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High-Frequency Fluctuation Intensity as a
Predictor of Post-Stenotic Dilatation in Swine

Bo-Wen Lin“, Pao-Yen Lin

Abstract—Objective: To identify the turbulent compo-
nents of blood flow facilitating aortic lumen dilatation in a
post-stenotic dilatation (PSD) porcine model. Methods: The
porcine abdominal aorta (AA) was moderately coarctated
to induce overt flow turbulence in the downstream region
and to lead to dilatation in time periods between four and
twelve weeks. We propose a new metric, fluctuation inten-
sity (FI), to quantify turbulent fluctuations of pulsatile aor-
tic flow measured within twenty minutes post-coarctation.
Lumen perimeter ratio (LPR) of the distal-to-suprarenal AA
was used to assess the degree of PSD. Using k-means
clustering analysis, we first divided Fl frequency spectrum
into low- and high-frequency fluctuation intensity (LFFIl and
HFFI), and subsequently grouped animals with coarctation.
Receiver operating characteristic (ROC) analysis was per-
formed to evaluate the ability of the proposed metric to
predict PSD. Results: The frequency band of the Fl spec-
trum in facilitating aortic lumen dilatation was identified to
be 40~200 Hz. Using sham group as the reference, pigs
receiving coarctation were clustered into two groups with
(group A) and without (group B) increases in HFFI values.
Coarctation significantly increased LPR values in group A,
but not in group B. Moreover, group A exhibited a high
probability density distribution on severe elastic fiber frag-
mentation. ROC analysis indicated HFFI to be capable of
predicting PSD with excellent sensitivity and specificity.
Conclusion: High-intensity, high-frequency components of
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blood flow fluctuations induced by moderate coarcta-
tion promote elastic lamella degradation and aortic lumen
dilatation. Significance: HFFI application in flowmeter pro-
grams may provide a useful predictor of PSD.

Index Terms—Post-stenotic dilatation, high-frequency
fluctuation intensity, elastic fiber fragmentation, k-means
clustering, support vector machine, fast Fourier transform.

[. INTRODUCTION

ERSISTENT and partial narrowing of an artery can alter
P the profile of blood flow and cause the downstream arterial
segment to dilate. This dilated remodeling of the downstream
artery is called post-stenotic dilatation (PSD) [1]. PSD is closely
associated with a few cardiovascular diseases, such as ascending
aortomegaly with severe aortic valve stenosis [2], [3], thoracic
aortic aneurysm distal to aortic coarctation, subclavian arte-
rial enlargement with thoracic outlet syndrome consequent to
cervical rib compression. Taking aortic valve stenosis as an
example, the heart-ejected bloodstream passing the narrowed
valve orifice produces high velocity and turbulent flow which
mainly impacts on the middle ascending aorta. Under chronic
hemodynamic insult, the structural integrity of the aortic wall is
compromised with decreased wall strength, and aortomegaly at
the middle ascending aorta develops thereafter [2]. Accordingly,
flow turbulence downstream of stenosis plays a determinant role
in the development of PSD [3].

The development of PSD, based on empirical clinical ob-
servation, relies on the presence of flow disturbance sufficient
to produce an audible bruit and a palpable thrill. Moderate
stenosis produces prominent turbulence, i.e., bruit and thrill, is
effective in eliciting PSD, whereas very tight or mild stenosis is
usually ineffective [1], [4]. Experimental evidence also suggests
turbulence to be a major cause of PSD [1], [4], [5]. To examine
the role of turbulence in vivo in the development of aortic PSD,
we established a coarctation-induced degenerative abdominal
aortic aneurysm (AAA) porcine model [6] (Fig. 1(a)). To achieve
moderate stenosis of the porcine aorta, we chose pulsatility index
(PD) [71, [8], as the quantitative parameter of coarctation severity.
PI reduction to one-third of the original value was found to
accompany a pronounced turbulence in the abdominal aortic
region distal to coarctation and hence was selected to indicate
moderate stenosis. PSD was detected in the majority, but not all,
of the pigs undergoing aortic coarctation up to 12 weeks. These
results suggested that the exact characteristic of turbulent flow
promoting aortic PSD remains to be pinpointed.
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(a) Coarctation-induced aortic lumen dilatation porcine model. The pronounced turbulent flow was generated in the aortic segment distal

to coarctation. (b) Representative waveforms of measured blood flow rates in the distal abdominal aorta (AA) region before and after coarctation.
(c) The spectrum of fluctuation intensity (FI) was calculated from the measured blood flow rates. After coarctation, different types of turbulent
waveform correspond to different degrees of fluctuation intensity. AA: abdominal aorta; CIA: common iliac artery; Fl: fluctuation intensity; dB:

decibel.

Turbulence is chaotic fluid motion characterized by rapid fluc-
tuations in its flow dynamic properties, e.g., flow velocity, flow
rate, and wall shear stress (WSS). Randomly fluctuating flow
dynamics usually cause irregular wall motion during cardiac
cycles, and that may accelerate the degenerative process of the
arterial wall. Pulsatile flow passing through the stenotic segment
also enhances the flow dynamic fluctuation at the downstream
arterial segment. In our porcine model, we found different
types of turbulent flow waveforms at the distal aortic regions
following coarctation (Fig. 1(b)) even though PI was reduced
to one-third inherent levels and turbulence was visualized with
duplex ultrasound. To identify the turbulent components of blood
flow contributing to aortic dilatation, we used the fast Fourier
Transform (FFT) method to analyze the measured blood flow
rates and introduced a new metric for quantifying the pulsatile
and turbulent flow-induced fluctuation intensity. In the present
work, we aim i) to propose a metric to quantify the intensity of
flow fluctuations from perivascular flow probes; ii) to identify
the frequency bands of flow fluctuation intensity relevant in
facilitating aortic lumen dilatation; iii) to assess the ability of
the proposed metric as a predictor of PSD.

[I. METHODS

An overview of the methodology used in this study is shown in
Fig. 2. The analysis of the results was conducted in five parts: 1)
correlation analysis was performed between the two sets of data,
fluctuation intensity (FI) and lumen perimeter ratio (LPR), to
explore the correlation between fluctuation intensity and aortic
lumen dilatation; ii) k-means cluster analysis was employed to
divide the FI frequency spectrum into two bands, low-frequency
fluctuation intensity (LFFI) and high-frequency fluctuation in-
tensity (HFFI), based on the results of correlation analysis; iii)
animals of the experimental group (N = 20) were clustered into
subgroups A and B using k-means cluster analysis; iv) statistical

analysis was conducted to summarize the differences among
the groups A, B, and sham; v) receiver operating characteristic
(ROC) analysis was performed to evaluate the ability of LFFI
and/or HFFI to predict for PSD formation.

A. Coarctation-Induced Aortic Lumen Dilatation
Porcine Model

Twenty-eight Taiwanese Lanyu mini pigs of both genders,
provided by Taitung Animal Propagation Station of the Taiwan
Livestock Research Institute, were randomly divided into four
groups: three experimental groups (6-9 pigs/group) undergoing
aortic coarctation for 4 weeks (4w), 8 weeks (8w), and 12 weeks
(12w) and sham groups (n = 8) as the control. The whole study
conforms to the Guide for the Care and Use of Laboratory Ani-
mals published by the National Institute of Health (U. S. A.) and
the experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC no. 98101, 102257).

Mini pigs were first sedated by intramuscular injection of a
mixture of Zoletil 50 (10 mL), Rompun (5 mL), and atropine
(1 mL) at pigs’ posterior neck or gluteal region. Intravenous fluid
infusion routes were established through the postauricular veins.
During surgery, isoflurane (2% of the tidal volume) was contin-
uously given via endotracheal tubing to maintain general anes-
thesia. Coarctation was conducted by encircling an 8 mm-wide
expanded polytetrafluoroethylene (ePTFE) Teflon strip around
the infrarenal abdominal aorta (AA) segment, approximately 2
cm proximal to the aortic bifurcation, to form a funnel-shaped
pathway with a nonconstrictive inlet and a constrictive outlet
(Fig. 1(a)) as previously described [6]. The extent of outlet
constriction was adjusted by tightening or loosening the lower
edge of the ePTFE strip according to PI values. A transit time
flowmeter system (MediStim BF 2004; MediStim ASA, Oslo,
Norway; 6 and 8 mm flow probes) was used to simultaneously
monitor flow, pressure, and pulsatility index (PI, calculated from
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Fig. 2. Schematic illustration of the experimental/analytical procedure
and methodology used in this study. The analysis framework mainly con-
sists of five parts: (i) correlation analysis was performed between the two
sets of data, FI and LPR, to explore the correlation between fluctuation
intensity and aortic lumen dilatation; (ii) k-means cluster analysis was
employed to divide the FI frequency spectrum into two bands, LFFI and
HFFI, based on the results of correlation analysis; (iii) animals of the
experimental group (N = 20) were clustered into subgroups A and B
using k-means cluster analysis; (iv) statistical analysis was conducted
to summarize the differences among the groups A, B, and sham; (v)
ROC analysis was performed to evaluate the ability of LFFI and/or
HFFI to predict for post-stenotic dilatation. FI: fluctuation intensity; LPR:
lumen perimeter ratio; LFFI: low-frequency fluctuation intensity; HFFI:
high-frequency fluctuation intensity; ANOVA: analysis of variance; ROC:
receiver operating characteristic.

(maximal flow rate — minimal flow rate)/mean flow rate) [8] at
the regions proximal and distal to coarctation both during the
operation and prior to sacrifice [6]. Markedly disturbed wave-
forms with irregular margins in the distal AA were displayed
by the flowmeter system as PI was greatly reduced. Duplex
ultrasound scanning was also conducted to confirm turbulence
development. When PI was reduced to one-third of the orig-
inal value, a pronounced mosaic flow pattern was shown by
ultrasound scanning images with decreased peak systolic flow
and increased reverse flow in Doppler spectral analysis. Hence,
we set PI reduction to one-third of the original value as the
guide for moderate stenosis. The monitored flow waveforms
were exported through the system’s built-in function. Digital
signals were obtained using GetData Graph Digitizer version
2.26. Animals were sacrificed with an intravenous injection of
KCl (2 mmol/kg body weight).

B. Histological Examination of the Distal Abdominal
Aorta

To examine the perimeter and the distribution of the elastic
lamellae in the dilatation-prone distal AA segment, we per-
formed Verhoeff Van Gieson staining. Paraffin sections (4 pm
thick) were deparaffinized, rehydrated, and stained according
to the manufacturer’s instructions. The lumen perimeter of the
distal AA segment was measured in paraffin-embedded sections
with Image J software and values were further normalized with
the lumen perimeter of the suprarenal AA segment. The degree
of the elastic fiber fragmentation and/or loss (EFF) was evaluated
blindly by a pathologist according to a previously reported
consensus grading scheme [9]. Briefly, the extent of EFF was
examined under 100x magnification in four sections per aorta
with 80 pm intervals (240 um between the 1 and 4" sections)
and was classified into mild (< 10%), moderate (10~30%), or
severe (>30%).

C. Metric of Fluctuation Intensity

The intensity of flow turbulence was represented by the root
mean square value of the high-frequency fluctuating compo-
nents of flow velocity using Fourier analysis applied to in vivo
study [10]. Analogously, fluctuation intensity (FI) is calculated
from blood flow rate measured within twenty minutes post-
coarctation and given by the root mean square value of the
normalized amplitude of the Fourier components:

1 b A i
Fligmp 1) = \/m Zf:a (1‘1(;)]:13) 7 .

in which the frequency-dependent value A(f) is the amplitude
of the Fourier components of blood flow rate, the reference value
A(f) R is the amplitude at heart rate frequency, and m is the
sample size of calculations carried out for a range of frequencies
f = ato b. Briefly, the monitored blood flow rate in the distal
AA segment (Fig. 1(b)) was transformed into the frequency
domain using the fast Fourier transform (FFT) method. Each
component of the normalized FFT amplitude (i.e., A/A g ) was
squared and summed over a specific frequency range, and the
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square root was calculated. Frequencies above 200 Hz were not
considered because the data was collected with a sampling rate
of 500 Hz, giving a Nyquist frequency of 250 Hz (i.e., one-half
of the sampling rate). To capture turbulence spectra, the FFT
was performed with a rectangular window from 2500 points
signal (equivalent to a time span of 5 s) without post-treatment
using custom software MATLAB (Version R2019a). Signals of
two or three 5-s time span were analyzed for each aorta. The
reliability of the FI index was validated in the reproducibility test
(Supplement 1). In addition, because the flow spectrum presents
a span of several orders of magnitude, decibel notation is used
to express FI values as follows:

FI (dB) = 10log,, (FI). )

Egs. (1) and (2) give the relative intensity in decibels as a sim-
ple metric in quantifying the intensity of blood flow fluctuation
(Fig. 1(c)). FI = 0 dB indicates that the fluctuation intensity is
equal to the reference value; FI < 0 dB means that the fluctuation
intensity is smaller than the reference value, whereas FI > 0 dB
means the opposite.

D. Data Processing and Cluster Analysis

The objectives of data processing are twofold. First, to divide
the FI frequency spectrum into LFFI and HFFI corresponding to
the intensity of pulsatile fluctuations and turbulent fluctuations
[11], respectively. Secondly, to categorize experimental animals
into groups based on coarctation-induced changes in LFFI and
HFFI. To these ends, cluster analysis was applied.

Cluster analysis is an unsupervised machine learning tech-
nique [12] that performs its tasks without prior knowledge of
the group definition. Among partition-based clustering algo-
rithms, k-means clustering is the simplest and most commonly
applied [12]. The principle of the k-means clustering is to
divide an N-dimensional population into k sets by the criterion
of minimizing the within-cluster variance [13]. Because the
choice of k-value directly affects the clustering results [14],
extensive cluster validity indices are usually compared to eval-
uate the clustering performance [15]. In this study, four cluster
validity indices, namely rule of thumb, Davies-Bouldin index,
elbow method, and silhouette coefficient [14], [15], [16], were
calculated to select the optimal k-value, as shown in supple-
mentary materials (supplemental results can be found online
at https://doi.org/10.6084/m9.figshare.16767220). The cluster
analysis was performed in Python version 2.7 with the module
of scikit-learn version 1.0 [17].

E. Hemodynamic Parameters

The ratio of mean arterial pressure to mean flow rate detected
atthe distal AA was calculated to represent the overall resistance
of the vessels distal to this location. The stroke volume in
the distal AA (SVpaa) was obtained from the mean flow rate
divided by the heart rate.

F. Statistical Analysis

Data were expressed as mean + standard deviation; n indi-
cates the number of pigs. P values were evaluated by one-way
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Fig. 3. Fluctuation intensity (Fl) increases correlate with coarctation-
induced lumen perimeter dilatation. (a) The correlation between Fl val-
ues and lumen perimeter ratio indicates a higher correlation for Fl values
at frequencies over 40 Hz. (b) Fl values for the frequency spectrum
of 0-200 Hz with 10 Hz intervals were calculated for the sham group,
experimental group, and subgroups A and B of the experimental group.
High-frequency Fl values of group A, but not group B, appeared greater
than those of the sham group. (c)—(d) Lumen perimeter ratio of groups A
and B exhibited weak and moderate correlation with Fl values obtained
from low-frequency (c) and high—frequenc%/ (d) ranges, respectively. Val-
ues were expressed as mean + SD. R<: the square of the Pearson
correlation coefficient; FI: fluctuation intensity; LF: low-frequency; HF:
high-frequency.

ANOVA with Tukey post-test, and P < 0.05 was considered
statistically significant. To examine the correlation between two
parameters, the variance of the correlation coefficient (R?) was
obtained through linear or nonlinear regression analysis. Statis-
tical analysis was conducted using GraphPad Prism version 7
(GraphPad Software, San Diego, California, USA).

G. Receiver Operating Characteristic Analysis

ROC analysis [18] was performed to evaluate the ability of
LFFI and/or HFFI as a predictor for detecting sham (control),
group A (PSD), and group B (stenosis without PSD). Since this
is a multi-class classification problem, the algorithm of support
vector classification [19] with a linear kernel in conjunction with
the one-vs.-rest method [20] was adopted to handle the task.
Detection ability was represented by indices of the area under
the ROC curve (AUC), sensitivity, and specificity as summarized
in Table S5. The optimal values of sensitivity and specificity for
each ROC curve were selected based on the Youden index [21].
The ROC analysis was achieved by machine learning algorithms
in Python with the module of scikit-learn [17].

Ill. RESULTS
A. Correlation and Frequency Bands

The strength of correlation between FI values and LPR was as-
sessed by correlation and regression analysis [22]. FI values were
positively correlated with LPR with those at frequencies below
40 Hz showing weak correlation and those over 40 Hz exhibiting
a stronger correlation (Fig. 3(a) and Supplement 2). Based on
the results of correlation analysis, the relevant frequency bands
of FI facilitating aortic lumen dilatation were identified using
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Representative images of aortas with stained elastic lamellae in sham, group A, and group B pigs. Elastic lamellae were detected with

Verhoeff Van Gieson staining. Representative images were shown for the sham group (a), group A (b), and group B (c). Scale bars: 1 mm for the

upper panels; 100 um for the lower panels.

k-means cluster analysis. As shown in Fig. 3(b) and Supplement
3, the FI frequency spectrum was divided into low-frequency
(LF) and high-frequency (HF) bands corresponding to the fre-
quency range of 0~40 Hz and 40~200 Hz, respectively. The
linear regression analysis indicated a weak correlation between
LFFI and LPR (R? = 0.36, Fig. 3(c)). In contrast, HFFI exhib-
ited moderate correlation with LPR based on linear regression
(R? = 0.75) and nonlinear regression (R? =0.75, Fig. 3(d)).

B. Differences Between Study Groups

Aortic coarctation induced lumen dilatation of the distal AA
in a time-dependent manner (Fig. 4(a)). At 12w, mini pigs
undergoing AA coarctation exhibited marked increases in LPR,
approximately 30%, compared to the sham group. It was, how-
ever, noted that some pigs exhibited negligible or non-significant
aortic dilatation. Moderate aortic coarctation in our animal
model [6] was performed based on pulsatility index [8] reduction
to one-third of the inherent levels. Flow fluctuation analysis
as indicated with FI showed that coarctation can induce flow
fluctuations to different degrees and even with different patterns
(Fig. 1(b) and (c)).

To better understand the impact of coarctation variation,
k-means clustering was conducted to categorize experimental
animals into groups A (N = 15) and B (N = 5). The detailed
results of cluster analysis were presented in Supplement 4. The
LPR of group A (1.27 4 0.13) was significantly higher than that
of the sham group (0.99 £ 0.12), whereas no difference was
detected between group B (0.96 + 0.10) and sham (Fig. 4(b)).
Accordingly, group A and group B were classified as having
PSD and stenosis without PSD, respectively.

When the fluctuation intensity of both frequency bands was
analyzed, no difference was detected in LFFI of either group A
(—10.22 4+ 0.52 dB) or group B (—10.82 £ 0.16 dB) compared
with the sham group (—10.27 4= 0.38 dB) (Fig. 4(c)). In contrast,
the HFFI of group A (—30.16 £ 1.60 dB) was significantly
higher than that of the sham group (—33.19 £ 3.89 dB) and group
B (—36.92 + 1.87 dB), whereas no difference was detected
between group B and sham (Fig. 4(d)). These results implicate
higher HFFI in PSD.

When we examined the elastic lamellae, compared with the
sham group (Fig. 5(a)), degradation of elastic lamellae was
prominent in group A (Fig. 5(b)), whereas marked fragmen-
tation accompanied by less degradation was detected in group
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TABLE |
THE BASIC INFORMATION OF THE MINI PIGS ANALYZED IN THIS STUDY

No Group AL Gangey Duation Weigh p;‘i‘r“;z?er p;‘i‘;‘:?er FI(dB) FI(dB)  Degree
(months) (weeks)  (kg) R (0-40 Hz) (40-200 Hz)  of EFF
(mm) ratio
54 A 6 F 4 NA 17.36 1.22 -1043 + 045 -30.65 * 0.66 3
9 A 6 F 4 NA 14.07 1.23 -10.80 + 0.14 -32.04 + 2.81 2
65 A 15 F 12 NA 21.66 1.11 -10.61 £ 0.11 -31.96 £ 5.26 3
67 A 15 M 12 NA 19.28 1.35 -10.05 + 0.67 -28.84 = 1.24 3
68 A 15 F 12 NA 19.64 1.43 -9.62 £ 0.02 -27.42 £ 0.67 3
1 A 14 M 8 NA 21.20 1.47 -0.96 £ 0.08 -30.31 £ 2.49 3
76 A 9 F 4 41 18.00 1.18 -10.30 £ 0.05 -29.60 £ 1.14 2
8 A 10 M 8 50 18.50 1.19 -10.72 £ 0.12 -31.87 + 0.33 2
84 A 11 M 8 56 17.00 1.09 -10.28 £ 0.66 -30.00 * 0.70 2
86 A 11 F 8 53 18.10 1.14 -1044 + 0.03 -32.71 * 0.98 3
9 A 11 M 12 67 18.60 1.30 -11.07 £ 0.10 -29.96 * 0.07 2
95 A 15 M 12 72 17.36 1.32 -9032 £ 037 -27.82 £ 0.65 NA
9% A 15 M 12 75 19.60 1.30 -921 £0.18 -28838 £0.77 NA
9% A 15 F 12 63 16.83 1.16 -10.19 * 040 -31.26 + 3.98 3
9 A 15 M 12 70 19.42 1.49 -10.28 + 0.13  -29.01 % 0.08 3
55 B 7 F 4 NA 11.72 0.89 -11.02 £ 0.04 -38.79 = 1.04 3
64 B 15 F 12 NA 16.63 1.09 -10.81 + 0.27 -35.40 % 2.10 3
80 B 9 F 4 45 14.70 1.01 -10.58 £ 0.14  -34.48 + 2.64 2
81 B 9 M 4 4 1270 0.84  -1081 £ 0.04 3817 £3.66 3
8 B 9 M 4 52 14.40 0.98 -10.87 + 0.04 -37.74 * 1.68 1
66 Sham 15 M 12 NA 16.50 0.90 -10.15 £ 0.32 -41.03 + 0.21 2
70 Sham 14 M 8 NA 11.91 0.82 -10.36 + NA  -33.65 £ NA 2
77 Sham 10 F 8 54 16.20 1.18 -1020 + 0.23  -28.54 £ 0.79 2
82 Sham 9 M 4 44 14.20 1.08 -991 £ 0.06 -33.34 £ 0.26 2
85 Sham 9 M 4 46 16.10 1.10 -9.76 £ 0.07 -32.95 £ 0.36 2
87 Sham 11 M 8 57 14.70 0.99 -10.82 £ 0.10 -34.50 £ 0.29 2
88 Sham 11 F 8 57 14.90 0.96 -10.78 £ 0.11 -28.63 = 0.22 2
89 Sham 12 F 12 58 15.50 0.87 -10.19 + 0.13  -32.89 % 0.16 1
The lumen perimeter of the distal abdominal aorta (AA) segment was measured in paraffin-

embedded sections and values were normalized with the lumen perimeter of the suprarenal AA

segment. Fluctuation intensity values (mean

+ standard deviation) were calculated from

low-frequency (0-40 Hz) and high-frequency (40-200 Hz) of flow rates measured within twenty
minutes post-coarctation. Elastic fiber fragmentation/loss was graded as grade 1 (< 10%), grade 2
(10~30%), or grade 3 (> 30%). FI: Fluctuation intensity; dB: decibel; EFF: elastic fiber

fragmentation/loss; NA: not available.
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Fig. 6. The degree of elastic fiber fragmentation in groups A, B, and
sham. Evaluation results were shown in animal count (a) and probability
density distribution (b). The extent of elastic fiber fragmentation and/or
loss was graded into grade 1 (<10%), grade 2 (10~30%), or grade
3 (>30%). The probability density distribution was estimated using
Gaussian kernels. EFF: elastic fiber fragmentation and/or loss.

B (Fig. 5(c)). As shown in Fig. 6, both groups A and B exhibit
more severe (or grade 3) elastic fiber fragmentation and/or loss
(EFF) than the sham group which mainly exhibits grade 2 EFF.
The basic information of the twenty-eight mini pigs analyzed in

this study, including age, gender, body weight, and duration of
aortic coarctation, was listed in Table I with post-coarctation FI
values and LPR as well as EFF at sacrifice.

C. Coarctation-Induced Changes in Hemodynamics

To determine the relationship between hemodynamics and
aortic lumen dilatation, we measured hemodynamic parameters
including flow rate and arterial pressure at the distal AA. AA
coarctation caused marked decreases in mean arterial flow rate
(MAF, Fig. 7(a)), pulse pressure (PP, Fig. 7(b)), but not for the
mean arterial pressure (MAP, Fig. 7(c)) at the distal AA. At
sacrifice, these parameters recovered mostly. We also calculated
arterial resistance at the distal AA (Rpa a ), presented as the ratio
of MAP to MAF. Coarctation slightly increased the resistance
at the distal AA, which recovered to near pre-coarctation levels
at sacrifice in both groups A and B (Fig. 7(d)). No significant
difference in heart rate (HR) was detected at surgery and sacrifice
(Fig. 7(e)). When we calculated stroke volume at the distal
AA (SVpaa), coarctation caused immediate decreases in stroke
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Fig. 7. Hemodynamic parameters following AA coarctation and before
sacrifice. Mean blood flow rates (a) were measured in the distal AA
(DAA) region before coarctation, after coarctation, and before sacri-
fice. Intravascular blood pressures were measured in the DAA follow-
ing coarctation and before sacrifice. Pulse pressure (b), mean arterial
pressure (c), and resistance (d) of the DAA were calculated. Heart rate
(e) and stroke volume in the distal AA region (SVpaa, f) were calculated
for groups A, B, and sham before coarctation, after coarctation, and
before sacrifice. Values were expressed as mean + SD, *< 0.05, **<
0.01, ***<0.0001 vs. sham group; ###< 0.001, ####< 0.0001 vs. pre-
coarctation. AA: abdominal aorta; DAA: distal abdominal aorta; MAP:
mean arterial pressure; SV: stroke volume.

volume in both groups A and B, which slightly recovered at
sacrifice (Fig. 7(f)). In summary, coarctation caused insignificant
differences between groups A and B in hemodynamic parame-
ters including MAF, PP, MAP, Rpaa, HR, and SVpaa.

D. The Proposed Metric As a Predictor of PSD

As shown in Fig. 8, the probability density distributions
of LFFI and HFFI were evaluated for all three groups. The
distribution of all groups almost completely overlaps on LFFI
(Fig. 8(a)). On the distribution of HFFI (Fig. 8(b)), group A and
group B slightly overlap with each other, whereas sham par-
tially overlaps with groups A and B. Therefore, the probability
density distributions indicate the feasibility to predict PSD with
HFFIL.

The ability of LFFI and/or HFFI as a predictor for detecting
sham (control), group A (PSD), and group B (stenosis without
PSD) was evaluated by one-vs.-rest ROC analysis. As shown
in Fig. 9, HFFI detected sham, group A, and group B with
AUC of 0.38, 0.87, and 0.95, respectively. The Youden index
provided the optimal values of sensitivity and specificity of 1.00
and 0.85 for detecting group A, 1.00 and 0.91 for group B,
and 0.25 and 0.90 for sham. When combining LFFI and HFFI
as a predictor (Fig. S5-2(a)), the sensitivity and specificity for
group A remain the same as HFFI alone. In addition, LFFI (Fig.
S5-2(b)) performed the worst of all three predictors with AUC
of 0.39, 0.64, and 0.90 for detecting sham, group A, and group

-12 -11 -10 -9

LFFI (dB)
(@)

-40
HFFI (dB)

(b)

-30 =20

Fig. 8. The probability density distribution of LFFI (a) and HFFI (b) for
groups A, B, and sham. Kernel-density estimates were obtained using
Gaussian kernels. LFFI: low-frequency fluctuation intensity; HFFI: high-
frequency fluctuation intensity; dB: decibel.
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Fig. 9. Receiver operating characteristic (ROC) curves for prediction
of sham (control), group A (PSD), and group B (stenosis without PSD)
with indicator HFFI. The optimal values of sensitivity and specificity for
each ROC curve, as indicated with circles, were selected based on
the Youden index. AUC: area under ROC curve; HFFI: high-frequency
fluctuation intensity; PSD: post-stenotic dilatation; Sen: sensitivity; Spe:
specificity.

B, respectively. It was reported that an AUC value of 0.7 to
0.8 is acceptable and a value greater than 0.9 is outstanding
for an indicator [23]. Therefore, HFFI can serve as a predictor
of PSD.

[V. DiScUSSION

In this study, we proposed the fluctuation intensity as a
new metric in the blood flow field for quantifying pulsatile
and turbulent fluctuations, referred to as low-frequency FI and
high-frequency FI. We found that high-intensity, high-frequency
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Turbulent fluctuation-related metrics. Turbulent flow is characterized by significant fluctuations in flow velocity, flow rate, pressure, or wall
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shear stress caused by random and rapid fluid motion. The root mean square value of high-frequency, fluctuating components of the flow velocity
is defined as turbulence intensity (T1). Oscillatory shear index (OSlI) is a derivative of wall shear stress used to quantify instantaneous fluctuations.
Fluctuation intensity (FI) proposed herein is a generalized form that can be applied to various pulsatile physiological waveforms. In particular, the

high-frequency component of Fl is equivalent to TI.

components of blood flow fluctuations induced by moderate
coarctation promote elastic lamella degradation and aortic lumen
dilatation. The frequency band of flow fluctuation intensity
relevant in facilitating aortic lumen dilatation was identified to
be 40~200 Hz. Furthermore, the results of ROC analysis show
that HFFL, i.e., Fl(40~200 Hz), is capable of predicting PSD with
excellent sensitivity and specificity.

PSD results from persistent moderate stenosis which pro-
duces chronic, high-intensity turbulence in the downstream
arterial region. Early detection of moderate arterial stenosis,
even asymptomatic, may prevent subsequent fatal events in-
cluding aneurysm and dissection. Current first-line diagnostic
methods to detect significant stenosis depend on physical exam-
inations: auscultation and palpation [24]. While high-intensity
post-stenotic turbulence occurs, an audible bruit or a palpable
thrill can be detected in the downstream arterial region where
PSD may develop [1]. Physical examinations are simple, non-
invasive, low-cost, and convenient modalities for clinicians to
diagnose stenotic arterial diseases and to follow up the progres-
sion. Such modalities are, however, experience-dependent and
unable to quantify the degree of stenosis, and hence provide little
help to predict disease progression and prevent adverse events.
Taking carotid stenosis-induced audible bruit as an example,
meta-analysis indicates that the pooled sensitivity and specificity
are 0.53 and 0.83, respectively [24], [25]. Clearly, auscultation
does not meet the reliability needed in the precise detection
of stenosis. Given the fact that high-intensity turbulence is the
prerequisite of eliciting PSD downstream, turbulence intensity
is likely to play a key role in dilated aortic remodeling. An
indicator capable of quantifying the intensity of stenotic-induced
turbulence should prove useful in predicting PSD formation and
further preventing late complications. Indeed, by analyzing our
in vivo acquisition data, we found that high-intensity turbulent
fluctuations identified by HFFI facilitate post-stenotic aortic
dilatation and exhibit the feature of an excellent predictor of
PSD. In this context, the frequency band of our HFFI (FI,
40~200 Hz) corresponds to the intensity of flow instabilities
(IFI) proposed by Mancini et al. [26]. Those authors introduced
IFI as a metric to quantify the severity of carotid stenosis. They
validated the frequency band for detecting pressure fluctuations
induced by moderate stenosis to be 80~200 Hz and proposed

IFL(80~200 H) as an indicator for moderate stenosis. Our results
are in good agreement with their in vitro results in terms of
stenosis degree, frequency band, and fluctuation intensity metric.

Medial elastic lamellae are a major structural component to
maintain arterial wall integrity [1]. Disruption or loss of medial
elastic lamellae may lead to fatal arterial degenerative diseases
including aortic aneurysm and dissection. Owing to the high
similarity of the porcine cardiovascular system to that of humans
both anatomically and physiologically [27], we examined the
degree of medial EFF in the distal AA to evaluate the impact
of coarctation-induced turbulent flow on the downstream aortic
wall. Our semi-quantitative results (Fig. 6) that more severe EFF
is detected in the PSD group (or group A) compared with the
sham group fully substantiate this notion. On the other hand,
severe EFF detected in group B (i.e., stenosis without PSD)
exhibiting a percentage similar to that of group A appears con-
tradicting with the lack of PSD. It is worth noting that severe EFF
in this study is defined as over 30% damage of the medial elastic
lamellae [9], but we have observed more pronounced elastic
fiber loss in group A compared with group B as exemplified
in Fig. 5((b) and (c)). There are limitations to our results on
EFF analysis which was conducted semi-quantitatively because
of enormous variation in quantified data between experiments.
In addition, the lack of two blind and independent assessments
may render the analysis less objective. Apart from quantitative
analysis of medial EFF, investigations of changes in elastic fiber
quality may provide further insight. As shown by a recent study,
either quantitative or qualitative destruction of elastic fibers
contributes to the degeneration of the aortic wall [28] and results
in different degrees of aortic lumen dilatation. The relationship
between the extent of EFF and aortic lumen dilatation warrants
further studies.

The fluctuation intensity proposed in this study can be added
to the list of turbulent fluctuation-related metrics including tur-
bulence intensity (TI), turbulent kinetic energy, and oscillatory
shear index (OSI) (Fig. 10). Over the years, the definition of
turbulence and WSS has become confused and often misused in
cardiovascular research [29]. Turbulence is a fluid phenomenon
characterized by rapid fluctuations in fluid properties such as
pressure, velocity, flow rate, and WSS. WSS, a function of the
near-wall shear rate, is a widely used metric to link blood flow to
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vascular biology [30], particularly on the endothelium [31]. Be-
cause WSS is insufficient to represent fluctuation characteristics
of turbulence [29], OSI was introduced to reflect fluctuations in
WSS [32]. TI, also referred to as turbulence level, is defined
as the ratio of root mean square value of turbulent velocity
fluctuations to a reference velocity value [33]. The FI proposed
herein is a generalized metric of TI, in which the high-frequency
component of FI is equivalent to TI (Fig. S6, see Supplement
6 for more details regarding the mathematical expression of FI
and TI). In the current study, FI refers to the intensity of flow
rate fluctuations. It should be noted that FI can be applied to
other pulsatile physiological waveforms such as flow velocity,
pressure, and WSS.

V. CONCLUSION

Results of this study identify HFFI as a predictor of aortic
coarctation-induced lumen dilatation in swine. The moderate
coarctation-induced high-intensity flow turbulence impacts the
elastic lamellae to accelerate PSD. Furthermore, turbulence
characterized by high-frequency fluctuations plays a key role
to promote elastic lamella degradation and PSD of the aorta.
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