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Purpose: Angiographic contrast that is routinely injected into arteries is used not only to evaluate
arterial geometry but also in many cases to assess perfusion. The authors conducted two experi-
ments to examine the dispersion of angiographic contrast injected antegradely into an artery under
conditions similar to those found in selective �carotid artery� or superselective �circle of Willis�
angiography in order to determine the distance from the catheter tip at which the contrast can be
considered fully mixed with the blood. A third experiment investigated whether the contrast once
mixed with blood will separate from the mixture under the gravitational field due to a density
mismatch.
Methods: Experiment I—Under high-speed angiographic acquisition, a bolus of contrast was in-
jected through a catheter along the flow direction of a blood analog fluid flowing through a straight,
long, cylindrical tube. The variation in grayscale intensity along the length of the tube was acquired
and modeled as the step response to a second-order system. The distance from the catheter tip at
which the contrast mixes with the working fluid, the mixing length, was determined as the length
along the tube after which the step response settles to within 3% of the steady state value. Experi-
ment II—A bolus of angiographic contrast was injected at rates varying from 0.1 to 1 cc/s through
three different catheter sizes in the left common carotid artery of three rabbits. The average cross-
sectional grayscale intensity over one cardiac cycle was calculated at four locations along the
artery: Immediately distal to the catheter tip, at location of maximum grayscale intensity, and at 10
and 20 arterial diameters from the catheter tip. The status of mixing within 10 arterial diameters
was assessed by differences between the grayscale value at this location and that at the maximum
and 20 arterial diameter location. Experiment III—Angiographic contrast was premixed by agita-
tion in three separate vials containing normal saline, canine blood, and glycerol/distilled-water
mixture. The vials were then stationed vertically and angiographic images obtained every 5 min for
1 h. The average intensity of contrast along the vertical length of each vial was obtained for every
time point to record any changes in the distribution of contrast over time.
Results: The first experiment shows that angiographic contrast completely mixes with steady flow-
ing blood analog fluid within about eight tube diameters of the injection site. The second experi-
ment shows that contrast completely mixes with blood within ten arterial diameters under appro-
priate injection parameters. The third experiment shows that angiographic contrast does not
separate from, or settle out of, contrast-carrying fluid mixtures for a period of 1 h.
Conclusions: The results demonstrate that under typical injection conditions in the clinical setting,
contrast issuing from the catheter completely mixes with the blood within ten artery diameters
downstream of the catheter tip. Once mixed, it does not separate from the blood due to
gravity. © 2009 American Association of Physicists in Medicine. �DOI: 10.1118/1.3243079�
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I. INTRODUCTION

In catheter-based angiography transport of contrast can be
visualized in real time on modern angiographic systems and
the rate of contrast washout from various regions of interest

has been routinely used to estimate the rate of blood flow for
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both diagnostic and therapeutic decision makings.1,2 Never-
theless, it is difficult to obtain accurate estimates of blood
flow or blood flow velocity since the dispersive transport of
the contrast in flowing blood is highly nonlinear. The process
of dispersion is more sophisticated as compared to the com-

monly understood process of diffusion because it involves a
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combined action of nonuniform velocity and molecular dif-
fusion whereby a solute spreads in a flowing solvent from
high concentration to low concentration regions. Dispersion
is largely independent of molecular weights or chemistry but
is rather dependent on position, having different values in
different directions. The dispersion of angiographic contrast
in flowing blood is dependent on the rate of contrast injec-
tion relative to the rate of blood flow at the injection site, the
predominant geometries at the injection site, and the direc-
tion of the injection relative to the direction of the flowing
blood.3 The transport and mixing processes involved in the
space between the site of angiographic contrast injection and
the region of interest where the contrast is visually evaluated
are, therefore, extremely complex.

A brief description of the flow dynamics at the injection
site and the terms and parameters used in this manuscript
may be useful. Figure 1 shows a schematic of the site of
antegrade injections into a lumen with coflowing fluid. When
a fluid jet discharges into a surrounding fluid, the viscous
forces on the surface of the jet tend to drag the surrounding
fluid along with the jet in a phenomenon called jet entrain-
ment. Such jet entrainment is used as a pumping mechanism
whereby a fluid discharging at high velocities through a
nozzle into an ambient fluid is used to pump the ambient
fluid. Such pumps are called jet pumps or jet ejector pumps,
and thus the phenomenon of increased coflow rates �as com-
pared to preinjection values� during jet injections because of
entrainment is also called the ejector effect. During the study
of these pumps an important nondimensional fluid dynamics
parameter called the Craya-Curtet number �Ct� was devel-
oped. A simplified expression �see the Appendix for more
details on Ct� of this number is related to the ratio of the
momentums of the two streams �coflow to jet�.4 It was found
that below a certain critical value of this number, the coflow
is unable to satisfy the entrainment demands of the jet and
the jet undergoes flow reversal to maintain the total mass
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FIG. 1. Schematic of a catheter tip placed concentrically inside an artery. The
The high velocity discharge tends to generate an ejector effect whereby the
of the slow moving fluid. Qb and Qc are the flow rates of blood analog flui
D and d are the inner diameters of the artery and the catheter, respectively. Th
a homogeneous mixture with the surrounding fluid.
flow rate. Then, below this critical value �this value is in a
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range from about 0.7 to 0.98�,5,6 a recirculation region forms
within the lumen. Such a recirculation region would enhance
mixing of the two streams and therefore Craya-Curtet num-
bers higher than this value �Ct� �1� would mitigate mixing.
The Reynolds number �ratio of inertial to viscous effects� is
another parameter that influences the fluid dynamics at the
injection site while the Womersley number �ratio of pulsatile
to viscous effects� may also be important for injections into
pulsatile blood flows.

In terms of jet injections of angiographic contrast into
coflowing blood, there exist three regimes along the arterial
lumen �Fig. 1�. The first, called the jet intact core penetration
length, is the distance from the catheter tip to the point where
instabilities begin to form in the jet �this length depends on
the Reynolds number of the jet�. After this length, instabili-
ties form in the jet with associated recirculation �depending
on the Craya-Curtet number of the injection� and the two
fluids begin to undergo mixing. The primary mixing region,
called the mixing zone here, starts at this point where insta-
bilities begin to form in the jet and ends at some farther
distance where the contrast has completely mixed with
blood. The total distance from the catheter tip until complete
mixture �sum of jet intact core penetration length and mixing
zone� is called the mixing length. After the mixing length,
therefore, a homogeneous mixture of contrast and blood
flows through the artery.

Several studies have investigated angiographic contrast
injections,8–15 but these have largely focused on hemody-
namic changes during and after the injection period. To our
knowledge no study has attempted to quantify the mixing
process of angiographic contrast with blood under injection
conditions that are similar to those used in the clinical set-
ting. We limited our study to injections relevant to the cere-
bral circulation. We conducted three experiments to investi-
gate the mixability of angiographic contrast with blood.
First, we investigated the dispersive transport and mixing of

D

Mixing Zone

g Length

Artery

Homogenous
Mixture

arge velocity through the catheter is much higher than the surrounding flow.
unding fluid is entrained into the jet flow enhancing both mixing and flow
injected contrast, respectively; Vb and Vc are the corresponding velocities;

xing length is the distance from the catheter tip at which contrast has formed
ixin

gion

disch
surro

d and
e mi
contrast material that is injected through a catheter into a



rime

5066 Lieber et al.: The mixability of angiographic contrast with arterial blood 5066
flow phantom antegradely into a flowing blood analog fluid.
The aim of this experiment was to quantify the mixing length
from the tip of the microcatheter to the most distal location
in the artery beyond which a homogeneous binary mixture is
achieved. Second, we antegradely injected contrast at differ-
ent injection rates into the common carotid artery of rabbits.
The aim of this experiment was to quantitatively assess the
mixing lengths in vivo under a range of Craya-Curtet num-
bers. Third, we investigated whether contrast material that is
premixed in a solvent settles under gravity. The aim of this
experiment was to evaluate whether a homogeneous binary
mixture of angiographic contrast with working fluid remains
mixed during angiographic procedures or whether the con-
trast settles out of the working fluid under the influence of
gravity.

II. METHODS

II.A. Experiment I

II.A.1. Setup

This experiment represents conditions of a selective injec-
tion of contrast into the carotid artery or those of a “super-
selective” angiographic procedure where contrast is injected

FIG. 2. Schematic of the expe

TABLE I. The flow rates and similarity parameters for
fluid velocities at the catheter exit. Re: Reynolds
=6.35 mm; catheter inner and outer diameters=2.5 a

Glycerol flow rate
�cc/s�

Contrast flow
�cc/s�

Exp I #1 7.0 8.0
Exp I #2 6.6 7.6
Exp I #3 6.6 6.9
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through a microcatheter into a major branch of the circle of
Willis. We injected a bolus of contrast in the flow direction
of a blood analog fluid consisting of 40/60 glycerol/distilled-
water mixture by volume �density of 1.1 g/cc and viscosity
of 3.5 cP� flowing through an experimental phantom with
simultaneous high-speed angiographic acquisition as shown
schematically in Fig. 2. The injected medium was a mixture
of 50% angiographic contrast �Omnipaque® 300 mgI/ml, GE
Healthcare, Piscataway, NJ� and 50% saline by volume and
had density and viscosity of about 1.2 g/cc and 2.2 cP at
23 °C, respectively. Three experiments with different work-
ing fluid and/or contrast injection flow rates were performed
�Table I�. The test section consisted of a 140 mm long
straight cylindrical tube with a caliber of 6.35 mm connected
to a reciprocating piston pump �CompuFlow 1000MR,
Shelly Medical Imaging Technology, ON, Canada� that was
operating in a steady flow mode. A bypass tube was built into
the system that was maintained under a preset pressure of 90
mm Hg by a starling resistor such that flow through it was
possible only when the loop pressure exceeded the starling
resistor pressure. The bypass tube was designed to restrict
working fluid flow through the test section if the local pres-
sure in the phantom during injection exceeds the preset

ntal flow phantom apparatus.

iment I. ��v: The difference in contrast and working
ers. Ct: Craya-Curtet number. Flow tube diameter
mm, respectively.�

�v
�cm/s�

Re
�glycerol�

Re
�contrast� Ct

135 567 2271 0.38
128 535 2158 0.37
114 535 1960 0.44
exper
numb
nd 3
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value. A transit time ultrasonic flow meter system �T206,
Transonic System Inc., Ithaca, NY� with cannula-type flow
probes was used to measure the instantaneous volumetric
flow rate through the flow tube and the catheter delivering
the contrast. In addition, system pressure was measured up-
stream of the point of introduction of the catheter into the
flow loop. The flow meters and pressure transducer were
connected to a data acquisition system consisting of a per-
sonal computer equipped with data acquisition board and
data acquisition software �VIRTUAL BENCH V2.0, National In-
struments Co., Austin, TX�.

Contrast was injected into the flow through a 9F catheter
�Vista Brite Tip®, Cordis Corporation, Miami lakes, FL,
outer diameter 3 mm, inner diameter 2.5 mm� that was in-
serted into the flow apparatus with its distal tip located in the
upstream part of the flow tube. The proximal end of the
catheter was connected to a computer controlled microinjec-
tor pump developed by our laboratory for a metered contrast
injection. The injector is capable of performing double con-
trast injection with microliter accuracy �0.25 �l� using vari-
ous selectable injection velocities. A second sealed tube �no
flow� of the same dimensions as the flow tube was filled with
the same contrast medium that was injected into the flow
tube and stacked above the flow tube to obtain the grayscale
value of the contrast with no dilution in the working fluid
�henceforth called the reference tube�. The test section was
placed on the angiographic table at the isocenter and high-
speed lateral projection angiograms �30 frames/s, Siemens
AngioStar Plus, Siemens Medical Solutions, Erlangen, Ger-
many� were obtained preinjection of the contrast.

Figure 3 shows the traces of pressure and flow rates mea-
sured during one of the experiments. The fluid dynamics
similarity parameters for the flow tube and the injection,
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FIG. 3. Hemodynamic variables in the flow loop during the injection of con
by the flow probe �Qa� is shown as a solid line whereas the injection profile
line� is obtained by subtracting the injection profile from the tube flow rate.
�onset of entrainment� and eventually stabilizes at a value higher than the pre
and the flow through the tube decay to preinjection levels.
namely, the Reynolds number �Re� and Craya-Curtet number
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�Ct�, are given in Table I. Craya-Curtet numbers were calcu-
lated for each injection as per the following modified form
�see the Appendix�:

Ct = ��b

�c
�1/2�Qb

Qc
�� IDc

�Da
2 − ODc

2�1/2	 , �1�

where �b and Qb and �c and Qc are the densities and mean
flow rates of blood and contrast, respectively, IDc and ODc

represent the inner and outer diameters of the catheter, and
Da is the lumen diameter of the artery.

II.A.2. Image processing and analysis

All image processing and analysis described below were
done using MATLAB

® �Mathworks Inc., Natick, MA�. The
variation in contrast intensity along the length of the flow
tube during the period of injection was calculated as follows:

�a� After a starting transient the contrast filled the flow
tube while being continuously injected. A maximum
intensity projection image was calculated from the ac-
quired sequence of images and the tube boundaries
were isolated by edge detection of this image.

�b� The tip of the catheter inside the flow tube was set as
the origin of the coordinate system with the x axis be-
ing along the length of the tubes and the y axis running
across the tube cross section. Due to the circularity of
the tube, the grayscale variations along the tube cross
section �along the y axis� have a parabolic shape pro-
file.

�c� Three images obtained at 0.6, 0.633, and 0.667 s after
start of contrast injection, when the flow tube was com-
pletely filled with contrast, were chosen for analysis in
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(s)
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for one of the experimental cases �Exp I #3�. The tube flow rate measured
is shown as a dashed line. Flow rate of the working fluid only �Qb, dotted

ut 0.4 s into the injection, entrainment begins with a large starting transient
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�d� The average grayscale intensity across the tube diam-
eter was calculated at each pixel ��0.28 mm� along
the x axis for both the flow and reference tubes.

�e� The minimum values of the profiles along the tubes
were obtained and a sixth order polynomial fit to these
data was used as the variation in background grayscale
intensity along the x axis. This background intensity
variation was logarithmically subtracted from the in-
tensity variations along the flow and reference tube
lengths.

�f� The intensity variation along the length of the tubes is
distorted toward the inlet and outlet sections because
these regions are at the edges of the image intensifier,1

while there is no or minimal distortion at the middle of
the tubes. As the contrast concentration in the reference
tube is constant throughout its length, the magnitude of
distortion along its length can be calculated as a pro-
portion of the true intensity at the middle of the tube.
Similarly, the magnitude of distortion along the x axis
was calculated at another constant intensity level
�Plexiglas casing of tubes�. Sixth order polynomials
were fitted to these two data sets to obtain distortion
profiles at two different intensity levels. The magnitude
of grayscale distortion along the length of the flow tube
was then obtained by a linear interpolation between
these two distortion profiles. The edge-effect distortion
in average grayscale intensity along the length of the
flow and reference tubes could then be corrected for
with the corresponding distortion profiles.

�g� The ratio of the grayscale intensity variation along the
flow tube to the grayscale intensity variation along the
corresponding reference tube was used as an indicator
of the extent of contrast mixing in the flow tube along
the tube length. The mixing zone for each experimental
case was identified based on an analysis of this ratio of
contrast intensities.

The interaction of the contrast jet with the flowing fluid in
the flow tube can be perceived as the step response of a
second-order system16 where the input step begins at the lo-
cation where instabilities start to form in the jet �Fig. 1, also
see Figs. 1 and 2 in Ref. 3�. The distance from the distal tip
of the catheter to the location where the core of the jet breaks
up, i.e., the jet intact core penetration length �say, x0�, was
identified by fitting the following sigmoid function to the
ratio of contrast intensities data:

y�x� = A + a
1

1 + ne−x/� , �2�

where A, a, n, and � are constants. The point of significant
rise of the optimized function, which is based on the maxi-
mum value of the second derivative of the function, deter-
mined the value of x0. As the step input begins at x0, the data
points distal to this location were selected and fitted to the

following step response function:
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y�x� = K + Ce−�n�x sin��n

1 − �2x + �� , �3�

where �n and � are the undamped natural frequency and
damping ratio of the system, respectively, and K, C, and �
are constants. Both the sigmoid function and the step re-
sponse function were fitted to the data by minimizing the
sum of the squared differences between the data and the
function. Equation �3� is the general solution to the second-
order system

ÿ + 2�n�ẏ + �n
2y = K�n

2u , �4�

where u is the input. As the forcing function �step� starts at
x0, the output before this location can be considered to be the
free response of the second-order system. The data points
before x0 were therefore fitted with the homogeneous solu-
tion of Eq. �4�. The values and slopes of the free and forced
responses were matched at the point x0. The mixing length in
each case was identified as the length along the tube after
which the step response settles to within 3% of the steady
state value. Then, the mixing zone could also be quantified as
it lies between the jet intact core penetration length and the
mixing length.

II.B. Experiment II

II.B.1. Setup

Experiments were carried out with the approval of our
institution’s Animal Care and Use Committee. Three adult
male white New Zealand rabbits �3–4 kg� were sedated with
xylazine and ketamine and maintained under 1%–2% isoflu-
rane. The left common carotid artery �LCCA� was exposed
and an electromagnetic flow probe was placed around the
artery at approximately 5–6 cm distal to the artery origin. A
4F saline-filled catheter with five side holes was advanced
into the innominate artery via the right femoral artery and
connected to a pressure transducer for recording arterial pres-
sure. The left femoral artery was accessed and the catheter
used for contrast injection was positioned in the LCCA �Fig.
4�. A diagnostic angiogram was performed to ensure that
there were no arterial branches emanating from the region of
interest section of the LCCA between the catheter tip and the
flow probe. If present, such branches were ligated. A volume
mixture of 50% Omnipaque® and 50% saline was injected at
nominal rates ranging from 0.1 to 1 cc/s for 2 s using the
custom-made injection pump mentioned previously. Each in-
jection was spaced by a period of approximately 10 min. The
density and viscosity of this injectate were about 1.2 g/cc and
2.2 cP at 23 °C, respectively. High-speed �30 frames/s� an-
giographic images were recorded during contrast injection.
Image acquisition was not gated to the cardiac cycle of the
animal. Five to six injections were made using the same
catheter in each animal, but three different catheters were
used in the three animals. Catheters were chosen to simulate
injections through small, intermediate, and large catheter di-
ameters relative to the artery diameter. Table II lists the cath-
eters and nominal injection flow rates used in the experiment
along with the hemodynamics parameters before injection

and the Craya-Curtet numbers. Table II also lists whether any
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retrograde flow of contrast �reflux� was visualized during
each injection; Fig. 4 shows an example of such reflux. Ac-
tual injection rates were measured by a flow transducer con-
nected to the proximal end of the injection catheter. Record-
ings of injection flow rate, arterial pressure, and arterial flow
rate were simultaneously collected for 1–1.5 min around the
injection period on a PC using LABVIEW software. The car-
diac cycles in the arterial pressure and flow rate recordings

Fluid-filled
pressure
catheter

Contrast
injection
catheter

Flow
Probe

Contrast
injected in
LCCA

FIG. 4. Subtracted angiograms showing contrast injection in the LCCA for
span the duration of about one cardiac cycle. The leftmost image shows press
Contrast reflux can be observed in the rightmost image; also shown is the j

TABLE II. Parameters governing angiographic contras
ment II. Reynolds and Womersley numbers for blood
Reynolds numbers for the contrast injections ranged
ODc: Outer diameter of catheter. Da: Lumen diamete
Nominal injection rate. �v: Velocity mismatch betw
number. Reflux: Whether contrast reflux was visualiz

Rabbit No. Catheter and artery diameter

1 IDc=1 mm, ODc=1.33 mm, Da=2

2 IDc=0.53 mm, ODc=0.87 mm, Da=

3 IDc=0.43 mm, ODc=0.63 mm, Da=
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were identified using a method described previously17 to cal-
culate the traces of mean pressures and flow rates. Figure 5
shows the flow and pressure recordings from one case as an
example. The postinjection increase in flow is a vasodilatory
response that was in all cases similar in magnitude and time
period to previous studies that have studied this phenomenon
in detail.9–11,15

Contrast
reflux

x0 = 4.1D

ase of rabbit 1. The four images were acquired at the start of injection and
theter in innominate artery and electromagnetic flow probe on distal LCCA.

act core penetration distance �x0� for this injection.

ctions and visualization of contrast reflux for experi-
over all cases were 84	20 and 3	0.1, respectively.
about 70 to 1300. �IDc: Inner diameter of catheter.

rtery. Qb: Mean blood flow rate before injection. Qc:
contrast jet and coflowing blood. Ct: Craya-Curtet
ring injection.�

Qb

�cc/s�
Qc

�cc/s�
�v

�cm/s� Ct Reflux

m 0.39 0.10 0.43 1.97 No
0.44 0.25 17.71 0.91 No
0.44 0.50 49.64 0.45 Yes
0.33 0.75 85.06 0.22 Yes
0.29 1.00 118.20 0.15 Yes

mm 0.57 0.10 31.69 1.27 No
0.50 0.20 78.06 0.56 Yes
0.44 0.40 168.90 0.25 Yes
0.45 0.60 258.10 0.17 Yes
0.40 0.80 348.69 0.11 Yes
0.41 1.00 438.01 0.09 Yes

mm 0.50 0.10 57.53 0.84 Yes
0.41 0.20 127.77 0.35 Yes
0.35 0.40 265.58 0.15 Yes
0.33 0.60 402.59 0.09 Yes
0.35 0.75 504.59 0.08 Yes
one c
ure ca
t inje
flow
from

r of a
een
ed du

s

.24 m

2.35

2.42
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II.B.2. Image processing and analysis

The angiographic sequences were logarithmically sub-
tracted to remove background information. A maximum in-
tensity projection image was constructed from the angio-
graphic sequence acquired during the highest rate of contrast
injection �maximal artery opacification� in each animal. The
centerline and boundaries of the LCCA were then detected
based on this image and used for analysis of all injection
rates in that animal. Image analysis for each case was per-
formed on a set of images �eight to ten images� correspond-
ing to one cardiac cycle. The set of images was chosen after
1 s from start of contrast visualization in the artery. In each
image, the extent of contrast mixing at any location along the
artery length was quantified by the average cross-sectional
grayscale intensity �ACGI� across the artery diameter in a
direction perpendicular to the centerline at that location.
ACGI values were calculated at four separate locations along
the artery: Immediately distal to the catheter tip, at the jet
intact core penetration length, and at 10 and 20 artery diam-
eters �D� distal to the catheter tip. If the flow probe was less
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FIG. 5. Recorded flow and pressure traces for one case from experiment II,
rabbit 2; nominal contrast injection rate of 0.6 cc/s. Panel �A� shows the
cardiac average flow �solid line� and cardiac average pressure �dashed line�
over a 80 s acquisition period; arrows indicate start and stop of contrast
injection. A vasodilatory response followed most injections. Vertical dashed
lines indicate the time window showing in panel �B�. Panel �B� shows the
pulsatile flow �solid line� and pulsatile pressure �dashed line� recorded dur-
ing contrast injection �dotted line�.
than 20D from the catheter tip, the ACGI was calculated at
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the point just proximal to the probe. The jet intact core pen-
etration length �x0� for each injection was identified as the
arterial distance from the catheter tip where the ACGI
reaches its minimum �corresponding to maximum contrast
concentration�. The variation in ACGI with arterial length for
20 arterial diameters and with time for one cardiac period
was thus calculated for each injection in each animal. To
allow for intra-animal comparisons, ACGI values were nor-
malized �NACGI� to the maximum ACGI over all injections
in the animal. The extent of mixing at different arterial loca-
tions was calculated by comparing corresponding mean
NACGI values with Student’s t test.

II.C. Experiment III

II.C.1. Setup

A small quantity �0.25 ml� of a 50/50 mixture by volume
of Omnipaque® and saline was injected into each of three
vials filled with 5 ml of normal saline, canine blood, or
glycerol/distilled-water mixture.18 All fluids were at room
temperature. The densities of the contrast medium and glyc-
erol water mixture were about 1.2 and 1.1 g/cc, respectively;
densities of saline and blood can be assumed to be 1 and 1.06
g/cc, respectively. The inner diameter of each vial was 10.49
mm and each vial was 70.30 mm long. The contrast added to
each vial was mixed with the fluid in the vial by agitation.
The vials were then placed vertically on the imaging table
and angiographic images were obtained every 5 min for 1 h.

II.C.2. Image processing and analysis

Temporal changes in the spatial distribution of contrast
within each carrying fluid were calculated from the angio-
graphic images. Horizontal layers in the vial were defined by
rows one pixel thick ��0.14 mm�. The average grayscale
intensity of each horizontal layer was obtained to yield the
average grayscale distribution along the vertical axis of the
vial. This average intensity of contrast along the length of
each vial was obtained for every time point to record any
changes in the distribution of contrast that may occur over
time if the contrast settled out of the fluid due to gravity.

III. RESULTS

III.A. Experiment I

Images of the flow tubes at 0.633 s from start of injection
along with the corresponding reference tubes for each of the
three experiments are shown in Fig. 6 after digital subtrac-
tion of the background. Figure 7 shows the fit of the step
response functions to the data obtained at 0.633 s from start
of injection for each of the three experimental cases. The
inset in Fig. 7 shows the fit of the sigmoid function to the
data for the case Exp I #2 along with the obtained jet intact
core penetration length �x0�. The goodness of fit of the model
for the three images �0.6–0.67 s from start of injection� from
case Exp I #3 is shown in Fig. 8. The coefficients of deter-
mination for the other two cases �Exp I #1 and Exp I #2�

were both 0.99. The mean and standard deviation over the
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three images of the optimized model parameters, jet intact
core penetration lengths, and the mixing lengths for each
case are given in Table III.

The profiles of contrast intensity at various locations
along the length of the flow tube show that beyond the mix-
ing zone the profiles become similar signifying that the mix-
ing process is complete �Fig. 9�. The average and standard
deviation of all such profiles downstream of the correspond-
ing mixing lengths are shown in Fig. 10 for one image �0.63
s from start of injection� for each of the three experiments.

FIG. 6. Images of the flow tube �bottom� and the reference tube �top� for the
three experimental cases at 0.633 s after start of injection after background
subtraction: �A� Exp I #1; �B� Exp I #2; �C� Exp I #3; flow is from left to
right. The distal tip of the catheter in the flow tube is at the pixel on the
immediate left of each figure.
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The small amplitude of the standard deviation demonstrates
that the variability in the intensity profiles evaluated at each
successive pixel along the tube axis is small.

III.B. Experiment II

The mean injection time period was 2.21	0.3 s over all
the animals. The nominal 20D location from the catheter tip
was actually at 17D, 18D, or 20D for the three rabbits. Fig-
ure 11 shows the cardiac mean NACGI values obtained for
the five injections in rabbit 1. Similar results were obtained
for the other cases.19 In rabbit 1, minimum NACGI values
were significantly lower than the corresponding values at
10D for all the injections. At the two highest injection rates
�0.75 and 1 cc/s�, the grayscale value was significantly
higher �p
0.05� at 20D as compared to the value at 10D
indicating that the contrast was still undergoing mixing
within this length for these two injections. On the other hand,
NACGI values at the three lower injection rates were not
significantly �p�0.05� different between the 10D and 20D
locations indicating that the contrast had completely mixed
with the blood at or before ten arterial diameters from the
catheter tip. Table IV shows the jet intact core penetration
lengths �x0, point of minimum NACGI� and the mixing status
at 10D for all the cases. As for the case mentioned above,
contrast was considered to be mixed at 10D if the NACGI at
10D was significantly higher than the NACGI at x0 but not
significantly different than the NACGI at 20D. NACGI val-
ues were significantly higher �p
0.05� at the nominal 20D
location as compared to the value at x0 for all injections in all
animals indicating that the contrast underwent significant di-
lution between the injection site and 20 arterial diameters in
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all cases.
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III.C. Experiment III

No contrast settling could be observed visually from the
angiographic images obtained at the start �t=0� and the end
�t=60 min� of the experiment. This was also quantitatively
verified, as the profiles of the average grayscale intensity
along the vertical axis of the tubes between the start and end
time points of the experiment were virtually identical. The
difference in average vertical grayscale intensity �or contrast
concentration� distribution in the tubes 1 h after the onset of
the experiment was found to deviate by less than 4% from
the corresponding profiles at the beginning of the experi-
ment, as shown in Fig. 12. This small difference in contrast
distribution shows that the contrast remains homogeneously
distributed in the solvent fluids for at least 1 h and does not
settle under gravity.

IV. DISCUSSION

During arterial angiography, clinicians conventionally in-
ject contrast at a fast rate with the aim of rapidly building up
contrast concentration in the fast flowing blood so that the
artery can be adequately opacified for visualization. During
such injections, the flow mechanics near the catheter tip are a
complex interplay of several factors. Injecting contrast ante-
gradely into the flowing blood at such high rates results in a
low Craya-Curtet number such that the flow field immedi-
ately downstream of the catheter tip usually contains a recir-
culation zone around the jet of contrast. The contrast jet may
establish an ejector effect, whereby the jet entrains the cof-
lowing blood resulting in an increased blood flow rate as
compared to the preinjection value. The pulsatility of blood
flow changes from systole to diastole adding to the complex-
ity of the mixing during the injection.
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TABLE III. Optimized model parameters and mixing lengths for Experiment
of injection�. �x0: jet intact core penetration length. SD: Standard deviation.

Glycerol:contrast flow rate
�cc/s� Ct K C

Exp I #1 7.0:8.0 0.38 0.19	0.04 −0.21	0
Exp I #2 6.6:7.6 0.37 0.37	0.01 −0.44	0
Exp I #3 6.6:6.9 0.44 0.30	0.03 −0.26	0
length distance. D and R are the tube diameter and radius, respectively.
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The nature of the flow in the mixing zone primarily de-
pends on the mass flux ratio of the jet to the coflow, the
velocity difference between the two streams, and the Rey-
nolds numbers of the streams. In general, the nature of this
flow zone depends on the Craya-Curtet number and below a
critical value of this parameter the entrainment demands of
the contrast jet cannot be met and recirculation will appear in
the mixing zone. The ejector effect has been thoroughly in-
vestigated over the past decades during the development of
jet pumps. Related to our study, more than half a century ago
it was noted20 that because the “best length” of constant
cross-sectional area mixing tubes for both air-to-air and
water-to-water jet pumps works out to be approximately six
to eight tube diameters, the same values may hold true for
other fluid combinations. This observation lends support to
our results on mixing lengths being less than or equal to ten
arterial diameters under normal cerebral arterial injections.
The relationship between the flow and geometrical param-
eters in the region of interest and the Craya-Curtet number is
discussed in further detail in the Appendix. It may be noted
that contrast streaklines that are at times visualized on angio-
grams would represent relatively high Craya-Curtet numbers
and poor mixing conditions at the injection site. If the Rey-
nolds numbers are low enough the jet will be carried down-
stream as a laminar jet and will spread to occupy the entire
tube cross section through the formation of vortices that start
as growing instabilities in the jet waist �seen as undulations,
Fig. 1 in Ref. 3� before growing in to a large vortex that is
suddenly shed to occupy the entire cross section. On the
other hand, if the Reynolds numbers are high enough such
that turbulent fluctuations can be sustained in the tube, the
spreading of the jet will occur much closer to the catheter tip
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and the spreading process will appear to be less abrupt
through the formation of a cone-shaped spread �Fig. 2 in Ref.
3�. Our in vitro results provide evidence of this physical phe-
nomenon. The case with the highest Reynolds numbers of
contrast injection and blood flow �Exp I #1� is closer to a
turbulent spread of the jet and the region of instability �mix-
ing zone� occurs closest to the catheter tip in this case. An-
giograms from the case with the lowest Reynolds numbers
�Exp I #3� on the other hand show vortex formation �Fig. 6�
within the mixing zone and the mixing length is the longest
in this case.

The local hemodynamics is distinctively but temporarily
altered during jet injections of angiographic contrast. The
pressure rise in the flow tube during injection was 55%–60%
of the preinjection level in all of our in vitro cases. A simple
linear relation between the pressure gradient and the flow
rate suggests that the pressure �distal section of flow tube
open to reservoir� should vary in a one-to-one proportion
with the flow rate. However, the increase in pressure during
the injection was lower than expected for the corresponding
increase in flow rate �Fig. 3� if no change in hydraulic resis-
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tance is assumed. This rise in static pressure signifies that
part of the expected rise in pressure is concealed in energy
imparted to expansion of the discharge tubes �by about
5%–6% of the diameter� and in the kinetic energy imparted
to the flow, which is responsible for carrying the mixing
fluids downstream with a higher flow rate than the combined
blood analog fluid and contrast flow rates. The percentage
increase in flow and pressure during the in vivo injections
was generally proportional to the injection rate or, more ap-
propriately, to the contrast ejection velocity. This proportion-
ality has been observed previously.13,14 As an alternative to
the ejector effect explanation, such increase in flow has been
attributed to a pressure rise due to a transient increase in
resistance at the catheter tip because of turbulence.13 How-
ever, the ejection velocities in that study13 seem very high
�minimum velocity mismatch between injectate and coflow
of about 1 m/s�. We recorded marked increases in mean flow
�70%� even with marginal increases in mean pressure �5%�
in vivo. This suggests that the phenomenon of jet entrainment
may be predominant during injections relevant to the cere-
bral circulation. In our in vitro experiments, the working
fluid flow rate was increased to a maximum of 1.8–2.5 times
the preinjection value �Fig. 3�. The volume of working fluid
flowing during the entire injection period �1 s� was 20%–
30% more than the volume flowing in 1 s before the injection
began. This also shows that during the injection, entrainment
of the flow around the catheter due to the ejector effect en-
hances the flow even though there was a reduction in flow
rate in the initial stages. Consequently, the grayscale inten-
sity of the injected contrast in the flow tube is much lower
�about 50%–60%, Figs. 7 and 9� than that of the contrast
alone in the reference tube.

It may be noted that the blood entrained into the mixing
zone or flow of blood around the catheter tip is not visible on
angiograms. It is only the contrast that is entrapped in the
recirculation zone in the vicinity of the catheter tip that is
visible. Just based on visual inspection, therefore, injections
of contrast may be interpreted as stopping the blood flow and
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only. It has also been suggested previously that visualization
of retrograde movement of contrast from the catheter tip,
called contrast reflux,21 indicates that blood has been re-
placed or substituted entirely by contrast medium. Appear-
ance of such reflux has been used to measure the mean blood
flow rate in the artery �spillover flow metering�.22 All the
flow recordings in our in vivo experiments �Fig. 5� show that
pulsatility is maintained during injections of contrast at a
steady rate. The same phenomenon has been observed in
other studies12–14 even over 15 s injection periods. This ob-
servation precludes the formation and downstream travel of a
slug of contrast. Also, contrast reflux could be observed in
our cases even when injection rates were lower than the
mean blood flow rates �Table II�. A more accurate threshold
for appearance of reflux seems to be indicated by the Craya-
Curtet number for the injection instead of flow rates. From
Table IV �second row in italic�, reflux occurred below a Ct

value of 0.84. This result is interesting because it points to
the previously known critical value of �0.7– �1.0 for the
Craya-Curtet number below which regions of recirculation
form in the mixing zone. Table IV �first and second rows in
italic� also suggests that visualization of reflux does not pre-
clude mixing because the injected contrast mixed with blood
within ten arterial diameters from the catheter tip even in
cases where reflux was observed. Therefore, our results sug-
gest that forward flow of blood is always maintained during
cerebral arterial injections. Stoppage of blood flow and flow
of pure contrast from the catheter tip could occur but only
under extreme injection conditions such as the placement of
a catheter in the so-called wedge position �i.e., the outer
diameter of the distal tip of the catheter is larger than the
inner diameter of the artery at that location�.

It should be mentioned that in our experiments the extent
of reflux was larger for higher injection rates where mixing
did not occur within 10D, so even though reflux does not
preclude mixing, it may increase the mixing length. Table III
�experiment I� and Table IV �third row in italic, experiment
II� show that in our study mixing was complete within 10D
as long as the Craya-Curtet number was above 0.35. Craya-
Curtet numbers of cerebral arterial injections performed in
the clinical arena are around 0.35–0.45 �see the Appendix�.
Based on our results, therefore, the injection conditions com-
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monly used in cerebral arterial angiography can be consid-
ered to be mixing favorable and it is plausible to state that
complete mixing occurs within 10D from the catheter tip in
angiographic contrast injections in the cerebral circulation.
Ten arterial diameters in the cerebral circulation corresponds
to about 3 cm so our results suggest that the catheter tip
should be placed at least this distance proximal to the region
of interest where hemodynamics is to be studied using con-
trast flow dynamics.

Our experiments were conducted in relatively straight lu-
mens; the tortuosity of the cerebrovasculature may enhance
mixing in which case the mixing length would be less than
10D. Also, it was difficult to center the catheter tip within the
arterial lumen during some of the in vivo injections in rabbit
2. In these cases where the catheter tip seemed off center, the
mixing lengths do not show any deviation from the overall

TABLE IV. Location of maximum contrast concentration and status of
contrast-blood mixture at ten arterial diameters from the catheter tip for
experiment II. �Ct: Craya-Curtet number. Reflux: Whether contrast reflux
was visualized during injection. x0: Jet intact core penetration length given
as the point along the arterial length with maximum contrast concentration.
Italicized rows indicate three inferences that can be drawn from these re-
sults; see text.�

Rabbit No. Ct Reflux
x0

��D� Mixed at 10D

1 1.97 No 0.8 Yes
0.91 No 4.1 Yes
0.45 Yes 5.0 Yes
0.22 Yes 4.1 No
0.15 Yes 4.4 No

2 1.27 No 0.7 Yes
0.56 Yes 2.2 Yes
0.25 Yes 5.6 No
0.17 Yes 4.0 No
0.11 Yes 4.5 No
0.09 Yes 3.6 No

3 0.84 Yes 1.9 Yes
0.35 Yes 5.6 No
0.15 Yes 6.6 No
0.09 Yes 6.6 No
0.08 Yes 7.3 No
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trend of the experiments. Although the postinjection va-
sodilatory response may be amplified due to higher shear
stresses at the injection site, an eccentric catheter lumen does
not seem to affect the mixing process and the mixing length
estimates. Consistent with common clinical practice, we in-
jected a 50/50 volume mixture of angiographic contrast and
saline at room temperature in all three of our experiments.
Different contrast dilution ratios or temperatures may affect
the mixing process. However, any changes in contrast den-
sity due to dilution or temperature should be represented
within the range of Craya-Curtet numbers investigated here.
Heating the contrast to body temperature would result in a
reduction of its viscosity, thereby enhancing the mixing pro-
cess due to an increase in the jet Reynolds number.

The average grayscale intensity at each cross section
along the flow tube �experiment I� exhibits the characteristics
of a second-order underdamped system in response to a unit
step input. The unit step input can be considered to occur
where the spreading of the jet core starts. The solution can-
not be obtained analytically by considering a length-shifted
step input because it is difficult to specify the boundary con-
ditions for the data. The precise location of the unit step also
cannot be pinpointed directly from the data, and thus a dif-
ferent objective criterion is required. We applied a sigmoid
function fit to the data and while this function does not yield
the optimal fit, it permits us to determine the location of the
initial significant spread of the jet through a simple function.
This point establishes the location of the unit step and the
beginning of the step response �beginning of the mixing
zone�. As there is no forcing input before this location, the
system response corresponds to the homogeneous solution of
the second-order equation �free response�. The value of the
step response function and its first derivative at the beginning
of the mixing zone need to be matched to the homogeneous
response of the system that is located between the catheter
tip and the beginning of the mixing zone. To understand the
rationale for this model, one has to view the function from
downstream to upstream. In this view the system appears to
have reacted to a step function further upstream and we have
to therefore march upstream toward the catheter and at the
point where the step occurred; we apply an inverse step.
Since there is a residual response in the system, however, it
will decay according to the system properties and the transi-
tion from the unit step to free response is matched at the
interface. Therefore, it is possible to identify in this modeling
process both the jet intact core penetration length and the
mixing zone which when combined yield the total mixing
length for the injection. A theoretical approximation on dis-
charge of free jets into stationary unbounded fluids23 sug-
gests that the jet energy begins to decay after seven exit-hole
diameters. For catheter inner diameters about 30%–40% of
the arterial diameter, this value corresponds to two or three
arterial diameters which are similar to our values for the jet
intact core penetration distance. It can be noted from Figs. 7
and 8 that the model fit captures the trend of the data very

well.
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Several studies24–32 have suggested that when angiogra-
phy is used to derive flow information at a region of interest,
such as a cerebral aneurysm, the dynamics of visualized con-
trast may not represent the dynamics of blood. The higher
specific density contrast is said to be constrained by gravity
to follow a different trajectory than blood. However, the con-
trast injection parameters in all these studies seem to be
markedly different from the injection conditions commonly
used in cerebral arterial angiography. The injection condi-
tions used in these studies include stopping the flow of work-
ing fluid during contrast injection24,25 �thereby creating a
slug of pure contrast that mixes slowly by diffusion�, the use
of catheters with side holes26 �thereby reducing the jet flow
rate emanating from the end hole resulting in reduced mixing
at the injection site�, injections perpendicular to27 or ante-
grade to28 coflow of low Reynolds numbers �Re�70–110 as
calculated from provided data, which would mitigate mix-
ing�, temporary imposition of steady coflow rates during in-
jections in simulations of pulsatile flow29 �contrary to clinical
conditions where ejector effect may amplify rather than di-
minish flow during the injection�, or injections with high
Craya-Curtet numbers30 �Ct�3.3 as calculated from pro-
vided data and basic flow rate assumptions, which are much
higher than the critical limit leading to poor mixing�. Such
gravity effects have also been mentioned in other
publications.31,32 Although we have not specifically investi-
gated the effect of gravity as in these studies, our results
suggest that proper injection conditions that facilitate mixing
�correct range of Ct number, catheter tip 10D away� may be
necessary prior to studying gravity effects at a region of in-
terest.

It should be noted that transport of pure or poorly mixed
contrast may occur for several arterial diameters after the tip
of the catheter if the injection conditions are not favorable
for mixing. For example, under conditions analogous to the
theory proposed by Taylor,33,34 a contrast slug unitarily con-
vected downstream would mix with the working fluid prima-
rily by very slow molecular diffusion at the leading and trail-
ing edge of the convected slug. If the conditions are suitable
for mixing, however, a homogeneous mixture of contrast and
blood should reach the region of interest and probably miti-
gate such gravity artifacts. Even the results of one of the
aforementioned studies28 showed that if pulsatile flow condi-
tions were used in asymmetric aneurysm phantoms, contrast
accumulation in lower portions of the aneurysm were mark-
edly reduced or even absent. Also to be noted is that the
awareness that the specific gravity of angiographic contrast is
higher than that of blood may have led to many such visually
observed perfusion abnormalities being attributed to a den-
sity mismatch, overlooking the fact that the viscosity mis-
match between the contrast and the blood may also play an
important role in the local hemodynamics.

Typical pure contrast agents for arterial injections are
about 30% more dense than blood. A common practice in
arterial angiography is to dilute the contrast with physiologi-
cal saline at a volume ratio of 1:1 �or 2:1� to reduce contrast
burden on the patient and therefore the density mismatch

between the injected contrast and blood is reduced to less
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than 20%. In addition, our results show that the injected
contrast mixes rapidly with blood and therefore the density
mismatch between the blood and the contrast/blood mixture
is further reduced to less than 10%. Blood rich in contrast
that penetrates hydraulic dead spots such as aneurysms due
to altered hemodynamics during the injection process itself is
more likely to remain there after the injection because of
regions of flow stagnation in the aneurysm as a result of the
hemodynamics returning to the preinjection basal level. Ob-
served phenomena referred to as “contrast settling” or “con-
trast pooling” may legitimately arise under some specific
conditions that severely mitigate the mixing of angiographic
contrast with blood. It should be noted, however, that if only
the effect of gravity is considered, an increase in density
mismatch between two fluids will possibly cause a more
rapid fall of the heavier fluid, resulting in increased agitation
and enhanced gravity-driven mixing.18

V. CONCLUSIONS

The first experiment shows that the concentration of the
contrast/working fluid mixture plateaus to about half of that
of contrast only within a few tube diameters of the catheter
end hole and remains at that level during contrast injection.
The second experiment shows that during appropriate in vivo
injections forward blood flow is maintained and results in a
homogeneous contrast/blood mixture within a few arterial
diameters of the catheter end hole. The third experiment
shows that contrast premixed with a working fluid does not
settle out in the gravity direction for at least 1 h. Given our
overall results and the discussion above, a reasonable infer-
ence for evaluating injections of angiographic contrast in the
�cerebrovascular� clinical arena can be stated: If the catheter
tip is placed at least ten artery diameters proximal to the
region of interest and contrast is injected such that the Craya-
Curtet number is within a range around 0.4–0.9, the dynam-
ics of angiographic contrast as visualized in the region of
interest matches the dynamics of blood in that region. This
range of the Craya-Curtet number is bounded by excessive
contrast reflux on the lower end �too high contrast jet mo-
mentum� and poor mixing at the injection site on the higher
end �too low contrast jet momentum�. The local hemody-
namics is distinctively altered for the period of such injec-
tions and functional information derived from angiographic
images acquired during this time may not represent basal
conditions. Mixing possibly also depends on the Reynolds
numbers of blood flow and contrast injection and on the
Womersley number of blood flow.
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APPENDIX: THE CRAYA-CURTET NUMBER

A schematic of the mixing zone under the studied condi-
tions is shown in Fig. 1 of the manuscript. The volumetric
flow rate of contrast through the catheter, Qc, is of the same

order of magnitude as the flow rate of blood, Qb, in the artery
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in which the catheter is placed. However, due to the much
smaller cross-sectional area through which the contrast ema-
nates, the flow velocity of the contrast, Vc, will be much
higher than that of blood, Vb. The result is a high velocity
central jet in the artery that spreads to occupy the entire cross
section and in the process it entrains blood and temporarily
increases the flow rate of blood via the ejector effect. The
flow dynamics of such confined jets has been investigated in
the fluid mechanics literature and the similarity parameters
that characterize the behavior of such jets have been deter-
mined to be the Reynolds number and the Craya-Curtet num-
ber Ct. Laminar Craya-Curtet flows are formed when a jet
discharges into a coaxial pipe flow. The Craya-Curtet number
was initially expressed as the inverse square root of the non-
dimensionalized total momentum.5 It was noted that below a
critical value of Ct, the entrainment demands of the jet can-
not be met by the coflow and the excess demand is satisfied
at the expense of jet flow reversal to conserve total mass
flux.5,7 Then, below this critical Ct value �generally within a
range of about 0.7–0.98�5,6 a recirculation region forms distal
to the jet exit location.

A simplified expression for the Craya-Curtet number has
previously been developed for the study of jet pumps under
uniform velocity profiles of the jet and coaxial flow4 as

Ct =
 ṁbVb

ṁc�Vc − Vb�

or

Ct =
Jb

Jc
�

1


1 −
Vb

Vc

.

The subscripts b and c stand for blood and contrast and V, ṁ,
and J represent velocity, mass flux, and momentum flux, re-
spectively. As we wanted to study mixing lengths for a range
of Craya-Curtet numbers, we used an approximation to this
formulation that would not give imaginary numbers in cases
where Vb /Vc�1. This problem does not arise in jet pumps
because in those cases jet velocities �Vc� are always greater
than coflow velocities �Vb�. However, in cerebral arterial an-
giographic injections, Vc can be much less than Vb, so we
used the following formulation of the Craya-Curtet number
as the square root of the ratio of the average momentum
fluxes:

Ct = � J̄b

J̄c

�1/2

.

If �b and �c are the densities of blood and contrast, respec-
tively, Qb and Qc are the volumetric flows of blood and con-
trast, respectively, and IDc and ODc are the inner and outer
diameters of the distal tip of the catheter and Da is the artery

diameter around the tip of the catheter, then
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Ct = � J̄b

J̄c

�1/2

= ��bQbVb

�cQcVc
�1/2

= ��bQb
2Ac

�cQc
2Ab

�1/2

= ��b

�c

Qb
2

Qc
2�1/2� �IDc

2

��Da
2 − ODc

2�	1/2

or

Ct = ��b

�c
�1/2�Qb

Qc
�� IDc

�Da
2 − ODc

2�1/2	 . �A1�

Therefore, there are three factors at play in determining
the flow characteristics during contrast injection. The density
ratio does not change much for various contrast agents; how-
ever, the perfusion ratio and the geometry can change over a
wide range and therefore the mixing characteristics are de-
pendent on the size of the artery, the choice of the catheter,
and the speed of contrast injection through the catheter. As
mentioned before, although not anticipated for industrial
ejectors, another critical condition of importance for contrast
mixing with arterial blood arises when the velocity of con-
trast injection is the same as �or less than� the velocity of
blood around the catheter. This condition negates the ejector
effect and the contrast would be carried downstream with
reduced mixing.

The following are two examples of variations in the
Craya-Curtet number and the velocity ratio of contrast to
blood during contrast injection into a 6.4 and a 3 mm artery
via the end hole of catheters of variable diameter. In the first
example �Fig. 13� we consider the density ratio of blood to
contrast to be fixed at about 0.9. Next we select an artery of
about 6.4 mm and fix the ratio of luminal to outer diameter
of the distal tip of the catheter to be about 83%. Under these
conditions we investigate the changes in the Craya-Curtet
number and the ratio of the contrast velocity to that of the
blood around the catheter for three different cases of contrast
injection. In one case, the contrast injection rate is equal to
the flow rate in the artery, one in which the contrast injection
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FIG. 13. Parametric study of the factors affecting contrast mixing during
selective angiography �6.4 mm artery, inner diameter of catheter=0.83
� �catheter outer diameter��. Qb and Qc are the flow rates of blood and
contrast injection, respectively; Vb and Vc are the corresponding velocities at
the catheter exit.
rate is 30% higher than the flow of blood and in the last case,
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the flow of the injected contrast is 30% lower than the flow
rate of blood. The condition of equal flow rates is similar to
the conditions in the in vitro experiments reported here. The
analysis suggests that with a 3 mm �9 Fr� catheter, for ex-
ample, the Craya-Curtet number is 0.4326, which is well
below the critical value of �0.7. Thus, the entrainment de-
mands of the contrast jet cannot be satisfied and a recircula-
tion zone will form distal to the tip of the catheter before the
jet spreads to fill the entire cross section of the artery. It is
also worth noting that the under such conditions, the velocity
of contrast issuing from the catheter tip is five times higher
than the velocity of the blood around the catheter despite the
fact that the volumetric flow rates are equal. On the other
hand, if one uses a 5 mm catheter under the same conditions,
the velocity of the contrast leaving the catheter will be lower
than the velocity of the surrounding blood. The Craya-Curtet
number under such conditions is about 1.03, which is higher
than the range of critical values and may promote laminar
flow of the contrast with relatively reduced mixing.

In the second example �Fig. 14� we use again a fixed
value of the blood to contrast density ratio of about 0.9 and a
range of catheters in which the luminal diameter is 72% of
the outer diameter, which simulates microcatheters because
the wall thickness for these catheters reduces the ratio of
luminal to external diameters. The artery diameter selected
for this example is 3 mm and the same contrast injection
scenarios examined before are evaluated. The analysis sug-
gests, for example, that with a 1.33 mm �4 Fr� catheter for an
injection rate equal to the flow rate of blood, the Craya-
Curtet number is about 0.33 and the average velocity of the
contrast is about eight times higher than that of the blood.
However, if one uses a 2.5 mm catheter �about 8 Fr�, then the
issuing velocity of the contrast will be slightly less than that
of the blood with a Craya-Curtet number of 1.04 again pos-
sibly diminishing the mixing between the two streams. These
examples demonstrate that the choice of the catheter vis-à-
vis the diameter of the artery and the speed of injection are
critical in determining the mixing characteristics of the con-
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FIG. 14. Parametric study of the factors affecting contrast mixing during
superselective angiography �3 mm artery, inner diameter of catheter=0.72
� �outer diameter��. Qb and Qc are the flow rates of blood and contrast
injections, respectively; Vb and Vc are the corresponding velocities at the
catheter exit.
trast. These two particular low Ct examples have been se-
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lected based on commonly practiced contrast injections by
neurointerventionalists during selective �first example� or su-
perselective �second example� arterial injections. In clinical
practice, therefore, the velocity of injected contrast is much
higher than that of blood and complete mixing of the contrast
with blood can be expected within a few artery diameters
downstream of the catheter tip.
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