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Abstract Intracoronary optical frequency domain imaging

(OFDI), requires the displacement of blood for clear visu-

alization of the artery wall. Radiographic contrast agents are

highly effective at displacing blood however, may increase

the risk of contrast-induced nephropathy. Flushing media

viscosity, flow rate, and flush duration influence the effi-

ciency of blood displacement necessary for obtaining diag-

nostic quality OFDI images. The aim of this work was to

determine the optimal flushing parameters necessary to re-

liably perform intracoronary OFDI while reducing the vol-

ume of administered radiographic contrast, and assess the

influence of flushing media choice on vessel wall measure-

ments. 144 OFDI pullbacks were acquired together with

synchronized EKG and intracoronary pressure wire record-

ings in three swine. OFDI images were graded on diagnostic

quality and quantitative comparisons of flushing efficiency

and intracoronary cross-sectional area with and without

precise refractive index calibration were performed. Flush-

ing media with higher viscosities resulted in rapid and ef-

ficient blood displacement. Media with lower viscosities

resulted in increased blood-media transition zones, reducing

the pullback length of diagnostic quality images obtained.

Flushing efficiency was found to increase with increases in

flow rate and duration. Calculations of lumen area using

different flushing media were significantly different, varying

up to 23 % (p\ 0.0001). This error was eliminated with

careful refractive index calibration. Flushing media vis-

cosity, flow rate, and flush duration influence the efficiency

of blood displacement necessary for obtaining diagnostic

quality OFDI images. For patients with sensitivity to con-

trast, to reduce the risk of contrast induced nephrotoxicity

we recommend that intracoronary OFDI be conducted with

flushing solutions containing little or no radiographic con-

trast. In addition, our findings show that careful refractive

index compensation should be performed, taking into ac-

count the specific contrast agent used, in order to obtain

accurate intravascular OFDI measurements.

Keywords Optical coherence tomography �

Intracoronary imaging � Optical frequency domain

imaging � Refractive index � Viscosity � Flushing

Introduction

Optical coherence tomography (OCT) is an infrared light-

based imaging modality that can be used to generate cross-

sectional images of the coronary wall in vivo with suffi-

cient resolution and contrast to enable identification of
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many of the features associated with the vulnerable plaque

[1–6]. Such features include the identification of fibrous

plaques [7, 8], lipid-rich plaques [7–9], calcium deposits

[7, 8], macrophages [10, 11], cholesterol crystals [2, 12],

and red and white thrombus [4, 13]. Intracoronary OCT

may additionally be useful for evaluating coronary stent

placement [11, 14, 15], apposition [11, 16–18], and strut

coverage [6, 19–22]. One challenge faced when conducting

intravascular OCT is the high light scattering property of

blood that causes significant attenuation of the OCT

imaging signal, and therefore prevents clear imaging of the

artery wall. To acquire images of the artery wall the blood

must be first cleared from the imaging field of view. The

two techniques routinely used to displace blood from the

OCT imaging window are non-occlusive flushing of the

vessel through the guiding catheter with an optically

transparent media, such as lactated ringers solution or ra-

diographic contrast [11, 23, 24], or by performing a com-

bination of proximal balloon occlusion and vessel flushing

through the OCT imaging catheter [25, 26]. To mitigate

risks, such as myocardial ischemia, that may occur as a

result of the disruption to blood flow in the artery, the du-

ration of these methods are limited to only a few seconds,

which in turn limits the volume of artery that can be safely

imaged with OCT. Second-generation OCT systems, ter-

med Fourier domain OCT (FD-OCT) [27] or optical fre-

quency domain imaging (OFDI) [28], are capable of

imaging at significantly higher image acquisition rates

while preserving the resolution and contrast of the first

generation time-domain OCT systems. OFDI systems are

therefore capable of comprehensively imaging entire

coronary artery segments at a microscopic resolution during

a brief flush (*7 cm coronary segments in\4 s) [23, 29].

While the advent of FD-OCT systems has resulted in a

reduction in the imaging time required, and a correspond-

ing reduction in the administered volume of flushing media

necessary, the optimal flushing parameters and media have

yet to be determined. As radiocontrast agents typically

have a higher viscosity than saline or lactated ringers so-

lution, they typically have superior blood displacement

performance [30, 31] and are therefore often the OCT

flushing media choice, however physicians must be mind-

ful of the increased contrast burden and take preventative

steps to ensure that the maximum allowable contrast dose,

typically around 250–350 mL [32, 33], is not exceeded.

Although the volume of contrast delivered during intra-

coronary OCT is small relative to the volume used in

standard PCI procedures, radiocontrast is not required for

successful OCT imaging and therefore may unnecessarily

add to the contrast burden. The primary objective of this

study is to determine the optimal intracoronary flushing

media, flow rate and duration in order to reliably acquire

high quality OFDI images of long coronary segments while

minimizing the potential risks to the patient. We will ad-

ditionally assess the refractive index of the flushing media

and will determine the effect OCT measurement of vessel

area.

Methods

OFDI imaging system

The OFDI imaging system used in this study has been

described previously [29]. The system utilized dual-bal-

anced polarization diverse detection and acquired axial

depth profiles at a rate of 52 kHz, corresponding to

100 frames per second (frame size: 1536 9 512). The axial

resolution was 7 lm, and the imaging depth was 6.14 mm

in air. A helical scanning 2.4 Fr (0.8 mm diameter) intra-

coronary OFDI catheter was used in this study with a mean

focal length and transverse resolution of 2.1 mm and

47 lm. The inner optical core of the catheter was rotated at

100 revolutions per second with a longitudinal pullback

speed of 20 mm/sec corresponding to a frame-to-frame

spacing of 200 lm. The catheter incorporated a distal

0.014 guide-wire provision and radio-opaque markers both

on the imaging lens and the outer sheath to increase visi-

bility for catheter placement determination on

angiography.

Swine

The Skirball Center for Cardiovascular Research

(Orangeburg, NY) Institutional Animal Care and Use

Committee approved this study. The study was conducted

in three female Yorkshire swine each weighing 52 kg.

Surgical preparation

On days 0 and 15, the swine were pre-anesthetized with an

intramuscular injection of Glucopyrrolate (0.004–0.01 mg/kg),

Telazol (3–5 mg/kg), and Xylazine (1–2 mg/kg), and in-

haled isoflurane (1–3 %). Once an adequate anesthetic

plane was reached, the animals were intubated and me-

chanically ventilated. General anesthesia was maintained

with inhaled isoflurane (1–2 %), and intravenous fluids

(lactated ringers) were administered throughout the pro-

cedure. A vascular access sheath was positioned in the

femoral artery using a standard cut-down procedure and a

bolus of heparin was administered to achieve an Activated

Clotting Time of 250 s. Blood pressure, heart rate, respi-

ration rate and blood oxygenation were routinely mon-

itored and recorded throughout the procedure.
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Day 0: Stent placement

On day 0, 15 days prior to OCT imaging, all three major

epicardial arteries were implanted with bare metal stents

using standard percutaneous coronary interventional tech-

niques and under fluoroscopic guidance. Baseline coronary

angiography was performed to determine appropriate stent

sizing with approximately a 10 % overstretch (B1.1:1

stent-to-artery diameter ratio). Stent lengths were addi-

tionally selected using baseline angiography calculations.

Details of the stents used are provided in Table 1.

Day 15 and 16: Catheterization and OFDI imaging

Catheterization

On day 15, OFDI imaging was conducted in 2 swine

(#23483 and #23484) and was concluded in the 3rd swine

(#23485) on day 16. Using standard percutaneous coronary

interventional techniques a 6 Fr guide catheter was ad-

vanced under fluoroscopic guidance to fully engage the

coronary artery. A 0.014 PressureWire(R) Certus guide

wire (RADI Medical Systems Inc., Reading MA) was po-

sitioned within the target coronary artery and the OFDI

imaging catheter was advanced over the guidewire into the

coronary artery immediately proximal to, but not covering,

the sensor location on the PressureWire.

Throughout the procedure heparin was administered as

needed to ensure appropriate Activated Clotting Times, and

Nitroglycerin was administered as needed to alleviate

vasospasm.

Flushing

To determine the optimal flushing parameters, OFDI

imaging was performed with 8 different flushing media at 2

and 3 ml/sec for a total duration of 3 s using a Medrad

Mark V ProVis automated injection system (Medrad Inc.,

Warrendale, PA, USA) providing a total of 144 OFDI

pullback datasets (3 vessels 9 3 swine 9 2 flushing

rates 9 8 flushing media = 144 OFDI pullbacks). All

media were pre-mixed and warmed to a temperature of

37 �C. The flushing media was manually advanced through

the guide catheter prior to imaging to ensure that there was

no mixing of flushing solutions. In a small subset of vessels

additional flushing parameters were testing including in-

fusion rates of 4 ml/sec in the RCA of swine 23485, and

increased flushing durations of 4 s in the LCX of swine

23484 at 3 ml/sec.

Table 2 provides a list of the flushing solutions together

with the respective optical refractive index and the viscosity.

Viscosity values were calculated using a ViscoLab3000 with

T480 Sensor (Cambridge Viscosity Inc., Medford, MA,

USA) at 37 �C. Optical refractive indices were measured

using a hand refractometer (Milton Roy, Reviera Beach, FL,

USA). Figure 1 shows a plot of the relationship between

viscosity and dilution of contrast media in Lactated Ringers

solution. From this figure it can be noted that viscosity does

not appear to scale linearly with dilution.

Flushing and imaging procedure

The OFDI catheter rotation was initiated prior to com-

mencement of flushing. Flushing, OFDI data acquisition,

and time stamping for the continuously recorded pressure

wire and EKG traces were all synchronized. Upon visual-

ization of the clearing of the blood in the coronary artery

by OFDI, the OFDI pullback was initiation at a pullback

speed of 20.0 mm/sec. A minimum recovery time of 2 min

was observed between flushing events. This time was ad-

ditionally extended when indicated as necessary based on

physiologic monitoring of the EKG, blood pressure or in-

tracoronary pressure values.

In addition to EKG and pressure wire readings further

study controls were incorporated including blood analysis

at the completion of imaging in each vessel, angiography

Table 1 Stent implant matrix
Animal number—artery Stent manufacturer Stent size (dia. 9 len. mm)

23483—RCA Medtronic—Driver 3.5 9 15

23483—LAD Medtronic—BeStent 2 3 9 9

23483—LCX Cordis—BX Sonic 3 9 18

23484—RCA Medtronic—Driver 3.5 9 15

23484—LAD Abbott—ML vision 3.5 9 15

23484—LCX Medtronic—Driver 3.5 9 12

23485—RCA Medtronic—Driver 3.5 9 12

23485—LAD Boston Scientific—Express 2 3 9 20

23485—LCX Medtronic—BeStent 2 3 9 9

RCA right coronary artery, LAD left anterior descending coronary artery, LCX left circumflex coronary

artery
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of guide catheter placement, guidewire and OFDI imaging

catheter placement, and during each OFDI imaging

pullback.

Data analysis

Each frame in the acquired OFDI datasets were graded as

either (Fig. 2a) blood obscures visualization of the vessel

wall, (Fig. 2b) vessel lumen is visible, (Fig. 2c) diagnostic

quality images of the artery wall acquired, or (Fig. 2d) no

blood visible in the artery lumen. Unless otherwise noted,

comparisons of flushing efficiency were calculated using

the diagnostic quality images. Paired two-sided student

t-tests were used to calculate statistical significance of

flushing efficiency.

The change in intracoronary pressure was calculated

corresponding to each of the flushing and OFDI imaging

events. The purpose of recording the intracoronary pressure

changes was to ensure that the flushing solution was fully

delivered to the target vessel. A 5 s window prior to the

time stamped event and 15 s post initiation of the flush was

assessed. Statistical assessment of changes in intracoronary

pressures resulting from different flushing media, were

calculated using paired 2-sided Student t tests. To deter-

mine the potential influence of intracoronary pressure on

flushing efficiency or solution viscosity, square Pearson’s

correlation coefficients were calculated.

The refractive indices varied approximately 9 % across

each of the flushing media used in this study (Table 2).

Therefore, when measuring lumen areas, incorrect refrac-

tive index values could potentially result in errors as high

as 19 %. To determine the influence of flushing media

choice on OFDI metrics we calculated and statistically

compared lumen areas in each of the 9 vessels using the

different flushing solutions at a flush rate of 3 ml/sec.

Initial calculations were performed using a refractive index

of n = 1.4, which is the standard default for intracoronary

OCT systems. In order to accurately compare comparable

frames within each dataset, frames were registered using

stent and anatomical landmarks visible in each of the OFDI

sets. If a precise frame match was not possible due to, for

example, insufficient flushing, the frame was discarded.

These measurements were calculated across a mean num-

ber of 165 registered frames for each flushing media. The

results were then corrected using the measured refractive

indices of the flushing media and were again statistically

compared using paired student t tests.

Table 2 Intracoronary OCT

flushing solutions with optical

refractive indices and viscosity

values

Index Flushing solutions Refractive index (n) Viscosity (cP)a

A 100 % Lactated ringers (LR) 1.334 0.825

B 30 % Iodixanol 320 in LR 1.404 1.042

C 30 % Iohexol 350 in LR 1.349 2.198

D 60 % Iohexol 350 in LR 1.355 2.418

E 60 % Iodixanol 320 in LR 1.350 4.229

F 5 % Dextran 40 in Dextrose 1.394 4.375

G 100 % Iodixanol 320 1.458 12.271

H 100 % Iohexol 350 1.443 13.146

Ib 5 % Dextran 40 in LR 1.365 3.556

Jb 5 % Dextran 40 in 0.9 % NaCl 1.370 3.845

All values reported in the table were measured by Cambridge Viscosity Inc (Medford, MA). Supplier

reported viscosity values for Iodixanol (Visipaque 320) and Iohexol (Omnipaque 350) were 11.8 and

10.4 cP respectively
a Viscosity measured at 37 �C
b Solution properties for I, and J are provided for reference only and were not tested in this study

Fig. 1 Viscosity of contrast agents Iohexol 350 and Iodixanol 320

diluted in lactated ringers solution at 37 �C
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Results

Analysis of the pressure wire, EKG, OFDI and angioscopy

results were performed on each of the 144 flushing datasets

plus the added extra flushes of increasing duration and

flush rate. Data from a 3 s, 3 ml/sec flush of Iodixanol 320

from the RCA of swine 23485 is provided in Fig. 3. In

Fig. 3d a slight increase in the intracoronary pressure can

be observed at 2.36 s corresponding to the commencement

of the displacement of blood from the OFDI imaging

window. No appreciable difference in the EKG was noted.

Figure 4 shows the calculated pullback length for each

of the chosen flushing solutions averaged over the 9

coronary vessels. As anticipated, the flushing solutions

with the higher viscosity values more successfully dis-

placed the blood from the vessel allowing for longer

imaging segments. Significantly longer pullback lengths

were achieved with the 3 ml/sec flush rate, and therefore

increased flush volume, when compared to the values ob-

tained for the 2 ml/sec flush rates. There was no significant

difference in the flushing efficiency between Iohexol 350

and Iodixanol 320 at equivalent concentrations (p = 0.33).

The flushing efficiency was highly correlated to the rate of

flow (p\ 0.00001). It should also be noted that 5 %

Dextran 40 in Dextrose performed comparably well to the

higher contrast agent concentrations, although not as well

as the full strength radiocontrast concentrations.

The maximum change in intracoronary pressure values

were not found to correlate to flushing efficiency deter-

mined by diagnostic quality OFDI images (R2
= 0.005), or

to solution viscosity (R2
= 0.003). As expected, there was

a significant increase in intracoronary pressure values with

a corresponding increase in the flushing rate (p\ 0.00002).

Figures 5 and 6 show the result of the extra flush rates

and durations performed. Figure 5 suggests that both

flushing efficiency (Fig. 5a) and intracoronary pressure

(Fig. 5b) increase significantly with increases in flushing

rate. Corresponding p values are provided in Table 3.

Figure 6 shows the effect of flush duration on flushing

efficiency (Fig. 6a) and on intracoronary pressure change

(Fig. 6b). No significant increase in pressure was noted

corresponding to the increase in flush duration (p = 0.24),

however there did appear to be a notable increase in the

flushing efficiency. At the increased flushing duration of

Fig. 2 Example OFDI images of a blood obscuring visualization of the vessel wall, b a visible vessel lumen, c diagnostic quality images, and d a

fully clear vessel with no visible blood
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4 s, all OFDI pullbacks maintained diagnostic quality im-

ages until reaching the maximum pullback length termi-

nating in the guide catheter. None of the OFDI pullbacks

maintained diagnostic quality until the guide catheter at

flush durations of 3 s. The calculated p value for the

flushing efficiency for the increased flushing duration was

Fig. 3 Time correlated a a longitudinal reconstruction of the OFDI

pullback, b pressure wire, and c EKG data obtained from the right

coronary artery of swine 23485 with a 100 % Iodixanol 320 flush at

3 ml/sec for 3 s. The blood clearing was observed at the OFDI

catheter 2.36 s following the flushing initiation (a) and corresponded

to a mean intracoronary pressure elevation (b), with no change in the

EKG (c). Yellow dashed line—time for flush to clear blood from

OFDI field of view, magenta solid line—length of clear OFDI

pullback

Fig. 4 The length of the OFDI pullback obtained averaged over the 9

coronary vessels for each flushing solution at a 2 ml/sec flush for 3 s,

and b a 3 ml/sec flush for 3 s. c The increase in intracoronary systolic

pressure averaged over the 9 coronary vessels for each flushing

solution at 2 and 3 ml/sec flush rates for a duration of 3 s
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p = 0.097, however this was likely negatively influenced

by the flushes terminating in the guide catheter as described

above.

Table 4 highlights the importance of ensuring that the

correct refractive index for the specific flushing solution is

used when generating OCT or OFDI images. Using a de-

fault refractive index of n = 1.4, lumen area measurements

of matched frames measured with each of the flushing

media were found to be significantly different varying up to

23.0 % (p\ 0.0001). When the correct refractive indices

from Table 2 were applied, there was no statistically sig-

nificant difference in matched lumen area measurements.

The maximum difference in lumen area measurements

across different flushing parameters following correction

was 2.9 % (p = 0.346).

Discussion

In this study we have evaluated over 160 OFDI pullbacks

with varying flushing media concentration, duration and

flow rate combinations. Our results demonstrate, as ex-

pected, that increases in the flushing solution viscosity

correspond to more efficient displacement of blood from

the OFDI imaging window. Flushing efficiency was

Fig. 5 The effect of increasing the flushing rate on a clearing efficiency and b intracoronary systolic pressure increase. Data collected for each of

the 8 flushing solutions at 2, 3, and 4 ml/sec for 3 s assessed in the right coronary artery of swine 23484

Fig. 6 The effect of increasing the flushing duration on a clearing

efficiency and intracoronary systolic pressure increase. Data collected

for each of the 8 flushing solutions at 3 ml/sec for 3 and 4 s durations

assessed in the left circumflex of swine 23485. *Diagnostic quality

OFDI images were obtained all the way to the guide catheter

Table 3 Paired Student t test on flushing rate versus clearing effi-

ciency and increase in intracoronary pressure calculated on the RCA

on Swine 23484 for a flushing duration of 3 s

Test comparison Clearing

efficiency (p value)

Intracoronary pressure

change (p value)

2 versus 3 ml/sec 0.056 0.0033

3 versus 4 ml/sec 0.010 0.0084

2 versus 4 ml/sec 0.0041 0.00014

RCA right coronary artery
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calculated as the volumetric length of diagnostic quality

OFDI images obtained. Increases in the rate of flow and the

flushing duration were also correlated to increases in

flushing efficiency.

The flushing radiocontrast agents (Iohexol 350, Iodix-

anol 320) were chosen based on those most commonly

used during PCI at Columbia University Medical Center,

New York. To assess the necessity for using contrast agents

as opposed to routinely used Lactated Ringers solution for

OCT/OFDI imaging we also evaluated dilutions of Iohexol

350 and Iodixanol 320. Dextran 40 in Lactated Ringers is

routinely used as an OCT/OFDI flushing media in leading

Japanese institutions, however due to difficulties in ob-

taining sufficient quantities of Dextran 40 in Lactated

Ringers we did not select it as one of the flushing solutions

evaluated in this study. To assist the comparison of Dextran

40 in Lactated Ringers with the evaluated flushing media,

we provided measured viscosity and refractive index val-

ues for reference.

Ensuring the correct temperature of the flushing solu-

tions is extremely important in determining the solution

viscosity, and therefore the efficiency of blood displace-

ment for OFDI imaging. Viscosity is highly temperature

dependent with lower temperature solutions having a

higher viscosity. In this study all flushing solutions were

warmed to a temperature of 37 �C as recommended by

standard PCI procedures to avoid the risk of severe ar-

rhythmia, including ventricular fibrillation, as a result of

the introduction of un-warmed solutions into the coronary

vessel [34]. It should also be noted that viscosity does not

scale linearly with the dilution (Fig. 1) and therefore if

dilution of the radiocontrast solution is considered in an

attempt to reduce the potential of CIN, careful consid-

eration of the final viscosity of the solution is needed.

Our study has highlighted the need for careful calibra-

tion of the OCT/OFDI images for the precise index of

refraction for the flushing media choice (Table 4). Com-

mercially available systems typically select a refractive

index of approximately 1.4. However, based on the flush-

ing media chosen in this study, length or lumen area

measurements may vary up to 9 and 18 % respectively

from the reported values if the incorrect refractive index

calibration is used. When distance metrics are corrected

using Table 2, there is no statistically significant difference

in the measurements. As a result, we recommend that in-

vestigators use the values in Table 2 instead of the blanket

refractive index of 1.4 to obtain more accurate results for

intravascular OCT measurements such as vessel or stent

areas and diameters.

A limitation of this study includes the evaluation of

flushing efficiency in swine coronary arteries in vivo.

Diseased human coronary arteries are expected to have

significantly increased stiffness compared to the highly

elastic healthy swine coronary arteries. In an attempt to

mitigate the biomechanical influence on the flushing effi-

ciency results and to better mimic the human condition, we

implanted bare metal stents in each of the arteries 15 days

prior to imaging. In practice we know that placement of the

guide catheter is critical to effective blood displacement for

OCT/OFDI imaging to ensure that the entire flush is di-

rected into the target vessel. In this study we therefore

made every attempt to fully engage the target coronary

artery with the guide catheter ensuring minimal loss of

flushing solution into adjacent vessels. During clinical PCI

it may not be practical to fully engage the vessel due to the

potential of the guide catheter to cause damage the vessel.

Increased flushing rates or durations may therefore be

necessary to accommodate this loss.

The results of this study suggest that flushing efficiency,

calculated as length of diagnostic quality OFDI images

obtained, is correlated to the viscosity and the flow rate of

the flushing media. However, we also demonstrate in a

smaller subset of flushing events that, given a sufficient

flow rate, an increase in flushing duration can compensate

for a reduction in fluid viscosity (Fig. 6). This is likely due

to the knowledge that while a lower viscosity solution may

have a longer fluid transition zone, once successful dis-

placement of blood has been achieved it can be maintained.

Therefore, in patients with a sensitivity to contrast agents,

to decrease the contrast burden while simultaneously ob-

taining high diagnostic quality images we recommend that

intracoronary OFDI be conducted with a longer flush du-

ration (*4 s) at a moderate flow rate (*3 ml/sec) with a

flushing solution containing little no or little radiocontrast

Table 4 Paired Student t test and mean difference in lumen area provided for each flushing media against values from Lactated Ringers Solution

before and after refractive index correction

B C D E F G H

Default

refractive

index

A 0.010*, ?5.1 % 0.002*, ?6.3 % \0.0001*, ?10.2 % \0.0001*, ?10.4 % 0.033*, ?4.2 % \0.0001*, ?19.6 % \0.0001*, ?23.0 %

Corrected

refractive

index

0.829, ?0.4 % 0.703, ?0.7 % 0.567, ?0.9 % 0.577, ?1.2 % 0.602, ?1.0 % 0.239, ?2.2 % 0.346, ?2.9 %

* p values\0.05
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agent. In addition, our results show that the images ac-

quired should be carefully calibrated with the correct

flushing media’s index of refraction.
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