Cardiovascular Engineering and Technology, Vol. 9, No. 2, June 2018 (© 2018) pp. 226-239 @NOMENCALENGNEER,NG SOCIETY™ @ CrossMark
https://doi.org/10.1007/s13239-018-0344-3 www.bmes.org

Pressure and Flow Rate Changes During Contrast Injections in Cerebral
Angiography: Correlation to Reflux Length

BrAaNDON KOVAROVIC,1 Henry H. Woo,2 Davip F IORELLA,Z BarucH B. LIEBER,1’2

and CHANDER SADASIVAN

"Department of Biomedical Engineering, Stony Brook University, 102 Bioengineering Building, Stony Brook, NY 11794-5281,
USA; and *Department of Neurological Surgery, Stony Brook University, HSC T-12, Rm 080, Stony Brook, NY 11794-8122,
USA

(Received 17 July 2017, accepted 22 February 2018, published online 1 March 2018)

Associate Editor David Elad and Ajit P. Yoganathan oversaw the review of this article.

Abstract—Cerebral angiography involves the antegrade cerebral angiography are studied here, but the essential
injection of contrast media through a catheter into the PHHCII}’IGS are applicable to ?111 .anglographlc procedures
vasculature to visualize the region of interest under X-ray involving antegrade catheter injections.

imaging. Depending on the injection and blood flow param-

eters, the bolus of contrast can propagate in the upstream Keywords—Reflux length, Efflux length, Craya—Curtet num-

direction and proximal to the catheter tip, at which point
contrast is said to have refluxed. In this in vitro study, we
investigate the relationship of fundamental hemodynamic
variables to this phenomenon. Contrast injections were

ber, Pressure gradient, Reflux resistance, Logistic function.

carried out under steady and pulsatile flow using various INTRODUCTION
vessel diameters, catheter sizes, working fluid flow rates, and
injection rates. The distance from the catheter tip to the X-ray angiography is the technique of injecting a

proximal edge of the contrast bolus, called reflux length, was
measured on the angiograms; the relation of this reflux length
to different hemodynamic parameters was evaluated. Results

contrast medium through a catheter into the vascula-
ture to mix with the blood and opacify the geometry of

show that contrast reflux occurs when the pressure distal to the .Vasculature und.er radiographic imaging. Cerebral
the catheter tip increases to be greater than the pressure angiography remains the gold-standard imaging
proximal to the catheter tip. The ratio of this pressure modality for diagnosis as well as treatment of cere-

difference to the baseline flow rate, called reflux resistance
here, was linearly correlated to the normalized reflux length
(reflux length/vessel diameter). Further, the ratio of blood

brovascular pathologies. It is routinely used by neuro-
interventionalists to identify cerebral aneurysms and

flow to contrast fluid momentums, called the CrayaCurtet other pathologies in the cerebral vasculature. It is used
number, was correlated to the normalized reflux length via a at every step in minimally-invasive endovascular
sigmoid function. A sigmoid function was also found to be treatment including diagnosis, intra-operative imaging,

representative of the relationship between the ratio of the
Reynolds numbers of blood flow to contrast and the
normalized reflux length. As described by previous reports,

as well as treatment follow-up. Since the advent of
angiography 90 years ago, a vast body of literature has

catheter based contrast injections cause substantial increases been aCCI.lrnul.atednto extract .functional information
in local flow and pressure. Contrast reflux should generally from the imaging.”” Most studies have extracted blood
be avoided during standard antegrade angiography. Our flow measures based on transit time** or indicator

study shows two specific correlations between contrast reflux dilution'® methods. Others have investigated post-in-
length and baseline and intra-injection parameters that have

not been published previously. Further studies need to be jection hemodynamic recovery and systemic hemody-

conducted to fully characterize the phenomena and to extract namics such as the §ffect of ionic content. an.d toxicity
reliable indicators of clinical utility. Parameters relevant to of the contrast medium or delayed vasodilation of the

capillary bed post-injection.'*!*?33%4 However, the

number of studies investigating flow and pressure
Address correspondence to Chander Sadasivan, Department of changes during the contrast injection time period are

Neurological Surgery, Stony Brook University, HSC T-12, Rm 080, relatively sparse.20’21’23’24’26~31’41’42 Scarcer still are
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investigations of the hemodynamics at and around the
catheter tip.>>>*

Contrast media injections into laminar pipe-flow of
blood result in complex physical phenomena. The rel-
atively high injection flow rates through relatively
small catheter diameters produce large velocities exit-
ing the catheter that result in a jet with high Reynolds
number (Re) flow. A 2.5 cc/s injection through a 2.4F
catheter would, for example, result in a Re of 2260 or a
10 cc/s injection through a 5F catheter would result in
a Re of 4970. This jet extends a certain length into the
vessel, after which its energy is dissipated while mixing
with blood via complex vortical flow structures or a
turbulent spread over a certain length of the vessel.
This mixing has previously been shown to be complete
approximately ten vessel diameters from the catheter
tip.>* If the injection rates are too slow, the contrast
will simply exit the catheter in a laminar stream and
will not form a bolus that opacifies the lumen of the
vascular geometry. Many previous analytical and
in vitro studies have studied the complex development
of (turbulent) jets inside enclosed laminar flow (coaxial
confined jets), but in the context of chemical and
aerospace engineering applications (ejector designs,
combustor designs, erc.)'®!827354346 and not for
angiographic injections. The studies that have mea-
sured  hemodynamics  during contrast injec-
tions”*2123%? have noted substantial increases in flow
and pressure distal to the catheter tip. Levin er al.*!
found, for example, that injections of arterial blood
(not iodinated contrast) into coronary and superior
mesenteric arteries of dogs through a 7F catheter at 4—
7 cc/s resulted in nearly 200% increases in the distal
blood flow rates. This effect was reproduced even when
saline was the injectate showing that the effect is hy-
draulic rather than biochemical (such as vasodilatory
effects from red cell lysis).>'**

Analytical solutions to describe the hemodynamics
of contrast injections have been attempted by consid-
ering the system as lumped proximal and distal resis-
tors as done by Morris and Walike®® but their
simplistic solution fails to account for distal flow
increases during the injection as seen in their in vitro
testing. A more complex analytical solution utilizing a
1-D wave propagation model in the entire circle of
Willis by Mulder er al.*’ showed a minimal distal flow
increase of up to 10% during contrast injections with
almost no pressure increases, contrary to previous
in vivo and clinical measurements.”®*'**! Recent com-
putational fluid dynamics (CFD) techniques to study
contrast injections primarily focus on virtual angiog-
raphy models, where the goal is to capture the simu-
lated front of the bolus and contrast concentrations in
an attempt to extract the hemodynamics inside the
vessel. #3840 These studies utilize laminar flow

assumptions, passive advection—diffusion transport of
the contrast, and do not focus on the turbulent phe-
nomenon at the catheter tip. Hao and Lieber used
turbulent CFD techniques to characterize the concen-
tration of contrast antegrade to the catheter tip to
determine a proper mixing length.'" The study did not
capture any reflux behavior from the simulations.
Proper CFD characterization of the turbulent jet
behavior would be extremely computationally expen-
sive with full transient turbulent simulations of two
phase flow under pulsatile conditions. To that end,
in vitro experiments allow a broader range of study
variables with less effort as well as fewer simplifying
assumptions such as a stationary catheter geometry or
axisymmetric domains. Overall, although angiography
is a common procedure, the development characteris-
tics of the contrast bolus at and around the catheter tip
and the concomitant hemodynamic changes in the
vasculature have been poorly investigated due to the
mechanical complexity of the phenomenon.

Clinically, hemodynamic changes during contrast
injections are observed due to the inadvertent effect on
distal pathologies. In the context of cerebral angiog-
raphy, for example, there is a small risk of intra-an-
giography rupture or re-rupture of cerebral aneurysms
due to increased pressure, with authors reporting 1.4—
3.1% complication rates.**® The occurrence seems
relatively rare and is mostly reported through case
studies of re-rupture events.**’ Dublin and French
analyzed 30 case studies showing a predominance of
female patients (71%) and 11 out of 14 patients had
pre-angiographic hypertension.” More recently, Ku-
sumi et al.~ observed a statistically increased risk of
aneurysm re-rupture during angiography when
angiography was performed within 3 h of the initial
hemorrhage. They found no significant difference in
sex, blood pressure and age as compared to the group
with re-rupture when angiography was not being per-
formed."”

As mentioned, when contrast is injected in an
anterograde fashion in blood vessels, a jet of contrast
issues from the catheter tip and a hemodynamically
complex mixing zone is established at, and immedi-
ately distal to, the catheter tip. The contrast medium
completely opacifies the vessel diameter at the mixing
zone forming a ‘bolus’ with proximal (lagging) and
distal (leading) edges. As the contrast continues to be
injected, the mixing bolus grows, extending both
downstream/distally and upstream/proximally. Tradi-
tionally, when the contrast bolus grows such that the
proximal edge of the bolus extends proximal to the
catheter tip (Fig. 1, also Online Resource video),
‘contrast reflux’ is said to have occurred. Reflux is a
notable property since the contrast bolus appears to
flow upstream from both blood and injection flow and
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beyond the entrance of the higher energy injection
flow. We can define another phrase, ‘contrast efflux’,
which occurs when the proximal edge of the bolus
stays distal to the catheter tip (Fig. 1, also Online
Resource video) throughout the injection period. Ef-
flux and reflux can be quantified simply by measuring
the distance between the catheter tip and the proximal
edge of the contrast bolus. Although a handful of re-
ports have evaluated contrast reflux in the context of
hemodynamics,*'® we are not aware of any studies
that have quantified the hemodynamic conditions
causing contrast reflux in antegrade catheter-based
injections. In this in vitro study, we use various con-
trast injection scenarios to evaluate the relationship
between pre- as well as intra-injection hemodynamics
and contrast reflux. The rationale behind conducting
the study was two-fold: (a) studying the impact of
contrast injections might help establish contrast injec-
tion guidelines for physicians to reduce any compli-
cations such as aneurysm rupture, and (b) the potential
ability to deduce changes in vascular hemodynamics
from simple radiographic visualization of contrast re-
flux at the injection site might serve as an invaluable
tool.

METHODS

The experiments involved contrast injections at
varying injection rates through different catheters into
straight tubes of varying diameter under both steady
and pulsatile flow with simultaneous angiographic
imaging, and flow and pressure measurements (Fig. 2).
The distance from the catheter tip to the proximal edge
of the bolus was measured on the angiograms with the
catheter tip as the origin point along the vessel axis,

i.e., the negative direction represented reflux and the
positive direction represented efflux (Fig. 1). The
phrase ‘reflux length’ is used to describe both positive
and negative directions throughout the manuscript.
Four hemodynamic variables based on the flow and
pressure measurements were then correlated to this
reflux length. The experimental setup including the
steady and pulsatile flow systems and the hemody-
namic variables correlated to reflux length are de-
scribed in detail below.

Experimental Setup

The testing setup was mounted to a rigid platform
allowing consistent and level fixture of the tubes, ca-
theters, pressure and flow sensors. Three straight tubes
of 4.8, 6.35, and 8 mm diameter, all with a length of
40 cm, were used as the test vessel. The test vessels were
made from Tygon® 2375 (Saint-Gobain Performance
Plastics Inc., Courbevoie, France), which is fairly rigid
(Shore 75A) to reduce any variability from compliance.
The flow loop was constructed with %” ID Tygon®
2375 tubing. The test vessels were mounted between two
“T” barb connectors with a 1/16” barb perpendicular to
the flow allowing static pressures to be recorded 20 cm
distal and 20 cm proximal to the catheter tip, i.e., the
catheter tip was always positioned at the mid-point of
the test vessel. One pressure transducer (Validyne
DP15, Validyne Engineering, Northridge, CA USA)
was mounted to directly record the proximal pressure
and the other pressure transducer (Validyne DP15) was
mounted to record the pressure difference by connect-
ing to both pressure taps; this ensured the pressure
gradient was accurately recorded. An inline flow sensor
(MPX6, Transonic Inc., Ithaca, NY USA) was moun-
ted 30 cm downstream from the distal pressure tap. The
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FIGURE 1. Sketch above and angiograms below explaining ‘reflux’ and ‘efflux’ during anterograde contrast injections into
arteries. The corresponding lengths are measured between the catheter tip and the proximal edge of the contrast bolus.
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FIGURE 2. Schematic of the experimental flow rig; bottom schematics show some details of the steady and pulsatile flow

systems.

flow and pressure sensors were calibrated each time the
test vessel was changed. Pressures and flows were
recorded with a PowerLab DAQ (ADInstruments Inc.,
Sydney, Australia) and LabChart software at 1000
samples/s. The flow and pressure data were processed
with a custom script in MATLAB® (Mathworks Inc.,
Natick, MA USA).

A glyercol solution (50% by mass, 1.1 g/cc density,
3.4 cP viscosity at 37 °C) was used as the blood ana-
logue (working fluid) and the injection medium was a
solution (50/50 by volume) of Omnipaque® 300 (Io-
hexol, GE Healthcare Inc, Princeton, NJ USA) and
0.9% saline. The injection medium had a density of
1.16 g/cc and a viscosity of 2.02 cP at 25 °C. The
injections were performed with a Medrad power-in-
jector connected to a straight tip 4F or 5F Soft-Vu®
catheter (Angiodynamics, Latham, NY USA) via high-
pressure injection tubing. Four ml of contrast solution
was injected at 3, 5, 6, 7, and 9 cc/s through the two
different catheters in the steady flow system and 8§ mL
of contrast solution was injected at 3, 6, and 9 cc/s
through the two different catheters in the pulsatile flow
system (Table 1). The glycerol reservoir was main-
tained at 37 °C and replaced after 150 cc of contrast
solution was injected to mitigate changes in the
working fluid after repeated contrast injections.

Digital subtraction angiography (DSA) images were
acquired with an Artis Zeego (Siemens Healthcare
GmbH, Erlangen, Germany) at 7 frames/s. The test
vessel was positioned in the center of the angiographic
images (48 cm field of view). The X-ray source and
detector were brought as close together as possible to
reduce scatter and capture the highest contrast images
with the largest field of view. Contrast injections were
set to a 1 s delay after initial imaging to obtain the
proper mask for the DSA images. Images were
acquired till the injected volume had washed out of the
field of view. Measurement of the contrast reflux and
efflux lengths (Fig. 1) was done directly on the Artis
Zeego workstation after appropriate calibration based
on the diameter of the test vessel.

Steady Flow System

Steady flow was obtained with a constant pressure-
head, gravity-feed, system utilizing a continuously
overflowing container (Fig. 2). The container was fed
with a small peristaltic pump pulling from a heated
reservoir. Feed tubing and volume displaced by the
pump was kept at a minimum to reduce any noise in
the flow. The container was affixed to a height-ad-
justable platform to consistently generate different
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TABLE 1. Study parameters used for the steady and pulsatile flow systems.
Variable Steady flow Pulsatile flow
Test vessel inner diameter 4.8, 6.35, 8 mm 4.8, 6.35, 8 mm
Catheter size 4F, 5F 4F, 5F
Injection volume 4 cc 8 cc
Injection rate 3,5,6,7,9cc/s 3, 6, 9 cc/s

System flow and pressure ranges

Flows 1.5-3.5 cc/s
Pressure 20—-60 mmHg

Flows 2.5-5.5 cc/s
Pressure 100-110 mmHg

There were a total of 81 conditions for steady flow and 49 conditions for pulsatile flow. The length of the test vessel was constant (40 cm) for

all conditions.

flow rates and systemic pressures in the system by
adjusting the height of the container relative to the
angiography table (on which the test vessel rested).
Approximately 10 different flow and pressure scenarios
were evaluated with baseline flow rates ranging from
1.5 to 3.5cc/s and pressures ranging from 20 to
60 mmHg (Table 1).

Pulsatile Flow System

Pulsatile flow was achieved with the Replicator®
(Vascular Simulations, Stony Brook, NY, USA). The
Replicator system is a pulsatile waveform diaphragm
pump (with a functional left heart system) with a
continuously adjusting Windkessel model and a phys-
iologically accurate silicone model of the aortic tree
(Fig. 2). The system automatically adjusts the arterial
and venous compliance via feedback control of air
column heights to achieve physiological systemic
pressures of 120/80 mmHg. The heart rate was fixed at
70 BPM and cerebral flow rate was adjusted to 12 cc/s.
The system has four cerebral inlets (left and right
common carotid and left and right vertebral arteries),
all of which connect to one cerebral outflow that is
feedback-controlled.

The test vessel was connected to the right common
carotid artery of the Replicator. Pinch valves were
placed distal to the test segment in order to vary
resistance and thus flow and pressure. Different flow
scenarios were created by matching flow rates in the
test vessel and adjusting the resistances of the arteries
independently. The following scenarios were tested:
baseline flow of 2.5 cc/s at 100 mmHg, 2.5 cc/s at
110 mmHg mean pressure and 5.5 cc/s at 100 mmHg
mean pressure. Table 1 summarizes the pressure and
flow ranges evaluated.

Hemodynamic Parameters

The following four hemodynamic variables were
calculated from the baseline and intra-injection flow
and pressure recordings and correlated to the contrast
reflux lengths:
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1. Pressure difference (mmHg): The time aver-

aged difference between the proximal and dis-
tal pressures during the injection (AP =
Pproximal - Pdistal|

injection )

. Reflux Resistance (mmHg s/cc): Contrast re-

flux is dependent on AP as well as the vascular
resistance proximal to the catheter tip. This
effect was deemed here as “Reflux Resistance”
and quantified as the ratio of AP and the
baseline mean blood flow rate (Eq. 1).

Pproximal — Pdi5t31|injection

Reflux Resistance =
leood,baseline

(1)

. Craya—Curtet number (dimensionless): This

number, which is a ratio of the working fluid
and contrast jet fluid momentums, was previ-
ously developed to characterize the mixability
of a jet entering a confined flow.” The number
has also been used to characterize contrast
injections in the vasculature®>** and was
hypothesized to correlate to the observation of
contrast reflux.”> The Craya—Curtet number
(Ct number) is defined in Eq. (2) where p, and
p. are respectively the density of the
blood/working fluid and the contrast medium,
Qp and Q. are the flow rates of the blood and
contrast, ID¢aheter 18 the inner diameter of the
catheter, IDyese 1S the inner diameter of the
vessel and ODgyheter 1S the outer diameter of
the catheter.

(%f) (%) (11)2

vessel

o=

IDcatheter
1
— ODZ, heter)’

catheter

Ct=

(2)

. Ratio of Reynolds numbers (dimensionless):

While the Craya—Curtet number is a ratio of
the fluid momentums, the ratio of Reynolds
numbers of the blood and the injection (Re
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ratio, Eq. (3)) was also compared. The Re is a
non-dimensional comparison of the inertial
and viscous forces in the flow and therefore the
Re ratio will look at forces as well as factor in
the viscous component of the fluids. p, and .
are the viscosity of blood and contrast,
respectively. The other variables are as defined
above. The length scale chosen was the inner
diameter of the catheter for the injection Re
and the distance between the outer wall of the
catheter and the vessel lumen for the blood Re
(blood flow velocity is determined based on the
annular cross-sectional area).

& _ Pp Qb.uc (IDvessel - ODcalheter ) IDcatheter
Re, Pe QC:ub (IDeessel - ODzatheter)

(3)

Curve-fitting was accomplished using MATLAB
Curve Fitting Toolbox. Outliers were not removed
from the dataset. Fitting was done based on least-
square regression resulting in R> values. Statistical
analysis was conducted using GraphPad Instat
(GraphPad software, La Jolla, CA).

RESULTS

Figure 3 shows typical pressure and flow waveforms
for both steady and pulsatile scenarios. Pressure and
flow data was processed in a MATLAB program de-
signed to find the peak of the distal pressure waveform
to identify the injection time period. The period of
injection was determined based on the injection vol-
ume and flow rate (volume/flow rate). An additional
1.0 s of data before the peak was considered part of the
injection to account for the rapid ramp of injection
pressure (injection time period (s) = 1 + volume/flow
rate). Baseline data was collected approximately 5 s
before the injection and was averaged over 3 cardiac
cycles or 2.5 s.

Observing the pressure and flow waveforms in both
flow conditions, it is seen that the injection induces a
dramatic increase in all the pressures and flows (Ta-
ble 2). The average and maximum pressures during the
injection show a unique feature of the contrast injec-
tion because the distal pressure, which is normally
lower than proximal pressure to maintain forward
flow, increased to be more than the proximal pressure
(except in the steady flow average). Distal pressures
also increased more than proximal pressures when
compared to the corresponding baseline values (Ta-
ble 2, % increase over baseline). Under the tested

conditions (Table 1), the difference between the max-
imum distal pressure during injection and the average
distal pressure during injection was 9.3 + 4.4 mmHg
for the steady flow and 19.3 £ 13.8 mmHg for the
pulsatile flow.

Table 2 also shows that while the injection rates
were equal or larger than the baseline flows, the
increased flow rates did not double, i.e., the injection
flow rate did not add to the blood flow rate during the
injection. Integrating the increase during the injection
did not yield the volume of the injection either. Since
the power injector did not reach its set maximum
pressure (break pressure) of 500 psi in the catheter, the
flow rate of the injection should have remained con-
stant and therefore the blood flow was restricted dur-
ing the injection. We found no obvious correlations
between system or injection parameters to the proxi-
mal or distal pressure magnitudes during injection. For
example, Fig. 4 shows a plot of the injection velocity
against maximal distal pressure during injections in the
pulsatile flow system (R*> = 0.01, p = 0.41). Table 3
shows differences and correlations of the increase in
distal pressure over the baseline compared to catheter
sizes, vessel diameters, baseline blood flow rate, base-
line distal pressure, and injection velocity for both the
steady and pulsatile flow systems. As can be noted,
there are no strong correlations or physically relevant
trends to the data. The only parameter to show sta-
tistical significance in both the steady and pulsatile
flow systems is the catheter size, where there is a strong
significance (p < 0.0001) under steady flow but a weak
significance (p = 0.045) in the pulsatile system.

The injection rates and flow scenarios chosen for the
study resulted in a wide range of reflux cases and a
sufficient range of efflux cases. Under the tested con-
ditions (Table 1), the steady flow system had average
reflux lengths of — 12.5 + 23.0 mm and the pulsatile
system had reflux lengths of — 22.6 &+ 32.5 mm. Ta-
ble 3 shows differences and correlations of the reflux
length compared to catheter sizes, vessel diameters,
baseline blood flow rate, baseline distal pressure, and
injection velocity for both the steady and pulsatile flow
systems. The baseline blood flow rate and the baseline
distal pressure are the only two parameters to show
statistically significant correlations, but these correla-
tions are extremely weak (R> = 0.1 for pulsatile flow).
Thus, again, no strong, physically relevant trends can
be noted. However, the pressure difference between the
distal and proximal sites linearly correlated with the
reflux lengths in both systems (n = 81, R*> = 0.44,
p<1E—4 for steady flow; n =49, R>=0.33,
p < 1E—4 for pulsatile flow) where greater pressure
differences resulted in larger reflux lengths.

The reflux resistance linearly correlated to the reflux
length (n = 81, R* = 0.76, p < 1E—4 for steady flow;
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FIGURE 3. Typical examples of pressures and flow waveforms before, during, and after contrast injection under steady (left) and

pulsatile (right) flow.

TABLE 2. Average = standard deviation of pressures and flows during contrast injection under steady and pulsatile flow.

Proximal pressure (mmHg)

Distal pressure (mmHg) Flow rate (cc/s)

Steady flow
Baseline
Average during injection (% increase
over baseline)
Maximum during injection (% increase
over baseline)
Pulsatile flow
Baseline
Average during injection (% increase
over baseline)
Maximum during injection (% increase
over baseline)

355+ 11.5

102.8 £ 2.6

37.9 + 12.2 (10.7 + 6.9%)

44.3 + 13.4 (30 + 8.2%)

108.3 £ 3.5 (5.4 &+ 3.4%)

129.4 £ 14.6 (25.8 £+ 13.6%)

32.0 + 11.5
36.5 + 12.0 (15.9 + 7.5%)

35+ 1.6
4.3 +1.9 (23.3 + 12.5%)

45.8 + 13.8 (47.1 &+ 17.6%) 5.0 £ 2.1 (44.3 & 19.3%)

102.2 + 3.8
113.1 + 6.6 (10.8 + 6.8%)

37+1.4
5.5+ 1.8 (62 + 70%)

132.4 + 131 (29.6 £ 12.3%) 6.2 + 1.9 (80.9 + 57.5%)
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FIGURE 4. Maximum distal pressure during injection plotted
against injection velocity in the pulsatile flow system. There is
no correlation between the two variables. Values for both the
4F and 5F catheters are shown.
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n =49, R* = 0.45, p < 1E—4 for pulsatile flow). This
correlation was stronger when the reflux length was
normalized by the vessel diameter (Eq. 4).

Lreﬂux

4G
ID vessel

(4)

Figure 5 shows the linear correlation of the reflux
resistance and the normalized reflux length in both the
steady flow and pulsatile flow systems. The steady flow
system had a strong correlation (n = 81 samples,
R>=082, p<1E—4, C;» =028, —0.14) and the
pulsatile flow system had a weaker correlation (n = 49,
R*=0.56, p<1E—4, Cj5 =0.18, — 0.74) but still
demonstrated a statistically significant linear behavior.

Figure 6 shows the correlation of the normalized
reflux length and the Craya—Curtet number for each
flow study. The behavior is representative of a sig-
moidal function with an asymptotic leveling at lower

Correlation : Reflux Resistance = C
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TABLE 3. Group differences and correlations of five different predictor variables (catheter size, vessel diameter, baseline blood
flow rate, baseline distal pressure, and injection velocity) to two important response variables of the study (maximum distal
pressure increase over baseline during injection and normalized reflux length).

Distal pressure increase over baseline (mmHg) Normalized reflux length

Steady flow Pulsatile flow Steady flow Pulsatile flow
Catheter size 4F: 114 £ 2.7 4F: 33.8 + 12 4F: — 12+ 3 4F: — 2.4 + 3.8
5F: 16.0 + 4.5 5F: 26.5 + 12.5 5F: — 25+ 42 5F: — 4.4 +£6.3
p < 0.0001 p = 0.045 p = 0.05 p = 0.45

48mm: —18+5
6.35 mm: — 1.2 + 2.6
8 mm: — 2.3 £ 3.2

4.8 mm: — 2.7 £ 6.5
6.35 mm: — 3.5+ 5.6
8 mm: — 3.8 £ 3.9

48 mm: 156 £ 5
6.35 mm: 14 + 3.7
8 mm: 12.2 &+ 3.7

4.8 mm: 30.8 &+ 11.6
6.35 mm: 30.4 + 9.3
8 mm: 29.5 + 16.2

Vessel diameter

p=0.011 p=0.98 p=0.06 p=0.1
Baseline blood flow R? = 0.002 R? = 0.005 R? =0.42 R =0.14
p =067 p=062 p < 0.0001 p = 0.009
Baseline distal pressure R =0.17 R? = 3E-4 R =0.18 R =0.11
p < 0.0001 p=09 p < 0.0001 p=0.02
Injection velocity R? = 0.04 R? =0.03 R? =0.02 R? = 0.31
p=0.08 p=026 p=022 p < 0.0001
5
’8‘ 4L Steady Flow (n=81)
S — — Steady Fit (R?=0.82)
o ° Pulsatile Flow (n=49)
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FIGURE 5. Plots of the Reflux Resistance parameter (see text for definition) against normalized reflux length for steady and
pulsatile flow; linear regression lines are shown.

and higher Ct values. The data was fit to a logistic
function seen in Eq. (5) with C;, C;, C3, C4 defining the
constants of the function. The steady flow data showed
a slightly weaker correlation (n = 81, R*> = 0.69,
Cip34 = 0.42,7.0,0.84, 0.04) as compared to pulsatile
flow (n = 49, R* = 0.85, C1 234 = 0.32, 2.8, 1.2, 0.06).

Ci

7C3Lreflux
1 + Cre ™uessel

The Reynolds numbers for the injections varied
from 2200 to 7400, while the blood flow Reynolds
numbers ranged from 20 to 420. Figure 7 shows the
correlation of the logistic function to the ratio of
Reynolds numbers and normalized reflux length

Correlation : Ct = +Cs (5

(Eq. 6). The correlation coefficients for the steady and
pulsatile flow were 0.72 and 0.86, respectively (Steady
flow: n =81, Cy34 = 0.18, 6.8, 0.83, 0.02; Pulsatile
flow: n =49, Ci,34 = 0.16, 3.1, 1.1, 0.03).

. R C
Correlation : 2 — ! +Cy  (6)

Re . _ C3Lyoftux
¢ 1 + Cze IDyessel

Anderson-Darling goodness-of-fit tests for these
four logistic function fits (Ct and Re ratio for steady
and pulsatile flow) showed that the residuals were
normally distributed (p values > 0.06) for three of the
four fits indicating a good fit; residuals for the pulsatile
flow Re ratio vs. reflux length fit deviated from nor-

mality (p = 0.03).
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FIGURE 6. Plots of the non-dimensional Craya—-Curtet num-
ber against normalized reflux length for steady and pulsatile
flow; the lines show fits to the data with a logistic function.
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FIGURE 7. Plots of the non-dimensional ratio of Reynolds
numbers against normalized reflux length for steady and
pulsatile flow; the lines show fits to the data with a logistic
function.

DISCUSSION

Contrast reflux has previously been evaluated in a
few different contexts. The presence of contrast reflux
into the jugular veins during CT or MR angiography
has been correlated to suboptimal head and neck scan
quality because of venous contrast density artifacts or
delayed time of arrival of contrast to the region of
interest; jugular vein reflux lengths have been measured
to optimize the scan procedure.*'> In general, contrast
reflux is viewed as an excess or waste of contrast vol-
ume that does not contribute to image quality and the
extent of reflux has been used as an indicator of the
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quality of diagnostic angiography.’ Similarly, modified
mechanical injectors that aim to minimize the volume
of contrast injected while retaining image quality have
used contrast reflux as a measure of excess.'”** Severe
contrast reflux into the inferior vena cava during pul-
monary CT angiography has been suggested as a
marker for right heart dysfunction.! Contrast reflux
has been suggested to occur at the threshold where the
rate of contrast injection exceeds the rate of blood
flow'?; a previous in vivo study® as well as our results
here do not support this notion that reflux is simply
related just to contrast injection or mean blood flow
rates. Also, the pulsatility of flow is maintained in the
distal segments during steady injection rates®>*
(Fig. 3) proving that the phenomenon is not a sim-
plistic replacement of blood flow by contrast flow.
Contrast reflux length into the inferior vena cava
during coronary CT angiography has been linearly
correlated to the tricuspid regurgitant jet velocity (and
thus right ventricle systolic pressure) suggesting that
reflux length can be representative of hemodynamic
conditions.® Our study is along the same lines as this
last study. Our goal was not to optimize contrast
injection parameters or the resultant image quality, but
to study the hemodynamic conditions under which
contrast reflux occurs during antegrade catheter-based
arterial injections. Our results show that contrast reflux
length is correlated to specific baseline and intra-in-
jection parameters. We found two such correlations,
which have not been reported previously and form the
primary conclusions of our study.

First, the ratio of the distal to proximal pressure
difference during injection and baseline flow rate,
called the reflux resistance here, was linearly correlated
to normalized reflux length (reflux length/vessel
diameter). As stated, contrast injections generally in-
volve high Reynolds number jets and the concomitant
mixing with the co-flow of blood at and around the
catheter tip are highly complex in cylindrical coordi-
nates. Considering just the one-dimensional (along
vessel axis) behavior, however, injections result in an
increased pressure at/near the catheter tip with greater
injection rates or volumes generating greater pressures.
The injection thus temporarily changes the prevalent
pressure gradients, where the pressure at the catheter-
tip can increase above the distal as well as proximal
pressures. The distal and proximal pressures also in-
crease above the baseline pre-injection values; the ra-
pid antegrade injection of fluid also implies that the
increase in distal pressures can be more than the in-
crease in proximal pressures. The proximal vascular
resistance is dependent on the patient/system vascular
geometry and hemodynamics and can thus be expected
to remain constant for a given arterial segment. An
increase in the backward pressure gradient (dis-
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tal—proximal pressure) thus causes an effective
‘backflow” which is visualized as reflux; the greater this
pressure gradient, the greater the extent of reflux. We
constructed a ‘reflux resistance’ parameter, which is the
ratio of the pressure difference during injection to
baseline flow rate, to represent this dynamic. The
baseline flow rate is related to the proximal vascular
resistance and the pressure difference during the
injection is representative of the backward gradient
that produces reflux. As can be expected based on the
above description, there is a strong linear correlation
between the reflux resistance and the reflux length
(Fig. 5). Lower baseline flows or greater pressure gra-
dients during injection result in a greater contrast
‘backflow’ or reflux length. It should be noted that
while the occurrence of reflux and reflux length may be
simply and linearly related to the pressure gradients
during injection, the magnitude of the pressure in-
crease during injection is the result of a complex
interplay of the injection jet and coflowing blood
(Fig. 4, Table 3).*> As such, local intra-injection pres-
sure magnitudes cannot, for example, be derived by
simple analysis of vascular resistances and baseline and
injection flow rates. Assuming future testing and clin-
ical validation show reliable accuracy, the significance
of our result in Fig. 5 is that it provides a potential
means to deduce intra-injection pressure gradients by
simple measurement of the reflux length as visualized
on angiograms.

Second, our results suggest a sigmoidal relationship
between the reflux length and the Ct number and Re
ratio. This relationship is also representative of the
physics of contrast injections into co-flow, in that the
two asymptotes of the function potentially highlight
physical phenomena. With increasing Ct number (or
Re ratio), the injection rate becomes smaller relative to
the blood flow rate and the proximal edge of the
mixing bolus extends farther downstream, i.e., the ef-
flux length increases. Asymptotically, as the injection
rate becomes negligible, the injection becomes a lami-
nar stream where the mixing of the contrast with the
blood occurs through diffusion®” and the efflux length
is theoretically at infinity. With decreasing Ct numbers,
the injection rate increases and the mixing occurs clo-
ser and closer to the catheter tip due to the large
pressures and increasingly turbulent spread of the
contrast jet at the injection site. Asymptotically, ex-
tremely high velocity injections into negligible or
stagnant blood flow within a vessel set up severe re-
verse pressure gradients and the contrast refluxes such
that the reflux length is theoretically at infinity. Again,
future testing and clinical validation are required to
show reliable accuracy, but Fig. 6 (or Fig. 7) can
potentially be used to extract baseline arterial blood
flow rates by the simple measurement of reflux length

on angiograms. A few caveats to the Ct number and
Re ratio correlations may be noted—these two
parameters are not independent and are essentially
related given the flow and injection parameters. As
mentioned, the goal of our study was to evaluate the
conditions surrounding the occurrence of contrast re-
flux. Thus, we did not target a wide range of efflux
lengths and the upper asymptote of the sigmoid func-
tions are poorly defined. Additional studies with more
efflux values need to be conducted to confirm whether
the relationship to the Ct number and Re ratio is sig-
moidal or some other function. Also, we chose the
logistic function because it is comprised of an expo-
nential function, which is commonly used to represent
physical phenomena; we did not evaluate the good-
ness-of-fit of other sigmoid functions.

The 5-45 mmHg intra-injection pressure increases
over baseline observed in this study are similar to those
measured previously in in vivo and clinical stud-
ies.?!374147 Coronary angiography through a 6F ca-
theter in 25 patients with non-significant lesions
resulted in a 6 £ 4.2 mmHg increase in proximal mean
pressure at the coronary ostium.?’” Contrast injections
at 5-10 cc/s through a SF catheter placed in the
proximal common carotid artery of dogs with pressure
measurement via a catheter placed distally in the same
vessel produced maximal pressure increases ranging
from 40 to 125 mmHg.*' Contrast injections of 18 cc
at 3 cc/s through a SF catheter in the carotid or ver-
tebral arteries of 25 patients showed pressure increases
ranging from 3 to 54 mmHg (mean: 16 &+ 13 mmHg,
median ~ 20 mmHg) over the baseline; pressures were
measured 2-3 cm distal to the catheter tip with a
pressure wire.*!

One limitation of our study relates to the large
length (40 cm) of the test vessel, which is not physio-
logically correct. Distal and proximal pressures men-
tioned throughout the manuscript were measured
20 cm from the catheter tip. This vessel length was
chosen so that the catheter could be placed at the
midpoint, and the distal pressure sensor would be far
enough to not record the pressure fluctuations within
the contrast ejection and mixing zone. Also, the
proximal pressure sensor needed to be far enough not
to interfere with the angiographic imaging of long re-
flux lengths, which were up to 8 cm in some testing
scenarios. A few extreme scenarios led to the contrast
refluxing out of the field of view (data were discarded
as the reflux lengths could not be measured). Addi-
tionally, the long test vessel helped demonstrate that
substantial pressure increases can be generated during
contrast injections over supra-physiological distances.
The vascular compartment proximal to the catheter tip
was limited to a tube here, but during clinical ante-
grade injections, the proximal vascular compartment
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will be much larger and hence the proximal pressure
increases may be smaller in patients. However, as the
angiographic region of interest is always distal to the
catheter in antegrade injections, the distal pressure
increases in the region of interest are far more crucial.
Also, as stated above, our pressure increases fall within
in vivo and clinically measured ranges. We did not find
any correlations between the injection and baseline
hemodynamics to the proximal or distal pressure
magnitudes during injection or to the pressure
increases over baseline, which further reinforces the
fluid dynamic complexity of such contrast injections.
For example, using the linear regression equation in
Fig. 5, a reflux length of 1 cm visualized in the internal
carotid artery could be translated to a 5 mmHg dif-
ference between the distal and proximal pressures, but
we found no relationships (Table 3) to predict that
proximal pressure may have possibly increased by
25 mmHg and distal pressure by 30 mmHg over the
baseline; this can be seen in Table 2 where pressure
increases over baseline are more substantial than the
distal-to-proximal pressure differences. Establishing
such a relationship could provide a simple tool to
estimate distal pressure increases during injection,
which can be crucial when imaging pathologies with
weakened vascular walls like aneurysms.**> To this
end, we plan to conduct a follow up study on silicone
replicas of patient-specific aneurysm geometries.

We used a homogenous glycerol solution to mimic
blood. While the particulate nature of blood*® may
need to be considered in studies of nano/micro-particle
dispersions, iodinated contrast is essentially a chemical
species and given the length and time scales of contrast
reflux, the clinical significance of our results should not
be effected by the use of a homogenous working fluid.
Previous in vitro studies investigating contrast injec-
tions have also used homogenous working fluids.?®**
Again, the fact that our pressure increases are similar
to in vivo and clinically measured values even when
arterial blood or saline is used as the injectate’'*
validate the working fluid used. The injection volume
(8 cc) used for the pulsatile system was different than
that used for the steady flow system (4 cc) because our
goal was to produce contrast reflux and the pulsatile
system had higher ranges of baseline flows. The chosen
injection volumes resulted in a similar range of reflux
lengths in both systems. In other words, a 4 cc injec-
tion volume in the pulsatile system would have
potentially resulted in data points limited to a narrow
range around zero reflux length (Figs. 5,6 and 7), or a
8 cc injection in the steady flow system would have
potentially resulted in only large (negative) reflux
lengths. The 8 cc injection volume in the pulsatile
system is within the range of clinically used volumes in
the internal carotid artery (7.9 £ 1.5 cc).*> However, it
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should be noted that the differences between the
maximum and average distal pressures and reflux
lengths mentioned above or the differences in the
correlation constants (Figs. 5,6 and 7) between the
steady and pulsatile flow systems could potentially be
due to the different injection volumes. We used an
equivalent range of injection rates (3-9 cc/s) in both
systems, but differing injection volumes to ensure a
similar range of reflux lengths, and hence the time
period of injections was different. The reflux resistance,
ratio of Reynolds numbers or the Craya—Curtet num-
ber do not account for the time period, so further
studies need to be conducted with different injection
volumes to determine the effect of injection time. The
hydraulic resistance of the steady and pulsatile systems
was also different and this may have contributed to the
differences; future testing of steady and pulsatile flow
in identical benchtop setups would help mitigate this
variable.

Similarly, although we chose vessel diameters and
catheter sizes relevant to cerebral angiography, future
studies could be conducted with a wider range of vessel
diameters, lengths, or catheter sizes. The ordinate
values in the correlations shown in this study (Figs. 5,
6 and 7) contain the baseline blood flow rate as a
variable. Although the baseline distal pressure did not
correlate to the distal pressure increase in the pulsatile
flow system, it can be speculated that some link exists
between the baseline distal pressure and the pressure
increases at the catheter tip during injection, which in
turn would cause greater reflux. These might explain
the very weak correlations we found (Table 3) between
the baseline blood flow rate and baseline distal pres-
sure to the normalized reflux length. In general, how-
ever, we found no obvious relationship between reflux
and initial systemic pressures, injection rates, catheter
sizes, or vessel diameters (Table 3). We collected data
under 81 different conditions in the steady flow system
and 49 different conditions in the pulsatile system. The
steady flow experiments were conducted first and
involved a more detailed investigation of the variables.
Specifically, we investigated many increments of
baseline pressures and five different injection rates. The
number of conditions for the pulsatile flow experi-
ments were then reduced (specifically, baseline pres-
sures and injection rates) based on the results of the
steady flow experiments. The fact that there were 81
conditions for the steady flow and 49 conditions for the
pulsatile flow has no bearing on the final results and
conclusions of the study. The effect of side-branches
was not studied here and such branches may substan-
tially change the hemodynamics during injections.
Overall, while our study contains some parameter
assumptions and limitations, the large sample size and
detailed data collection firmly establish the relation-



Pressure and Flow Rate Changes During Contrast Injections in Cerebral Angiography 237

ships seen between the reflux lengths and reflux resis-
tance, momentums, and forces.

The potential clinical utility of our results lies in the
two correlations—the linear relation between the reflux
resistance and the reflux length and the sigmoidal
relation between the Ct number (or Re ratio) and the
reflux length. The coefficients of the correlations are
potentially system-specific constants and may vary
from patient-to-patient. Moreover, the accuracy of the
trends shown here need to be verified in the clinical
scenario. Under pulsatile flow, the correlation coeffi-
cients for the sigmoid function fits were reasonably
high (R*> ~ 0.85 for the Ct and Re ratio) while that for
the linear fit to reflux resistance was moderate
(R®> = 0.56). The average error between the actual/
measured baseline flow rate and the estimated flow rate
as given by the sigmoid function was 0.2 + 1 cc/s
(actual baseline flow ranged from 1.5 to 6 cc/s); the
error between the actual pressure difference during
injection and that estimated by the linear fit was
— 0.6 £ 3.3 mmHg (actual pressure difference ranged
from — 18 to 2.2 mmHg). Thus, in this benchtop
study, the prediction accuracy for the flow rates was
better than that for the pressure difference. The addi-
tion of angiography viewing plane, three-dimension-
ality of wvasculature, cardiac cycle variability, ezc,.
could potentially add to the measurement uncertainty
of using these trends to estimate baseline flow rates or
pressure differences during injections in patients. Fur-
ther in vivo and possibly prospective clinical studies are
needed in order to generate a family of response
curves, establish a robust confidence interval for the
coefficients, and obtain reliable estimation accuracy in
patients. As reflux is dependent on the proximal and
distal vascular hydraulic resistance, it may be reason-
able to expect that the steady flow system used here
(steady flow curves in Figs. 5, 6, and 7) represents a
lower bound for the coefficients. If such a confidence
interval is established with future studies, the sigmoid
functions could be used to extract baseline mean blood
flow rates in any artery of interest in any patient. For
example, 3-5 injections at different rates can be made
with any catheter in the vessel and the vessel diameter
and reflux or efflux lengths can be measured on the
angiograms. The mean blood flow rate is the only
unknown parameter in the Ct number. Thus, using the
established confidence intervals of the sigmoid func-
tion coefficients, the mean flow rate of the artery can
be quantified with given precision. It would be valuable
to be able to extract the distal pressure increase over
the bascline based on the baseline and injection
parameters, but we found no obvious correlations to
the pressure magnitudes. The mean intra-injection
proximal-to-distal pressure gradient could, however,
be quantified in any patient using the same method-

ology as mentioned above for the baseline arterial flow
rate. The distal pressure during injection could then be
quantified if the pressure proximal to the injection
catheter were measured. The linear -correlation
between the reflux resistance and reflux length can also
be used to avoid scenarios where the distal pressure
increases above the proximal pressure. For example,
using the pulsatile system correlation coefficients in
Fig. 5 and assuming a vessel diameter of 9, 5, and
3 mm for the common carotid, internal carotid, and
vertebral arteries, contrast injections in these vessels
should have an efflux length of at least 4, 2, and 1.2 cm
to ensure that the distal pressure remains lower than
the proximal pressure.

CONCLUSIONS

Catheter-based angiography can result in substan-
tial increases in local flows and pressures over the
corresponding pre-injection values as also described by
previous studies. On average, we recorded 45-80%
increases in flow and 30-50% increases in pressure
over baseline values. These increases can occur at large
distances distal to the catheter tip and thus care must
be exercised during contrast injections to diagnose or
treat weak-walled pathologies such as aneurysms. Gi-
ven the tested conditions (Table 1), three important
conclusions can be derived from this study:

i. Contrast reflux occurs when the pressure distal
to the catheter tip increases above the proximal
pressure during injections. The difference
between the distal and proximal pressure can be
expected to be minimal (~ 5-10 mmHg) in
standard cerebral angiography.

ii. The ratio of this pressure difference to baseline
flow rate is linearly correlated to the ratio of
the contrast reflux/efflux length to vessel
diameter.

iii. The ratio of blood and contrast fluid
momentums and the ratio of blood and con-
trast Reynolds numbers are correlated to the
ratio of the contrast reflux/efflux length to
vessel diameter potentially via sigmoid func-
tions.

These solutions were found to describe both steady
and pulsatile flow scenarios and are thus potentially
representative of catheter based injections in patients.
As the abscissa (ratio of reflux/efflux length to vessel
diameter) can be measured in any patient, patient-
specific hemodynamics can be extracted if the accuracy
of the linear and sigmoid functions described here are
firmly quantified by future studies. The flow and
injection rates used in this study are relevant to neuro-
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angiography, but the results should be essentially
applicable to antegrade injections in peripheral
angiography as well.
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