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Abstract
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Background—Spectrally encoded confocal microscopy (SECM) is a high-speed reflectance
confocal microscopy technique that has the potential to be used for acquiring comprehensive
images of the entire distal esophagus endoscopically with subcellular resolution.
Objective—The goal of this study was to demonstrate large-area SECM in upper GI tissues and
to determine whether the images contain microstructural information that is useful for pathologic
diagnosis.
Design—A feasibility study.
Setting—Gastrointestinal Unit, Massachusetts General Hospital.
Patients—Fifty biopsy samples from 36 patients undergoing routine EGD were imaged by
SECM, in their entirety, immediately after their removal.
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Results—The microstructure seen in the SECM images was similar to that seen by
histopathology. Gastric cardia mucosa was clearly differentiated from squamous mucosa. Gastric
fundic/body type mucosa showed more tightly packed glands than gastric cardia mucosa. Fundic
gland polyps showed cystically dilated glands lined with cuboidal epithelium. The presence of
intraepithelial eosinophils was detected with the cells demonstrating a characteristic bilobed
nucleus. Specialized intestinal metaplasia was identified by columnar epithelium and the presence
of goblet cells. Barrett’s esophagus (BE) with dysplasia was differentiated from specialized
intestinal metaplasia by the loss of nuclear polarity and disorganized glandular architecture.
Limitations—Ex vivo, descriptive study.
Conclusions—Large-area SECM images of gastroesophageal biopsy samples enabled the
visualization of both subcellular and architectural features of various upper GI mucosal types and
were similar to the corresponding histopathologic slides. These results suggest that the
development of an endoscopic SECM probe is merited.
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The diagnosis of esophageal diseases is hampered by the inability of conventional video
endoscopy to visualize pathologies such as dysplasia and early cancer in patients with
Barrett’s esophagus (BE) and eosinophilic esophagitis. Many approaches are being
investigated to address this issue, including endoscopic microscopy or endomicroscopy,
where high-resolution, microscopic images are acquired in vivo by using an endoscopic
probe.1,2 Confocal endomicroscopy is one technology that is capable of providing images
that contain cellular and subcellular features of the esophagus.3,4 In previous reports,
confocal endomicroscopy has been shown to distinguish squamous mucosa from gastric
pits,5 BE with specialized intestinal metaplasia (SIM) from normal gastric or squamous
epithelium,6,7 and neoplasia associated with BE from SIM.6–8
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Although confocal endomicroscopy shows promise, its field size is usually limited to less
than 500 μm.5,9 Thus, confocal endoscopic imaging may be subject to sampling errors
similar to those of endoscopic biopsy.10 Mosaicing, or stitching, of multiple adjacent
confocal images has been demonstrated to generate a considerably larger imaging area,9,11
but even with these techniques, the total attainable field size is often significantly smaller
than that of the mucosal surface area at risk, which can have a longitudinal extent of many
centimeters.12 A different form of endomicroscopy, termed comprehensive volumetric
microscopy, has been proposed that acquires a 3-dimensional microscopic image of the
entire distal esophagus. This approach has been demonstrated by using high-speed optical
frequency domain imaging (OFDI) through balloon-centering catheters.13,14 Although OFDI
can provide architectural features of the imaged areas, cellular features are not well
appreciated because of the 10- to 20-μm resolution of this technology.
An alternative reflectance imaging technology that has higher spatial resolution is
reflectance confocal microscopy (RCM). RCM has been successfully used in imaging
various types of human tissues, including esophageal,15,16 gastric,15,16 cervical,17,18
skin,19,20 joint,21 and breast tissues.22 In RCM, characteristic cellular and architectural
features were rapidly visualized at video rates.16,18,20,23 Although the image quality
demonstrated in these RCM studies is very good, frame rates need to be increased further to
comprehensively screen large luminal organ surface areas in living patients.
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Spectrally encoded confocal microscopy (SECM) is a high-speed RCM technique that is
capable of obtaining images at very high speeds.24 With SECM, broadband or wavelengthswept narrowband light is coupled into a single optical fiber. Light from the fiber illuminates
a grating and an objective lens at the distal end of the confocal probe. This configuration
causes the sample to be illuminated at several different locations, where each point is
interrogated by a different wavelength. After the light is transmitted back through the optics
into the fiber, the image is reconstructed by detecting the returned light as a function of
wavelength with a high-speed detector in the system’s console. Because SECM does not
need a rapid beam-scanning device inside the probe, the size of the optics can be small and
the imaging speed can be very high, as much as 10 times faster than the video rate. These
features of the SECM technology make comprehensive confocal endomicroscopy of the
entire distal esophagus possible. The goal of this study was to investigate large-area SECM
images of upper GI tissues and to provide a preliminary assessment as to whether these
images contain sufficient microscopic information for the diagnosis of upper GI tract
pathology.

METHODS
SECM bench-top system
A bench-top SECM system (Fig. 1) was used for the clinical study. A wavelength-swept
laser (central wavelength = 1320 nm; bandwidth = 70 nm; repetition rate = 5 kHz)25 was
Gastrointest Endosc. Author manuscript; available in PMC 2011 July 13.
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used as the light source. A transmission grating (groove density = 1100 lines/mm) and a
water-immersion objective lens (effective numerical aperture = 0.7; focal length = 5.3 mm)
were used to generate a single-scan field length of 180 μm along the spectrally encoded axis
of the image. Two computer-controlled translational stages were used to scan the spectrally
encoded line to obtain large-area images of biopsy samples. A piezoelectric transducer
actuator was used to change the focal depth of the objective lens. The transverse resolution
was measured to be 2 μm and the axial resolution was 10 μm. The image dimensions varied
from 2 × 1 mm (4000 × 2000 pixels) to 5 × 3.6 mm (10,000 × 7200 pixels). The number of
axial (depth) sections varied from 8 to 15 with axial scan intervals ranging from 15 to 10
μm, respectively, resulting in a total depth range of between 120 and 150 μm. The imaging
time was between 2.5 and 15 minutes, depending on the biopsy sample size.
Patient enrollment and imaging procedure
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Studies were conducted on biopsy samples taken from patients undergoing routine EGD at
the Massachusetts General Hospital (MGH) Gastrointestinal Unit from June 2008 to
February 2009. Any patient who underwent forceps biopsy was considered for enrollment,
and biopsy samples from randomly selected sites from the esophagus and stomach were
imaged. The biopsy samples were gently washed with saline solution. The first 14 biopsy
samples were imaged in phosphate-buffered saline solution, and the remaining 36 samples
were immersed in diluted acetic acid (0.6% concentration) to enhance nuclear contrast. The
samples, with the epithelial surfaces preferably facing the objective lens, were placed under
cover-slips and then imaged in their entirety by the SECM bench-top system at 8 to 15 depth
levels. Imaging began less than 5 minutes after biopsy of the patient. After imaging, the
acetic acid–stained samples were washed in saline solution to reverse the aceto-whitening.26
Each imaged sample was then placed in formalin and processed for paraffin-embedded
histopathology by using standard methods. Hematoxylin and eosin (H&E) histopathology
was conducted per the standard of care at the MGH Gastrointestinal Pathology Service.
Slides were digitized by using a full-slide scanner (ScanScope CS, Aperio Technologies,
Inc, Vista, Calif). SECM readers and members of the MGH Gastrointestinal Pathology
Service compared corresponding SECM and histopathology images. The SECM readers
were informed of the histopathologic diagnoses before reading the corresponding SECM
images. The study protocol was approved by the Partners Internal Review Board (IRB
#2007P000656).

RESULTS
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Because it was difficult to orient the specimens grossly, of the 50 biopsy specimens imaged,
13 were positioned under the SECM microscope upside down. SECM images of the
epithelium were not obtained for these 13 biopsy specimens because of the limited
penetration depth of SECM through the submucosa. We therefore removed these 13 cases
from the analysis. The remaining 37 biopsy samples were correctly oriented, 26 of which
were stained by acetic acid. The diagnoses of the 37 biopsy samples are summarized in
Table 1. Because the orientation of the samples was lost during the fixation and sectioning
procedure, exact spatial correspondence between the SECM and histopathology images was
not possible. For each mucosal type presented here, SECM and representative
histopathology images obtained from the same biopsy specimen are shown at both low and
high magnification.
Gastroesophageal junctional mucosa
Images of an acetic acid–stained biopsy sample taken at the gastroesophageal junction of a
46-year-old male patient with a history of BE with dysplasia are shown in Figure 2. The
wide-field SECM image (Fig. 2A) enables the differentiation of gastric cardia type from

Gastrointest Endosc. Author manuscript; available in PMC 2011 July 13.

Kang et al.

Page 4

NIH-PA Author Manuscript

squamous esophageal mucosa, based on architecture, and is similar to the low-power
histopathology image (Fig. 2B). At higher power, both squamous and columnar cell nuclei
can be identified by SECM (Fig. 2C). The histopathologic diagnosis for this case was
squamoglandular junctional mucosa with focal intestinal metaplasia confirmed by the
corresponding high-power histopathologic image (Fig. 2D).
Gastric body/fundic type mucosa
The images in Figure 3 were obtained from an acetic acid–stained biopsy sample taken from
a 57-year-old female patient with a history of BE with dysplasia. The large-area SECM
image (Fig. 3A) identifies closely packed glands. The histopathologic image (Fig. 3B) also
confirms the presence of tightly packed glands of the gastric fundic/body type but also
shows gastric foveolar epithelium. The high-magnification SECM image (Fig. 3C)
occasionally shows the nuclei on the epithelia of the glands. The biopsy sample was
diagnosed as gastric body/fundic type mucosa and gastric cardia type mucosa with acute and
chronic inflammation.
Fundic gland polyp
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Images of an acetic acid–stained biopsy sample from a gastric polyp of a 71-year-old female
patient with a history of BE and gastric polyps are shown in Figure 4. The lowmagnification SECM image (Fig. 4A) depicts irregular glandular architecture, which is
consistent with the low-magnification image of the corresponding H&E-stained section (Fig.
4B). The high-magnification SECM image (Fig. 4C) shows cystically dilated glands with
irregular sizes and shapes. The histopathologic images (Fig. 4B and D) exhibit gastric body/
fundic type mucosa with scattered cystically dilated glands consistent with a fundic gland
polyp. The histopathologic diagnosis was also fundic gland polyp.
Eosinophils
Figure 5 shows images of a biopsy sample from the mid-esophagus of a 31-year-old patient
with a history of eosinophilic esophagitis. In the large-area SECM image (Fig. 5A), several
scattered white dots are observed. The magnified SECM image (Fig. 5C) of a white dot (Fig.
5A) reveals the distinctive bilobed nucleus of an eosinophil and highly scattering cytoplasm.
The high-magnification histology image (Fig. 5D) also reveals an eosinophil with a bilobed
nucleus. The sample was diagnosed as esophageal squamous mucosa with scattered
eosinophils.
SIM

NIH-PA Author Manuscript

In Figure 6, images of an acetic acid–stained biopsy sample taken from a 76-year-old male
patient with a history of BE with high-grade dysplasia (HGD) treated with photodynamic
therapy are shown. The large-area SECM image (Fig. 6A) shows columnar epithelium
distinguished from squamous epithelium. At higher magnification, the SECM image (Fig.
6C) reveals the presence of goblet cells, which is indicative of BE with SIM. Histopathology
(Fig. 6B and D) confirmed the presence of intestinal-type mucosa with scattered goblet cells.
For the 6 biopsy samples diagnosed as BE with no dysplasia, all the SECM image sets
showed foveolar epithelium. Goblet cells were detected in 5 of 6 SIM biopsy samples. For
the SIM case in which SECM did not reveal goblet cells, the histopathology showed that the
intestinal metaplasia was buried, indicating that the intestinal metaplastic glands were
located deeper than SECM interrogated.
Dysplasia
Figure 7 depicts images of an acetic acid–stained biopsy sample taken from a 75-year-old
female patient with a history of BE with HGD and intramucosal adenocarcinoma treated
Gastrointest Endosc. Author manuscript; available in PMC 2011 July 13.
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with EMR, photodynamic therapy, the BARRX HALO 90 system (BARRX Medical, Inc,
Sunnyvale, Calif) and cryotherapy. The wide-field SECM image (Fig. 7A) shows
disorganized glands with irregular shapes and sizes without stroma compared with more
regularly arranged glands with intervening stroma. The low-magnification histopathologic
image (Fig. 7B) shows dysplastic surface epithelium and normal-appearing glands. On
higher magnification, the SECM image (Fig. 7C) reveals the loss of nuclear polarity in
epithelial cells and limited stratification of the nuclei that are confirmed by the
corresponding histopathologic image (Fig. 7D). The histopathologic diagnosis was glandular
mucosa with HGD.

DISCUSSION
Our results show that large-area SECM can reveal both of the architectural and cellular
features of various gastroesophageal tissues, which are similar to the morphologic features
seen on the corresponding H&E-stained slides. Of particular importance is the ability of
SECM to enable the visualization of goblet cells, nuclear stratification in dysplasia, and
eosinophils.
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There were several limitations of this study. First, the images were not acquired in vivo, but
within 15 minutes after removal of samples by forceps biopsy. How tissue microstructure
changes over this brief time period is not known. However, we are encouraged by other
reports of RCM in vivo16 that have shown some of the features that we have seen in our
biopsy study.
In this preliminary work, we applied acetic acid in the majority of cases to enhance nuclear
contrast. This is a well-established technique for the esophagus27,28 and other organ
systems.29,30 For most of the gastroesophageal mucosal types examined in this study,
images obtained with acetic acid visualized cell nuclei more reliably and with greater
contrast than images obtained without acetic acid (Fig. 7C). In contrast, we found that
eosinophils were more apparent without acetic acid because the natural reflectivity of the
eosinophils appeared to be much higher than the surrounding squamous mucosa (Fig. 5C).
However, the acetic acid appeared to penetrate the tissue irregularly. This heterogeneous
distribution of the contrast manifested in clear visualization of nuclei in some areas (Fig. 6A
and C), yet in other areas of the image, nuclei were not as clearly seen (Fig. 7A, arrowhead).
One possible cause of the irregular acetic acid penetration might be nonuniform removal of
mucus during saline solution washing of the sample. For acetic acid staining to become a
viable technique for microscopic contrast in vivo, standard methods for attaining uniform
staining must be developed.
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The images obtained with SECM are inherently transverse images compared with the
conventional cross-sectional images used for histopathology. Here, we acquired multiple
transverse images as a function of depth. However, cross-sectional reformatting of the data
does not produce high-quality images because the axial resolution of our system (~10 μm)
was lower than the transverse resolution (2 μm). Furthermore, scattering near the top of the
sample shadowed deeper images, making the interpretation of images at depths greater than
100 μm difficult. These problems may be improved with the development of optimized
imaging optics and image-processing routines for correcting attenuation as a function of
depth.31,32
The number of samples for each mucosal type was not large enough to test the sensitivity
and specificity. However, for some types of mucosae, certain distinctive architectural and
cellular features were universally observed in most of the SECM images, as shown in the
cases of BE with SIM.

Gastrointest Endosc. Author manuscript; available in PMC 2011 July 13.

Kang et al.

Page 6

NIH-PA Author Manuscript

An endoscope-compatible probe must be developed to conduct comprehensive microscopy
with SECM in vivo. We have made progress in this area by demonstrating the key
components in a bench-top setup.33 Figure 8 shows a schematic of the design. Like
comprehensive esophageal OFDI, this probe conducts confocal microscopy through a
balloon-centering catheter. On the bench top, we have shown that we can acquire SECM
images of a 2.5-cm long, 2.0-cm diameter esophageal phantom in less than 2 minutes.33
Balloon-catheter SECM is more challenging than OFDI because the axial location of the
focus must be controlled to within 10-μm precision. Our research developing a
comprehensive esophageal SECM probe is currently directed toward finding robust adaptive
focusing solutions to address this challenge.
The imaging speed of SECM demonstrated in this study was limited predominantly by the
speed of the scanning stages. The endoscopic SECM probe that we are currently developing
will provide image information an order of magnitude faster than that in the current study.
This balloon-catheter device will conduct rapid scanning by using a high-speed wavelengthswept source and will helically scan the internal optics, in a manner similar to that of
OFDI14 and our bench-top proof-of-principle SECM probe.33
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On the completion of the endoscopic probe development, use of SECM will be implemented
in patients to provide this detailed diagnostic information over large areas and possibly even
the entire distal esophagus. The large-area microscopic imaging enabled by SECM opens up
the possibility of comprehensive high-resolution screening for pathology that cannot be
identified by conventional video endoscopy and may be missed by confocal
endomicroscopy.

Abbreviations
BE

Barrett’s esophagus

H&E

hematoxylin and eosin

HGD

high-grade dysplasia

MGH

Massachusetts General Hospital

OFDI

optical frequency domain imaging

RCM

reflectance confocal microscopy

SECM

spectrally encoded confocal microscopy

SIM

specialized intestinal metaplasia
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Figure 1.

Schematic of the SECM bench-top system.
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Figure 2.

SECM and histopathologic images of gastroesophageal junctional mucosa stained with 0.6%
acetic acid. A, Large-area SECM image distinguishes gastric cardia type mucosa
(arrowhead) from squamous esophageal mucosa (arrow). B, Histopathologic image
demonstrates squamoglandular junctional mucosa. C, High-magnification SECM image
identified nuclei of columnar epithelial cells (arrowhead) from squamous cells (arrow). D,
High-magnification histopathologic image demonstrates different cell types in the stomach
and esophagus. Scale bars represent 250 μm.
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Figure 3.

SECM and histopathologic images of gastric fundic/body type mucosa stained with 0.6%
acetic acid. A, Large-area SECM image shows tightly packed glands. B, Histopathologic
image reveals gastric fundic/body type glands (arrow) and foveolar epithelium (arrowhead).
C, High-magnification SECM image shows closer look of gastric glands with basally
located nuclei. D, High-magnification histopathologic image demonstrates gastric fundic/
body type glands. Scale bars represent 250 μm.
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SECM and histopathologic images of a fundic gland polyp stained with 0.6% acetic acid. A,
Large-area SECM image shows irregular glands. B, Histopathologic image also identifies
glands with irregular sizes and shapes. C, High-magnification SECM image shows
cystically dilated glands lined with cuboidal epithelium. D, High-magnification
histopathologic image demonstrates a cellular proliferation of gastric body/fundic type
glands with scattered cystically dilated glands consistent with a fundic gland polyp. Scale
bars represent 250 μm.
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Figure 5.
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SECM and histopathologic images of squamous mucosa with scattered eosinophils. A,
Large-area SECM image reveals numerous scattered white dots (arrow). B, Histopathologic
image demonstrates squamous epithelium with scattered eosinophils. C, High-magnification
SECM image of a white dot (arrow in A) shows the characteristic bilobed nucleus
(arrowhead) of an eosinophil. D, High-magnification histopathologic image of an eosinophil
also shows a bilobed nucleus (arrowhead). Scale bars in A and B represent 200 μm and
scale bars in C and D represent 20 μm.
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Figure 6.

SECM and histopathologic images of BE stained with 0.6% acetic acid. A, Large-area
SECM image shows columnar epithelium (arrowhead) and squamous epithelium (arrow).
B, Histopathologic image demonstrates squamoglandular junctional mucosa. C, Highmagnification SECM image shows the presence of goblet cells (arrow). D, Highmagnification histopathologic image shows BE with the presence of goblet cells (arrow).
Scale bars represent 250 μm.
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Figure 7.
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SECM and histopathologic images of BE with dysplasia stained with 0.6% acetic acid. A,
Large-area SECM image shows mixture of disorganized glands (arrow) and normalappearing glands (arrowhead). B, Histopathologic image demonstrates dysplastic surface
epithelium (arrow) and regularly arranged glands (arrowhead). C, High-magnification
SECM image shows the loss of nuclear polarity in the dysplastic epithelium. D, Highmagnification histopathologic image also depicts nuclear atypia. Scale bars represent 250
μm.
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Figure 8.

Schematic of a SECM endoscopic probe design for conducting comprehensive confocal
microscopy of the esophagus.
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TABLE 1

Diagnoses of correctly oriented biopsies
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Mucosa type

No. biopsies (no. acetic acid–stained biopsy samples)

Squamous mucosa

13 (7)

GEJ mucosa

11 (8)

Gastric antral mucosa

2 (1)

Gastric fundic/body type

2 (2)

Fundic gland polyp

1 (1)

BE, no dysplasia

6 (6)

BE, dysplasia

2 (1)

Total

37 (26)

GEJ, Gastroesophageal junction; BE, Barrett’s esophagus.
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