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Abstract. We sought to elucidate the mechanisms underlying two common intravascular optical coherence
tomography (IV-OCT) artifacts that occur when imaging metallic stents: “merry-go-rounding” (MGR), which is
an increase in strut arc length (SAL), and “blooming,”which is an increase in the strut reflection thickness (bloom-
ing thickness). Due to uncontrollable variables that occur in vivo, we performed an in vitro assessment of MGR
and blooming in stented vessel phantoms. Using Xience V and Driver stents, we examined the effects of catheter
offset, intimal strut coverage, and residual blood on SAL and blooming thickness in IV-OCT images. Catheter
offset and strut coverage both caused minor MGR, while the greatest MGR effect resulted from light scattering by
residual blood in the vessel lumen, with 1% hematocrit (Hct) causing a more than fourfold increase in SAL com-
pared with saline (p < 0.001). Residual blood also resulted in blooming, with blooming thickness more than dou-
bling when imaged in 0.5%Hct compared with saline (p < 0.001). We demonstrate that a previously undescribed
mechanism, light scattering by residual blood in the imaging field, is the predominant cause of MGR. Light scat-
tering also results in blooming, and a newly described artifact, three-dimensional-MGR, which results in “ghost
struts” in B-scans. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.12.126017]
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1 Introduction
Intravascular optical coherence tomography (IV-OCT) has
proven useful for the assessment of coronary stent parameters
such as strut apposition and the extent of strut coverage by
intimal hyperplasia.1–3 Recognition and understanding of arti-
facts unique to IV-OCT are vital for correct image interpretation
as they could negatively impact clinical decisions and core lab
analyses. Two common IV-OCT artifacts are the “merry-go-
round” (MGR) artifact,4–8 which is an artifactual increase in the
strut arc length (SAL) in the lateral dimension, and the “bloom-
ing” artifact,4,6,7,9–11 which is an artifactual increase in the strut
reflection thickness (blooming thickness) in the axial dimension
[Fig. 1(a)]. However, the proposed mechanisms for these arti-
facts have not been validated and on closer inspection are incon-
sistent with clinical observations.

Although many investigators have recognized a correlation
between catheter eccentricity and the presence of MGR,4–8

the underlying mechanism is poorly understood. The current
hypotheses published in the literature attribute MGR to two
mechanisms: reduction in lateral resolution based on the polar-
to-rectangular conversion associated with IV-OCT image

reconstruction,4,5 and increased OCT beam spot size outside
of the optical focal point5,9 (Fig. 2). During IV-OCT image
acquisition, the OCT catheter rotates and emits beams of
near-infrared (NIR) light at regular intervals, collecting the
light which is scattered back to the catheter [Fig. 2(a)]. The
information from this collected light is stored as one-dimen-
sional (1-D) A-lines containing depth and intensity information
[Fig. 2(b)]. To reconstruct this information into an image of the
artery (B-scan), A-lines recorded in the polar domain are con-
verted into Cartesian coordinates [polar-to-rectangular conver-
sion, Fig. 2(c)]. At increased distances from the catheter,
these 1-D A-lines would introduce gaps of lateral width α × r in
the rectangular B-scan, where α is the angle between two adja-
cent A-lines and r is the distance from the catheter. To fill these
gaps, pixel values from neighboring A-lines are interpolated.
Our OCT system uses a bilinear interpolation scheme, where
all the information to fill in a gap between two A-lines come
from those two A-lines. To illustrate this concept, Fig. 3 shows
the same IV-OCT B-scan of a stented human coronary artery
with and without bilinear interpolation. At greater distances
from the catheter, greater lateral distances must be filled by
interpolation resulting in a reduction of lateral resolution.
Some investigators have suggested4,5 that the strut-stretching in
the lateral direction (MGR) is due to this interpolation effect,
which is most exaggerated at greater catheter-strut distances*Address for correspondence to: Marc D. Feldman, E-mail: feldmanm@uthscsa
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when the catheter is at eccentric positions [Fig. 2(d)]. How-
ever, as r is increased, the angle subtended by the strut to
the catheter is reduced, resulting in fewer A-lines intersecting
the strut [Figs. 2(e) and 2(f)]. These two opposing effects bal-
ance one another and are not expected to result in lateral stretch-
ing of the strut by more than twice the width of the gap between
two A-lines, far less than the increase in SAL observed clini-
cally4,12 [Figs. 1(d) and 1(f)].

However, a third factor, the varying spot size of the OCT
beam, is responsible for the SAL increasing with greater eccen-
tricity of the catheter.5,9 For the OCT system used in this study,
the beam is smallest at its focus (∼1.5 mm) from the catheter
center and increases in size outside of this optical focal
point. Changes in spot size with distance from the catheter for
this system have been modeled elsewhere13 and showed that the
laser spot is elliptical with a long-axis of 91 μm and a short axis
that is minimum (23 μm) at the focal point of 1.5 mm [Fig. 2(e)]
and which increases to 61 μm outside the focal point at 2.5 mm
from the catheter [Fig. 2(f)]. Because stent struts are highly
reflective objects, an OCT beam which only partially touches
the stent may produce strong backreflections. For a 3-mm ves-
sel, like the phantoms used in this study, with a stent strut of
known lateral width of 100 μm, a maximum of nine A-lines
would at least partially touch the strut when the catheter was
centered in the vessel [r ¼ 1.5 mm, Fig. 2(e)], while only
seven A-lines would at least partially touch the strut when the
catheter was fully offset touching the vessel wall [r ¼ 2.5 mm,
Fig. 2(f)]. Following interpolation, the strut would have an ap-
parent SAL of 142 μm in the centered case, which would
increase to 189 μm in the fully offset case. This maximal
33% increase in SAL still cannot explain many examples of
MGR where the increase in SAL is much greater.

Since more dramatic MGR examples observed clinically
occur in the presence of optical scatterers such as blood4,6

[Figs. 1(c) and 1(d)], intimal hyperplasia4 [Fig. 1(e)], and throm-
bus12 [Fig. 1(f)], we hypothesized that increased optical scatter-
ing in the vessel lumen by intimal hyperplasia or residual blood

due to inadequate flushing may be primarily responsible for
MGR rather than decreased lateral resolution or spot size
variation.

The in vivo study of IV-OCT artifacts is complicated by a
number of factors including catheter tilt due to blood vessel tor-
tuosity, incomplete removal of red blood cells from the flush
fluid, intimal coverage of stent struts, and uncontrolled distance
between strut and catheter. Thus, we performed an in vitro
assessment of MGR and blooming in stented vessel phantoms,
independently testing the contribution of offset catheter, intimal
hyperplasia thicknesses, and concentration of blood contamina-
tion of the flush fluid (Fig. 4).

In the present study, we provide experimental results sug-
gesting that MGR and blooming both arise as manifestations
of a common mechanism, namely optical scattering between
the catheter and stent struts. We also report the first observations
of artifactual distortion in the third dimension, longitudinally
along the pullback, and provide empirical support that this
“three-dimensional merry-go-round” (3-D-MGR) is also a
manifestation of optical scattering. Finally, we discuss the impli-
cations of these findings for the correct interpretation of IV-OCT
images.

2 Methods

2.1 Intravascular Optical Coherence Tomography
Image Acquisition

Driver 3.0 × 9 mm (Medtronic, Inc., Minneapolis, Minnesota)
and Xience V 3.0 × 8 mm (Abbott Vascular, Santa Clara,
California) coronary stents were deployed within vessel phan-
toms of 3-mm luminal diameter created from polydimethylsi-
loxane (PDMS) (Dow Corning Corporation, Midland,
Michigan) and titanium dioxide (TiO2) (Sigma-Aldrich, St.
Louis, Missouri) to simulate optical scattering properties of
arterial tissue for 1300-nm light (μ 0

s ≈ 20 cm−1).14,15 The stented
phantoms were inserted into a custom imaging apparatus and

Fig. 1 Definition of strut arc length (SAL) [merry-go-rounding (MGR)] and strut reflection thickness
(blooming) (a) and published clinical examples (b)–(f): (b) MGR due to catheter offset,4 (c) MGR due
to blood artifact,6 (d) MGR and blooming due to intimal hyperplasia and worsened by blood,4

(e) MGR and blooming due to intimal hyperplasia,4 and (f) MGR and blooming due to thrombus.12
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imaged in 0.9% saline or porcine blood with hematocrits (Hcts)
of 0.25%, 0.5%, and 1% at a flow rate of 3.2 mL∕s.

2.2 Catheter Offset

To assess MGR due to catheter offset, a 3.0 × 9 mm Driver stent
was selected due to the round cross-section of each strut, which
allows each strut to “present” the same leading edge to the light
independent of catheter position. The stented phantom was
imaged in 0.9% saline with the catheter coaxially located at
three positions within the stent: (1) the center of the phantom;
(2) 0.6-mm offset from center; and (3) eccentrically located
adjacent to the vessel wall.

2.3 Simulated Intimal Hyperplasia

To assess MGR due to tissue coverage, simulated tissue cover-
age of varying thickness was created by performing serial dips
of the Driver-stented phantom within PDMS∕TiO2.

2.4 Merry-Go-Rounding, Blooming, and Three-
Dimensional Merry-Go-Rounding due to Blood
Scattering

To assess MGR, blooming, and 3-D-MGR due to blood scatter-
ing, the Xience-stented phantom was imaged at increasing %
Hct. The 8-mm long Xience V was selected for blood artifacts
analysis due to the open cell design, containing six repetitive

Fig. 2 Current MGR mechanisms proposed in the literature. (a) As the optical coherence tomography
(OCT) catheter rotates, near-infrared light is emitted and the backscattered light is collected. Six beams
(labeled A–F) are depicted. (b, c) Information from the collected light is stored as one-dimensional (1-D)
A-lines (labeled A–F, red squares indicate the points in the A-line where the stent surface is contacted by
the beam). The polar-to-rectangular conversion of the A-lines to a B-scan introduces gaps between the A-
lines which are wider at increased distance from the catheter. Filling the gap between two A-lines requires
bilinear interpolation of information from those two A-lines, thus reducing the lateral resolution. (d) It has
been proposed in the literature that the MGR is due to this reduced lateral resolution at greater distances
from the catheter, where more space is filled by interpolation. (e, f) However, since the angle between two
sequential A-lines is fixed, as the distance from the catheter to the strut is increased, fewer A-lines inter-
sect the strut (in the blowups, black lines represent the centers of the OCT beams, but OCT beams which
only partially touch the strut such as the two outermost beams in (e) will still result in A-lines containing
stent strut signal). These two offsetting mechanisms would balance for no change in SAL, except for an
additional factor, changing laser spot size outside of the beam focus. As shown in scales in (e, f), the
width of the beam spot of our OCT system increases from 23 to 61 μmwhen the catheter–strut distance is
increased from 1.5 to 2.5 mm, which can explain a small (i.e., ∼33%) increase in apparent SAL, but
cannot explain the more dramatic clinical images shown in Fig. 1.
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corrugated rings that are each connected by three embedded
links. B-scans of the regions involving the three embedded
links appear as three equally spaced struts in cross-section,
which are sufficiently separated such that “blurring” of these
struts into one another, which would complicate measurements
of SAL between struts, did not occur. The longitudinal lengths
of the six corrugated rings and the five regions containing three
embedded links were measured by multiplying the number of B-
scans containing the relevant region by the longitudinal thick-
ness of a B-scan.

It is recognized that the light saturation can result in the
blooming of reflective objects such as struts. For blooming mea-
surements in this study, however, struts which exhibited signs of
saturation (i.e., linear streaks extending axially between the strut
and catheter) were excluded. Thus, we are measuring a separate
artifact which results in blooming by a mechanism other than
saturation.

2.5 Micro-CT

The Xience-stented phantom was scanned at the High-
Resolution x-ray CT Facility at the University of Texas at
Austin and taken as the gold standard for the true stent dimen-
sions. A FeinFocus microfocal x-ray source was employed

operating at 200 kV and 0.17 mA without an x-ray prefilter.
A slice thickness of 6:62 μm corresponded to one line in a
CCD image intensifier imaging system. Each slice was recon-
structed at 1024 × 1024 pixels over a 6 mm field of
reconstruction, resulting in an in-plane resolution of 5:86 μm
per pixel. Data were reconstructed as 16-bit TIFFs for offline
analysis.

2.6 Optical Coherence Tomography System

The OCT system is a custom-made Volcano Corporation system
which has a 1310-nm swept source laser (HSL-1000, Santec,
Hackensack, New Jersey) scanning at a repetition rate of
20 kHz. The measured free-space axial resolution was 15 μm
with a 6-mm scan depth in saline. The OCT signal was sampled
with a linear k-space sampling clock to allow real-time OCT
image acquisition and display. The IV-OCT catheters were
3.1 French and included a point source with a cone angle of
6.315 deg, a single-mode optical fiber (SMF-28 which features
low-dispersion at 1310 nm) with a mode field diameter of
10 μm, a GRIN lens (0.5-mm diameter, 1.32-mm length, and
peak refractive index of 1.629), 0.150-mm glass (BK7) 45-
deg prism, and a polymer sheath (ro − ri ¼ 152 μm). The
space (256 μm) between the glass prism and sheath is filled
with air. The focal depth of the beam is ∼1.5 mm and the
numerical aperture of the catheter is ∼0.05. Our OCT system
has an average of 666 A-lines per B-scan.

2.7 Image Analysis and Statistics

Raw data from the IV-OCT pullbacks were stored in a datalog
file format (National Instruments, Austin, Texas) and exported
for offline analysis. Offline analysis of IV-OCT and micro-CT
images was performed using Medis QIvus analysis software
(QCU-CMS) (Medis, Leiden, The Netherlands). Measurements
of SAL, blooming thickness, catheter–strut distance, and intimal
coverage thickness were visually defined using a caliper tool.
For 3-D reconstructions, the stent struts were manually
segmented from each IV-OCT B-scan to form black and
white images and imported into MATLAB to form a
301 × 301 × 1806 voxel 3-D array. Two-dimensional cross-sec-
tions were imported as an image sequence into ImageJ, and the
3-D Viewer function was used to reconstruct the sequence into a
3-D image. Catheter offset and strut coverage thickness data
were analyzed with linear models. Data for varying %Hct
were analyzed with ANOVAs with Tukey correction for multi-
ple pairwise testing. All statistical testing were two-sided with a
significance level of 5%. SAS Version 9.3 for Windows (SAS
Institute, Cary, North Carolina) was used throughout. All results
are expressed as mean� standard deviation (SD). We summa-
rized intraobserver variability with the within-observer SD and
interobserver agreement with the intraclass reliability coeffi-
cient, paired-data scatter plots, and Bland–Altman plots.16

3 Results

3.1 Merry-Go-Rounding due to Catheter Offset

The mean SAL of struts increases significantly with the distance
between the catheter and the strut [R2 ¼ 0.6794, slope ¼
0.0497, p < 0.001; Fig. 5(a)]. Typical B-scans are shown
in Fig. 4.

Fig. 3 Bilinear interpolation in intravascular optical coherence tomog-
raphy (IV-OCT) image reconstruction. The same IV-OCT B-scan of a
stented human coronary artery is shown without (top) and with (bot-
tom) bilinear interpolation. In the blowup from the top image without
interpolation, the gaps between A-lines can be clearly seen. In the
blowup of the same region from the bottom image, each of these
gaps has been filled in using a weighted average of pixel values
from the two surrounding A-lines.
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3.2 Merry-Go-Rounding due to Simulated Intimal
Hyperplasia

The mean SAL of struts increases significantly with coverage
thickness [R2 ¼ 0.3947, slope ¼ 0.1016, p < 0.001; Fig. 5(b)].
Typical B-scans are shown in Fig. 4.

3.3 Merry-Go-Rounding due to Blood Scattering

Micro-CT of the Xience stent strut gives a width of
90.2� 2.7 μm. Mean SAL of struts by OCT increases signifi-
cantly with %Hct [ANOVA; p < 0.001; Fig. 5(c)]. When com-
pared with the Xience stent imaged in 0.9% saline (mean
SAL ¼ 142 μm� 46.0, N ¼ 7 struts), the mean SAL increased
to 283 μm� 71.4 (N ¼ 9 struts), 507 μm� 26.7 (N ¼ 8

struts), and 614 μm� 50.6 (N ¼ 6 struts) for 0.25%, 0.5%,
and 1% Hct, respectively [Fig. 5(c)]. All pairwise comparisons
were statistically significant (p < 0.05 for each comparison).
Typical B-scans for 0.9% saline and 1% Hct are shown in
Fig. 4. The changes in SAL due to blood scattering were greater
than fourfold and greater than the changes caused by catheter
offset or intimal hyperplasia.

3.4 Blooming due to Blood Scattering

When compared with the Xience stent imaged in 0.9% saline
(mean blooming thickness ¼ 44 μm� 8.2, N ¼ 36), the mean
blooming thickness increased to 77 μm� 21.9 (N ¼ 32),
93 μm� 24.5 (N ¼ 35), and 99 μm� 21.7 (N ¼ 29) for
0.25%, 0.5%, and 1% Hct, respectively (ANOVA; p < 0.001;
Fig. 6). All but one of the pairwise contrasts were statistically
significant (p < 0.05); the single exception was 0.5% versus
1% (p ¼ 0.65).

3.5 Three-Dimensional Merry-Go-Rounding due to
Blood Scattering (“Ghost Struts”)

Three-dimensional reconstructions of the micro-CT and IV-
OCT images of the Xience V stent recorded at different
blood Hcts are shown in Figs. 7(a)–7(c). When increasing con-
centrations of blood scatterers were present, longitudinal blur-
ring of the struts caused the average longitudinal length of the
six corrugated rings to increase: 1050 μm� 83.7 in 0.9%
saline, 1250 μm� 109.5 in 0.25% Hct, 1325 μm� 82.2 in
0.5% Hct, and 1417 μm� 129.1 in 1% Hct. All but two pair-
wise contrasts were statistically significant (p < 0.05); the
exceptions were 0.25% versus 0.5% (p ¼ 0.60) and 0.5% ver-
sus 1% (p ¼ 0.43). Further, the total length of the stent
increased from 8.15 mm in 0.9% saline to 8.55 mm in 1%
Hct, while the micro-CT value for the length was 8.22 mm.
With increasing %Hct, the longitudinal blurring of the corru-
gated rings into the adjacent B-scans of the regions containing
the three embedded links created “ghost struts” [Figs. 7(d)–
7(f)]. As a result, the average longitudinal length of regions
involving the three embedded links (N ¼ 5 regions) decreased
from 240 μm� 41.8 in 0.9% saline to 90 μm� 41.8 in 0.25%
Hct and 30 μm� 27.4 in 0.5% Hct. This artifact was most ap-
parent in 1% Hct in which there were no B-scans containing
only three struts in cross-section [Fig. 7(d)]. All but one of
the pairwise contrasts were statistically significant (p < 0.05
for each contrast); the single exception was 0.5% versus
1% (p ¼ 0.49).

3.6 Reproducibility

Two observers made measurements in this study. With regard
to intraobserver variability, the within-observer SD for SAL
(μm), coverage thickness (C, μm) and catheter–strut distance
(D, μm) were observer 1: SAL 175.3, C 77.5, and D 50.3

Fig. 4 Demonstration of MGR in phantoms. Driver stent imaged in centered (a) and offset catheter posi-
tions (d). Driver stent imaged without (b) and with simulated intimal hyperplasia (e). Xience V stent
imaged in 0.9% saline (c) and in 1% hematocrit (Hct) (f). Light scattering by blood dramatically increases
MGR and blooming artifacts, while an offset catheter position and simulated intimal hyperplasia do not.
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and observer 2: SAL 186.4, C 77.7, and D 51.2, and the intra-
class reliability coefficient R was SAL 0.74, C 0.52, and D
0.93. Paired data and Bland–Altman plots for SAL, C, and
D (not shown) displayed approximate symmetry about the
diagonal in the paired data plots and about the zero line in
the Bland–Altman plots, suggesting reproducibility between
observers.

4 Discussion
Many investigators have noted a correlation between catheter
eccentricity and the presence of MGR.4–8 Proposed mechanisms
for MGR include reduced lateral resolution due to an increased
lateral distance between A-lines with an eccentric catheter posi-
tion4,5 and increased laser spot size outside of the optical focal
point.5,9 While these mechanisms can account for a relatively
small increase in SAL (i.e., ∼33% increase in SAL for a 3-
mm vessel and 100-μm stent strut), they are insufficient to
explain the more extreme examples of MGR commonly
observed in clinical IV-OCT images, as well as MGR artifacts
observed when the catheter is centered in the vessel [Figs. 1(d)
and 1(f)]. We hypothesized that the optical scattering by residual
blood in the flush fluid or strut coverage by intimal hyperplasia
is the primary cause of MGR. We examined each of these mech-
anisms in isolation, as well as catheter eccentricity. Our results
with light scattering from residual blood are consistent with the
magnitude of more dramatic SAL elongation observed in
clinical IV-OCT images (Fig. 1). We have provided results sug-
gesting that the MGR and blooming both arise as manifestations
of increased optical scattering in the space between the catheter
and stent struts. Optical scattering is not only limited to two
dimensions within a single B-scan, but also occurs in the third
dimension, longitudinally along the pullback creating “ghost
struts” between B-scans.

The mechanism underlying IV-OCT blooming artifact is
most commonly attributed to light saturation of the detection
electronics resulting from the highly reflective surfaces of
stent struts4,6,9,10 causing a spillover effect into neighboring
lower-intensity pixels along the axial A-line. This mechanism
suggests that the blooming is more pronounced in the absence
of blood, which is known to attenuate the OCT light beam4–6,9

and would thus reduce the signal intensity of light returning
from the strut surface to the catheter. However, our data pre-
sented in Fig. 6 show that the opposite effect occurs; blooming
thickness increases with %Hct, more than doubling when
imaged through concentrations of blood that are difficult to
appreciate clinically (i.e., 0.5% Hct versus 0.9% saline).
Findings reported here have significant implications for the
assessment of stent strut apposition by IV-OCT. The current
teaching is that in the presence of saturation-induced blooming
[identified by linear streaks such as those seen in Fig. 1(b)], the

Fig. 5 Effect of catheter–strut distance, simulated intimal hyperplasia,
and blood contamination on SAL. (a) SAL versus catheter–strut dis-
tance (p < 0.001). (b) SAL versus thickness of strut coverage
(p < 0.001). (c) SAL versus %Hct (p < 0.001). The changes in SAL
due to blood scattering were greater than fourfold and greater than
the changes caused by catheter offset or intimal hyperplasia.
Whiskers extend to the mean� standard deviation (SD); (a) and
(b) show the overlaid least square lines.

Fig. 6 Effect of blood contamination on blooming thickness. Average
strut reflection thickness versus %Hct (p < 0.001); whiskers extend to
the mean� SD.
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true leading edge of the strut is in the center of the bloom.7,11

The current study provides new information regarding blooming
in the absence of the saturation artifact. When blooming is pro-
duced by blood artifact and the stent strut is measured in the
middle of the bloom, there can be an artifactual lifting of the
stent strut off the vessel wall. Clinicians should be aware of
this newly described artifact: blooming due to light scattering.

Consistent with our hypothesis, catheter eccentricity
[Fig. 5(a)] over a range of distances typical of a 3-mm vessel
resulted in a minor increase in SAL, substantially less than the
degree of MGR observed in clinical IV-OCT images [Figs. 1(d)
and 1(f)]. The degree of MGR due to simulated intimal hyper-
plasia [Fig. 5(b)] was also minor and comparable with that of
catheter eccentricity for the range of offsets and coverage thick-
nesses examined in this study. Optical scattering by low blood
concentrations, however, caused a much greater MGR effect,
with 1% Hct [Figs. 4(f) and 5(c)] producing SALs comparable
with those observed in clinical IV-OCT images [Figs. 1(d) and
1(f)] with SAL varying from 140 to 610 μm over the physio-
logical range of %Hct [Fig. 5(c)], six times the corresponding
SAL variation over the physiological range of intimal hyperpla-
sia thickness [Fig. 5(b)], and four times the SAL variation
over the range of possible catheter offset for a 3-mm vessel

[Fig. 5(a)]. Increased SAL due to scattering by blood compared
with intimal hyperplasia is interesting considering that our simu-
lated intimal hyperplasia has a greater scattering strength than
blood at the concentrations used in this study (u 0

s ∼ 20 cm−1 for
simulated intimal hyperplasia and u 0

s ∼ 0.1 cm−1 for 1% Hct for
1300-nm light17). The result is explained by considering that the
distance over which blood scattering occurs is much greater than
for the case of intimal hyperplasia. For the simulated tissue cov-
erage, scatterers occupied a maximum axial distance of only
360 μm, while blood scatterers occupied the entire axial length
from the centered catheter to the struts, on the order of milli-
meters. The increased distance over which the scattering occurs
results in a greater lateral deviation of light rays (Fig. 8). This
perspective also possibly explains why many investigators have
recognized a correlation between catheter offset and MGR with
the implication that the subvisible scatterers are present. These
scatterers positioned between the catheter and strut could be
residual red blood cells incompletely removed while flushing,
but also may originate in microbubbles formed through the
power injection of flush-fluid during the IV-OCT image
acquisition.

Our results show that the red blood cells in the imaging field
result in blooming and MGR. However, these artifacts do not

Fig. 7 Three-dimensional MGR. Micro-CT of a 3 × 8 mm Xience V stent showing the five repetitive
embedded link regions along the longitudinal axis (a), compared with 3-D reconstructions of OCT images
of the same stent imaged in 0.9% saline (b), and 1% Hct (c). The 1% Hct causes longitudinal blurring (3-
D-MGR) of the struts, causing the total length of the stent to increase from 8.15 mm (0.9% saline) to
8.55 mm (1% Hct), while the micro-CT value for the length was 8.22 mm. (d)–(f) show the corresponding
B-scans from the center embedded link region of the 3-D reconstructions in (a)–(c), respectively. As seen
in (f), longitudinal blurring (3-D-MGR) can introduce struts into B-scans artifactually that are not truly
present (“ghost struts”), causing the number of struts in the B-scan to increase from (e) 3 when imaged
in 0.9% saline to (f) 5 when imaged in 1% Hct (see white arrows).
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occur equally, as 1% Hct caused SAL to increase fourfold, while
blooming thickness only increased twofold. This is likely
because MGR is an angular effect, where a scatterer closer to
the catheter will result in a greater lateral deviation of a photon
(Fig. 8), while blooming is instead dependent on the change in
path length of the photon, making the distance of the scatterer
from the catheter less important.

In addition to the two artifacts discussed here (MGR and
blooming), which result in the stretching of struts in the lateral
and axial dimensions of a B-scan, respectively, we have also
identified for the first time stretching of struts in the longitudinal
direction (3-D-MGR) along the pullback (Fig. 7). Unlike bloom-
ing and MGR which alter the apparent dimensions of a strut, 3-
D-MGR occurs between B-scans and can artifactually create

“ghost struts” in a B-scan where no struts exist. Artifactual
increases in all three dimensions due to optical scatterers are
not expected to be limited to stent struts, but may extend to
other features such as native plaque components. Thus, studies
involving serial core lab assessments of fibrous cap thickness,
lipid core regression, and bioabsorbable stent resorption could
be affected if blood contamination is present. For instance, poor
blood clearance can artifactually increase fibrous cap thickness
measurements by 18.8� 12.9% (146� 37 μm to 171� 30 μm,
paired t-test, p ¼ 0.016, n ¼ 5 patients) (Fig. 9). This error in
measurement could impact whether fibrous caps are considered
vulnerable or not.

Our data indicate that light scattering by red blood cells
results in MGR, blooming, and 3-D-MGR, suggesting that
these three artifacts are manifestations of a common mechanism
(light scatterers in the lumen) in the lateral, axial, and longi-
tudinal dimensions, respectively. While blooming is clinically
significant as it may be mistaken for malapposition of the
stent and lead to inappropriate clinical decisions such as aggres-
sive postdilation, erroneous measurements of SAL due to MGR
distortions are unlikely to affect clinical decisions. However, the
appreciation of MGR in clinical OCT images is of value, as it is
easier to recognize than the other two artifacts and indicates that
the scatterers may be present in the lumen, suggesting that the
blooming artifact, and ghost struts, may be present in the B-scan
as well.

As with any in vitro phantom study, this study is limited as all
conditions that occur in clinical practice are not duplicated. The
simulated intimal hyperplasia made with PDMS∕TiO2 will
have different scattering properties from true intimal hyperpla-
sia. Further, optical scattering by blood was designed to be
homogenous for experimental consistency, while clinically,
heterogeneous blood swirls are more commonly encountered.
However, microbubbles formed during clinical contrast injec-
tion represent another source of light scattering and would be
homogenous. While our study implicates optical scatterers in
the imaging field to have the greatest impact on these artifacts,
a discussion of the effect of confounders (such as catheter angu-
lation relative to the vessel axis and changing vessel size) on
these findings will require further research. Finally, our corre-
lation coefficients regarding the impact of catheter offset and
intimal hyperplasia on MGR ranged from 0.39 to 0.68 deserve
further explanation. As described in Fig. 2, an OCT beam which
only partially touches a strut can result in the strut being inter-
polated over the whole spot size. With our OCT beam profile
and phantom vessel of 3-mm diameter, this effect can change
the SAL by up to 61 μm and may account for the variability
of our data. In the case of simulated intimal hyperplasia, inho-
mogeneities of the PDMS∕TiO2 mixture may be the cause of
variability.

In conclusion, previously proposed mechanisms cannot
account for the magnitude of MGR observed in clinical IV-
OCT images. We have demonstrated that the MGR and bloom-
ing both arise from a newly described and common mechanism,
optical scattering, and that the subvisible concentrations of
residual blood in the flush fluid result in MGR artifacts compa-
rable with the degree observed in clinical IV-OCT images. We
also describe 3-D-MGR for the first time, which may be a source
of “ghost struts” as a newly described OCT artifact. Of clinical
concern, MGR has a significant effect at levels of blood con-
tamination that are not apparent to the operator, which empha-
sizes the importance of reducing potential contamination during

Fig. 8 Illustration of MGR light scattering mechanism by blood (a) and
intimal hyperplasia (b), and 3-D-MGR light scattering mechanism by
blood (c). (a, b) The yellow lines represent the path traveled by light as
it is scattered away from the normal path (blue dashed lines). A
greater distance over which the scattering occurs results in a greater
deviation from the normal axial path of an A-line, allowing more A-
lines to intersect the strut and resulting in greater MGR effects.
(c) This same concept occurs longitudinally along the pullback, result-
ing in the appearance of ghost struts in B-scans where struts are not
truly present.
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image acquisition. Careful consideration of flushing parameters,
including the use of viscous flush medium (i.e., Visipaque™ or
dextran 40), to adequately clear blood from the lumen should be
performed. Further, subjective assessment of stent apposition
without careful consideration of MGR and blooming could
lead to unnecessary and potentially harmful postdilatation fol-
lowing stent deployment.
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