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Aims The aim of this study was to validate novelimaging technology for simultaneous morphological and biochemical endogen-
ous optical imaging of coronary atherosclerotic plaque.
Methods Optical coherence tomography (OCT) generates high-resolution 3D images of plaque morphology and endogenous

and results fluorescence lifetime imaging microscopy (FLIM) characterizes biochemical composition. Both imaging modalities rely
on plaque’s intrinsic optical characteristics, making contrast agents unnecessary. A multimodal OCT/FLIM system was
utilized to generate luminal biochemical maps superimposed on high-resolution (7 wm axialand 13 pm lateral) structural
volumetric images. Forty-seven fresh postmortem human coronary segments were imaged: pathological intimal thicken-
ing (PIT, n = 26), fibroatheroma (FA, n = 12), thin-cap FA (TCFA, n = 2), and fibrocalcific plaque (CA, n = 7), deter-
mined by histopathology. Multimodal images were evaluated, and each plaque identified as PIT, FA, TCFA, or CA
based on expert OCT readers, and as having high-lipid (HL), high-collagen (HC), or low-collagen/low-lipid (LCL)
luminal composition based on linear discriminant analysis of FLIM. Of 47 plaques, 89.4% (42/47) of the plaques were cor-
rectly identified based on OCT/FLIM evaluation using tissue histopathology and immunohistochemistry as the gold stand-
ard. Four of the misclassifications corresponded to confusing PIT with HL luminal composition for FA with HL cap. The
other corresponded to confusing FA with a HC cap for FA with an LCL cap.

Conclusion We have demonstrated the feasibility of accurate simultaneous OCT/FLIM morphological and biochemical characteriza-
tion of coronary plaques at spatial resolutions and acquisition speeds compatible with catheter-based intravascular
imaging. The success of this pilot study sets up future development of a multimodal intravascular imaging system that
will enable studies that could help improve our understanding of plaque pathogenesis.

Keywords Atherosclerosis e Intravascular imaging @ Vulnerable plaque e Optical coherence tomography e Fluorescence
lifetime imaging

Introduction plaques have thin fibrous caps, lipid-laden cores, and localized in-

flammation that are inadequately visualized using optical coherence
10,11

Acute cardiovascular events are still the leading cause of morbidity
and mortality in the Western world.! = Invasive imaging of coronary
atherosclerotic plaque is limited to the evaluation of its anatomical
features and not to the evaluation of the metabolic processes, includ-
ing inflammation,*~” oxidative stress, and dyslipidaemia, that lead to
its development.®® Early- and intermediate-stage atherosclerotic

tomography (OCT) or intravascular ultrasound (IVUS) alone.
Convincing evidence exists to indicate that the underlying mechan-
isms in coronary plaque development leading to acute thrombosis
are multifactorial, involving a complex interaction between struc-
tural, compositional, biomechanical, cellular, and molecular pro-
cesses in the vessel wall.">~™* Unfortunately, there is no current
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imaging modality (non-invasive or intravascular) that can provide
such a level of plaque characterization. The future development of
systemic or localized therapies for atherosclerosis likely will depend
on a more detailed understanding of plaque development and pro-
gression after treatment.

Of the commercially available intravascular imaging tools, OCT
provides the highest resolution images and can be used to define
the superficial anatomical features of atherosclerotic plaque.15’17
Endogenous fluorescence lifetime imaging (FLIM) enables the quan-
tification of plaque’s biochemical content near the luminal surface
and the identification of lipid-rich and collagen-rich plaques.18
Here, we examine the combination of OCT and FLIM to optically
characterize plaque morphology and biochemical composition, and
to compare the results to histopathology.

Methods

Imaging instrumentation

We have recently developed an integrated benchtop OCT and multi-
spectral FLIM imaging system.'” The OCT subsystem was based
around a custom 53 kHz (maximum) line rate spectrometer and an
830 + 20 nm SLED light source, providing an axial resolution of
7.6 um in air and a 3 dB roll-off of ~1 mm. The FLIM subsystem was
based on our previously published high-speed design.?® A frequency
tripled Q-switched Nd: YAG laser was used as the excitation source
(355 nm, 30 kHz maximum repetition rate, 1 ns pulse full-width half
maximum), and the fluorescence emission was separated into three
bands (390 + 20 nm for collagen, 452 + 22.5 nm for elastin, and
550 + 20 nm for lipids), which were detected with a micro channel
plate-photo multiplier tube (rise time: 150 ps) and sampled with a high
bandwidth digitizer (1.5 GHz, 4 GS/s).2° The OCT and FLIM subsystems
shared a common sample arm (common path), which featured an ultra-
broadband achromatic objective lens, which provided an FLIM lateral
resolution of 100 wm and an OCT lateral resolution of 14 pm.

Imaging protocol

Human coronary artery segments were obtained from eight autopsy
cases within 48 h of death, according to a protocol approved by the
Texas A&M University Institutional Review Board. A total of 47 arterial
segments were longitudinally opened and imaged from the lumen side.
The imaged field of view had an area of 2 x 2 mm? Immediately after
imaging, each segment was ink-marked (for correlation with histopath-
ology), fixed in 10% formalin, and sent for histopathological analysis.'

Histology

Three consecutive sections were cut every 500 wm to cover the whole
length of each imaged arterial segment, and subsequently stained with
Movat's pentachrome (for plaque histopathological classification), a
mouse anti-human CD68 monoclonal antibody (for macrophage infiltra-
tion), or alpha-actin monoclonal antibody (for smooth muscle cells). All
sections were evaluated by two cardiovascular pathologists (F.C. and
L.M.B.), who agreed on the evaluation of all sections. On the basis of
the histopathological evaluation,™ each section was classified as patho-
logical intimal thickening (PIT), fibroatheroma (FA), thin-cap FA
(TCFA), or fibrocalcific plaque (CA). In addition, each plaque was classi-
fied based on the composition of the top 200 m of luminal tissue (which
corresponds to the estimated maximum penetration of the FLIMimaging)
as having high-collagen (HC), high-lipid (HL), or low-collagen/low-lipid
(LCL).

OCT plaque image evaluation

The OCT B-scans (cross-sectional images) were reviewed by two inter-
ventional cardiologists with clinical experience in the use of intravascular
OCT (B.W. and M.F.) and one expert in intravascular OCT image pro-
cessing (J.P.). Following standard criteria for intravascular OCT
reading,”* each plaque was classified as PIT, CA, FA, or TCFA. An FA
was considered TCFA if the cap thickness was <80 wm.?2 When there
was disagreement between the readers, the majority opinion was used.
In all cases, at least two of the readers agreed on the classification.

FLIM plaque image evaluation

Following a methodology recently validated by our laboratory, the
endogenous FLIM signal was analysed to classify the plaque luminal bio-
chemical compositionas HC, HL, or LCL."® The plaque autofluorescence
was quantified in terms of the relative fluorescence intensity and the
average lifetime at each pixel of the image. For statistical classification,
multiclass Fisher’s linear discriminant analysis was applied with the muilti-
spectral FLIM parameters (relative fluorescence intensity and average
lifetime for each of spectral channel) as the feature vector for each
pixel. A luminal biochemical map was then generated after classifying
each pixel of an image to one of the three groups (HC, HL, or LCL).
Finally, the entire plaque segments were assigned to one of the three
groups as follows: if 20% or more of the pixels were classified as HL,
the plaque was classified as HL; if <20% of the pixels were classified as
HL, but at least 20% of the pixels were classified as HC, the plaque was
classified as HC; if <20% of the pixels were classified as HL and <20%
of the pixels were classified as HC, the plaque was classified as LCL.

Morphological and biochemical plaque
characterization based on OCT and FLIM
evaluation

To conduct an integrated OCT and FLIM plaque evaluation, the FLIM-
derived biochemical map was superimposed on the surface of the
OCT volumetric image (Figures 2 and 3, centre). It should be noted
that while OCT (at 830 nm) can image up to ~1 mm deep into the
tissue, the biochemical assessment offered by FLIM is integrated in
depth and sensitive to the most superficial ~200 pwm. The luminal bio-
chemical map was colour-coded as LCL (blue), HC (green), or HL
(red). Rendering the data as 2D cross-sectional images (Figures 2 and 3,
left-top and right-top) is convenient for direct comparison with the histo-
pathological sections (Figures 2 and 3, left-bottom and right-bottom). The
resulting multimodal cross-sectionalimages (as in Figures 1,4,and 5) were
blindly reviewed by the two interventional cardiologists (B.W. and M.F.)
and the expert in intravascular OCT image processing (J.P.).

Results

Histology

The histopathology evaluation of the 47 imaged coronary sections
resulted in the following plaque distribution: PIT (n= 26), FA
(n=12), TCFA (n = 2), and CA (n = 7). Representative histology
sections for each plaque type are shown in Figure 1. Plaque classifica-
tion based on their luminal composition resulted in the following
distribution: LCL (n = 18), HC (n = 14), and HL (n = 15).

OCT plaque image evaluation

Representative OCT B-scans for each plaque type are shown in
Figure 1. A histopathological PIT plaque was characterized by a
bright homogeneous single layer in OCT. An FA was identified by
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Figure | Sample B-scans and corresponding histopathology section (Movat stain) for each plaque type (PIT, FA, CA, and TCFA) as defined by the
consensus standards for intravascular OCT.*? The colour-coded lumen indicates the superficial plaque composition based on FLIM: HL as red, HC as

green, and LCL as blue. All scale bars represent 200 pm.

OCT as having a signal-poor region showing diffuse borders
corresponding to a necrotic core. A CA was identified by OCT as
having a signal-poor region with well-defined sharp borders. A
TCFA was identified by OCT as having a signal-poor region
showing diffuse borders (necrotic core) covered by a thin bright
layer of <80 wm (thin fibrous cap). All the FA (12 of 12), TCFA (2
of 2), and CA (7 of 7) plaques were correctly identified by OCT.
Of the 26 PIT plaques, 21 were correctly classified and 5 were mis-
classified as FA.

FLIM plaque image evaluation

The FLIM-derived biochemical maps of all the histopathological LCL
plaques showed <5% of HC or HL pixels; thus, they all (18 of 18)
were correctly classified as LCL. The FLIM-derived biochemical
maps of all the histopathological HL segments showed at least 25%
of HL pixels; thus, they all (15 of 15) were correctly classified as

HL. Of the 14 histopathological HC plaques, 13 were correctly
classified as HC by FLIM and 1 was misclassified as LCL.

Morphological and biochemical plaque
characterization

A sample fibrotic plaque with a mixed luminal composition is shown
in Figure 2. An OCT B-scan (left-top) taken from the edge of the
volume indicated a bright homogenous PIT plaque with LCL
luminal composition, confirmed by histopathology (left-bottom).
Another OCT B-scan (right-top) this time taken from the middle
of the volume indicated a bright homogeneous PIT plaque with
mixed HC (in the middle) and HL (at the sides) luminal composition,
also confirmed by histopathology (right-bottom).

A sample CAwith a mixed luminal compositionis shownin Figure 3.
An OCT B-scan (left-top) taken from the edge of the volume indi-
cated a bright homogenous PIT plaque with HC luminal composition,
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Figure 2 Sample multimodal OCT—FLIM volume of a fibrotic plague with a mixed luminal biochemical composition. The colour-coded lumen
indicates the superficial plaque composition based on FLIM: HL as red, HC as green, and LCL as blue. An OCT B-scan (left-top) taken from the
edge of the volume indicated a PIT with an LCL (blue) superficial composition, confirmed by histopathology (left-bottom, Movat stain). Another
OCT B-scan (right-top) taken from the middle of the volume indicated a PIT with mixed HC (green, middle) and HL (red, sides) superficial com-
position, also confirmed by histopathology (right-bottom, Movat stain). The red arrows on the histological section indicate areas with superficial

macrophage/foam cell infiltration. All scale bars represent 200 pm.

Figure 3 Sample multimodal OCT—FLIM volume of a CA with a mixed luminal biochemical composition. The colour-coded lumen indicates the
superficial plaque composition based on FLIM: HL as red, HC as green, and LCL as blue. An OCT B-scan (left-top) taken from the edge of the volume
indicated a PIT with a HC (green) superficial composition, confirmed by histopathology (left-bottom). Another OCT B-scan (right-top) taken from
the middle of the volume showed a calcified necrotic core covered by a fibrous cap of mixed LCL (blue, middle) and HC (green, sides) composition,
also confirmed by histopathology (right-bottom). All scale bars represent 200 wm.

confirmed by histopathology (left-bottom). Another OCT B-scan
(right-top) this time taken from the middle of the volume showed a
signal-poor region with well-defined sharp borders identified as a
large calcified necrotic core covered by a fibrous cap of mixed LCL
(in the middle) and HC (at the sides) composition, also confirmed
by histopathology (bottom-right).

The multimodal plaque representation also enabled further char-
acterization of PIT plaques based on their luminal composition. This is

illustrated in Figure 4, in which three plaques were identified as PIT by
OCT, but showed very distinct FLIM-based luminal biochemical maps
that clearly distinguished HL, HC, and LCL histopathological compo-
sitions. While all three OCT B-scans were very similar showing
uniform bright signal, the left plaque was identified by FLIM as
having HL luminal composition, which was correlated with a signifi-
cant macrophage foam cell infiltration in the top half of the plaque.
The middle plaque was identified by FLIM as having HC luminal
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PIT-LCL

Figure 4 Sample PIT identified by OCT presenting a very distinct FLIM-derived luminal biochemical composition. The colour-coded lumen indi-
cates the superficial plaque composition based on FLIM: HL as red, HC as green, and LCL as blue. First row: a multimodal OCT B-scan with the lumen
colour-coded based on the FLIM-derived superficial composition. Second row: corresponding Movat-stained sections. Third row: corresponding
CDé68 sections for macrophage/foam cell identification. Fourth row: corresponding alpha-actin sections for smooth muscle cell identification. The
left plaque was identified by FLIM as having a HL (red) superficial composition, which was correlated with a significant macrophage foam cell infil-
tration in the top half of the plaque. The middle plaque was identified by FLIM as having a HC (green) superficial composition, which was correlated
with an almost exclusive collagen content. The right plaque was identified by FLIM as having an LCL (blue) superficial composition, which was cor-
related with a predominant smooth muscle cell composition and a lack of both macrophage foam cellinfiltration and collagen. All scale bars represent

200 pm.

composition, which correlated with nearly exclusive collagen
content. The right plaque was identified by FLIM as having LCL
luminal composition, which was correlated with a predominant
smooth muscle cell composition and a lack of both macrophage
foam cell infiltration and collagen.

Similarly, this novel multimodal plaque representation also
enabled a more detailed characterization of FA based on the cap
biochemical composition. This is illustrated in Figure 5, in which
two plaques were identified as FAby OCT, but showed very distinct
FLIM-based biochemical maps. The left FA was identified by FLIM as
havinga HL cap, which was correlated with a significant macrophage
foam cell infiltration throughout the fibrous cap. The right FA was
identified by FLIM as having a HC cap, which was correlated with
an almost exclusive collagen content with scattered smooth
muscle cells.

As expected, two TCFAs identified by OCT showed a HL cap
based on FLIM due to both macrophage foam cell infiltration of
the thin fibrous cap and the close proximity of the necrotic core to
the lumen, as shown in Figure 1. Finally, the CA could also be
further characterized based on their luminal composition as shown
in Figure 3.

Based on the described multimodal OCT/FLIM evaluation, each of
the 47 imaged coronary segments was identified as PIT, FA, TCFA, or
CA based on OCT, and as having LCL, HC, or HL luminal biochemical
composition based on FLIM. Overall, 89.4% of the plaques (42/47) were
correctly identified based on the multimodal OCT/FLIM evaluation.
Four of the misclassifications corresponded to confusing PIT with HL
luminal composition for FA with a HL cap. The other corresponded
to confusing FA with a HC cap for FA with an LCL cap. The results of
the multimodal OCT/FLIM evaluation are summarized in Table 1.
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Figure 5 Sample FA identified by OCT presenting a very distinct FLIM-derived fibrous cap biochemical composition. The colour-coded lumen
indicates the superficial plaque composition based on FLIM: HL as red, HC as green, and LCL as blue. First row: a multimodal OCT B-scan with the
lumen colour-coded based on the FLIM-derived superficial composition. Second row: corresponding Movat-stained sections. Third row: corre-
sponding CD68 sections for macrophage/foam cell identification. Fourth row: corresponding alpha-actin sections for smooth muscle cell identifi-
cation. The left FA was identified by FLIM as having a HL (red) cap, which was correlated with a significant macrophage foam cell infiltration
throughout the fibrous cap. The right FA was identified by FLIM as havinga HC (green) cap, which was correlated with an almost exclusive collagen
superficial composition and scattered smooth muscle cells. All scale bars represent 200 pm.

Discussion

In this study, we have demonstrated that simultaneous co-registered
OCT and FLIM imaging of coronary plaques enables a detailed char-
acterization of the plaque’s morphology and lipid/collagen content.
To our knowledge, this work represents the first attempt at integrat-
ing OCT-based morphological imaging with FLIM-based biochemical
imaging for the purpose of atherosclerotic plaque characterization.
Specifically, OCT is well suited to identifying layers, fibrous cap thick-
ness, necrotic cores, and calcification, whereas endogenous FLIM
enables the characterization of the luminal biochemical composition

of the plaque, in particular its collagen and lipid content. Taken to-
gether, they enable the generation of detailed maps of plaque morph-
ology and biochemistry.

Recently, a consensus has been reached on standard criteria to
identify fibrous plaques, calcification, and necrotic/lipid pools in intra-
vascular OCT cross-sectional images (B-scans).”? In the present
study, we have successfully applied these criteria to correctly identify
all of the CA and TCFA plaques. However, the discrimination
between PIT and FA was less effective, highlighting the difficulty in
identifying necrotic cores or lipid pools by OCT evaluation, particu-
larly when they are not superficial and when the cap is infiltrated by
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Table | Multimodal OCT/FLIM evaluation results

Multimodal OCT/FLIM evaluation

PIT-LCL 13

PIT-HC 4

PIT-HL 5
FA-LCL

FA-HC

FA-HL

TCFA

CA

Misclassifications are indicated as bold text.

macrophages, a limitation that was specifically highlighted in the con-
sensus standards for intravascular OCT.? In the present study, this is
further confounded by the fact that our OCT system is based at a
centre wavelength of 830 nm, which has a more limited penetration
depth than the typical 1300 nm centre wavelength used in commer-
cial intravascular OCT systems.

The characterization of the lipid and collagen content of plaque is
important for histopathological classification and for estimating the
propensity of a plaque for developing into high-risk vulnerable
plague.™ In the present study, endogenous FLIM was able to charac-
terize the plaque luminal composition as being collagen rich, lipid rich,
or collagen/lipid poor with almost 100% accuracy (one collagen-rich
plaque was misclassified as collagen/lipid poor). A number of other
imaging modalities have also been proposed for the identification
of plaque composition.'® Spectroscopic IVUS (the virtual histology
technology developed by Volcano Corporation, San Diego, CA,
USA) has shown some potential for detecting fibrotic and fibro-lipid
plaque, but the technology’s sensitivity and specificity have been
questioned in several studies.”>~*> NIR spectroscopy (the intravas-
cular platform developed by Infraredx, Inc., Burlington, MA, USA)
provides accurate identification of lipid-rich plaques, but its capacity
for assessing collagen content has not been demonstrated.*® Our
results, on the other hand, demonstrate that endogenous FLIM can
be used not only foridentifying lipid-rich plaques, but also for discrim-
inating among fibrotic plaques rich in collagen (HC) from those with
significant numbers of smooth muscle cells (LCL) (Figure 4). We
believe that the additional information available through endogenous
FLIM imaging represents a significant advantage over the other com-
peting techniques.

We have previously provided evidence that the autofluorescence
signal related to HL areas is related to the endogenous fluorescence
emission of LDL."® Therefore, we believe that the presence of extra-
cellular and intracellular LDL defines an HL area. Superficial signifi-
cant (macrophage) foam cell infiltration will be detected as a HL
area. However, since both extracellular and intracellular LDL can
be present in plaques, a HL area could also be associated with a nec-
rotic core, a lipid pool, foam cell infiltration, or any of their combina-
tions. Therefore, FLIM alone will not allow identifying the actual
histopathology of a HL area. The combination of FLIM and OCT,
on the other hand, can provide a more complete histopathological

assessment, by allowing identifying for instance a HL plaque as
either an FA with a HL cap or a PIT with a HL luminal composition,
as in Figures 4 and 5, respectively.

Although FLIM enables biochemical characterization of coronary
plaques, little information about plaque morphology can be inferred
from the autofluorescence signal. Only when the FLIM plaque classi-
fication was merged with the OCT scans was it possible to character-
ize plaque luminal biochemical composition and morphology
simultaneously. In particular, the fibrous plaques correctly identified
by OCT were further characterized as having significant collagen or
lipid content based on the FLIM classification (Figure 4). Likewise, the
FAs correctly identified by OCT were further characterized as having
a fibrous cap rich in collagen or lipids (Figure 5).

While FLIM clearly provides valuable information on the biochem-
ical composition of the tissues near the luminal surface, within the
limited samples of this study it does not significantly improve the ac-
curacy of the classification by the expert readers. When the OCT
B-scans were reviewed independently by the three experts all of
the FA, TCFA and CA were correctly identified. However, the dis-
crimination of PIT was less effective: of 26, 5 PIT plaques with super-
ficial macrophage/foam cell infiltration were misclassified as FA.
When the OCT experts were asked to blindly review the B-scans
of the five missed PIT plaques, this time with the FLIM-derived bio-
chemical map indicating a HL, one plaque was correctly identified
as PIT but the other four were again interpreted as an FA. Although
the inclusion of the FLIM-derived biochemical map may have helped
in one instance, a larger study incorporating additional training of the
expert readers in how to utilize the FLIM information will be neces-
sary to access the improvement, if any.

Some methods forautomated intravascular OCT tissue character-
ization have been recently proposed. van Soest et al.>’ proposed an
algorithm for the automatic quantification of the optical attenuation
coefficientin intravascular OCT images, which allowed for discrimin-
ation of high attenuating plaque components (i.e. lipid core and
macrophages infiltrations) from low attenuating components (i.e.
fibrous and calcified tissue). Most recently, Ughi et al.?® proposed a
supervised classification approach combining the optical attenuation
coefficient with texture features derived from intravascular OCT
images for the identification of fibrous, calcific, and lipid-rich tissue.
The local standard deviation of the intravascular OCT image has
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also been proposed as an indication of macrophage infiltration in the
fibrous cap of FAs.2’ Our multimodal opticalimaging approach offers
the unique opportunity to develop algorithms like those noted above
for OCT imaging and to combine them with spectral signatures avail-
able from FLIM to generate automated algorithms based on the
fusion of the OCT and FLIM information, thus providing more accur-
ate plaque tissue characterization.

Other research groups have also recognized that fusing multiple
imaging modalities to glean additional biomarkers may add a signifi-
cant diagnostic value to the resulting images of atherosclerotic
plaques. All of these approaches integrate [IVUS with OCT, NIR spec-
troscopy, or fluorescence spectroscopy.w'31 The integration of
ultrasound and optical imaging, however, poses significant design
challenges for the development of an appropriately sized intravascu-
lar catheter. Conversely, because both OCT and FLIM are optical
imaging techniques, their integration into a single fiberoptic-based
intravascular catheter poses fewer design issues. This is especially
true in light of the continued commercial development of advanced
fiberoptics that can accommodate the extremely broad spectral
bandwidth (~350-1300 nm) required for a multimodal OCT—
FLIM catheter.

Study limitations

Although our results clearly demonstrate the potential of simultan-
eous co-registered OCT and FLIM imaging for a more comprehen-
sive characterization of coronary atherosclerotic plaques, this
study was performed ex vivo, and it will be imperative to validate
these results in intravascular in vivo conditions. We are in the midst
of developing a system capable of such a study. In addition, we
realize that the sample size of the present study was limited. Once
the intravascular OCT/FLIM imaging system becomes available, it
will be necessary to demonstrate the use of this multimodal optical
technology for the identification of all histopathological types of cor-
onary plaque in a larger in vivo study. The OCT system based at
830 nm used for this study has a more limited penetration depth
than the typical intravascular OCT system based at 1300 nm. This
limitation may have contributed to the confusion of FA for PIT and
vice versa in the reading of the OCT images. Ongoing development
of an intravascular OCT/FLIM system will obviate this issue by inte-
grating a 1310 nm swept laser source-based OCT subsystem.

Conclusions

We have demonstrated the feasibility of accurate simultaneous
OCT/FLIM morphological and biochemical characterization of cor-
onary plaques at spatial resolutions and acquisition speeds compat-
ible with catheter-based endoscopic imaging. We have shown that
the integration of biochemical and morphological information
enables a more complete characterization of atherosclerotic
plaques. Moreover, endogenous FLIM enables the direct spectro-
scopic interrogation of the collagen and lipid content of the tissues
near the luminal surface, which are important not only for histo-
pathological classification but also for estimating the propensity of
a plaque for developing into high-risk vulnerable plaque.™ This
pilot study provides the impetus for continued development of the
combined OCT and FLIM system for intravascular multimodal
imaging.
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An auscultatory conundrum: severe mitral stenosis with a third heart sound?

William R. Miranda, Darrell B. Newman, Jeffrey B. Geske, and Rick A. Nishimura*

Division of Cardiovascular Diseases, Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA
* Corresponding author. Tel: +1 507 774 2129; Fax: +1 507 538 6915, E-mail: rnishimura@mayo.edu

A 70-year-old asymptomatic woman was
referred for intervention of severe mitral stenosis
(MS). Physical exam demonstrated a soft first and
normally split second heart sound, an apical 2/6
holosystolic murmur and a soft diastolic rumble.
There was also a loud early diastolic filling
sound—S3 (sound clip, Supplementary data
online) (Panel C). Transthoracic echocardiog-
raphy revealed normal left ventricular size and
function (ejection fraction 72%) and an estimated
right ventricular systolic pressure of 69 mmHg.
There was severe mitral annular calcification
(Panel A) with associated restricted leaflet
motion. The diagnosis of severe MS was made
with a continuous wave Doppler transmitral
mean gradient of 11 mmHg (heart rate 59 bpm).
Mild—moderate mitral regurgitation (MR) was
identified by a small color flow jet into the left
atrium (Panel B). Given the discrepancy between
auscultatory findings and the echocardiographic
interpretation, transoesophageal echocardiog-
raphy was performed, demonstrating moderate-
to-severe MR (Panel D)—regurgitant volume of
51 mL by proximal isovolumic surface area. Thus,
mitral balloon valvotomy was not recommended.
Our case underscores the importance of phys-
ical examination in the evaluation of valvular heart
disease—severe isolated MS and an S3 should
not coexist. Acoustic shadowing in the setting of
extensive mitral annular calcification may result
in underestimation of MR severity by color
Doppler. A large V wave from significant MR

results in a high driving pressure, which may be
misinterpreted as true obstruction. Under appreciation of MR should be suspected if an S3 is auscultated, which correlates with a high
E wave velocity and markedly elevated E/A ratio on transmitral Doppler interrogation.

Supplementary data are available at European Heart Journal — Cardiovascular Imaging online.
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