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Abstract: Background: In the research of coronary artery disease, the precise initial injury that
starts the atherosclerotic cascade remains unidentified. Moreover, the mechanisms governing the
progression or regression of coronary plaque are not yet fully understood. Based on the concept
that the cardiovascular system is a network of pumps and pipes, could fluid mechanics principles
and practices elucidate the question of atherosclerosis using flow dynamics images from a novel
angiographic technique, focusing on antegrade and retrograde flows and their collisions in iliac
and coronary arteries? Methods: From January 2023 to May 2024, coronary angiograms of all
hemodynamically stable patients with stable or unstable angina were screened. The angiograms
displaying either no lesions (normal) or mild-to-moderate lesions were selected. Each patient
underwent an evaluation of flow dynamics and arterial phenomena in both iliac and right coronary
arteries. For each artery, data were categorized based on the following parameters: laminar versus
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non-laminar flow, presence versus absence of collisions, and presence versus absence of retrograde
flow. Additionally, in two sub-studies, we analyzed the relationship between retrograde flow and
blood pressure, and artificial intelligence algorithms were used to detect the retrograde flow in the
right coronary artery. Results: A total of 95 patients were screened, and 51 were included in this study.
The results comprised quantitative data (prevalence of laminar flows, collisions, and retrograde flows)
and qualitative data (morphological characteristics of antegrade laminar flow, retrograde contrast flow,
and instances of flow collision). The results showed that in the iliac artery, laminar flow was observed
in 47.06% (24/51) of cases, with collisions noted in 23.53% (12/51). Retrograde flow was present in
47.06% (24/51) of cases, and notably, 75% (18/24) of these cases were associated with uncontrolled
diastolic blood pressure (DBP) above 80 mmHg (p < 0.001). Conversely, in the RCA, laminar flow was
observed in 54.9% (28/51) of cases, with collisions noted in only 3.92% (2/51). Retrograde flow was
identified in 7.84% (4/51) of cases, and all these cases (100%, 4/4) were associated with uncontrolled
systolic blood pressure (SBP) above 120 mmHg, though statistical significance was not reached due
to the small sample size (p > 0.05). Conclusions: Based on the concept that the cardiovascular system
is a network of pumps and pipes, this research methodology provides intriguing insights into arterial
flow behaviors by integrating fluid mechanics practices with novel angiographic observations. The
preliminary results of this study identified laminar flow as the predominant pattern, with retrograde
flow and collisions occurring infrequently. The implications of vortex, collision, and disorganized
flow highlight potential mechanisms for endothelial damage and atherosclerosis initiation. Moreover,
the correlation with blood pressure underscores the critical role of hypertension management in
preventing adverse hemodynamic events. Future directions include refining imaging techniques and
further exploring the mechanistic links between flow dynamics and vascular pathophysiology to
enhance diagnostic and therapeutic strategies for cardiovascular diseases.

Keywords: dynamic coronary angiography; coronary collision; antegrade flow; retrograde flow;
disorganized flow; laminar flow; turbulent flow; vortex formation; diastolic blood pressure

1. What Is New?

For the first time, in vivo images of laminar flow and retrograde flow with collisions
are reported in the medical literature. The presence of retrograde flow is critical, as it may
precipitate collisions and subsequent disorganized flow. Without retrograde flow, collisions
do not occur. The occurrence of retrograde flow in the iliac artery is dependent on diastolic
blood pressure (DBP). Specifically, if the DBP is less than 80 mmHg, retrograde flow does
not occur. This phenomenon may explain the beneficial mechanism of maintaining a DBP
below 80 mmHg, as recommended in current hypertension guidelines.

2. Introduction

In both basic science and clinical research on coronary artery disease (CAD), the precise
initial injury that starts the atherosclerotic cascade remains unidentified [1]. Moreover, the
mechanisms governing the progression or regression of coronary plaque are not yet fully
understood [2]. Although wall shear stress (WSS) has been proposed as the primary trigger
of atherosclerosis, this theory has not significantly advanced current research [3]. One
reason for this limitation is that WSS is primarily studied in animal or computational fluid
dynamic models, with data extrapolated to humans, and cannot be routinely measured in
cardiac catheterization laboratories [4].

Over the past eight years, our research laboratories have prioritized fluid mechanics
as the primary methodology for studying flow in coronary, iliac, and femoral arteries.
This shift has redirected our focus from the traditional identification of luminal contrast
shadow indentations, commonly referred to as stenoses, to a comprehensive analysis
of flow characteristics and dynamics. Consequently, we have revised our angiography
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protocol to capture detailed flow phenomena, including the antegrade and retrograde flows
and their interactions [5].

In our research hypothesis, we conceptualize the cardiovascular (CV) system as a
network of pipes and pumps. To explore this concept, in this article, we first present
the methodologies employed by fluid mechanics engineers to identify flow patterns in
pipes. We then discuss the rationale of selection and plan for visual observation and
artificial intelligence (Al) in the analysis of similar flows in arteries. We identify the
distinct characteristics of flows and phenomena in pipes, using them as key parameters to
validate analogous in vivo arterial phenomena in focus in this study: antegrade blood flow,
retrograde contrast flow, their collision, vortex formation, degeneration into disorganized
flow, and subsequent cyclic stress. Additionally, we conduct one sub-study investigating
the relationship between uncontrolled blood pressure and abnormal flow patterns and one
sub-study using artificial intelligence algorithms to detect the retrograde flow in the right
coronary artery.

In the preliminary report of this study, the objectives are to (1) quantify the incidence
of laminar flow, retrograde flow, and flow collisions in iliac and coronary arteries; and
(2) characterize the morphological features of these flow patterns. Furthermore, we analyze
the parallels and differences between the mechanisms underlying typical flow patterns
and their degeneration into disorganized flow, which may damage the lining of pipes
or injure the endothelial layers of the intima, potentially triggering the atherosclerotic
process. Lastly, we summarize the fluid mechanics techniques used to troubleshoot issues
in fluid transportation, exploring how these practices can be applied to diagnose and
reverse disease processes in coronary artery disease (CAD), peripheral artery disease, and
cerebrovascular accidents.

3. Methods

Selection criteria: All hemodynamically stable patients older than 18 years old with
stable or unstable angina presented to our institutions for coronary angiograms (CAGs)
from January 2023 to May 2024 were screened. All right coronary angiograms (RCAs)
displaying either no lesions (normal) or mild-to-moderate lesions were selected. The reason
for selecting RCAs was because of their large diameter (3—4 mm), so the morphology of
the blood flow could be observed, identified, and recorded. Patients with ST-segment
elevation myocardial infarction (STEMI), non-STEM], a history of coronary bypass graft
surgery (CABG), previous percutaneous coronary interventions (PCls), critical stenosis,
or chronic total occlusion were excluded. These exclusions were made because critical
stenosis restricted common flows or prior instrumentation disturbed them.

New dynamic angiographic protocol: At the beginning of the procedure, recording
started with injection of contrast until the target coronary artery was fully opacified. Fol-
lowing cessation of contrast injection, the recording continued with the camera capturing
the images of unstained blood entering the artery, appearing white on the angiogram. By
observing the unstained blood displacing the black-colored contrast, various flow patterns
could be identified. The coronary angiogram was recorded at a standard rate of 15 frames
per second, with a 0.067 s interval between consecutive images. At the end of the diagnostic
or interventional procedure, in preparation for deploying a percutaneous closure device, a
blood pressure tracing from the femoral sheath was recorded, and less than thirty seconds
later, an iliac angiography was performed. This novel angiographic technique has been
previously described and published [6,7].

Study protocol: At the cardiac catheterization laboratories, all patients received
standard treatment in accordance with the current clinical guidelines. The implementation
of the new dynamic angiographic protocol did not interfere with the prescribed treatments.
Throughout the procedures, vital signs were systematically collected and monitored to
ensure patient safety and to gather comprehensive physiological data.

Each patient underwent an evaluation of flow dynamics and arterial phenomena in
both iliac and right coronary arteries. For each artery, data were categorized based on the
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following parameters: laminar versus non-laminar antegrade flow, presence versus absence
of retrograde flow, and presence versus absence of collisions. Additionally, we analyzed
the relationship between retrograde flow and blood pressure, with a particular focus on
the association with uncontrolled diastolic blood pressure exceeding 80 mmHg in the iliac
artery. Artificial intelligence algorithms were used to detect the retrograde flow.

Analysis of iliac and coronary images: The initial examination of the iliac and femoral
angiograms aimed to document the patterns of antegrade blood flow, depicted in white
during systole, and retrograde contrast flow, shown in black during late systole and early
or mid-diastole. Special attention was given to the interactions between retrograde and
antegrade flows and their resulting fluid dynamic phenomena, including collisions. The
collision images were analyzed to investigate flow interactions at the interface, the incidence
of retrograde flows under varying conditions of systolic and diastolic blood pressure, vortex
formation, and subsequent transition to disorganized flow.

Similarly, the right coronary artery images documented antegrade blood flow in white
during diastole, followed by retrograde contrast flow in black during systole, with a subtle
collision at the location of transition from diastole to systole or systole to diastole.

The sequence of arterial flow events, beginning with diastole and concluding with
systole, repeats with each heartbeat, forming a cyclic pattern of averaged flow dynamics
rather than a continuous single-flow effect. This pattern reflects the integration of indi-
vidual events into an overall flow dynamic. In this article, turbulent flow is not distinctly
identified because the Reynolds number is not routinely calculated in cardiac catheteriza-
tion laboratories, and when disorganized flow does occur, it typically persists for only 15%
of a cardiac cycle.

Methodological approaches: In a pipeline network, laminar flow is the most common
type of flow. It is characterized by the smooth, continuous movement of a uniformly
colored fluid mass without mixing, maintaining a consistent and predictable flow pattern,
often with a distinctive pointed tip (Figure 1A) [8]. In contrast, turbulent flow refers to
disorganized flow with irregular fluctuations in velocity and pressure caused by vortices,
eddjies (circular movements of water counter to the main current, causing small whirlpools),
and wakes (tracks of waves left by objects moving through the water, greater than the
natural waves in the immediate area) (Figure 1B) [9].

Figure 1. (A,B) Laminar and turbulent flow. (A) This is a schematic diagram of laminar flow in
organized layers, with the highest velocity in the middle, and turbulent flow, where all the elements
of the blood move in a disorganized fashion. (B) In a right coronary artery filled with black contrast,
the blood in white color moves in a laminar fashion with a pointed tip (white arrow).

In the cardiovascular network, laminar flow is common, moving in an antegrade
direction from the heart to the peripheries, in contrast to retrograde flow, which moves
from the peripheries back to the heart. Because these two flows run in opposite directions,
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their interactions can result in collisions, generating various fluid phenomena, including
disorganized flow and mechanical effects.

Visual observation: In a pipe, visual observation to verify laminar flow involves
introducing dye into the flow and observing its behavior. In laminar flow, the dye will
form a smooth, straight line, while in turbulent flow, the dye will mix and form a chaotic
pattern. In laminar flow, fluid particles move in smooth, parallel layers, or streamlines,
with minimal mixing between these layers. The flow appears steady and orderly, lacking
the swirls, eddies, and chaotic motion characteristic of turbulent flow.

The current coronary and iliac angiographic technique involves injecting the contrast
into the index artery, which appears black on the angiogram, followed by the entry of
blood, which appears white. This method parallels classic fluid dynamics experiments
where dye is introduced into a flow [10].

In the cardiac catheterization laboratories, all the assessments of the coronary an-
giogram are conducted by visual observations. The novel dynamic recording protocol
demonstrates success in capturing (1) the morphological composition of the flow (e.g.,
straight or blunt tip, homogeneous or disorganized mix, covering the entire arterial diame-
ter or circulating along one border); (2) the interaction of the main flow with the arterial
wall; (3) concurrent imaging of antegrade blood flow at the distal tip and retrograde flow
of contrast at the mid- and proximal segments; and (4) flow patterns (e.g., organized or
disorganized, detached, curved) at different anatomical features of the artery (e.g., straight
segments, curves, bifurcations). Therefore, in this study, the identification of in vivo flows
is based on visual observation, as this is the usual way of assessing the severity of lesion
stenosis before or after stenting.

Artificial intelligence analysis: Analysis of coronary angiographic images by artificial
intelligence (Al is very challenging [11-13]. In this study, there were four key challenges
to be addressed: stenosis detection, retrograde flow detection, estimation of photosensitive
flow time, and detection of kinked blood vessels.

For all four problems, the first step involved obtaining segmentation images of the
coronary arteries. To achieve this, we trained two models using the R2U Attention ar-
chitecture [14] on two distinct datasets: one containing labeled full-vessel images and
another with labeled catheter images. For post-training, we had one model capable of
detecting edges in angiographic images, identifying both vessels and occasionally catheters
misinterpreted as vessels. The second model exclusively detected catheters, enabling us to
eliminate them from the output of the first model. This resulted in segmented coronary
images devoid of catheters.

Next, we created 20 x 20 pixel sliding windows across the vessels in the segmented
images. Each window captured the coordinates (x, y) and the average color value within
the window, which were stored as a matrix for subsequent steps. We used 80 windows per
coronary image. If a coronary artery was small and required fewer windows, the remaining
values were set at 0. For larger coronary arteries, sliding stopped after 80 windows to
exclude insignificant regions. This process yielded an 80 x 3 matrix for each image, where
80 windows sulfficiently captured critical information about the coronary arteries.

For retrograde flow detection, we extracted 75 frames from each 5 s video (standard
medical video frame rate is 15 fps). Each frame generated an 80 x 3 matrix as previously
described, resulting in a 3D matrix of size 75 x 80 x 3 for each video. This 3D matrix
served as input for a CNN model to determine the presence of retrograde flow. For stenosis
detection, we employed the Vision Transformer architecture [15] with a Two-Way Loss
function [16]. The input consisted of 80 small images derived from the coordinates (x, y)
of a coronary angiographic image. For small vessels, the excess small images were set to
black (all values were 0). The output was an 80-value vector, where each value was 1 if the
corresponding window captured stenosis and 0 otherwise.

To estimate photosensitive flow time, we measured the duration from the appearance
of the largest vessel segmentation (with the most pixels) to the point where the vessel
was no longer segmented in the video. To detect kinked blood vessels, we applied an
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algorithm that calculated the angle between the centers of three consecutive windows. An
angle smaller than 90 degrees indicated a high likelihood of a kinked vessel at that position
(Figure 2).

Correct stenosis
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Figure 2. The artificial intelligence flowchart used for the detection of stenosis, retrograde flow,

— e
(x, y, average color) x M
x FrameNo

Binary
classification

.
Retrograde flow
exists?

kinked blood vessels, and estimation of photosensitive flow time (arterial phase time) in the right
coronary artery.

Ethical standards: This study was approved by the Institutional Review Board of the
University Consortium.

4. Results

From the medical records spanning January 2023 to May 2024, we excluded all patients
with STEMI, non-STEMI, and those who had undergone CABG or PCI. Subsequently, we
screened the coronary angiograms of 95 patients, selecting 51 for inclusion in our study.
The results comprised both quantitative and qualitative data on blood flow dynamics in
the iliac and right coronary artery (RCA), as well as preliminary data from the two sub-
studies regarding the correlation of retrograde flow with blood pressure and the detection
of retrograde flow by artificial intelligence (Al) algorithms. Quantitative data encompass
the prevalence of laminar flows, collisions, and retrograde flows, while qualitative data
emphasize the morphological characteristics of the antegrade laminar flow and retrograde
contrast flow and instances of flow collision.

In the iliac artery, laminar flow was observed in 47.06% (24/51) of cases, with collisions
noted in 23.53% (12/51). Retrograde flow was present in 47.06% (24/51) of cases. Con-
versely, in the RCA, laminar flow was observed in 54.9% (28/51) of cases, with collisions
noted in only 3.92% (2/51). Retrograde flow was identified in 7.84% (4/51) of cases.

In the sub-study focused on blood pressure, 75% (18 out of 24) of patients with retro-
grade flow in the iliac arteries were statistically significantly associated with uncontrolled
diastolic blood pressure (DBP) above 80 mmHg (p < 0.001). In the group of RCAs, all these
cases (100%, 4/4) with retrograde flow were associated with uncontrolled systolic blood
pressure (SBP) above 120 mmHg, though statistical significance was not reached due to the
small sample size (p > 0.05) (Figure 3).
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Flow Characteristics in Iliac and Right Coronary Arteries

60.00%
54.90%

50.00% 47.06% 47.06%

40.00%

30.00%

23.53%
20.00%
10.00% 7.84%
0.00% ]
Laminar flow Collisions Retrograde flow

mlliacartery mRCA = Uncontrolled DBP  # Uncontrolled SBP

Figure 3. Prevalence of laminar flow, retrograde flow, and collision in iliac and coronary arteries.
Correlations between retrograde flow in coronary artery and uncontrolled systolic blood pressure
(non-statistically significant) as well as iliac artery and uncontrolled diastolic blood pressure (statisti-
cally significant) are displayed in the last 2 columns.

In the Al sub-study on detecting retrograde flow, the final dataset comprised 225 videos,
yielding 11,208 images for training the segmentation model, which achieved an accuracy
of 99.18%. After excluding videos that did not meet the new angiographic protocol crite-
ria, the final training set included 109 videos, 18 of which featured retrograde flow. The
validation set consisted of 37 videos, including 9 with retrograde flow. The testing set
comprised 37 videos, with 8 exhibiting retrograde flow. The retrograde flow prediction
model demonstrated a sensitivity of 0.75 and a specificity of 0.86 on the testing set.

ANTEGRADE blood flow: With the novel angiographic technique, in the iliac artery,
during systole, the blood in white color was recorded moving forward on a black back-
ground of contrast. The blood moved in an antegrade direction secondary to the positive
pressure gradient generated by the contraction of the left ventricle (LV), resulting in higher
pressure in the aorta in comparison to lower pressure in the distal peripheral arteries. In
the iliac artery, the flow could be laminar or non-laminar and of entry type (Figure 4A,B).

In the right coronary artery (RCA), during diastole, the blood flow could be observed
over a black contrast background and identified clearly with well-organized flow and a
sharp border, without mixing between blood and contrast, following the apex of the curves.
By visual observation, this flow was laminar (Figure 5A-D) (Video S1).

RETROGRADE contrast flow: In this iliac angiogram recorded by the novel dynamic
angiographic technique, near the end of systole and in the first half of diastole, the retro-
grade flow is observed as a black contrast moving upwards from the iliac arteries towards
the aortic bifurcation (Figure 6A-D). In contrast, for the right coronary artery (RCA), the
retrograde flow happened mainly in the first half of systole. The retrograde flow in the
coronary artery will be discussed in more detail in the next section.



Fluids 2024, 9, 222 8 of 20

Figure 4. (A) In the iliac artery, the laminar flow is observed curving along the apex of the artery with
a pointed tip. (B) In a different patient, the antegrade flow never had a laminar pattern. This flow
looks like an entry non-laminar flow.

Figure 5. (A,B) Laminar flow. These four coronary images are in consecutive sequence. (A) This is
the angiogram of the right coronary artery (RCA), which is filled with contrast (in black). (B) The
blood (in white) is seen well organized with a sharp border and a pointed tip, curving along the apex
(yellow arrow). (C,D) The blood (in white) is seen following the apex of the curves (yellow arrow).
This is the laminar flow following the curves in a helical fashion.
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Figure 6. (A-D) Retrograde flow in the iliac artery. These are consecutive images separated from
each other by 0.067 s. (A) Near the end of systole, the contrast (in black) could be seen moving
upwards with a blunted, curved head (arrow). (B-D) In each image, separated by 0.67 s, the column
of contrast was seen mixed with white-colored blood moving further up with a blunted, curved
head (arrow).

At the interface site, there were multiple levels of clashes depending on the level of
blood pressure (BP). In cases of both severe systolic and diastolic hypertension (with systolic
blood pressure (BP) > 160 mmHg and diastolic BP > 90 mmHg), the interface displayed
a flat demarcation line, indicating a strong interaction between uncontrolled diastolic BP
(DBP) and systolic BP (SBP) (Figure 7A). In cases of controlled SBP and elevated DBP, the
interface appeared with a round proximal head (Figure 7B). In cases where diastolic BP
was well controlled (<80 mmHg), there was no retrograde flow.

COLLISION: In the iliac artery, near the end of systole and during the first half of
diastole, the retrograde flow was observed moving upwards with a well-defined round
head, despite the distinct separation between the two flows (Figure 8A,B). This retrograde
flow was not laminar due to the heterogeneous composition of the fluid. There was a slight
mixing of white blood and black contrast, with most of the fluid at the proximal head
of the retrograde flow appearing predominantly black. The retrograde flow continued
upwards (arrow) until it was overridden by the antegrade flow of the subsequent systole
(Figure 8C,D). Overall, the interface between the antegrade and retrograde flows exhibited
a subtle demarcation line, indicating a gentle interaction between the two opposing forces.

In the right coronary artery (RCA), with the novel angiographic technique, during
diastole, the antegrade flow was clearly illustrated (Figure 9A-D). The leading edge of the
flow was sharp, suggestive of laminar flow (Figure 9C). The speed in diastole was fast, as
the blood could traverse from the end of the proximal segment to halfway through the
mid-segment in just 0.067 s, equivalent to one image interval (Figure 9D). At this junction,
at the onset of systole, the antegrade flow decelerated (yellow arrow), while the mixed black
contrast persisted at the location of the transition from diastole to systole (red arrow). This
contrast remained until near the end of systole, providing visual evidence of disorganized
flow secondary to the interaction between the retrograde and antegrade flows; most likely,
it was a collision (Figure 9E-H) (Video S2).
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R/

Figure 7. (A,B) Interface of the collision between the antegrade blood flow and the retrograde
contrast flow. The antegrade flow represents the systolic contraction, while the diastolic contrast
flow represents the exaggerated peripheral vascular resistance or diastolic blood pressure (DBP). In
patient (A), the systolic BP at the time of the iliac angiogram was 185/100 mmHg, while in patient (B),
it was 120/90 mmHg.
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Figure 8. (A-D) Interface of the collision between the antegrade blood flow and the retrograde
contrast flow. These figures are in consecutive sequence. The antegrade flow represents the systolic
contraction, while the diastolic contrast flow represents the exaggerated peripheral vascular resistance.
(A) The blood advances with a soft, vague tip (yellow arrow). (B) Then, 0.067 s later, the retrograde
flow begins to form, slowly pushing upwards (red arrow). (C-E) At the same time, the antegrade
flow moves forward slowly (yellow arrow). At the interface, the proximal end of the retrograde flow
has a round curve shape suggestive of a soft interaction with the antegrade flow (red arrow). The
blood in white still flows forward at a slower pace (yellow arrow), while the retrograde flow moves

upwards (red arrow).
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Figure 9. Cont.
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Figure 9. (A-D) Collision in the RCA. This is a series of eight consecutive images of an angiogram
of the right coronary artery (RCA). (A) The artery is filled with contrast. There is a moderate lesion
at the mid-segment. (B) The blood (white) is seen entering the ostium of the RCA (arrow). This is
the beginning of diastole. (C) The blood (white) is seen at the outer border of the first curve of the
RCA (yellow arrow). (D) The blood (white) moves to the mid-segment of the RCA (yellow arrow).
(E-H) Collision during the transition to systole. (E) The blood is seen reaching the mid-segment
of the RCA (yellow arrow) at the end of diastole and beginning of systole. Here, the blood (white)
is mixed with the contrast (black), seen as a random, disorganized black-and-white pattern (red
arrow). This is the visual imaging of turbulent flow. (F,G) The contrast (black) concentrates at the
mid-segment, at the collision line (red arrow). The contrast is also seen darker in the proximal
segment, suggestive of retrograde flow. The antegrade flow still moves forward slowly (yellow
arrow). (H) The blood is seen reaching the beginning of the distal segment (yellow arrow). The
turbulent flow (mixing black contrast and white blood) is still seen prominently at the collision site,
and the retrograde flow is lighter at the mid-segment (red arrow).
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VORTEX formation and degeneration: With the novel angiographic protocol, we
observed the following phenomena in the iliac artery during systole: At first, the blood
(depicted in white) flowed in an antegrade direction, exhibiting a pointed tip of laminar
flow that followed the apical curve of the artery (white arrow) (Figure 10A,B). Subsequently,
the pointed tip of the blood flow halted abruptly, with all layers recoiling like a collapsing
stack of dominoes (white arrow) (Figure 10C). The tip of the flow then twisted and turned
on itself, resembling a vortex (white arrow) (Figure 10D). Sixty-seven milliseconds later,
this motion dissipated and was replaced by a mass of black contrast (arrowhead) moving
in a retrograde direction along the inner curve (Figure 10E). This black contrast mass
gradually expanded, indicating the superior strength of the retrograde flow (Figure 10F).
The sharp interface between the blood (white) and the contrast (black) suggested a soft
contact between the two liquids (Video S3).

Figure 10. Cont.
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Figure 10. (A-C) Vortex formation in the iliac artery. This is a sequence of six consecutive angio-
graphic images of the iliac artery. (A) The iliac artery is filled with contrast (in black). (B) Sixty-seven
milliseconds later, the blood (homogenously white) is seen moving down with a sharp tip of laminar
flow (white arrow). (C) Subsequently, the pointed tip of the blood flow halted abruptly, with all
layers recoiling like a collapsing stack of dominoes (white arrow). (D) The tip of the flow then twisted
and turned on itself, resembling a vortex. (E,F) This vortical motion dissipated and was replaced
by a mass of black contrast (arrowhead) moving in a retrograde direction along the inner curve
(black arrow).

5. Discussion

Summary of findings: The preliminary results of this study provide intriguing insights
into the hemodynamic flow patterns within the iliac artery and RCA, highlighting the
prevalence of laminar and retrograde flows as well as the occurrence of collisions. In
the first sub-study on the correlation with blood pressure (BP), there was a statistically
significant positive correlation between retrograde flow and diastolic BP > 80 mmHg. In
the AI sub-study, the preliminary results showed weak sensitivity and specificity for the
machine learning algorithms.

To elaborate, the primary finding highlights the average prevalence of laminar flow
and the relatively frequent occurrence of retrograde flow. These results are critical, as
retrograde flow is considered pathological and may significantly contribute to the insidious
development of atherosclerotic plaque. Another significant finding pertains to the qualita-
tive characteristics of arterial flows, as evidenced through dynamic imaging. These images
and videos provide comprehensive data, including fluid composition, flow direction, and
movement within the flow or at the interface. This detailed information enables clinician-
researchers to gain a deeper understanding of the flow dynamics and their impact on the
arterial wall. Additionally, these insights may help to elucidate the mechanisms of flow
and fluid mechanical reactions at straight or curved walls or at branch openings, as well as
subsequent outcomes such as plaque formation, growth, or regression.

Review of the literature: In the literature review, the search included keywords such as

”ou i

“antegrade laminar flow”, “retrograde flow”, “collision”, and “vortex formation”. However,
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comprehensive discussions were found only for antegrade laminar flow. Information from
Doppler studies primarily provided qualitative insights, such as flow direction, rather than
quantitative measurements. Specifically, data were lacking on aspects such as in vivo fluid
composition, dynamic flow characteristics, interactions with the arterial wall, and the final
status of the flow before re-entry into a new cardiac cycle [17-19]. The scarcity of past
data is attributed to the lack of prior angiographic techniques capable of displaying in vivo
images of complex fluid mechanics coronary flow.

Retrograde flow: In this study, the prevalence and morphological characteristics
of the retrograde flow emerged as the most significant and intriguing findings. While
retrograde flow is rare in domestic and industrial fluid or air transport systems, it is
essential to address and correct it. Conversely, our study revealed that the retrograde flow
was relatively common within the iliac arteries and rare in the coronary system. Despite its
frequency, the retrograde flow must be prevented due to its potential to cause collisions
with degeneration to disorganized flow. The documentation of the retrograde flow in
dynamic angiography represents a novel discovery, as it has not been previously reported
in the medical literature (Figure 11A,B).

Figure 11. (A,B) Collision of the retrograde against the antegrade flow with resulting disorganized
flow distal to the collision site. (A) In the mid-segment of the right coronary artery, the lesion presents
a reversed rat-tail configuration. At the point where the antegrade and retrograde flows converge,
the antegrade flow predominates. As a result, plaque formation occurs in the disorganized flow zone
created by the weak retrograde flow. The reversed rat-tail configuration indicates that the retrograde
force is concentrated at the center, leading to the deposition of debris or plaque growth along its
edges, with the force increasing from DISTAL to proximal. (B) In contrast, at the interface between the
antegrade and retrograde flows in the left anterior descending artery (LAD), the lesion forms in the
disorganized flow zone of the weak antegrade flow, situated in the end of the proximal segment of
the LAD, where retrograde flow predominates. The rat-tail configuration suggests that the antegrade
force is concentrated at the center, resulting in the deposition of debris or plaque growth along its
periphery, with the force increasing from PROXIMAL to distal. One interesting detail in angiographic
imaging is that the contrast in the predominating zone is much darker: antegrade zone in (A) and
retrograde zone in (B).
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Upon further analysis of the retrograde flow in the iliac artery, the primary morpholog-
ical characteristic observed is a heterogeneous mixture of blood and contrast medium at its
proximal end, indicative of disorganized, non-laminar flow. Additionally, the proximal end
exhibits a round shape, in contrast to the typical pointing tip of the laminar flow, suggesting
a diffuse impact. This morphology implies an oblique interaction at the interface where
antegrade and retrograde forces converge, likely resulting in coordinated synergistic effects
rather than a direct head-on collision. Notably, the retrograde flow initiates in the distal
iliac artery and progresses upward gradually. This phenomenon resembles a water hammer
event (Figure 12), where the merging forces generate a retrograde-reflection pressure wave
while the antegrade flow continues forward at a slower pace (Figure 8A-D).

Liquid flowing steadily

Valve opens

Pipe support

Valve closes suddently

Liquid stationary

Pipe support  Shock wave

A time later

Liquid stationary

Liquid flowing
steadily

g

Pipe support Shock wave
experience large force

Figure 12. Water hammer event. The sequence of antegrade and retrograde flows results in a collision
and shock waves when the distal valve of a pipe is abruptly closed. Water hammer shock occurs
when there is an abrupt change in velocity or flow direction in the pipe systems, such as power
failure, main breaks, pump start-up and shut-down operations, check-valve slam, rapid demand
variation, and opening and closing of fire hydrants, as a pressure wave propagates in the pipe [5].
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Impact of uncontrolled blood pressure: The second key finding concerns the impact
of uncontrolled systolic and diastolic blood pressure. The current guidelines recommend
maintaining systolic and diastolic blood pressure below 120/80 mmHg, based on popu-
lation studies [20]. Our sub-study, however, indicated that retrograde flow was a direct
consequence of uncontrolled hypertension. Specifically, retrograde flow was observed in
the iliac artery due to uncontrolled diastolic blood pressure (DBP) and in the coronary
artery due to uncontrolled systolic blood pressure (SBP). Nonetheless, the occurrence of
retrograde flow was infrequently common, and collisions were even rarer. When DBP was
optimally maintained below 80 mmHg, there was no observed reversed iliac flow.

Vortex formation and degeneration to disorganized flow: In the iliac artery, near the
end of systole and in the first half of diastole, the systolic antegrade flow can encounter the
retrograde flow due to elevated peripheral vascular resistance, as indicated by diastolic
blood pressure. This interaction can result in a collision, occasionally leading to the
formation of vortices, characterized by an organized swirling motion of black contrast and
white blood. Over time, these vortices may evolve into a fully disorganized flow structure
(Figure 13A). This raises the following question: How and where does disorganized flow
impact the iliac artery?

Figure 13. (A) Disorganized flow is identified as an unorganized and aimlessly moving mix of
contrast in black and blood in white color at or around the collision site (yellow arrow). (B) While
the disorganized flow happens at the mid-iliac artery, this area is devoid of lesion (yellow arrow).
(C) The lesions are seen frequently in the distal common femoral artery and the bifurcation area with
the superficial femoral artery (SFA) and deep femoral artery (DFA). Far away from the bifurcation
area, the distal segments of the SFA and DFA have minimal lesions.

In pumps and pipes, the principal mechanism by which turbulence causes damage
is through the generation of fluid-induced vibrations, which lead to mechanical stress
and material fatigue. Such stresses can compromise the structural integrity of the pipe,
increasing the likelihood of failure, particularly at stress-concentration points such as
fittings, valves, and bends. Furthermore, turbulence can contribute to erosion and corrosion
of the pipe material, especially where high-velocity flow impacts the pipe surface, resulting
in substantial shear stress [21]. In the iliac arteries, disorganized flow can inflict mechanical
damage on the arterial wall, particularly at branching points or regions of stenosis where
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flow velocity is elevated. While disorganized flow is observed at the mid-segment of the
iliac artery, lesions are more commonly found at the junction with the superficial femoral
artery (SFA) and at the bifurcation with the deep femoral artery (DFA) (Figure 13B,C).
This difference is attributed to the iliac artery’s ability to flex, twist, or turn in response to
variations in the velocity and pressure of disorganized flow, whereas the distal SFA and
PFA, more confined within Scarpa’s triangle, lack the flexibility to accommodate shear
stresses. Consequently, the endothelial layers at the bifurcations with the SFA and DFA
are exposed to persistent disorganized flow, leading to endothelial injury and possible
subsequent development of atherosclerosis. This situation is aggravated further because of
substantial mechanical stress from repetitive hip flexion and extension [22].

In the right coronary artery (RCA) angiogram, the convergent point of the retrograde
and antegrade flows occurred at the location of the transition from diastole to systole. At
this juncture, the interaction between the opposing flows was not prominently displayed,
likely due to the small caliber of the coronary artery, which averages 2-3.5 mm in diame-
ter. Consequently, current imaging techniques are insufficient to accurately capture and
document vortex formation or swirling fluid motion and the subsequent transitions or
degenerations. As a result, in the coronary artery, the swirling flow pattern could not be
clearly delineated, and only disorganized flow was observed.

Cyclic stress: In pumps and pipes, recurrent cyclic mechanical stress denotes the
repeated loading and unloading of a material or structure over an extended period. In
iliac or coronary arteries, vortices or disorganized flow are usually transient, owing to
the rapid cyclic fluctuations between systole and diastole, which occur at least 40 times
per minute. As a result, in our study of fluid mechanics within arteries, the cyclic emer-
gence and dissipation of laminar and disorganized flows produce cyclic stress rather than
sustained turbulence.

Clinical applications: Retrograde flow plays a crucial role in the progression of
collision events that lead to disorganized flow, possibly initiating a cascade resulting in
atherosclerosis. Pressure and velocity fluctuations within disorganized flow zones are
exacerbated by uncontrolled systolic hypertension and peripheral vascular resistance
(diastolic hypertension). Therefore, the primary clinical approach is to manage blood
pressure. The following question arises: How tightly should blood pressure be controlled?
Clinical guidelines recommend maintaining blood pressure below 120/80 mmHg.

Our sub-study elucidates the clinical mechanism: when diastolic blood pressure (DBP)
was below 80 mmHg, the retrograde flow was absent in the iliac artery, and when systolic
blood pressure (SBP) was below 120 mmHg, collisions were most likely minimal or absent
in the right coronary artery. Further investigation is warranted to determine an appropriate
threshold that maximizes benefits by minimizing or eliminating hemodynamic collisions
in the coronary arteries, iliac arteries, or cerebral arteries, thereby reducing the incidence of
acute coronary syndrome, critical limb ischemia, or transient ischemic attacks [23].

CONCLUSIONS: Based on the concept that the cardiovascular system is a network of
pumps and pipes, this research methodology provides intriguing insights into arterial flow
behaviors by integrating fluid mechanics practices with novel angiographic observations.
This study identifies laminar flow as the predominant pattern, with retrograde flow and
collisions occurring infrequently. The implications of vortex, collision, and disorganized
flow highlight potential mechanisms for endothelial damage and atherosclerosis initiation.
Moreover, the correlation with blood pressure underscores the critical role of hyperten-
sion management in preventing adverse hemodynamic events. Future directions include
refining imaging techniques and further exploring the mechanistic links between flow
dynamics and vascular pathophysiology to enhance diagnostic and therapeutic strategies
for cardiovascular diseases.

LIMITATIONS: The limitations of this study encompass its retrospective design, the
employment of a novel approach incorporating Al support (without external validation),
and a small study population. Consequently, the primary aim of the results is to introduce a
new concept and describe the novel findings, rather than to establish a definitive cause-and-
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effect relationship. This study’s robustness is obviously lower compared to those based
on large-population case—control prospective cohort studies or randomized clinical trials,
where potential unmeasured confounding factors can be more effectively controlled.
FUTURE DIRECTIONS: Future research should prioritize collecting more robust
data through randomized controlled trials and longitudinal studies to validate the above
preliminary findings. It is essential to comprehensively investigate the long-term impacts
of flow dynamics on the arterial intima. Addressing confounding biases and developing
personalized approaches to blood pressure management based on individual flow dynamics
are critical steps towards advancing clinical applications and preventing the progression
of arterial lesions. Our current efforts aim to establish a foundation for a future where
treatments for patients with coronary artery disease are precisely tailored based on their
pathological fluid mechanics profiles [24-28]. However, extensive research (case—control
prospective cohorts, randomized control trials, etc.) with a larger population is required to
assess the efficacy and impact of this approach before its full potential can be realized.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/fluids9100222/s1: Video S1. Normal laminar flow; Video S2. Baseline
flow in right coronary artery with lesion at mid-segment; Video S3. Vortex.
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