/10.1111/j.1399-6576.1993.tb03702.x.

20Paladino, L., R. Sinert, D. Wallace, T. Anderson, K. Ya-
dav, and S. Zehtabchi. The utility of base deficit and
arterial lactate in differentiating major from minor injury in
trauma patients with normal vital signs. Resuscitation.
77(3):363–368, 2008. https://doi.org/10.1016/j.resuscitatio
n.2008.01.022.

21Polcz, M., K. M. Hocking, D. Chang, P. Leisy, J. H. Sobey,
J. Huston, et al. A brief report on the effects of vasoactive
agents on peripheral venous waveforms in a porcine model.
JRSM Cardiovasc Dis. 9:2048004020940857, 2020. https://
doi.org/10.1177/2048004020940857.

22Saugel, B., K. Kouz, T. W. L. Scheeren, G. Greiwe, P.
Hoppe, S. Romagnoli, and D. de Backer. Cardiac output
estimation using pulse wave analysis—physiology, algo-
rithms, and technologies: a narrative review. Br J Anaes-
thesia. 2021. https://doi.org/10.1016/j.bja.2020.09.049.

23Schiller, A. M., J. T. Howard, and V. A. Convertino. The
physiology of blood loss and shock: new insights from a
human laboratory model of hemorrhage. Exp Biol Med
(Maywood). 242(8):874–883, 2017. https://doi.org/10.1177/
1535370217694099.

24Sharma, R., Sharma S. Physiology, and Blood Volume. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing, 2020.

25Wang, R., J. Wang, H. Yu, X. Wei, C. Yang, and B. Deng.
Power spectral density and coherence analysis of Alzhei-
mer’s EEG. Cogn Neurodyn. 9(3):291–304, 2015. https://
doi.org/10.1007/s11571-014-9325-x.

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institu-

tional affiliations.

BIOMEDICAL
ENGINEERING 
SOCIETY

CRIMMINS-PIERCE et al.898

https://doi.org/10.1016/j.cardfail.2019.09.009
https://doi.org/10.1016/j.cardfail.2019.09.009
https://doi.org/10.1186/s12882-020-01845-2
https://doi.org/10.1186/s12882-020-01845-2
https://doi.org/10.1007/s10877-018-0124-5
https://doi.org/10.1007/s10877-018-0124-5
https://doi.org/10.1016/j.jss.2019.01.036
https://doi.org/10.1016/j.jss.2019.01.036
https://doi.org/10.1177/2048004020970038
https://doi.org/10.1177/2048004020970038
https://doi.org/10.1016/j.bpa.2014.08.002
https://doi.org/10.1097/ALN.0b013e3181672607
https://doi.org/10.1097/SHK.0000000000000615
https://doi.org/10.1097/SHK.0000000000000615
https://doi.org/10.1001/jama.2015.12
https://doi.org/10.1097/00000542-199108000-00015
https://doi.org/10.1097/00000542-199108000-00015
https://doi.org/10.1016/j.cardfail.2018.05.003
https://doi.org/10.1016/j.cardfail.2018.05.003
https://doi.org/10.1097/MOP.0b013e328360a1bd
https://doi.org/10.1111/j.1399-6576.1993.tb03702.x
https://doi.org/10.1111/j.1399-6576.1993.tb03702.x
https://doi.org/10.1016/j.resuscitation.2008.01.022
https://doi.org/10.1016/j.resuscitation.2008.01.022
https://doi.org/10.1177/2048004020940857
https://doi.org/10.1177/2048004020940857
https://doi.org/10.1016/j.bja.2020.09.049
https://doi.org/10.1177/1535370217694099
https://doi.org/10.1177/1535370217694099
https://doi.org/10.1007/s11571-014-9325-x
https://doi.org/10.1007/s11571-014-9325-x

	Critical Information from High Fidelity Arterial and Venous Pressure Waveforms During Anesthesia and Hemorrhage
	Abstract
	Abstract
	Abstract
	ASec4
	Introduction
	Methods
	Porcine Demographics
	Acquiring the High Fidelity Pressure Data
	Data Preparation
	Spectrum Analysis: Determining General Trends Across the Spectrums for Different Anesthetic and Hemorrhage Levels
	Spectrum Analysis: Demonstrating the Relationship Between the Arterial and Venous Waveforms
	Statistical Analysis

	Results
	Spectrum Analysis
	Relationship Between the Arterial and Venous Waveforms

	Discussion
	Limitations

	Conclusion
	Acknowledgments
	References




