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Value of a quantitative model of axillary venous blood flow
spectrum for the detection of central venous stenosis in patients
undergoing hemodialysis via radiocephalic arteriovenous fistula
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Background: Central venous stenosis (CVS) of radiocephalic arteriovenous fistula (RCAVF) affects
RCAVF function and longevity. Ultrasound screening for CVS is limited by acoustic window. Herein,
we analyzed the quantitative axillary venous (AxV) spectrum in hemodialysis patients via RCAVE, and
constructed central venous stenosis index (CVSI) model based on the spectrum parameters to early detect
resting asymptomatic CVS.

Methods: From August 2017 to May 2021, stage 5 chronic kidney disease (CKD) patients dialysed via
RCAVF at the First Affiliated Hospital of Fujian Medical University were included in this study. No CVS-
related symptoms were found and the pulsation at the arteriovenous anastomosis was normal. However,
the patients had the sensation of swelling in the ipsilateral upper limb during dialysis; the venous pressure
advanced upon the completion of dialysis; or both (n=52). The inclusion criteria were as follows: (I)
Ultrasound (US) showed that the temporal phases of the AxV spectrum were “normal”; and (II) CVS
was confirmed by digital subtraction angiography (DSA). The exclusion criteria were as follows: (I) stent
placement; (II) multiple stenosis; and (III) placement of central venous catheter. A total of 37 patients
participated in the analysis. Eighteen patients were included in the CVS group, and 19 cases without CVS
were included in the control group. Independent sample 7-test was used to screen each parameter of the
AxV spectrum, and a CVSI model was constructed by principal component analysis (PCA). The receiver
operating characteristic curve (ROC) was applied to analyze the diagnostic value of CVSL

Results: According to the independent sample #-test, 9 parameters were found to have statistical
significance (all P<0.05); they were analyzed by PCA, and the CVSI model was constructed. The ROC
showed that CVSI had diagnostic value for CVS. When the cut-off value of CVSI was 7.13, the maximum
value of the Youden index was 0.842, with a sensitivity of 100% and a specificity of 84.2%.

Conclusions: The CVSI helps to early detect resting asymptomatic CVS and dramatically increases the
detection rate of CVS.
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Introduction

End-stage renal disease (ESRD) caused by chronic kidney
disease (CKD) has a poor prognosis, and hemodialysis is
currently the main treatment modality. Both the National
Kidney Foundation/Disease Outcomes Quality Initiative
(NKF/DOQI) and the European Society for Vascular
Surgery (ESVS) clinical practice guidelines for vascular
access recommend arteriovenous fistula (AVF) as the
preferred vascular access for hemodialysis (1,2). The
patency vascular access (including the feeding arteries,
arteriovenous anastomoses, draining peripheral veins, and
central veins) becomes the lifeline in ESRD patients, and
the central veins (including the subclavian vein, innominate
vein, and superior vena cava) are the last critical links in this
lifeline.

The incidence of central venous stenosis (CVS) is
approximately 10% in the general population, and up to
43% of CVS patients have a history of hemodialysis (3).
The presence of CVS can seriously affect the function and
longevity of the affected vascular access, and symptomatic
CVS can lead to increased hospitalization and mortality in
hemodialysis patients. Therefore, early detection of CVS
facilitates the development of a treatment strategy for CVS,
which is essential for preserving the function of AVF (4).

The diagnosis of CVS mainly relies on clinical
manifestations and imaging findings. Clinically, CVS
manifests as elevated central venous pressure (edema of the
arms, head, face, and chest as well as dilated or varicose
veins in the chest wall); however, some CVS patients can
be asymptomatic and physically normal at rest, even in the
presence of increased venous pressure in the vascular access
during hemodialysis, especially in those using AVF as the
vascular access (5). In addition, the increased venous pressure
during dialysis does not provide localization and diagnosis
of problems in the central veins, and CVS is often neglected
due to the lack of specificity (6,7). The gold standard for
assessing CVS is digital subtraction angiography (DSA),
which, however, cannot be used for routine vascular access
monitoring and examination due to its invasiveness. In
contrast, color Doppler ultrasonography (CDU) has been
used for the initial imaging of hemodialysis access and is
applied for hemodynamic monitoring (8). When CDU
diagnoses CVS, it is mainly via detection of the changes in
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the lumen and flow velocity at the CVS site (9); however,
the central veins are located posterior to the sternum and
clavicles and the acoustic shadows of bones and lungs can
interfere with the display of superior vena cava, innominate
vein, and subclavian vein on CDU (10). Although Sivanesan
et al. (11) used quantitative model to study AVE, their study
was a basic study based on AVF model in vitro. In this study,
a quantitative model of anastomotic hemodynamics was
established to explore the pathogenic role of anastomotic
geometry and local hemodynamics changes in AVF stenosis.
"This study is not suitable for the detection of asymptomatic
central venous stenosis. In addition, although computed
tomography angiography (CTA) and medical resonance
angiography (MRA) have better diagnostic performance
than that of CDU, they are not as popular as CDU and
DSA because the contrast agents used can cause damage to
residual normal renal tissue in ESRD patients. In addition,
unlike DSA, these techniques do not enable immediate
subsequent interventions after the detection of stenosis
(12,13). In this study, we retrospectively analyzed the
quantitative data of axillary venous flow spectrum in stage
5 CKD patients undergoing hemodialysis via a forearm
radiocephalic arteriovenous fistula (RCAVF) and found that
the axillary venous spectrum changed when CVS occurred.
A central venous stenosis index (CVSI) evaluation model
was constructed based on the quantitative axillary venous
spectrum parameters to facilitate noninvasive early detection
of resting asymptomatic CVS.

We present the following article in accordance with
the STARD reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-160/rc).

Methods
Participants

From August 2017 to May 2021, stage 5 CKD patients
receiving regular hemodialysis via RCAVF at the First
Affiliated Hospital of Fujian Medical University were
included in this study. This study adhered to the tenets
of the Declaration of Helsinki (as revised in 2013). This
study was approved by the Ethics Committee of the First
Aftiliated Hospital of Fujian Medical University [MRCTA,
ECFAH of FMU (2020)189]. Informed consent to review
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Potentially eligible participants (n=52)
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Participants which have the complete
acoustic data (n=41)

Y

Excluded (n=11):
Tortuous veins over the extremity and chest (n=2)
Stent placement (n=3)
Multiple stenosis (n=2)
Placement of central venous catheter (n=1)
The incomplete acoustic data (n=3)

A

Participants which were confirmed by
DSA (n=37)

CVS (+) (n=18) CVS () (=19)

Not confirmed by DSA (n=4):
Confirmed by CTA (n=3)
Confirmed by MRA (n=1)

Figure 1 Flow chart of participant enrollment. DSA, digital subtraction angiography; CTA, computed tomography angiography; MRA,

medical resonance angiography; CVS, central venous stenosis.

patients” medical records was not required due to the
retrospective nature of the study. All data were anonymized
to comply with the provisions of personal data protection
legislation. No CVS-related symptoms (edema of the arms,
head, face, and chest as well as dilated or varicose veins in
the chest wall) were found during routine monitoring, and
the pulsation at the arteriovenous anastomosis was normal.
However, the patients had experienced the sensation
of swelling in the ipsilateral upper limb during dialysis.
The venous pressure either exceeded 150 mmHg or had
increased by 50 mmHg upon the completion of dialysis; or
both (n=52). After the appearance of abnormality during
dialysis, a complete CDU was performed on the same day
or the next day, which showed that the temporal waveform
of the axillary venous flow spectrum (cardiac pulsation and
respiratory phase) was “normal” which did not change to
a flat waveform and the spectrum was clearly displayed
(including a complete respiratory phase), and the acoustic
data was complete. Subsequently, the presence of CVS (=50%
stenosis) was confirmed by DSA the day after CDU. The
exclusion criteria were as follows: (I) stent placement; (II)
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presence of multiple stenosis; and (III) placement of central
venous catheter (CVC). A total of 37 patients participated in
the final analysis (Figure 1), among whom 18 had CVS. Due
to the small sample size, we did not group the participants
according to the degree of stenosis; instead, all the CVS
patients with a stenosis degree of >50% were categorized
as the CVS group (including 11 males and 7 females, aged
37-74 years, with a mean age of 57.72 years). In addition,
19 patients without CVS, as confirmed by DSA during
the same period, were categorized as the control group
(including 12 men and 7 women, aged 26-72 years, with an
average age of 58.63 years).

Instruments and methods

CDU scanner

A Hi Vision Preirus ultrasonography system (Hitachi,
"Tokyo, Japan) with L74M 13-5 MHz and C715 5-1MHz
probes and an Aplio 500 ultrasound system (Toshiba, Tokyo,
Japan) with PLT-1005BT 14L5 10 MHz and PVT-375BT
6C1 3.5 MHz probes were used.
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Figure 2 Schematic diagram of spectral waveforms of axillary vein. V corresponds to blood velocity, t to time; Blue corresponds to expiatory

phase, orange to inspiratory phase; E corresponds to Expiration, I to inspiration; S corresponds to S-wave peak flow velocity, D to D-wave

peak flow velocity, O to O-wave flow velocity, A to A-wave trough flow velocity; AT corresponds to acceleration time, DT to acceleration

time, T to time interval.

Scanning

The superior vena cava, innominate vein, subclavian
vein, and distal segment of axillary vein were scanned via
the supraclavicular and subclavian approaches and the
supraclavicular fossa. During the examination, the patient
was placed in a supine position after resting, and their
head was tilted back or turned to the opposite side to that
being examined; some patients felt discomfort during the
examination but were still able tolerate and cooperate with
the examination.

The examination conditions were adjusted when necessary.
(I) The focus was placed at the level of the posterior wall of
the vessel when B-mode clearly showed a non-echoic lumen.
(II) The color sampling frame was set at an appropriate angle
and size to obtain a good frame rate; the color gain and scale
were adjusted to show the blood flow signals only within the
lumen, without overflow. (III) The spectral Doppler angle
(8) was <60 degree and parallel to the direction of blood flow.
The sampling site was placed in the middle of the lumen,
with a volume of 1/3-1/2 of the lumen when the vein was
normal; when the veins were stenosed, the sample site was
placed at the brightest part of the colored blood flow or the
disordered site, with minimized sampling size.

When a stenotic site was found, the measurements
included: (I) the diameters of the stenotic site and its
adjacent segments; and (II) the peak flow velocity at the
stenosis and in the region upstream to the stenosis.

Axillary vein spectroscopy

During resting respiration, the amplitude (i.e., flow velocity)
of S-, D-, O-, and A-waves, the acceleration time and
deceleration time of S- and D-waves, and the time interval
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between the peak of S-wave to the peak of D-wave were
measured during expiration (i.e., when the flow velocity is
minimal) and during inspiration (i.e., when the flow velocity
is maximal), respectively, within one respiratory phase
(Figure 2). Since only temporal (heartbeat and respiratory
phase) changes reflected by spectral morphology are focused
on in routine clinical examinations and no parameter is
measured, all the above parameters were acquired in this
study for retrospective analysis using Image] (https://
imagej.nih.gov/ij) for late measurements of the spectrum,
and a scale tool was used to calibrate each image before
measurement. The measurements were performed by
2 ultrasonographers with more than 10 years of experience
in vascular ultrasound. Each parameter was measured 3
times and averaged, and the two physicians were blind to
the clinical diagnoses at the time of measurement.

All these parameters were divided into three categories:
cardiac pulsation-driven parameters, respiration-driven
parameters, and parameters affected by both cardiac
pulsation and respiration.

Cardiac pulsation-driven parameters (measured during
expiration, i.e., the minimum value during a single breath)
included: Sg, S-wave peak flow velocity; Dy, D-wave peak
flow velocity; Og, O-wave flow velocity; Ag, A-wave trough
flow velocity; SgDg, S-wave peak flow velocity-D-wave
peak flow velocity; S¢’, S-wave peak flow velocity-O-wave
flow velocity; Dy’, D-wave peak flow velocity-O-wave
flow velocity; Sgar, S-wave acceleration time; Sgpy, S-wave
deceleration time; Dy, D-wave acceleration time; Dypr,
D-wave deceleration time; and SzDyT, time interval from
S-wave peak to D-wave peak.
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The respiration-driven parameters included the following:
SiSk, S-wave peak flow velocity during inspiration-S-wave
peak flow velocity during expiration; D;Dg, D-wave peak
flow velocity during inspiration-D-wave peak flow velocity
during expiration; O,0y, O-wave flow velocity at the end of
inspiration-O-wave flow velocity at the end of expiration;
S’Sy’, SY-Si’s and DDy, D/-Dy

Parameters affected by both cardiac pulsation and
respiration (measured during inspiration, i.e., the maximum
value during a single breath) included: S;, S-wave peak flow
velocity; Dy, D-wave peak flow velocity; O, O-wave flow
velocity, A;, A-wave trough flow velocity; S;D;, S-wave peak
flow velocity-D-wave peak flow velocity; SI’, S-wave peak
flow velocity-O-wave flow velocity; DI, D-wave peak flow
velocity-O-wave flow velocity; Sy, S-wave acceleration
time; Sip, S-wave deceleration time; Dy, D-wave
acceleration time; Dy, D-wave deceleration time; and
SID/(T, time interval from S-wave peak to D-wave peak.

Venography

The examination was performed by a physician with 5 years
of experience in vascular surgery, using an Artis Q ceiling
system (Siemens, Munich, Germany), after they had fully
reviewed the patient’s clinical data and the participant had
provided their informed consent. A vascular sheath was
inserted through the cephalic vein (Seldinger’s method),
and a non-ionic contrast medium (Iohexol) was injected
into the sheath, while digital subtraction was performed.
The images were acquired at a frame rate of 1-3 images per
second with posterior-anterior projection. The angiography
revealed the blood return in the central veins (subclavian
vein — innominate vein — superior vena cava) and identified
the site, degree, and length of stenosis.

CV'S evaluation criteria

The DSA technique is the gold standard method for CVS
evaluation. The degree of stenosis was divided into 5 levels
according to percent diameter stenosis (%DS): normal,
mild stenosis (<50%), moderate stenosis (50-69%), severe
stenosis (70-99%), and occlusion. The %DS was calculated
using the following formula: %DS = (1 - stenosis diameter/
reference diameter) x100%, where the stenosis diameter
is the diameter of the vessel at the narrowest point of the
lumen and the reference diameter is the original diameter
of the vessel at the stenosis site, which was estimated by the
system according to the diameters of the normal vessels at
both ends of the stenotic segment.
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The CVS was evaluated by ultrasound (14), according
to an internal diameter of <2.0 mm, a 50% reduction in the
internal diameter of the stenotic site compared with the
adjacent segments, and a flow velocity ratio of >2.5.

Statistical analysis

Statistical analysis was performed using the software SPSS
25.0 (IBM Corp., Armonk, NY, USA). Normally distributed
measurement data were presented as (X+SD).

Construction of a comprehensive CVSI

Independent sample #-test was used to screen each parameter
of the axillary venous blood flow spectrum. Principal
component analysis (PCA) was performed on the parameters
with P<0.05 in independent sample 7-test, and principal
components with eigenvalues >1 were selected. After non-
standardized conversion of original parameters of principal
components, an index model of ultrasonic evaluation indexes
was constructed, which was defined as CVSI.

Analysis of CVSI diagnostic value
The receiver operating characteristic (ROC) curve was
applied to analyze the diagnostic value of CVSL

Results

Among the 37 suspected CVS cases, CVS was confirmed
by DSA in 18 cases, which was directly detected by CDU
in 5 cases, while the remaining 13 CVS cases were not
detected by CDU because the stenosis site could not be
clearly displayed and the wave number spectrum (cardiac
pulsation and respiratory phase) in the upstream region did
not disappear, yielding a detection rate of 27.78%. Central
veins with stenotic sites included the superior vena cava,
innominate vein, and subclavian vein (Zizble I).

Construction of CVSI

Screening of CVSI-related parameters

Independent sample #-test was used to screen the relevant
parameters, and 9 parameters including Og, Oy, S;-Dy,
SiSe, Sears Deprs Sior Siars and S\D[T showed statistically
significant differences (all P<0.05) (Table 2).

Construction of a ultrasonic comprehensive evaluation

model of central venous stenosis using PCA
These 9 parameters were subjected to PCA to establish
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Table 1 Distribution of stenosis sites in central veins and their detection on ultrasound

Site CVS case (n) CVS case detected by ultrasound (n) Detection rate (%)
Superior vena cava 1 0 0
Innominate vein 9 2 22.22
Subclavian vein 8 3 37.50

Total 18 5 27.78

CVS, central venous stenosis.

a Ultrasonic comprehensive evaluation index, which was
defined as central venous stenosis index (CVSI), and the
results are shown in Tibles 3,4.

The contribution rates of the first 4 eigenvectors reached
80.510%. It was assumed that the first 4 eigenvectors were
able to represent most of the information of the original
index, so it was appropriate to extract the first 4 eigenvectors
to construct the prognostic CVSI model. Thus, a
comprehensive evaluation model (CVSI =2, + Z, + Z; + Z,)
was obtained after the non-standardized transformation of
the original index: CVSI = 0.0275X; + 0.0355X, - 0.0194X;
+ 0.0119X, + 0.0084X; + 0.0065X, + 0.0049X; + 0.0007X; +
0.0027X,.

The final CVSI range of our participants was from 3.73
to 10.38, with a mean of 6.44+2.08.

Analysis of CVSI diagnostic value

The ROC curve was applied to analyze the diagnostic value
of CVSI (Figure 3). For the CVS group and control group,
the area under the ROC curve (AUC) of CVSI was 0.965
[95% confidence interval (CI): 0.915 to 0.998] (P<0.001),
suggesting CVSI has a diagnostic value for resting-state
asymptomatic CVS in stage 5 CKD patients undergoing
hemodialysis via RCAVF (Tuble 5).

Based on the maximum value of the Youden index (YI)
(YI = sensitivity + specificity - 1), when the CVSI cut-
off value was 7.13, the maximum YI was 0.842, and its
diagnostic sensitivity and specificity were 100% and 84.2%,
respectively.

Discussion

Stenosis is a common cause of vascular access dysfunction
during hemodialysis. Most of these stenoses are near the
anastomosis in the peripheral segment of the access, where
the venous pressure can be dramatically higher than that
in the central veins (15). Therefore, a possible co-existing
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stenosis in the central veins can be easily neglected when
a cause of restricted blood flow due to peripheral venous
stenosis is identified. Idiopathic stenosis can also exist in
the central veins. In the physiological state, there might
be no clinical symptoms such as swelling of the arm, face,
or chest wall, even if severe stenosis occurs in a central
vein; however, after a vascular access for hemodialysis is
created, the increase in blood flow will exceed the normal
physiological load, causing an increase in venous pressure.
In addition, high blood volume and disturbed blood flow
after a vascular access is established can promote intimal
hyperplasia, which aggravates stenosis and thereby limits
the blood flow through the vascular access.

Although ultrasound is the preferred modality for the
monitoring and maintenance of vascular access after its
creation, there are technical difficulties in the examination
of central veins. First, due to the narrow space and bony
structures in the supraclavicular and suprasternal regions,
the subclavian vein and innominate vein cannot be easily
revealed. In our series, a convex array probe, in addition to
the conventional linear array high-frequency probe, was
applied when scanning the above regions. The detection
rate of CVS in our current study was only 27.78%, which
was quite similar to that reported by Agarwal er al. (16).
Therefore, the diagnosis of CVS by observing the changes
in venous diameter at the stenosis site and by calculating
the ratio of blood flow velocity at the stenosis site to that
in its upstream region is featured by low detection rate and
high rate of missed diagnosis. In addition, the method of
inferring stenosis by indirect ultrasound signs (17) (i.e., the
disappearance of cardiac pulsation-driven and respiration-
driven time phases in the upstream region) can only detect
severe stenosis. However, such a qualitative method has
high specificity but low sensitivity and may miss some of the
CVS in which the cardiac pulsation-driven and respiration-
driven time phases change but do not disappear (Figures 4,5).

Therefore, our current study was designed to improve the
detection rate of resting asymptomatic CVS by quantifying
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Table 2 Screening of CVSI-related parameters
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Parameter CVS group Control group Statistics P value
Gender* (F/M) 711 712 - -
Age (years) 57.72+13.97 58.63+12.12 -0.212 0.833
Se (cm/s) 35.82+7.36 43.53+39.11 -0.844 0.409
De (cm/s) 25.54+6.05 37.26+30.66 -1.632 0.119
Ok (cm/s) 13.39+5.30 28.59+22.61 -3.820 0.001
Ae (cm/s) 14.01+7.48 16.18+13.33 -0.607 0.548
SeDe (cm/s) 10.17+4.73 7.69+14.67 0.683 0.499
Se’(cm/s) 17.77+7.00 14.94+17.88 0.628 0.534
De’ (cm/s) 10.34+4.78 8.67+10.28 0.628 0.534
Sear (Ms) 134.61+61.14 210.00+98.52 -2.784 0.009
Seot (Ms) 162.00+57.69 209.53+113.59 -1.591 0.121
SeDeT (ms) 317.06+108.00 366.32+174.98 -1.036 0.308
Dear (ms) 144.00+73.98 156.79+90.38 -0.470 0.642
Deor (ms) 128.61+72.04 225.42+106.77 -2.850 0.007
SiSe (cm/s) 20.04+7.54 12.55+10.94 2.436 0.021
DiDe (cm/s) 15.10+10.75 10.55+22.39 0.780 0.441
OOk (cm/s) 8.64+5.69 9.35+18.36 -0.158 0.876
S’Se’ (cm/s) 13.39+9.32 8.38+12.06 1.410 0.167
DrDe’ (cm/s) 7.11+6.36 4.17+6.06 1.436 0.159
Si (cm/s) 51.53+10.69 57.71+£52.92 -0.499 0.624
Di (cm/s) 35.19+9.63 47.55+42.69 -1.229 0.233
O (cm/s) 20.01+6.48 36.16+17.79 -3.630 0.001
Al (cm/s) 15.79+7.44 19.72+18.04 -0.856 0.398
SiDi (cm/s) 19.18+7.73 7.70+5.90 5.091 <0.001
S’ (cm/s) 31.22+12.07 21.55+24.43 1.513 0.139
Dr (cm/s) 17.64+9.33 11.19+14.50 1.600 0.119
Siar (Ms) 193.28+63.70 292.16+145.31 -2.654 0.012
Sior (Ms) 169.39+48.47 230.37+79.55 -2.796 0.008
SIDIT (ms) 292.56+92.76 381.32+110.03 -2.645 0.012
Duar (ms) 123.17+62.58 166.74+108.41 -1.486 0.146
Dot (ms) 162.11+74.89 289.58+192.70 -0.822 0.417

*, Chi-square statistics; the remaining statistics are t or t’ values. CVSI, central venous stenosis index.

multiple parameters associated with cardiac pulsation-driven
and respiration-driven time phases on the axillary venous
flow spectrum in the upstream region of CVS.

At the beginning of this study, the parameters were

© Annals of Translational Medicine. All rights reserved.

divided into three categories, namely those affected by
cardiac pulsation, those affected by respiration, and those
affected by both cardiac pulsation and respiration, in the
hope of discovering which aspects of CVS interfere with
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Table 3 Eigenvectors, contribution rates, and cumulative contribution rates

Principal component Value of eigenvectors

Contribution rates (%) Cumulative contribution rates

1 3.078 34.199 34.199

2 1.920 21.331 55.530

3 1.177 13.082 68.612

4 1.071 11.899 80.510
Table 4 Eigenvalues for the correlation matrix in PCA

Parameters Variables Zi Z> Zs3 Z4
Oe Xi -0.002 0.938 -0.191 -0.109
Sear Xs 0.587 0.278 0.319 0.27
Deor Xs 0.607 0.017 0.513 0.029
S;Se Xa -0.714 0.276 0.045 0.586
0, X -0.027 0.927 0.165 -0.061
SD, Xs -0.752 -0.116 0.079 0.532
Siar X7 0.631 -0.108 0.398 0.272
Sior Xs 0.611 0.042 -0.691 0.185
SDT Xe 0.719 0.009 -0.323 0.497

PCA, principal component analysis.

1.0

:

o
[o2)
I

Sensitivity
o
[}
1

0.4 4

0.2 4

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Figure 3 Analysis of the diagnostic value of CVSI using ROC
curves. CVSI, central venous stenosis index; ROC, receiver

operating characteristic.

blood return and identifying simple and effective thresholds
of the quantified parameters. However, our statistical
analysis suggested that CVS did not affect only one of these
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three categories of parameters; rather, it affected all of
them, and the affected parameters could be divided into two
categories: velocity and time.

The normal axillary venous flow spectral waveform is
similar to the central venous flow spectral waveform in
the thoracic cavity and shows changes in two temporal
phases, namely, the temporal phases of cardiac pulsation
and respiration. The temporal changes in the spectral
waveform include the following waveforms (18): two
distinct antegrade waves (S and D waves, which arise during
ventricular systole and early diastole, respectively) and two
small retrograde waves or reduced antegrade waves (A and
O waves, which arise after atrial systole and second heart
sound, respectively).

In our current study, PCA showed that the largest
contribution rate (34.199%) to CVS was from the time
parameters, which included parameters influenced by cardiac
pulsation (Sgxr, Depr) and by respiration (Syyp, Sipp, and
SDT); in other words, the factor with the greatest effect on
upstream blood return was time. Pham et 4/. (17) suggested
that the upstream subclavian and axillary venous blood
flow spectra in CVS patients lacked temporal variations,
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Table 5 Analysis of the predictive power of CVSI

Variable AUC Standard error P value 95% Cl of AUC

Cvsl 0.965 0.026 <0.001 0.915-0.998

CVSI, central venous stenosis index; AUC, area under the curve; Cl, confidence interval.
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Figure 4 Spectral waveforms of left axillary vein when stenosis occurs in left innominate vein in a patient on maintenance hemodialysis via
an RCAVF on left forearm. RCAVE, radiocephalic arteriovenous fistula.
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Figure 5 Spectral waveforms of right axillary vein in a non-CVS patient on maintenance hemodialysis via an RCAVF on right forearm.
CVS, central venous stenosis; RCAVE, radiocephalic arteriovenous fistula.
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showing a stutter-like change in waveform including reduced
amplitude and diminished volatility. Such a waveform
change results from the extreme changes in intraventricular
pressure difference and vasodilatability, forming wave-
wave fusion. In our series, however, the waveforms formed
before the limb signs occurred, which were quite different
from the transition of normal waveforms. Most of the
velocity parameters in the CVS group were not significantly
different from those in normal controls (Table 2), while Z,
time parameters (Sgxr, Depr S Sion SIDiT), Z, velocity
parameters (Og, Oy), and Z; time parameters (Dgpr) were
significantly different from controls and contributed to the
detection of CVS by 34.199%, 21.331%, and 13.082%,
respectively (Tables 2-4).

Normally, the right atrial pressure is about 0 mmHg;
there is no resistance in the veins when the central veins
in the thoracic cavity are filled; and the venous pressure in
the axillary veins of the upper limbs is about +6 mmHg.
Therefore, blood in the central veins can flow back into
the right atrium smoothly (19). However, when there is a
stenosis site in the central veins, the pressure difference at
the stenosis site will increases, according to Poiseuille’s law
(F=nAPr4/8nL). Since the right atrial pressure is 0 mmHg,
the pressure at the upper end of the stenosis site increases.
As a result, the pressure difference between the upstream
region of the stenosis site and the upper end of the stenosis
site decreases, resulting in shortened acceleration time and
deceleration time. Meanwhile, the narrowing of the vascular
lumen and the increase in friction at the stenosis site lead
to a decrease in vascular conductivity and an increase in
resistance. The O-wave appears at the beginning of the
isovolumic diastolic phase after the second heart sound
appear and is located at the aortic dicrotic notch, where the
axillary venous pressure is low and the venous dilatability
is high (20,21). Accordingly, blood accumulation and
vasodilatation occur at this location, leading to reduced flow
velocity during the O-wave in the upstream region.

The Z, velocity parameters (S5;S; and S$;D;) were
significantly different from controls and contributed
11.899% of the detection of CVS, respectively (1ables 2-4).
During the body circulation, the large diameter of the veins
and the specific structures of venous valves facilitate venous
return. However, the venous pressure is too low to promote
adequate blood return. Therefore, the “pump” structures,
including the muscle “pump”, respiratory “pump”, and
sympathetic modulation of venous contraction, outside
the body circulation assist and promote venous blood
return (20). For the central veins (including subclavian

© Annals of Translational Medicine. All rights reserved.
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vein, innominate vein, superior vena cava), through which
blood via the RCAVF returns, the blood return is usually
facilitated by the respiratory “pump”. During inspiration,
the intrathoracic pressure decreases and the “pump” acts to
cause the intrathoracic veins (subclavian vein, innominate
vein, superior vena cava) to dilate, leading to higher §;
than Sg and promoting the flow of more blood into the
right atrium. Notably, since the venous dilatation is more
pronounced than the change in pressure difference, the
change in velocity is not significant. However, CVS
may be caused by venous compression, excessive intimal
hyperplasia, and/or thrombosis. All of these factors can
lead to change in pressure difference in the central vein
when the intrathoracic pressure decreases, but the lumen
diameter cannot expand accordingly. As a result, the pre-
and post-expiratory velocities (i.e., S; and Sg) change
more than the diameter change to maintain blood flow;
in other words, S;S;; increases during CVS. The D-wave
in the spectrum appears in the early phase of ventricular
diastole, during which the right atrial pressure is high and
the arterial pressure driving the blood circulation begins
to fall, resulting in a decrease in the difference between
peripheral venous pressure and right atrial pressure (20).
As a result, the change in the D-wave during inspiration is
not significant, which in turn results in a greater S; than D,
during inspiration in CVS patients, that is, an increase in
the S{D; value, which is statistically significant from that in
the control group.

Therefore, it was appropriate to construct a CVSI model
by using the four eigenvectors including Z,, Z,, Z;, and Z,.
The ROC curve was used to analyze the diagnostic value
of CVSI. The AUC of the CVSI was 0.965, suggesting
that CVSI has a certain diagnostic value for hemodialysis-
related CVS in CKD patients. When the CVSI cut-
off value was 7.13, the maximum YI was 0.842, and its
diagnostic sensitivity and specificity were 100% and 84.2%,
respectively. Compared with the direct signs at the CVS
site, CVSI is more sensitive while maintaining a high
specificity.

Although the CVSI, which is established based on
the upstream flow spectrum of CVS, markedly improves
the detection rate of asymptomatic CVS and avoids the
underdiagnosis and delayed prevention and treatment of
CVS during hemodialysis vascular access monitoring, it has
a limited role in determining the site, extent, and etiology
of stenosis and in informing further endovascular treatment,
for which angiography is still indispensable. Although the
severity of CVS was not graded in our current study, the
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spectral waveforms were quite similar, suggesting that the
hemodynamic changes were similar. Therefore, the impact
of the severity of stenosis on data analysis might have been
neglected. However, due to the small sample size in our
current study, the established CVSI model could not be
externally validated. In summary, the model is promising for
clinical application and deserves further validation through
larger sample research.
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