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Background and Study Aims: Endoscopic optical coher-
ence tomography (OCT) is an emerging medical tech-
nology capable of generating high-resolution cross-sec-
tional imaging of tissue microstructure in situ and in
real time. We assess the use and feasibility of OCT for
real-time screening and diagnosis of Barrett’s esopha-
gus, and also review state-of-the-art OCT technology
for endoscopic imaging.

Materials and Methods: OCT imaging was performed as
an adjunct to endoscopic imaging of the human esopha-
gus, Real-time OCT (13-lum resolution) was used to per-
form image-guided cvaluation of normal esophagus and
Barrett’s esophagus. Beam delivery was accomplished
with a 1-mm diameter OCT catheter-probe that can be
introduced into the accessory channel of a standard
endoscope. Different catheter-probe imaging designs
which performed linear and radial scanning were asses-
sed. Novel ultrahigh-resolution (1.1-um resolution) and
spectroscopic OCT techniques were used to image in vi-
tro specimens of Barrett’s esophagus.

Results: Endoscopic OCT images revealed distinct
layers of normal human esophagus extending from the

epithelium to the muscularis propria. In contrast, the
presence of gland- and crypt-like morphologies and the
absence of layered structures were observed in Barrett’s
esophagus. All OCT images showed strong correlations
with architectural morphology in histological findings.
Ultrahigh-resolution OCT techniques achieved 1.1-um
image resolution in in vitro specimens and showed en-
hanced resolution of architectural features. Spectro-
scopic OCT identified localized regions of wavelength-
dependent optical scattering, enhancing the differentia-
tion of Barrett’s esophagus.

Conclusions: OCT technology with compact fiberoptic
imaging probes can be used as an adjunct to endoscopy
for real-time image-guided evaluation of Barrett’s
esophagus. Linear and radial scan patterns have differ-
ent advantages and limitations depending upon the ap-
plication. Ultrahigh-resolution and spectroscopic OCT
techniques improve structural tissue recognition and
suggest future potential for resolution and contrast en-
hancements in clinical studies. A new balloon catheter-
probe delivery device is proposed for systematic ima-
ging and screening of the esophagus.

Introduction

Biopsy and histopathological examination are the standard
for the diagnosis of carcinoma, but can suffer from sam-
pling errors and are cumbersome for wide-scale screening.
A technology capable of performing “optical biopsy,” ima-
ging tissue at a resolution comparable to histopathological
examination in situ and in real time, without the need for
tissue removal and processing, could significantly improve
the detection of malignancics. The imaging of tissue archi-
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tectural morphology such as the integrity of the basement
membrane and glandular organization could be used to de-
tect many dysplastic and neoplastic changes.

Optical coherence tomography (OCT) is an emerging med-
ical imaging technology which can perform high-resolution

(1-15-um) cross-sectional imaging of tissue microstruc-.

ture in situ and in real time [1,2]. Several features of
OCT, in addition to its high resolution, make it especially
promising for medical diagnostics. In contrast to conven-
tional optical imaging modalities, OCT provides cross-sec-

tional images of internal tissue pathology, similarly to his-.

topathology. Although OCT images do not have the resolu-
tion of histological techniques, OCT can perform imaging.
of tissue in situ, enabling larger areas of tissue to be exam-
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ined than by excisional biopsy. Furthermore, OCT imaging
can be performed in real time under opcrator guidance.
Thus, OCT may be used to guide conventional excisional
biopsy or interventional procedurcs. The electronic format
of OCT images is directly amenable to computer image-
processing techniques to enhance image quality as well as
to quantify diagnostically relevant information. Since OCT
is an optical technique, spectroscopic techniques using dif-
ferent wavelengths may be used to enhance tissue contrast
or to perform microstructural functional assessment. Final-
ly, unlike ultrasound, OCT imaging can be performed di-
rectly through air, avoiding the need for direct contact with
tissue or the requirement of a transducing media. OCT can
be easily interfaced with endoscopes, laparoscopes, cathe-
ters, and hand-held probes. Unlike magnetic resonance
imaging or computed tomography, OCT can be engineered
into a compact, portable, and relatively inexpensive instru-
ment, allowing wider accessibility for possible office-based
screening.

OCT was initially applied for imaging in the eye and, to
date, has had the largest clinical impact in ophthalmology
[3—5]. More recently, advances in OCT technology have
made it possible to image nontransparent tissues, thus en-
abling OCT to be applied in a wide range of medical spe-
cialties [6—9]: Imaging depth is limited by optical attenua-
tion from tissue scattering and absorption, but depths ap-
proaching 2~3mm can be achicved in most tissues, com-
‘parable to depths obtained by conventional biopsy and his-
‘tological investigation. Although imaging depths are limi-
ted, the resolution of OCT is [ -15pim, i.e. 10 to 100 times
finer than even high-resolution clinical ultrasound.

Numerous in vitro imaging studies have been performed, in-
cluding studies of gastrointestinal tissues [10—14]. OCT
has been interfaced with catheters, endoscopes, and lapato-
scopes that permit internal body imaging [15~-19]. Catheter
and endoscope OCT imaging of the gastrointestinal and
pulmonary tracts has been demonstrated in vivo in an'ani-
mal model [15]. Preliminary endoscopic OCT studies in hu-
man ‘subjects have been reported [18-22]. Clinical studics
are currently being. performed by several research groups.

The objectives of this paper are to assess the feasibility of
optical coherence tomography for the in situ imaging and
screening of early pathological changes in patients with
" Barrett’s esophagus, and to prev1ew state-of-the-art OCT
imaging techniques which promise to cxpand the diagnos-
tic .capabilities of this technology. Barrett’s esophagus is
‘believed to be caused by chronic gastroesophageal reflux
{23]. Several studies have demonstrated that Barrett’s
esophagus is" associated with a 30-125 times increased
risk of ‘developing adenocarcinoma. For this reason, endo-
scopic - surveillance of Barreit’s epithelium every 12-18
" months is recommended [24]. Endoscopic screening cur-

‘rently -involves random four-quadrant biopsies every 1-
"2 ctn along the length of suspect mucosa. However, random
psies are prong to sampling errors and small foci of car-
oma ‘or: dysplasna may be missed [25,26]. Because of

the imprecision and high cost associated with screening,
new methods are being developed to assess patients at in-
creased risk. Endoscopic ultrasound catheters have been
used clinically for imaging Barrett’s metaplasia with 50--
100-mm resolution [27]. However, these resolutions are in-
sufficicnt to identify early epithclial changes which occur
in Barrett’s esophagus and the premalignant changes which
lead to adenocarcinoma of the csophagus.

In this study, we perform endoscopic OCT imaging of the
human esophagus in patients with Barrett’s esophagus. We
evaluate two different OCT catheter designs, for linear and
radial scanning, and assess their advantages and limita-
tions. We investigate state-of-the-art tcchniques of ultra-
high-resolution and spectroscopic OCT, to explore the fu-
ture potential of endoscopic OCT imaging. Finally, we pro-
pose a new balloon catheter-probe design which can enable
systematic OCT imaging coverage of the esophagus for
screening applications.

Materials and Mecthods
Optical Coherence Tomography

OCT imaging is analogous to ultrasound B-mode imaging,
except that it is performed with light rather than with
acoustic waves [1,2]. Figure 1 shows a schematic of the
OCT system. Mcasurcments are performed using a fiber-
optic Michelson intcrferometer with a low coherence-
length light source. Low-coherence light can be generated
by sources such as compact superluminescent semiconduc-
tor diodes or ultrashort-pulse solid-state lasers. One arm of
the interferometer contains a modular beam-delivery in-
strument that delivers and scans the light beam on the tis-
sue and collects the reflected signal. Three OCT delivery
instruments were used in this study: a linear-scanning cath-
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Figure 1 A schematic of the opttcal coherence tomography
(OCT) system. Utilizing fiberoptic components, the OCT system is
compact and portable, comparable in size to endoscopic ultra-
sound units. The system is modular in design and the sample arm
of the OCT interferometer can contain a variety of beam-delivery
instruments including fiberoptic radial- and linear-scanning cathe-
ter-probes for clinical endoscopic imaging, or a microscope for la-
boratory-based imaging of in vitro tissue specimens. SLD, superlu-
minescent diode
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eter-probe, a radial-scanning catheter-probe, and a micro-
scope. The second arm of the interferometer is a reference
arm with a mechanism for scanning the optical pith length.
Optical interference between the light from the sample and
reference arms occurs only. when the optical distances tra-
veled match to within.the coherence length of the hght. By
detecting. and demodulating the . output.of the interferom-
eter, the: echo: delay time: and intensity. of the light can be
measured thh extremely hlgh accuracy and scnsitivity,

Cross—sectxonal 1magcs of nssue are obtamfrd h}' laterally
scanning the opticat beam and. performing sequential axial
fieasurements: at:different fransverse.: posmuns The beam
is scanned. under computer:control, resulting in a two-di-
mensional. array that represents the optical backscattering
or reflection within a cross-sectional slice of the tissue spe-
cimen. The extremely high sensitivity of OCT achieves sig-
nal-to-noise ratios of 11043, c:nrrespondms to the detec-
tion of ::-ptlcal signals of 1 part in 10! of the mcident hight,

gle spatial 1 L

technc!:}gy for 0GT imaging of internal ﬂrgan SYSiems.
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an endoscopic w;mf in addition. to the OCT image. In this
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uge finear: nru:l mt.hal scﬂumng palt&ms [I?FIE‘]
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lar depending upon the imaging scan pattern. Data were re-
corded on Super-VHS tape and in digital form. The entire
system was comparable in size to an ultrasound unit.

Ultrahigh-Resolution and Spectroscopic OCT Imaging

Imaging of in vitro spccimens was performed using a bench-
top ultrahigh-resolution OCT system [28]. This state-of-the-
art system performs imaging using a fentosecond Ti:Al,O,
laser light source which emits ~5-fs optical pulses, cor-
responding to bandwidths of up to 350nm at a center wave-
length of 800 nm. The OCT system was designed to support
up to 260nm of bandwidth, achieving 1.5-pum axial resolu-
tion in free space or.~1.1 um in tissue. This is an order-of-
magnitude improvement in resolution compared to conven-
tional OCT systems. An achromatic lens with a 10-mm focal
length was used to focus the beam on the in vitro tissue spe-
cimens to achieve 5-um transverse resolution. This OCT
system, with microscope beam delivery, was used to image
in vitro Barrett’s esophagus specimens to demonstrate the
potential of ultrahigh-resolution OCT imaging.

Spectroscopic OCT imaging is an extension of ultrahigh-
resolution QCT which utilizes the broad spectral bandwidth
of the optical source to obtain information from the spec-
tral ‘content of the backscattered light [29]. Conventional
OCT imaging detects the envelope of the interference sig-
nal which is generated by the reflections of light from the
reference and sample arms. The amplitude of this envelope
is used: to- display the intensity of optical backscatter from
specific regions within the tissue. Spectral information can
be obtained by digitizing the full interference signal and
using digital signal-processing techniques.

While ‘conventional OCT uses a one-dimensional false-col-
or or grayscale mapping to represent the amplitude of the
backscattered light, spectroscopic OCT requires a multidi-
mensional map. In our studies, hue, saturation, luminance
(HSL) color space. was used. The backscattered intensity
was represented by the saturation and the spectral shift
was represented by the hue, keeping the luminance con-
stant. This mapping allows the intensity and spectral shift
of the backscattered light to be represented in a two-di-
mensiona} image form. Spectroscopic OCT imaging was
performed on in vitro human esophagus specimens con-
taining regions of normal and Barrett’s epithelium. Spec-
troscopic OCT was investigated as a modality for improv-
ing contrast and differentiation in OCT images. Spectro-
scopic OCT may help identify regions of differing spectro-
scopic optical backscatter properties that are associated
with different tissue morphologies.

Imaging Protocol

Glinical endoscopic OCT imaging of the human esophagus
-was performed as-an adjunct to standard upper gastrointes-
tinal .endoscopy.: Patients with previously diagnosed Bar-
rett’s  esophagus, and with or without dysplasia, were re-
scruited from the. Gastroenterology .Clinic at the West Rox-

bury Veterans Administration Mcdical Center, West Rox-
bury, Massachusetts, United States. All procedures were in
compliance with human study protocols of the Committee
on the Use of Humans as Experimental Subjocts, MIT,
Cambridge, Massachusetts, United States, and the Human
Studies Internal Review Board, West Roxbury VA Medical
Center, West Roxbury, Massachusetts, United States. Eight
patients underwent imaging in this feasibility study (of
whom two had been previously diagnoscd with low-grade
dysplasia). Endoscopic OCT imaging was performed in ad-
dition to routine endoscopic screening. The oropharynx
was desensitized with a topical 4% lidocaine spray. Eso-
phagogastroduodenoscopy was performed after sedation
with midazolam and meperidine, given intravenously. '

The disinfected OCT catheter was introduced through the
accessory channel of the endoscope uritil the distal end of
the OCT catheter extended beyond the distal tip of the en-
doscope and appeared in the endoscopic video field of
view. Both single- and dual channel Olympus cndoscopes
were used in this study. Using video guidance, the OCT
(Olympus America, Inc. Melville NY, USA) catheter was
positioned at several normal and cndoscopically abnor-
mal-appearing sites along the length of the esophagus and
OCT imaging was performed. Biopsy specimens were later
acquired from OCT-imaged sites. Four quadrant biopsics
were obtained every 2cm along the esophagus; the total
number of biopsies varied from patient to patient depend-
ing upon the length of the Barrett’s mucosa. Continuous
OCT imaging was performed at 4 frames per second using
cither linear- or radial-scanning OCT catheter-probes. OCT
data was recorded both digitally and directly to Super-VHS
video tape. Endoscopic video images were recorded direct-
ly to a second Super-VHS video tape which was synchro-
nized to OCT video acquisition. OCT imaging was per-
formed for approximately 5—10minutes at multipie sites
within the esophagus. An average of ~ 50 digital OCT im-
ages was obtained per patient. )

Slightly different imaging protocols were necessary for the
linear- and radial-scanning catheter-probes. The linear-
scanning catheter-probe was stabilized by placing the tip
in contact with the mucosal surface of the esophagus,
thereby reducing motion artifacts. The positioning of the
OCT imaging catheter-probe was controlled by steering
the distal end of the endoscope and varying the insertion/
retraction and the rotation of the catheter-probe. Special
care was required to ensure that thc OCT beam was emit-
ted perpendicular to the wall of the esophagus. Imaging
with the radial-scanning catheter-probe was performed by
placing the probe in contact with the esophageal wall and
deflating the esophagus during OCT imaging to approxi-
mate the wall around the probe. The positioning of the
catheter-probe was controlled by steering the distal end of
the endoscope and varying the insertion/retraction of the
catheter-probe. Biopsy specimens were placed in 10% for-
malin for standard histological preparation and processing,
and read by a gastrointestinal pathologist. Histological ima-
ges were compared with corresponding OCT images.
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For ex vivo ultrahigh-resolution and speciroscopic OCT
imaging stadies, three surgical specimens ol human esoph-
apus were used. Imaging was performed only on discarded
Ossue spocimens. Specimens were mamiained inoa 0.9%
saling solubion and imaged with ultrahigh-resolution and
spectroscopic OCT within Jhours of resection, The tissuc
specimen was placed onoa three-dimensional, computer-
controlled, micromeler-precision translation stage. Imaging
whs performed usng the OCT microscope beam-delivery
gpparatws. Ilmmediately after OCT imaging, the specimen
was marked with India ink spots o indicate the OCT im-
age plane location. Specimens were placed in 10% forma-
lin for at least 24 hours prior 1o standard histological pro-
cessing, Histological shides were prepared from 3-pm thick
sections stained with hematoxylin and eosin. OCT images
were compared with corresponding histological images.

Results

Endoscopic OCT was performed using both hinear and ra-
dial scanning methods to evaluate scanning technigues and
to demonstrate the ability to discern changes in architectur-
al morphology associpted with Barrew’s esophagus. Fig-
ures 3A—C show an endoscopic video image, a biopsy his-
tology, and a representative linear-scan OCT image of
normal squamous epithelium. The OCT amoge (4mm =
2.5mm; 512 = 256 pixels) of normal epithelium in Figure
AL illustrates the relatively homogeneous epithelium {ep),
the high-backscattering region: (darker) of the lamina pro-
pria (Ip), the low-backscattenng musculans mucoss {mim),
the high-backscattering submucosa:(sm), and the low-hack-

scatiering and thick lnu.wulaﬂs.rp'mp:i__a-_;_{mpj.l':.'T?l_!ﬁ{;éa_:eﬁ
horzontal line noted above the: mucosilsurfice was: i
the transparent plastic:sheath of the OET catheter Theepi-
thelial layer in the OCT image (Figure 3 C) was relatively
homogencous, correlating with the histology ef & fragment |

of squamous epithelivm (Figure 3B, The bmps;r ﬂpammbn. ;
was interpreted as normal sqlhs.mnus BV T tihl

Images were also acquired from: regions of Barrelf epl- jie
thelium in the same patient. Figures:3D,3 E, and 3F show

an endosvopic video: image; & biopsy. histology, andian |
OCT image (4mm * 28mm; 512256 pixels) of dnmb=
normal esophageal region. The video image reveals & fine ||
ger-like projection of abnormal epithelium which. appem !
pink. The OCT image i Figure 3 Fishows striking dif b
ences from those of s-quumu‘uil *ﬁp‘ﬂheln.lm {:‘uﬂhp

{as indicated’ b}r a:mws} The' prcsm:gﬁ& uj‘ (_{11 gl 11[:&
murphulngmsﬂl feahuﬂs is mnﬁnnbd‘izay-. the: ding

8y apammen -was' {nterprﬂtcnlas@gc {
e

i
I-': |._ Lo TR

F:gum 4 shnws twio réprﬁsmm%*mdlal scann

The arrows in anum:iﬁ md.ihnte. Ia}r I
ing thﬁ laning pmpna and aubn,-[' ¢

Blopsy Histology

OCT
Catheter

Al endoscopic. ﬂcr rmaglrtg df nurm}:l ,qnd ’Elar-
reft's esiphagus !Jsmg linear scanning. A Endoscopic video image
of normal. region, 8 Blamj histolagical Image | of ‘normal squa-
mals epithelium. € OCT image of normal squamaous epithelium
With refatively uriifarm and distinct layered structures (sée Results
section  for, detalls), The solid horizontal line abeve the mucosal

Iium { 4 Braps',' histetogical i r iphagus il
chmi.-m.tu: spet [ ! i il
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helzwgmeuus. Teglon of backscatter which appears similas
o that found ine ‘metaplastic columnar epithelium. The ar-
‘h‘ﬁlls ¢, v and g in Figure 4B also indicate regions of

i @quta uesael aficl g‘rmdular morphology, respectively.

|.

mt!.‘ﬂhlgh'-re_wlutmn OCT was used 1o unﬂgc specimens of
human esophagus in’ vitro. to: ln\’ﬂ‘:ihg.ll{.- improvements in
imaging. Figure SA i3 an OCT image of Barret's epithe-
' lium, The uungemza was Zmm L mm (1000 % 1500 pix-
ujs .Th.e image resolution was LIum axially and 5um
e Elgum 'EB bhuws -::nrrespundmg hlstbtug}

Le W0 2r-al

tures were observed along the surface. Magnified mmages
of selected regions are shown i Figures 5C and 8D
lsolated regions of low and gh opucal backscaner were
observed. Regions of low  backscaner corresponded 1o
Auid-filled crypis or glands. Ivis unelear whether individ-
nal cellular lestures are wvisible, slthough the localized
poants of high backscatter are suggestive of nucler.

Spectroscopic OCT was performed on regions of normal
and Barrewt's esophagus in vitro to assess whether spectro-
stopic imaging could enhance image contrast or improve
the differentiation of pathology. Amplinude womogrmms (all
previous OCT images) represent the imensity of backscat-
ter light, while spectroseopic tomograms (Figure 6) meas-
ure the spectral content of the backscanered hight. For the
spectroscopic OCT images presented here, the spectral
shift of the backscaticred light was measured by calculal-
ing the center of gravity of the spectrum from cach pixel
in the image. The spectral shift is mapped 10 a false-color
scate and plotted as hue, while the inensity of the back-
scattered light is plotted as saturation, with luminance kept
constant. The false-color image thus provides an indication
of the spectral shift of the backscattered light, as well as its
Intensity.

Figure 6 compares speciroscopic OCT images of normal
esophagus and Barrett's esophagus, The epithelium has a
greenchue in the false-color image, . indicating enhanced
scattering of shorter. wavelengths of light from this layer.
Immediately below the epithelium, the lamma propria con-
tains focal ‘areas of red hue, indicating regions of enhanced
longer-wavelength scattering, Since longer wavelengths pe-

arthne::tura! rnafph:':hgy nbﬁem_-d in the OCT imag ) Maani-
fied regions from sites indicated in A, Localized Tegions of high
optical backscatter fd:ark prgel c[us‘ters ) frnage’! rna;r I'Epra‘sant in-
dividial céll muctei,
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Figure6 Spectroscopic OCT imaging. Green- and red-hue color
scale indicate enhanced optical scattering of short and long wave-
lengths respectively. A Spectroscopic OCT image of transition
zone between normal squamous epithelium (right) and pathologic
columnar epithelium (left). For the normal epithelium, note the re-
latively smooth color transition from green to red with increasing
depth in tissue. B Spectroscopic OCT image of Barrett's esopha-
gus. The irregular epithelial morphologies from crypt- and gland-
like structures are indicated by areas-of red hue (enhanced long-
wavelength scattering) near.the surface (arrows) .

Suared

netrate more- deeply: into-tissue, it is. expected. that: shorter
wavelengths- will: be: scattered-:more from: structuses::near
the surface while: longer .wavelengths: will be scattered
more from deeper structures. Therefore, a shift of hue from
green-1o:yellow-to. red should oceur with. depth. Because
normal:-squamous: epithelium: is relatively -homogeneous,
this gradual-transition: from- green to.yeliow to. red is ob-
served:in Figure: 6 A. :This: is. in:-contrast to Figure 6B
where the presence.of: multiple: crypt-and. glandular. struc-
tures along the.surface- disrupt:the: morphological structure.
The: spectroscopic tomogram: fin:Figure- 6B shows. no:sig-
nificant:-degree: ofi.uniform. green: hue:(short-wavelength
scattering) 'within :the . epithelium: Instead; smore: frequent
focal-areas:;of :red: hue. (long-wavelength. scattering) are
present:+Qccasional .red. focal-areas- are: present at the sur-
face, as:indicated:by arrows. Increased disruption of the
normal : sgudimous-architectural: morphology: from- the. for-
mation:of crypts; glands; and potentially: celtular structures
such as-incressedsnuniber;and : size: of :nuclei: disrupt- the
nermal spectms opic soattenng beh gl et L the spectro-

OCT énables high-»resolution cross-sectional imaging 6f tis-
b ’Qtpholegy m sitw:and:i

sualizatiof ’cif,architééwral-. mbrpho]ogy:‘:fcatures such -as

real:time:Fhe ability..of

the normal layered structure:of the-epithelium vs.glanduliar
and crypt structures associated | with Barrett's esophagus
Because pinch biopsies were obtained, it was not possibls
to exactly orient the sectioning plane for histological invess
ligation, as with in vitro imaging studies. Cmmsppm!emu.
af OCT and histological findings was: evaluated basmd o'l
the presence or absence of architectiral morphology indis
zating normal vs. Boarrett's esophagus. There wis pood cor-
relation between OCT and histological features, At should
pe noted, however, that OCT images display ditferent prop-
erties from histology hecause the contrast in OCT images
arises  from  opucal  backseatiering by diffecent flssm:_
morphologies rather than: from qtammg ;

The 1mage resolution of cumcntmnnl E)CT {lﬂwlﬁpm} 15
sufficient to differentiate amh:tenlumi but not-celha far mor
phology, Endoscopic OCT resolution can diFfemntl,am o
mal from Barrett's cpithelium mreal ime based on differen-
ces in epithelial architecture, Crypt- and giﬂnd—]]kﬂ eagite
mres, which disrupted the relatively uniform Idyer&nfsquﬂ-
mous epithelium, were readily identified, enabling differens |
tintion between normal and Barretts: epithelium. However,
in this feasibility. study, neither the -endoscopist’ nor the'
DCT operator was blinded to thnﬂlseamihle Barrett'sespph-
agus visualized endoscopically. The: ﬂhilll‘.}f o differentiale
normal from Barrett's epithelium’ suggists that the OCT
zould be used for screening applications, Tlmse f]udmgs'.
are consistent with those of olhcr mvcsugu:mns 213 32].”

o o '_. e |

Annthcr aim uf our stmlj,r WaS: m waluaur, hnag,t—;,un,d; :
dial-scanning OCT! cnmzrm-pmmsﬁg&mmaﬂ;@ﬁﬂmﬁm 3
vantages and limitations. [0 OCT magin ﬂie-r:rqpm i
the focused beam: spot sizé (irinsvérse resohtiond
working distance are detérmined thy the; distitl micro-optics.
The beam is in focus when lhe:\xl,muws positioned near the
focal positicn of the beam within the depth: of field. The
lingar scan- pattern was used in - clinioal: ,ga:ilmmiashnhl
imaging studies reported in the literature {19,217, Linear-
scanning OCT images were displayed in Cartesian {rectan-
gular) coordinates; whereas jimges acqu:md with; the -
dial-scanning. n:aﬂu:ter—pmhewer: displayed in polar foirens |
lar) coordinates. The linear scanning approach has thead-
vantage that the ‘pixel spacing in the transverse direﬁumms
always uniform. This contrasts with the’ radja] u'l:lngm_g ap-
proach where the transyerse {cm:umft'mnlm]} pixel ﬂp&cm,g_
increases with dn.tnnm. ffrom the mtheter-pruhu‘. T e L

BT Ein

Toimage with - the 1m&nr~s¢au -:athﬂr.er pmbe dlesign) Jhﬂ
distal end was pumtruncd AEAISE the wall of the eso, Jhagus
Placing the catheter in contact: wﬂ'h tissue: ot ﬂrﬂﬂrlﬁu{c&j o
the distance to'the tissue, Tt alau htlphﬂ smhll.}mlthtmmﬁ- iy
eter-probe:: position dL'mng cardiag or-resp T mtin."e+
ments. Since the OCT imaging was performed in 2 plane
oriented at a particular angle; the! cﬂlhn:lﬂr—plﬂh;: i Ju:.be'-:
rotated. to ensure that the imaging plans was position _
the correct ditection/to/intercept! Iha;.mil af-the esap sl
This added an additionsl degree of freedom that! ‘haditarbe
cotiteolled: duringimaging. The: retttanglﬂaz QT mages o
were freer fromodistortion: and appeared: higher i quality




thanradial-scanning OCT images. with comparable pixel
densities. The longitudinal orientation of the OCT image
plane was' well suited for imaging structures such as the-
gastric junction, but provided poor coverage of the surface:
of the esophagus, since multiple views were required.’

The second OCT-catheter-probe design performed radial’

seanning. The radial-scanning catheter-probe was similar
fo an earlier design developed for OCT imaging of the gas-:
trointestinal tract system in animals [17]. This scan design
was-used in clinical gastrointestinal imaging studies report--
ed in the literature [20,22]. The radial scanning method is
analogous to that used in intravascular ultrasound catheters
‘which. contain a rotating distal ultrasonic transducer. “The
radial-scanning - catheter-probe is well suited for imaging
smatl-diameter lumens (of the order of a few mm) such as
human -arteries -or the gastrointestinal tract of animals.

However, for. large-drameter lumens such as the human’

esophagus, ‘it is- difficult to posmon and stabilize the ra-

hown in Fxgure 4 were obtamed by collapsmg the
gus around the OCT catheter. This also stabilized the
- the- esophagus relative to the catheter-probe.
folds m the esophagus developed around the

_ lo -The transverse pixel. spacmg (along the cir-
"cuinferenice) -is. not ‘constant,” but increases with distance
- from the probe-.‘Thus the radial OCT images become pro-

ds, One approach is to-use radial scanning
In-cor vith :a balloon. Balloon. catheters are com-
munlj' used for dilation of strictures and have been used
it photodynamic therapy, where they expand and stabilize
the esophagus to facilitate uniform delivery of optical ra-
diation;; A schematic of one tvpe of proposed OCT balloon
catheter-probe is shown in Figure 7. The balloon catheter
integrates  the radial-scanning catheter shown in Figure 2
with |4 {wire-guided - esophageal “balloon-dilation  catheter.
The balloon stabilizes the position of the OCT catheter-
probé inthe cemter of the esophagus and sets the correct
working distange so that the OCT beam is focused on the
esophagus. In ‘addition, the balloon also insufflates the
esophagus 1o remove folds and allow imaging of the full
circumiference. -Imaging, can be performed at successive

clent o avoid

Iy coa'rser whcn large-dlameter lumens are scanned.

ophagus is msufflated 1o a diameter suffl-'

Transparent Balloan Prism Sealamt
Drivacable sheath e B |
I
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Figure? A schematic of the OCT balloon catheter-probe, Dila
tion of the balioon within the esophagus stabilizes catheter posi-
tion, maintains a fixed optical working distance, and enables
three-dimensional imaging. & spiral scanning technique could be
used for three-dimensional OCT balloon catheter-probe imaging
and could enable systematic imaging of the asophagus

longitudinal -positions along the esophagus by varying the

longitudinal position of the optical probe within the bal-

loon or by retracting the entire balloon device. Alternative-
ly, imaging can be performed by scanning the OCT beam
in a spiral pattern, analogous to spiral computed tomog-
faphy. Computer algorithms could then be used to recon-
struct the three-dimensional structure of the mucosa.

Current acquisition rates of 4 frames per second were suf-
ficient for real-time endoscopic imaging. However, if sys-
tematic coverage of the esophagus is required, the amount
of data increases dramatically. Radial-scanning catheter-
probes can image the esophagus surface; however, because
the area is large, image-acquisition times increase. If the
esophagus is |0mm in diameter, the circumference is-
314mm and imaging with a transverse -resolution of
15pum requires a minimum of 2 x (31.4mm/15 mm)=
~4000 pixels. Current OCT systems, at 4—~8 frames per
second (or 2000-4000 transverse pixels petr second),
would require 1-2 seconds to image the esophagus cir-
cumference. Multiple images of the esophagus at different
longitudinal positions would be necessary to cover a given
area. Alternatively, a spiral scan pattern could be used. In
order to scan a 15-cm length with cross-sectional images
separated by 2 mm, 75 images are required and the acqui-
sition time would be 75-150 seconds. These times would
still be feasible for screening; however, if higher resolu-
tions are required, then the image—acquisition times would
increase - proporuonally For example, imaging with 5-um
resolution requires 2 x (31.4 mm/S um)=~ 12000 pixels
for a single cross-sectional plane, producing a threefold in-
crease in image acquisition time. Thus, OCT systems with
higher image-acquisition rates would be required: Finally,
computer monitors have insufficient resolution to display

a full image, so it 'would be necessary to pan and zoom in

on areas of interest, or to unfold the normal circular view
of the esophagus into a’series of sector views.

One major unresolved -question is the ability of OCT to
differentiate high-grade and low-grade dysplastic changes
that occur in conjunction with. Barrett’s esophagus. Be-
cause many signatures of dysplasia are manifest on a sub-
cellular rather than an architectural morphology level,
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higher-resolution imaging may be required. Ultrahigh-reso-
lution OCT has achieved subcellular resolution in vivo in-
cluding imaging in an amphibian animal model [28]. How-
ever, cell sizes in developmental biology models are larger
than in human tissues. In this study, ultrahigh-resolution
OCT imaging of specimens ex vivo showed clearer differ-
entiation of architectural morphology associated with Bar-
rett’s esophagus than did lower-resolution OCT imaging.
Spectroscopic OCT imaging of specimens ex vivo showed
clear differences in the spectral content of backscattered
light from normal vs. Barrett’s esophagus. The use of spec-
troscopic features provides another approach for enhancing
contrast between different tissue pathologies. Light-scatter-
ing measurements have recently emerged as a potentially
powerful approach for characterizing nuclear size by exam-
ining spectral features which are dependent upon the size
of the scatterers [30-32]. Spectroscopic OCT can. provide
spectroscopically resolved cross-sectional images '~ and
might be used to extract information on cellular features.
However, if successful, spectroscopic techniques would be
a lower-cost and lower-complexlty solution for gradmg
dysplasia than OCT. ' :

OCT has the potential to be integrated into several areas of
upper gastrointestinal endoscopy. OCT may be used as an
adjunct to endoscopy for screening and surveillance of
Barrett’s esophagus. Barrett’s esophagus is usually visible
endoscopically; however; OCT might be used in situations
where endoscopic visualization is difficult, such as to de-
tect short-segment Barrett’s, or as a follow-up to photody-
namic therapy to detect residual islands of Barreit’s pathol-

ogy [33).

OCT may also be used in the context of endoscopic muco-
sal resection of superficial, early-stage neoplasms. Endo-
scopic ultrasound with 15-MHz probes has been- used to
determine the depth of tumor invasion; however, resolu-
tions are limited, and in one study-correct depth of tumor
invasion was determined in only 67 % of patients [34]. The
higher resolution of OCT may prove useful for accurately
determining whether there is submucosal involvement of a
tumor. OCT may also be used intraoperatively to provide
surgical guidance during mucosal resection and to provide
feedback on the location of the tumor margin.

OCT could be useful for screening patients with gastro-
esophageal reflux disease for Barrett’s esophagus. The use
of a balloon-imaging catheter-probe is especially applicable
for screening. In this case, if OCT can be used to systema-
tically image the esophagus, it could be used independently
of endoscopy. Endoscopic OCT could be performed by a
small transoral or transnasal catheter-probe. This would
have the advantage of enabling “first-look™ screening to be
performed without the need for conventional endoscopy.
Screening could be performed without patient sedation,
without the need for special facilities, and at lower cost than
conventional endoscopy. If OCT screening is positive, then
follow-up endoscopy could be performed.

In the context of surveillance of patients with Barrett’s for

high-grade dysplasia and adenocarcinoma, the most intri-

guing _application of OCT would be to direct excisional

biopsy, to reduce sampling errors. One can env1sion new

OCT imaging probes which integrate OCT imaging with

pinch biopsy to provide a real-time “first look” at patholo-

gy prior to.excision and processing of a specimen. Diagno-

sis and treatment decisions would still be made using the .
gold “standard -of histopathology; however the number -of

biopsies and the sampling error would be reduced.. Further

investigations are required to assess the potential for con-

ventional-resolution, ultrahigh-resolution, .or spectroscopic

OCT to grade dysplasia. At present, thére are limitations

in the clinical use of ultrahigh-resolution and spectroscopic

OCT imaging, because these systems utilize femtosecond

lasers which are still relatively large, complex, and costly. -
Advances. in technology are required to make ultrahigh-re-
solution OCT practical for the clinical environment. How-
ever in the future; clinical OCT instruments with image. re-

solutions of 1-2um as well as spectroscoplc 1magmg cap-

abilities should be possible. :
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