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Abstract

In this proof-of-concept study the impact
of central venous pressure (CVP) on internal
jugular veins cross-sectional area (CSA) and
blood flow time-average velocity (TAV) was
evaluated in eight subjects, with the aim of
understanding the drivers of the jugular
venous pulse. CVP was measured using a
central venous catheter while CSA variation
and TAV along a cardiac cycle were acquired
using ultrasound. Analysis of CVP, CSA and
TAV time-series signals revealed TAV and
CSA to lag behind CVP by on average 0.129
s and 0.138 s, with an inverse correlation
between CSA and TAV (= —-0.316). The
respective autocorrelation signals were
strongly correlated (mean r=0.729-0.764),
with mean CSA periodicity being 1.062 Hz.
Fourier analysis revealed the frequency spec-
trums of CVP, TAV and CSA signals to be
dominated by frequencies at approximately 1
and 2 Hz, with those >1 Hz greatly attenuated
in the CSA signal. Because the autocorrelo-
grams and periodograms of the respective
signals were aligned and dominated by the
same underlying frequencies, this suggested
that they are more easily interpreted in the
frequency domain rather than the time
domain.

Introduction

Evaluation of the jugular venous pulse
(JVP), defined as the movement or expansion
of the jugular veins due to changes in pres-
sure in the right atrium, provides valuable

information about cardiac hemodynamics
and filling pressures,! as well as yielding
characteristic wave patterns indicative of car-
diac disease.? As such, the JVP can be used to
provide an indirect estimate of the central
venous pressure (CVP).3# Moreover, it is also
recognized that JVP responds to changes in
cerebrospinal fluid flow and intracranial
blood flow over the cardiac cycle (CC), mak-
ing it a parameter of pivotal importance when
evaluating cerebrovascular circulation.>” JVP
is traditionally evaluated through visual
inspection of changes in volume of the inter-
nal jugular vein (IJV) which can also provide
an estimate of the CVP? albeit with a low
accuracy.®® The most reliable and broadly
used method to assess the CVP is the direct
catheterization of the IJV or subclavian
veins.'” However, this is an invasive maneu-
ver with an associated risk of complications
and thus is not considered feasible as a rou-
tine approach.!' Recently, it has been shown
that the JVP can be obtained using B-mode
ultrasound (US) assessment of changes in the
cross-sectional area (CSA) of the 1JVs over
the CC.'>"3 Significant correlations have also
been reported between CVP and 1JV-CSA, "+
16 suggesting that US assessment of the JVP
might have potential as a tool for non-inva-
sively determining CVP. However, the infor-
mation contained in the JVP is difficult to
interpret, with relatively little known about
the effect that changes in CVP and [JV-CSA
have on blood flow in the IJVs.”
Consequently, much remains unknown about
the dynamics of the JVP and its interaction
with CVP. With this in mind, we established
a program of work to investigate the potential
for using US assessment of the JVP to non-
invasively evaluate CVP.!$ As part of this pro-
gram we undertook the proof-of-concept
study presented here, which utilized a novel
autocorrelation function, with the specific
aim of understanding how changes in CVP
over the CC influence blood flow and vessel
CSA in the IJVs. In particular, we wanted to
better understand the cardiac drivers of the
JVP. To this end we performed spectral analy-
sis of blood flow, vessel volume and CVP
data acquired from a sample of hospital
patients.

Materials and Methods

This study is part of a project granted by
the Italian Ministry of Health (Ricerca
Finalizzata 2013, #RF-2013-02358029) that
was approved by the Ethics Committee of
Ferrara, Italy (reference No.160499) and was
carried out in accordance with the ethical
guidelines on good clinical practice as laid
down in European Directive and the
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Declaration of Helsinki.

Subjects

Ten consecutive hospitalized adult
patients (2 males, 8 females, age 63+10
years) at University Hospital of Ferrara
requiring a scheduled central venous catheter-
ization and measurement of the CVP as part
of their usual care were enrolled for this
study. Inclusion criteria were: age >18 years,
spontaneous breathing and capacity to give
informed consent. Patients were excluded if
they needed a cannulation via the internal
jugular venous access in order to not interfere
with the ultrasound assessment. All partici-
pants signed a written informed consent form.

Central venous pressure measurement
In a surgery room, patients undertook a
subclavian  tunneled  catheterization.
Following the catheterization, patients were
placed out of the surgery room lying com-
pletely supine on a bed in order to measure
the CVP according to the standard.’® In
addition, three electrodes were placed on
patients’ chests for the simultaneous assess-
ment of the ECG signal. The pressure line
and the ECG cables were connected to a
standard analogic monitor (Philips M3046A
M4, Philips Medical System, Boeblingen,
Germany) which in turn was connected to a
video grabber system, allowing the capture
and storage of the screen images on a com-
puter, as they were not directly accessible in
their digital format. All measurements were
performed by a single investigator.

Ultrasound assessment of the inter-
nal jugular veins

Alongside the direct CVP measurement,
the US assessment of the IJVs was per-
formed as previously described'>!>!® by
means of a Vivid-q ultrasound system (GE
Medical Systems, Horten, Norway)
equipped with a linear array probe L12-RS
(7.5-11 MHz). Before that assessment three
electrodes were placed on patients’ chests
and connected to the ultrasound system for
simultaneously measuring the ECG signal.
Patients had to maintain their neck position
held on a longitudinal axis, while the oper-
ator placed the probe in a transverse plane
with respect to the length of the vessels, at
the level of C5-C6, in order to insonate the
1IJV-CSA. Moreover, time average velocity
(TAV) was evaluated at the same venous
location through the measurement of the
Doppler PW trace assessed in the longitudi-
nal scan.'>!*!” A B-mode video-clip of 10-
15 sec, including the ECG trace, was
recorded and stored. All the US evaluations
were performed by a single investigator.
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Post-processing

The stored US-1JV video clips and the
CVP images were processed off-line to
obtain numerical dataset to enable the sub-
sequent analyses and formulation of models
as previously described.!>!317:1820 Firstly,
images and video clips were transformed
using the software ImageJ (ImageJ, U.S.
National Institutes of Health, Bethesda,
MD, USA), which allows the measurement
of, frame per frame, area (pixel), perimeter
(pixel) and grey level of a selected region of
interest. The procedure to obtain an IJV-
CSA dataset of signals over time consisted
of many steps both manual and automat-
ic.!21317.1820 This procedure provided the
IJV-CSA values in cm? versus sonogram
acquisition time, with the obtained result
corresponded to the JVP trace. Similar steps
were followed to analyze the CVP and TAV
images as previously reported.?’ The time
series signal dataset was produced by digi-
tally identifying the position of each point
of the trace represented on the acquired
images. Subsequently the JVP, the CVP and
TAV traces were synchronized using the
ECG signal recorded together with the
measurements. The obtained datasets were
then elaborated using MATLAB (The
MathWorks, Inc. version 8.3.0.532
(R2014a), Natick, MA, USA) and R soft-
ware (R core Team 2013, R foundation for
Statistical Computing, Vienna, Austria) to
remove most of the frequencies of non-car-
diac origin, mainly CSA variations due to
activation of the thoracic pump.?! Finally, in
order to allow easier comparison, the length
of all the traces of each subject was con-
formed and brought into line with the others
by dividing each trace in accordance to the
cardiac cycle and extending them by the
same number of frames.

Data analysis

Signal processing and statistical analysis
were undertaken using in-house algorithms
written in R software. The relationship
between the CSA, TAV and CVP time series
signals for the respective subjects were
assessed using Pearson correlation analysis,
with the time lags between the signals com-
puted using the ‘cct” cross-correlation func-
tion in R. Differences between the signal time
lags were evaluated using a paired t-test, with
P<0.05 deemed to be significant. For each
subject, the autocorrelation signals were
derived from the CSA, TAV and CVP time
series signals using the ‘act” function in R,
and the r-values between the respective auto-
correlation signals computed.
Autocorrelation, which assesses the degree of
similarity between a given time series signal
and a lagged version of itself over successive
time intervals, can be used to gain insights
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into the spectral characteristics of signals.
Through the Wiener-Khinchin theorem it can
be shown that the Fourier transform (used in
Fourier analysis) is closely related to the
autocorrelation function of a signal.?> As
such, the autocorrelation signal was used to
compute the overall periodicity of the 1JV-
CSA time series signal using Equation 1.

f=1Dxdt (1)

Where f is the periodicity (dominant fre-
quency) of the time series signal; D is the lag
distance between successive peaks in the
autocorrelogram; and dt is the sampling inter-
val. Finally, spectral analysis was performed
on the respective time-series signals using the
‘fft” Fourier transform function in R to pro-
duce periodograms for each subject. From
these the dominant frequencies (with ampli-
tudes) were extracted for each subject.

Post-processing phase and data analysis
were performed by two investigators blinded
to the demographics and clinical conditions
of the subjects.

Results

Video clips and images of eight subjects
(age=62+11 years; 1 male/7 females) were
processed and analyzed. The US video clips
and CVP images of two subjects were
excluded from the post-processing because
they showed technical imperfections (CSA
edges not perfectly outlined and CVP images
not readable). For the purposes of this study
only the right IJV US video clip per each sub-
ject was chosen and processed. The right [JV
was chosen because it is closer to the heart
than the left IJV and as such it is directly con-
nected to the right atrium. The descriptive sta-
tistical results for the IJV-CSA, TAV and
CVP time-series signals are presented in
Table 1.

These reveal that the average mean,
median and standard deviation (SD) values
for the respective signals were: CVP
(mean=6.59;  median=6.66; SD=1.08
mmHg); TAV (mean=10.97; median=11.32;
SD=5.72 cm/s); and CSA (mean=0.99; medi-
an=0.99; SD=0.06 cm?). The results of the
correlation analysis are presented in Table 2.
From these correlations a complex picture
emerges. While the relationship between the
CSA and TAV signals was largely an inverse
one (mean (SD) r= -0.316 (0.396); all
P<0.001), with only two subjects exhibiting a
positive correlation, the correlations between
the CVP and TAV, and CVP and CSA were
much more inconsistent. For example, for the
CVP and CSA signals four subjects exhibited
a significant negative correlation (P<0.001),



while four had a positive correlation
(P<=0.001 for three of these). Likewise, the
correlations between the CVP and TAV were
equally mixed, with four positive and four
negative (all P<0.001). However, when the
respective signals were aligned, then the cor-
relations (i.e., the lag correlations) became

‘ | l
‘

much stronger [CVP and TAV: mean (SD) r=
—0.514 (0.286); CVP and CSA: mean (SD)
r=0.496 (0.272); and CSA and TAV: mean
(SD) r= —0.530 (0.254)], with the TAV and
CSA signals lagging behind the CVP signal
by 0.129 s (SD=0.066 s) and 0.138 s
(SD=0.071 s) respectively. However, the dif-

pag

ference between these two-time lags was not
significant (P=0.783). Although the correla-
tion results for the CVP, TAV and CSA time-
series signals were mixed, those for their
autocorrelation counterparts (Table 3) were
generally highly positively correlated [CVP
and TAV: mean (SD) r=0.764 (0.217); CVP

Table 1. Descriptive statistics for the and central venous pressure, time-average velocity and internal jugular vein cross-sectional area
signals from the respective subjects.

ID CWP CVP CVP CVP CVP 1 V:\"A V' \'/ 1V:\Y TAV TAV CSA CSA CSA CSA
Mean SD Median Min Max Mean SD Median Min Max Mean SD  Median Min
(cmH,0) (cmH,0) (cmH,0) (cmH,0) (cmH,0) (cm/s) (cm/s) (cm/s) (cm/s) (ecm?) (cm?) (cm?) (cm?) (cm?)
1 105 0.68 1041 9.15 11.95 2.09 467 2.64 -6.84 10.29 0.92 0.03 0.91 0.86 0.97
2 3.56 1.7 3.82 —048 6.96 1562 659 14.64 3.37 30.15 (.62 0.1 0.6 0.42 0.84
4 8.52 1.38 8.59 5.17 1149 1016 516 11.84 =347 194 0.89 0.02 0.88 0.86 0.95
5 714 0.65 7.25 518 8.36 1002 685 1105 -1623 2464 1.21 0.09 1.28 1.09 143
6 713 0.97 712 5.3 9.12 1041 39 10.68 24 18.78 1.36 0.09 1.37 L13 151
7 3.85 118 3.94 1.09 6.22 2182 12.26 21.51 -1.09 46.81 045 0.05 0.44 0.37 (.54
8 446 149 47 0.85 .51 8.17 391 8.96 =3.75 15.76 1.36 0.06 1.36 115 147
9 754 0.58 746 6.22 8.67 888 239 921 0.21 13.15 1.06 0.02 1.06 1.01 LI

Data are shown as mean, standard deviation (SD), median, minimum (min) and maximum (max). CVP, central venous pressure; TAV, time-average velocity; CSA, cross-sectional area; SD, standard deviation.

Table 2. Correlations and lag times between the CVP, TAV and IJV-CSA signals for the respective subjects.

ID  Correlation Correlation Correlation Lag.time Peak lag correlation Lag.time Peak lag correlation Lag.time Peak lag
between the between the between the between the between the between the between the between the  correlation between
CVP & TAV signals CVP & CSA signals CSA & TAV signals CVP & TAV signals CVP & TAV signals CVP & CSA signals  CVP & CSA signals  CSA & TAV signals  the CSA & TAV
(1) (r) (1) (s) (1)(s) (r) (s) signals (r)

1 0511 0677 0603 =0.050 0501 =001 0.786 0072 0687

2 0115 0136 0684 0211 0726 0179 0648 -0014 -06%0

4 0112 0112 -0 0210 -044m 0159 0263# 0042 -0

5 0481 ~0.355 0407 0118 0603 0112 0808 0012 ~0.410¢

§ 034 0.148 0342 ~0.156 0001 0031 0352 0078 0329

1 0219 014 0453 0034 0813 0150 0713 0.130 0804

§ 0,059 0.180 .166 0148 -0.163# 0127 0109 -0.199 -0

9 0175 039 0167 0102 0740 0210 0292 0.0% 046
Mean 0030 0,050 0316 -0.129 0514 0138 .49 0017 -0530

D 0333 0433 0.3% 0.066 0.2860.071 0212 0.105 0254

All rvalues significant at P=0.001, except for * which was not significant; ‘higher correlation value in the opposite direction observed but not recorded in table. Data are shown as mean, standard deviation (D), median, minimum (min) and maximum (max). CVP, central venous pressure; TAV, time-average
velocity; CSA, cross-sectional area; SD, standard deviation.

Table 3. Correlations between the central venous pressure, time-average velocity and internal jugular vein cross-sectional area (IJV-CSA)

autocorrelation signals for the respective subjects, together with the periodicity of the IJV-CSA autocorrelation signal.

Correlation between Correlation between Correlation between Periodicity
the CVP & TAV the CVP & CSA the CSA & TAV of CSA
autocorrelation signals autocorrelation signals autocorrelation signals autocorrelation signal

(r) (r) (r) (Hz)
1 0.925 0.926 0.944 1.066
2 0.906 0.916 0.833 1.049
4 0.770 0.584 0.792 1.370
5 0.854 0.957 0.770 1.021
6 0.498 0.726 0.440 1.028
7 0.872 0.803 0.931 1.040
8 0.357 0.583 0.532 1.054
9 0.927 0.373 0.588 0.869
Mean 0.764 0.734 0.729 1.062
SD 0217 0.207 0.187 0.139

CVP, central venous pressure; TAV, time-average velocity; CSA, cross-sectional area; SD, standard deviation.
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and CSA: mean (SD) r=0.734 (0.207); and
CSA and TAV: mean (SD) r=0.729 (0.187)],
with the mean periodicity frequency of the
CSA signal being 1.062 Hz (SD=0.139 Hz).

Examples of the autocorrelation signals
are shown in Figures 1B and 2B, which show
the autocorrelation plots for the respective
signals for subjects 2 (typical) and 8 (atypi-
cal). From these it can be seen that for the
typical subject (Subject 2, Figure 1B) the
1JV-CSA autocorrelation signal was smooth
with a regular periodicity of 1.049 Hz,
whereas with the atypical subject (Subject
8, Figure 2B) the CSA signal was more
irregular, but with a similar periodicity (i.e.,
1.054 Hz). For Subject 2 the CVP and TAV
autocorrelation signals were highly posi-
tively correlated (r=0.906, P<0.001), and
although having a more complex profile
than the CSA autocorrelation signal, still
exhibited a similar overall periodicity to the
CSA signal. By contrast, for Subject 8 the
CVP and TAV autocorrelation signals were
much more weakly correlated (r=0.357,
P<0.001) and exhibited a different periodic-
ity to the CSA signal. The results of the
spectral analysis are presented in Table 4
and illustrated in Figures 1C and 2C.

From Table 4 it can be seen that for
many of the subjects the frequency spec-
trums of the CVP, TAV and CSA signals
were dominated by the same frequencies.
For example, in four of the subjects (sub-
jects 1, 2, 5 and 7) the dominant frequency
(i.e. Freq. 1) was the same for CVP, TAV
and CSA signals. In Subject 4 the 0.999 Hz
frequency was dominant (Freq. 1) for the
TAV and CSA signals, while for the CVP
signal it was second dominant (Freq. 2).
Similarly, in Subject 9 the CVP and TAV
signals are dominated by the same frequen-
cies. Only in subjects 6 and 8 were the spec-
tral results atypical. Comparison between
the periodograms in Figures 1C and 2C
illustrates this phenomenon very well. For
the typical subject (Subject 2) the peri-
odogram in Figure 1C reveals that all three
signals are influenced by strong peaks at
0.999, 1.979 and 2.969 Hz, whereas for
Subject 8 the spectral peaks of the three sig-
nals are not aligned.

Discussion

From the analysis above it can be seen
that while it is difficult to interpret the CVP,
TAV and CSA signals in the time domain, a
much clearer picture emerges when auto-
correlation and Fourier analysis are per-

in the other subjects were dominated by dis-
crete frequencies at approximately 1 and 2
Hz, with additional higher frequencies also
making a major contribution in some sub-
jects, as illustrated by Subject 2 (Figure
1C). Furthermore, we found that the higher
frequencies (i.e., >1 Hz) tended to be atten-
uated more in the CSA signal compared
with the other two signals, as illustrated in
Figure 1C. As such, this explains why the
CSA autocorrelation signals tended to be
characterized by a smooth undulating curve
with a regular periodicity of about 1 Hz
(e.g., Figure 1B), reflecting the underlying
fundamental cardiac frequency of the heart.
By comparison, the autocorrelation curves

for the CVP and TAV were influenced to a
greater extent by the higher frequencies,
resulting in more complex curves, but still
with a general periodicity of about 1 Hz, as
illustrated in Figure 1B. This suggests that
the mechanical work required to move the
1JV vessel walls attenuates the higher fre-
quencies, with the result that the IJV pulse
primarily reflects the fundamental cardiac
frequency. Notwithstanding this, there were
clearly cases where the above explanation
did not apply. In Subjects 6 and 8 the spec-
tra of the three signals did not align, as can
be seen in Figure 2C, with the result that for
these subjects the correlations between the
respective autocorrelation signals were
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formed. In the frequency domain, we found  Figure 1. A) Normalized internal jugular vein cross-sectional area (CSA), time-average
that with the exception of Subjects 6 and 8, vef:city (TAV) and central venous pressure (CVP) time-series signals; B) autocorrelation
the periodograms for the respective signals signals; and C) periodogram of the frequency spectra for Subject 2 (i.e., typical subject).
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much weaker (e.g., Figure 2B). Although
the reasons are unknown, it may be argued
that the observed misalignment in the fre-
quency domain among the various signals is
an indicator of some underlying patho-

physiological condition. Interestingly,
Subjects 6 and 8 were the only two in our
sample being affected by heart disease. For
most of the subjects the periodograms (not
shown) exhibited a strong peak in the CVP
and TAV spectral signals at approximately 2
Hz, with many having discrete peaks at fre-
quencies >2 Hz, as illustrated in Figure 1C.
These higher frequency components proba-
bly represent the harmonics of the funda-
mental resting cardiac frequency (i.e.,
approximately 1 Hz). Pressure waves in the
cardiovascular system can be characterized
as complex periodic sine waves, which are
a summation of a series of simple sine
waves of differing amplitudes and frequen-
cies, which represent the natural harmonics
of a fundamental frequency.? Although not
dominant, it is noticeable that many sub-
jects had a significant component frequency
at around 0.33 Hz, which is consistent with
a respiratory rate of approximately 20
breaths per minute. CVP is known to be
affected by intrathoracic pressure.?!?*2
During inspiration, the intrathoracic pres-
sure becomes more negative and the CVP
drops, increasing venous blood return from
the body to the right atrium via the superior
and inferior venae cavae.”> While the data
was more difficult to interpret in the time
domain, there appeared to be a moderately
strong inverse correlation [mean (SD) r= —
0.506 (0.207)] between the CSA and TAV
signals in the six typical subjects, whereas
this relationship was weakly positive [mean
(SD) r=0.254 (0.124)] in subjects 6 and 8.
This finding suggests that in the typical sub-
jects the behavior of the 1JVs broadly con-
formed to Bernoulli’s theorem,?® which
states that a decrease in static pressure
occurs simultaneously with an increase in
the speed of a fluid flowing through the ves-
sel. Given that the thin-walled 1JVs readily
respond to changes in static pressure, it is
not surprising that an inverse correlation
was observed between CSA and TAV.
Therefore, as the blood velocity in the [JVs
reduced, so the static pressure increased,
with the result that the vessel CSA
increased. Conversely, as TAV increased, so
the static pressure fell and the CSA reduced.
Nevertheless, we were surprised to find in
the atypical subjects (subjects 6 and 8) that
this relationship was positive. Though this
finding is difficult to explain, it is notice-
able that in these two subjects the mean 1JV-
CSA was larger than in the other six sub-
jects. Although the instantaneous correla-
tion results for the between CVP and TAV,

and CVP and CSA were inconclusive, when
cross-correlation analysis was performed on
these signals (Table 2), a clear negative lag
correlation [mean (SD) r= —0.514 (0.286)]
was observed between the CVP and TAV
signals, and a positive lag correlation [mean
(SD) r=0.496 (0.272)] was observed
between the CVP and CSA signals. Both
TAV and CSA signals lagged behind the
CVP signal by approximately 0.13-0.14 s,
although there was no significant difference
between the observed lag times.
Collectively, this confirms that the CVP

~"

‘drives’ much of the behavior of 1JV pulse,
with the oscillations in [JV-CSA correspon-
ding the changes in venous pressure that
occur due to the contraction and relaxation
of the right atrium and ventricle, and the
opening and closing of the tricuspid
value.?”?® When the CVP rises, it causes,
after a short delay, the blood velocity in the
IJVs to decrease, presumably because the
pressure gradient driving the fluid flow
towards the heart decreases in magnitude.
Likewise, as the CVP rises, so it reduces the
blood velocity and increases the static pres-
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Figure 2. A) Normalized internal jugular

vein cross-sectional area (CSA), time-average

velocity (TAV) and central venous pressure (CVP) time-series signals; B) autocorrelation
signals; and C) periodogram of the frequency spectra for Subject 8 (i.e. atypical subject).
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sure in the 1JVs, with the result that the
CSA of the vessels also increases.

The flow of blood entering the 1JVs
from the cranium is known to be regulated
by the intracranial windkessel mecha-
nism.?3% This mechanism coordinates the
volumetric changes in CSF and arterial and
venous blood that occur in the cranium over
the CC’, ensuring the smooth flow of blood
through the brain parenchyma.?® These vol-
umetric changes are ultimately driven by
the arterial flow from the left ventricle of
the heart. As such, blood flow in the 1JVs is
not only influenced by ‘pull’ of the right
atrium, but also be the ‘push’ of the left ven-
tricle, in a highly coordinated physiological
process, which can be affected by many fac-
tors. With respect to this, any rise in CVP
will tend to increase the CSA of the 1JVs.
Although the dynamics of the brain-heart

connection via the 1JVs is not fully under-
stood, it is likely that alterations (anom-
alies) in the 1JV pulse will reflect not only
changes in the right side of the heart, but
also changes in the intracranial fluid
dynamics. While, it has been shown that
constriction of the 1JVs is associated with
increased CSF pulsatility in the AoS¢3!:32
virtually no work has been undertaken to
assess the impact of neurological disease on
the JVP itself. Therefore, there is pressing
need to better understand the impact that
neurological pathology has on the dynamics
of the cerebral venous drainage system, as
the peripheral venous vessel are accessible
and can be easily monitored non-invasively
with Doppler ultrasound. Albeit that a major
limitation of our study is the small number
of subjects sampled, it is noticeable that the
study cohort broadly divided into six typical

and two atypical sub-groups. This in itself is
an interesting finding because it highlights
the considerable variability that exists with
respect to the 1JVs signals. Therefore, fur-
ther work will be required to better under-
stand: i) what is typical; ii) why certain indi-
viduals exhibit atypical characteristics; and
iii) the clinical relevance of atypical 1JVs.
Furthermore, although the present study
was only concerned with the relationship
between the 1JVs and the heart, it is antici-
pated that the knowledge acquired from this
work will inform future studies investigat-
ing pathologies of both the heart and the
brain. It is therefore recommended that
future work be undertaken to evaluate the
impact that neurological pathologies might
have on the 1JP, as this would increase the
usefulness of the IJP as a clinical diagnostic
indicator.

Table 4. Top five spectral frequencies, together with corresponding amplitudes, for the: central venous pressure, time-average velocity
and internal jugular vein cross-sectional area signals from the respective subjects.

1 0.987 2.960 1.316 0.658 3.947 124.152 22.582 21491 20.199 16.161
2 0.990 1.979 1.319 2.969 1.649 759.538 504.922 360.520 327.999 131.321
4 1.998 0.999 2331 4.995 6.327 824.219 316.540 94.664 92.471 74.685
9 0.994 1.988 2.981 0.745 0.497 182.178 24.561 18.237 13.210 8.839
6 0.653 0.980 1.960 1.633 1.307 289.366 137.075 80.719 69.909 53.546
7 0.994 1.987 4.968 2.981 0.331 286.873 257.847 36.859 34.223 32.540
8 1.956 2.281 2.607 1.630 1.304 844.797 519.071 258.122 232.484 205.475
9 1.952 0.976 2.603 0.325 0.651 142.200 32.155 16.893 9.521 8.156
1 0.987 1.316 2.302 3.289 2.960 8897.6 2123.6 599.7 560.7 547.1
2 0.990 1.979 2.969 1.649 0.330 13638.9 10644.3 4434.5 3642.0 2005.7
4 0.999 1.998 1.332 1.665 2.997 7898.6 7396.8 3120.3 27884 2116.2
5 0.994 1.988 0.745 0.497 1.739 8856.6 3883.2 2623.7 2478.5 2287.8
6 1.633 0.327 0.653 1.307 0.980 2669.6 1773.9 1655.1 1604.0 1080.2
7 0.994 1.987 0.662 0.331 1.325 958977 19915.2 11121.9 4055.7 1370.5
8 0.652 0.978 1.956 0.326 1.630 4326.7 2468.4 1922.7 1564.5 1362.8
Y 1.952 0.976 2271 1.301 4.880 1864.0 816.1 457.6 416.7 182.5
1 0.987 1.644 0.658 0.329 2.960 0.451 0.056 0.050 0.036 0.031
2 0.990 1.979 1.319 0.660 2.969 5.640 1.461 0.942 0.525 0.443
4 0.999 0.666 1.998 1.332 1.665 0321 0.084 0.067 0.030 0.013
5 0.994 1.988 1.491 0.497 2.981 3.398 0.456 0.203 0.166 0.156
6 0.980 0.327 1.307 1.633 0.653 3.959 0.823 0.595 0.514 0.390
7 0.994 1.987 0.331 1.325 0.662 1.084 0.179 0.060 0.044 0.039
8 1.630 0.978 2.281 1.956 2.933 0.763 0.599 0.418 0.328 0.177
9 1.301 0.976 2.928 2.603 1.952 0.075 0.060 0.037 0.032 0.027

Freq., frequency; Amp., amplitude.
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Conclusions

Compared with working purely in the

time-domain, it is much easier to identify
atypical anomalies in the JVP using spectral
and autocorrelation analysis. In typical sub-
jects, although the higher harmonic fre-
quencies are greatly attenuated in the 1JV-
CSA signals, the autocorrelograms and peri-
odograms for the CVP, TAV and CSA sig-
nals are aligned and are dominated by the
same underlying frequencies. By compari-
son, in atypical subjects the respective auto-
correlogram and periodogram plots are not
aligned. The reasons for this atypical behav-
ior are not known and further work will be
required to better understand the clinical
relevance of this finding. Finally, the influ-
ence of changes in posture out of the breath-
ing needs to be better compared in order to
define the better protocol for signal acquisi-
tion.3334
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