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Abstract Optical coherence tomography (OCT)

imaging is showing great potential as an alternative or

complementary tool to intravascular ultrasound (IVUS)

for aiding in stent procedures and future diagnosis/

treatment of atherosclerosis. Here, we describe the basic

theory behind OCT imaging and explain important

parameters such as axial resolution, lateral resolution

and sensitivity. Also, we describe several image acqui-

sition techniques that have been adopted for OCT

imaging.
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Introduction

Optical coherence tomography (OCT) is an emerging

medical imaging modality capable of in situ imaging

of tissue microstructure with micrometer resolution

[1–5]. Analogous to ultrasound, OCT noninvasively

measures backscattered light returning from a sample

in real time. OCT fills a niche in imaging by helping

to bridge the gap between cellular imaging modali-

ties, which have less depth penetration compared to

OCT (1–2 mm), and full-body imaging systems,

which have lower resolution in comparison to OCT

(1–15 lm). Also, OCT has the ability to image

internal structures in the human body by being

implemented with flexible imaging probes such as

catheters and endoscopes [6–10]. In particular, OCT

has shown great potential in intravascular imaging as

an alternative or complementary tool to intravascular

ultrasound (IVUS). The robust characteristics of OCT

are enabling the imaging modality to become

extremely useful in both basic research and clinical

applications.

The earliest intravascular OCT studies were ex

vivo and demonstrated the ability to image through a

coronary catheter [11] and visualize arterial micro-

structure [12]. As the technology developed further

intracoronary OCT imaging was demonstrated in

human patients and showed great promise [13, 14].

As compared to IVUS, OCT has much higher

resolution (10–15 lm vs. 100 lm), whereas IVUS

can image through blood and much deeper into the

tissue (2 mm vs. 1 cm). OCT has great promise for

aiding in stent procedures, because the position of the

stent within the tissue can easily be identified. Also,

OCT can identify atherosclerotic plaques with high

resolution, which may aid in future diagnosis and

treatment of atherosclerosis. This review explains the
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theory and image acquisition techniques behind

intravascular OCT imaging.

OCT theory

Like IVUS, the typical orientation of OCT images is in

cross section. A single depth profile is called an A-scan

(see left panel of Fig. 1). By scanning the light beam

across the sample, a series of A-scans are captured and

together produce a 2-D image called a B-scan (see

middle panel of Fig. 1). OCT is capable of producing

hundreds of B-scans/second for real time monitoring

of even the fastest events [15, 16]. By scanning an area

of the sample, 3-D images of the tissue can be

constructed (see right panel of Fig. 1). OCT imaging

catheters, as used in intravascular imaging,[6, 13] scan

the tissue by rotating the catheter for cross-sectional

images (B-scans). An automated pullback system

allows the catheter to image along the length of the

vessel and traces a helical pattern when combined with

rotation for 3-D images of the lumen of the vessel.

After collecting data from a rotating catheter, a

geometrical transform is applied to the data to convert

the data from rectangular to polar coordinates.

Unlike ultrasound which directly measures the

transit time of sound, OCT measures the interference

pattern of the light to discern the depth of a reflector in

the sample because light travels too fast to directly

detect transit time. An interferometer is employed to

measure interference by splitting a beam of light into

two arms (sample and reference). Light back-reflected

from a mirror in the reference arm and reflectors

within the sample are recombined causing interfer-

ence that can be detected. The interference results in

fringes across the spectrum of light with the frequency

of the fringes scaling with the depth of the reflector

(the higher the frequency the deeper the reflector).

To enable intravascular imaging, the sample arm of

the interferometer becomes a catheter that can be

inserted into the vasculature. A typical catheter

consists of a single-mode optical fiber followed by a

grin lens and a microprism or mirror to direct light

toward the sample [1]. The catheter is housed within a

torsion cable, which is rotated to produce the standard

image as shown in the middle panel of Fig. 1. By

pulling back the catheter while rotating 3-D images of

the lumen can be produced. LightLab produced the

first commercial catheter for intravascular imaging.

The ImageWireTM catheter has a diameter of 0.019’’,

a lateral resolution of 40 lm, and a maximal scan

diameter of 6.8 mm. LightLab’s new DragonflyTM

catheter for their C7-XR FD-OCT system has

increased the pullback speed to 25 mm/s, the rotation

speed to 100 revolutions/s, and increased the scan

diameter to 11 mm. The increased pullback and

rotation speed allow for a 55 mm segment to be

imaged in 2–3 s. The DragonflyTM FD-OCT catheter

is compatible with a conventional 0.014’’ angioplasty

guide wire, designed for rapid-exchange delivery; the

Fig. 1 OCT scanning schemes. The left panel shows a typical

A-scan collected from a sample. The middle panel depicts a

typical B-scan of a coronary vessel where the catheter has been

rotated, thus scanning a cross-section of the vessel. The data is

transformed into polar coordinates to accurately portray the

circular structure of the vessel. The right panel illustrates

volumetric imaging of a coronary vessel. To achieve 3-D

imaging the catheter is pulled back as it is rotating tracing out a

helical pattern
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catheter has a distal diameter of 2.7 Fr and is

compatible with 6 Fr guiding catheters.

Over the last several years there has been a

paradigm shift in the basic approach to building OCT

systems. Fourier domain OCT (FD-OCT) has been

established as the preferred method for OCT imaging

due to its increased sensitivity which can be used for

imaging orders of magnitude faster [17–20]. The

conventional setup or time domain OCT (TD-OCT)

setup employed a scanning mirror in the reference

arm to temporally observe the interference fringes a

single point at a time, which wasted the light

returning from other depths. In FD-OCT, an entire

A-scan is detected simultaneously by observing

fringes on the spectrum of light. Currently two

methods exist to perform FD-OCT imaging as shown

in Fig. 2 (swept-source OCT (SS-OCT) and spectral-

domain OCT (SD-OCT)). In SD-OCT the reference

arm is static, while a spectrometer in the detector arm

disperses light onto a line scan camera. Each pixel on

the camera detects a portion of the spectrum. The

camera limits the imaging speed with typical com-

mercial systems imaging at 20–52 kHz line rates.

SD-OCT is primarily used for ophthalmic imaging.

With SS-OCT [15, 21, 22] sometimes referred to as

optical frequency domain imaging [23] the reference

is again static, but a swept source laser is employed.

A swept source laser sweeps through its bandwidth as

a function of time allowing only a small band of

wavelengths to emit at any instant. A photodetector

collects portions of the spectrum as a function of

time. The sweep speed of the laser limits the imaging

speed with typical commercial systems imaging at

16-50 kHz line rates. Currently, intravascular OCT

employs a SS-OCT setup. FD-OCT has several

disadvantages (autocorrelation artifacts, complex

conjugate artifact and fall-off of the signal with

depth) compared to TD-OCT, but the disadvantages

are negligible in intravascular OCT imaging [1].

Equation 1 shows the math governing OCT imag-

ing [17]. The first and second term signifies the light

returning from the sample and reference arm of the

interferometer,

PðkÞ ¼ SðkÞRr þ SðkÞRs

þ
Z

2SðkÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RrRsðDlÞ

p
cosð2kDlÞdDl ð1Þ

while the third term represents interference between

the two arms of the interferometer. By removing the

DC terms (S(k)Rr, S(k)Rs) from Eq. 1, the OCT image

can be reconstructed from the third term. S(k) is the

spectral density of the source Rr and Rs are the

reference and sample arm reflectivities, and k is

the wavenumber (2p
k , k = wavelength), while Dl is the

mismatch in path length between the sample and

reference arms. Each reflector in the sample is at a set

Dl with the reference arm and creates interference

fringes at a single frequency across the optical

spectrum (sampled evenly in wavenumber (k)). The

greater the mismatch in length (Dl) or depth of the

reflector in the sample arm the higher the frequency

of the interference fringes across the spectrum

according to the cos function in Eq. 1. The top three

panels in Fig. 3 demonstrate increasing frequency of

the spectral interference fringes on the spectrum with

increasing depth of the reflector. The collected data is

a superposition of the frequencies created by reflec-

tors from the many depths within the sample (see

Fig. 2 SDOCT and SSOCT configurations. In both setups the

reference arm is static. With SDOCT a spectrometer disperses

light across a line scan camera. Modulations in the spectrum

can be seen across the pixels of the camera. In SSOCT a swept

source laser is employed and a photodetector captures

modulations on the spectrum over time
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bottom panel of Fig. 3). By Fourier transforming the

data the location and amplitude of the reflectors in the

sample are identified.

In OCT imaging the axial (along A-scan) and

lateral (along B-scan) resolutions are decoupled from

each other. Axial resolution is inversely proportional

to the bandwidth of the light source. For example, the

broader the bandwidth of the light source the higher

the axial resolution. Axial resolution can be estimated

by Eq. 2, where ko represents the center wavelength

of the light source and Dk is the full width half

maximum (FWHM)

axial resolution ¼ lc ¼ Dz ¼ 2 ln 2

p
k2

o

Dk
ð2Þ

bandwidth of the source. FWHM bandwidth refers to

the bandwidth of the source at half the maximum

intensity. Under ideal conditions, an OCT setup

utilizing a light source with a center wavelength of

1,300 nm and a bandwidth (FWHM) of 70 nm will

result in an axial resolution of 10.6 lm in air. Axial

resolution is measured by placing a mirror in the

sample arm and determining the FWHM of the point

spread function. Typical commercial OCT systems

have axial resolutions of 10–15 lm.

Lateral resolution is determined by the spot size of the

objective lens in the OCT system. Equation 3 can be used

to estimate the spot size for a given focusing system.

lateral resolution ¼ Dx ¼ 4k
p

f

D
ð3Þ

D is the diameter of the light beam at the focusing

lens and f is the focal length of the lens. k is the

central wavelength of the light source. Lateral

resolution can be assessed by measuring the spot

size of the focused light with an optical beam

analyzer. The lateral resolution of an OCT system

varies with depth and only achieves its highest

resolution at the focus. The confocal parameter or

depth of focus determines the axial range where the

spot is increased less than
ffiffiffi
2
p

confocal parameter ffi pDx2

k
ð4Þ

times the spot at the focus (see Eq. 4). Dx is the

lateral resolution at the focus. Unfortunately, there is

Fig. 3 FDOCT concept.

Fringes on the spectrum are

collected by sampling the

spectrum even in

wavenumber (k) and then

Fourier transforming the

data to determine the depth

and amplitude of the

reflector in the sample. On

the left are collected

spectrum with the

corresponding A-scan on

the right after the fast

Fourier transform (FFT) has

been applied. The top three

spectrum and A-scans

demonstrate that the further

the reflector from zero

pathlength match (Dl = 0)

the higher the frequency on

the spectrum. The bottom
spectrum is a superposition

of the frequencies created

by reflectors from the

multiple depths within the

sample as shown in the

corresponding A-scan
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a tradeoff between lateral resolution and depth of

focus as higher numerical aperture (NA) objectives

lead to higher resolution at the focus, but the

resolution drops off more quickly. Therefore, image

quality is good over a shorter depth range. Numerical

aperture refers to a range of angles that a lens can

emit or collect.

Measuring the sensitivity of an OCT system is an

important metric to determine the quality of the

imaging system. Equation 5 gives the sensitivity for

an FD-OCT system [17]. Here,

SensitivityðdBÞ ¼ 10 � log
qSRsDt

2e

� �
ð5Þ

shot noise limited detection has been assumed. S is

the source power, Rs is the sample arm reflectivity, q
is the photodetector responsivity, e is the charge of an

electron, and Dt is the integration time of the camera

or the sweep time of the swept source. Typical OCT

systems operate with an sensitivity slightly above

100 dB. Along with shot noise images may also

suffer from laser intensity noise and noise from the

data acquisition card.

OCT image acquisition

The adoption of intracoronary OCT imaging in clinical

practice was hampered by the fact that infrared light

cannot penetrate blood. Therefore, unlike intravascu-

lar ultrasound (IVUS) OCT requires clearing or

flushing of blood from the lumen [5, 24–26]. This

draw-back particularly affected TD-OCT acquisition

as the moderate pull-back speed of this first generation

OCT imaging system severely limited the size of the

region that could be imaged during clearing or flushing

of blood. Nonetheless, Jang et al. [13] with their

pioneering work, imaged short coronary segments

with intermittent 8–10 cc saline flushes through the

guiding catheter. Jang et al. used a noncommercial

TD-OCT system capable of imaging at 4–8 frame/s

with an axial resolution of 13 lm. Later on, the two

automated techniques of OCT acquisition, that are

currently used, were set up.

The occlusive technique requires coronary blood

flow interruption that is obtained by a gentle inflation

with an occlusion balloon proximal to the imaged

segment. During occlusion a crystalloid solution,

usually Ringer’s lactate, is flushed through the end-

hole of the balloon catheter at a flow rate of

0.5–1.0 ml/s. The vessel occlusion time should be

adjusted according to patient symptoms and severity

of ECG changes (QRS duration and QT prolongation)

with the infusion set to stop automatically after a

maximum of 35 s to avoid hemodynamic instability

or arrhythmias [27, 28]. A power injector is recom-

mended for injection of the flush solution at a

constant rate. Multiple pull-backs can be performed

to accomplish complete lesion assessment. This

occlusive technique has some limitations: (1) a

balloon-vessel size mismatch may occur and this

leads to inadequate clearing of the lumen with

insufficient image quality, (2) ostial and proximal

lesions (\15 mm from ostium) cannot be imaged due

to the presence of the occlusive balloon.

The non-occlusive technique, that has been devel-

oped later, does not require proximal balloon occlu-

sion. A standard intracoronary guide wire is generally

used to cross the target lesion and to enable insertion of

an over-the-wire intracoronary probe with an inner

lumen compatible with the diameter of the OCT probe.

The guide wire is then switched with an image wire

and pull-back is performed at the highest available

speed during simultaneous infusion of a viscous iso-

osmolar solution through the guiding catheter.

One infusion protocol requires manual injection of

a commercially available contrast agent (Iodixanol

320, VisipaqueTM, GE Health Care, Ireland) through

the guiding catheter at an infusion rate between 1 cc/s

and 3 cc/s, based on the run-off of the artery and the

on-line assessment of the OCT image quality. This

contrast agent is recommended both for its low

arrhythmogenic potential and for its high viscosity,

the latter helpful to prolong imaging time. Large

series show that the blood can be completely

displaced from the artery during the entire acquisition

period [29, 30]. Technical developments described

below have the potential to drastically reduce the

imaging time so that a very short hand- or power-

injection will suffice for optimal image acquisition.

Due to its ease and safety, the OCT non occlusive

technique is an alternative approach favoured by

some investigators.

As compared to TD-OCT, FD-OCT enables one to

image orders of magnitude faster, which increases the

utility of OCT in intracoronary imaging by being able

to image a much larger segment of the coronary
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lumen and reduce motion artifacts. For example, the

C7-XR FD-OCT imaging system from LightLab

allows for a maximum pullback speed of 25 mm/s

and a acquisition speed of 50,000 A-scans/s com-

pared to 4,000 A-scans/s with the M2x TD-OCT

system. The increased speed also allows higher

spatial sampling by allowing an increased number

of A-scans in a single image. For example, the

LightLab TD-OCT system used 200 A-scans per

frame compared to 500 A-scans used per frame with

the FD-OCT system. The increase in A-scans allows

one to see structures with more clarity. The increased

speed of FD-OCT has significantly improved both the

quality and ease of use of OCT in the catherization

laboratory [31–33].

The technique of acquisition for FD-OCT has been

optimized and follows the non occlusive method of

acquisition developed for TD-OCT. Contrast solu-

tion, due to its viscosity, can displace blood cells for a

sufficient period of time as to be able to record OCT

images in a certain coronary segment. Obviously the

fact that FD-OCT images can be obtained at a speed

up to 25 mm/s enables the acquisition of long

coronary segments in a very short time.

Using the LightLab FD-OCT system, the OCT

probe is first positioned over a regular guide wire,

distal to the region of interest. Identification of the

pull-back starting point is a simple task as a dedicated

marker identifies the exact position of the OCT beam,

located 10 mm proximal to the marker itself. When

the OCT catheter is positioned, and blood clearance is

visually obtained distally through the contrast injec-

tion, the acquisition of a rapid OCT image sequence

with fast pullback can be automatically commenced

by injecting a bolus of solution through the guiding

catheter, with the pullback speed set between 5 and

25 mm/sec. The infusion rate of contrast is usually

set to 3–4 ml/s for the left coronary artery and

2–3 ml/s for the right coronary, but can be modified

based on the vessel run-off and size. Most expert

users advocate the use of automated contrast injection

to optimize image quality. The pull-back can start

automatically when blood clearance is distally rec-

ognized or can be manually activated. An acquisition

speed of 20 mm/s enables the acquisition of 200

cross-sectional image frames over a 4–5 cm length of

artery in 3.5 s with a total infused volume of 14 ml

of contrast. This may represent a concrete advantage

of FD-OCT for the use in percutaneous coronary

interventions (PCI), allowing quick evaluation of the

stent and of the landing zones, avoiding geographical

miss. The FD-OCT pull-back speed is too fast to

interpret the run during the acquisition but the

recorded images are stored digitally and can be

reviewed in a slow playback loop [34].

For both the LightLab TD-OCT and FD-OCT

systems, accurate calibration is mandatory to take full

advantage of the high spatial accuracy of the

technology. The size of the OCT image is calibrated

by adjusting the z-offset, the zero-point setting of the

system. In the FD-OCT system, the calibration

procedure is fully automated. To maintain accurate

measurements, the z-offset must be readjusted prior

to off-line analysis and monitored throughout the

longitudinal segment [24].

The higher profile of the DragonflyTM FD-OCT

catheter as compared to the first generation of the

ImageWire may offer advantages and disadvantages.

Naturally the crossing profile may limit the use in

very stenotic segments. On the other hand, the higher

profile of the catheter precludes extreme wire eccen-

tricity as observed with the first generation. This

results in less artifacts and out of focus images.

Previous experience with TD-OCT technology,

either occlusive and non-occlusive, shows OCT

acquisition to be safe and effective [24, 28]. Pre-

liminary data on the safety for the use of FD-OCT

technology are even more promising; in fact no

ischemic ECG changes or arrhythmias develop during

the short injection period. This is due to the marked

simplification of the acquisition procedures and the

consequent reduction in the required contrast volume

[32, 35]. These preliminary data also indicate that

FD-OCT is highly effective, as it can study longer

segments with clear images compared to TD-OCT [32,

33]. As with TD-OCT, FD-OCT image quality

depends on accurate methodology and proper guiding

catheter engagement to optimize directional contrast

flushing. OCT provides excellent differentiation

between the vessel lumen and the arterial wall,

facilitating the determination of lumen areas and

volumes, and the depiction of stent struts with high

accuracy [36, 37]. Furthermore, studies of quantitative

measurements of lumen, stent and neointimal areas

reveal a high reproducibility, primarily driven by the

high resolution of the technology [33, 37].

Preliminary data from our group on the safety, and

feasibility of FD-OCT have been obtained in 90
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patients (114 OCT acquisitions). In all but 1 (99.1%)

the procedure was successful: despite the high prev-

alence of imaged vessels with marked tortuosity and

calcifications. The mean time of a FD-OCT pull-back

(from the set up to the completion of the pull back) was

2.1 min and an average contrast volume of 49.4 ±

19.0 cc was specifically required for OCT assessment.

No patients suffered contrast induced nephropathy and

no major complications were recorded: only in one

patient the image-wire negotiation led to a transient

vessel spasm that was resolved with intracoronary

administration of nitrates. During FD-OCT image

acquisition no ischaemic ECG changes occurred and

other major arrhythmias (ventricular tachycardia of

fibrillation) were not observed [32].

Future concerns and developments

Further validation studies are needed to show that

FD-OCT measurements of luminal areas and length

of the analyzed segments can be obtained with high

reproducibility. Unlike IVUS, OCT images have not

been acquired using ECG gating, which is capable of

acquiring cross sections in the same phase of the

cardiac cycle, such as end-diastole [38]. Such a

modality of acquisition or alternatively the adoption

of a post labeling selection of a specific cardiac cycle

phase, can therefore be applied to IVUS as to

eliminate the systo-diastolic artifacts induced by

coronary movement (sow-fish appearance) [38]. At

the superb high pull-back speed (20 mm/s or more) of

FD-OCT different portions of the imaged coronary

segment will be acquired either in the systolic or

diastolic phase. This may be an issue as IVUS studies

showed that luminal area exhibit variations of about

5% during the cardiac cycle [39]. Reproducibility

studies obtained during serial pull-back will show

whether this draw-back will turn into a limitation for

research studies and clinical applications of FD-OCT.

Current commercial OCT systems have not realized

their maximum speed. As new swept lasers become

commercially available, commercial systems can

expect to increase imaging speeds several fold and

ultimately be limited by the power needed on the

sample to produce a good image. Resolution in

commercial OCT units can expect to improve as

ultra-broadband light sources become more portable.

Also, Doppler OCT imaging may become an

important tool to assess tissue perfusion [1, 40, 41].

Finally, image processing will play a role in enabling

measurements and visualizations that are able to

diagnose disease and be used to make treatment

decisions. OCT is starting to realize its robust potential

and is becoming a useful tool in intravascular imaging.
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