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Abstract
BACKGROUND
Chronic radiation proctopathy (CRP) occurs as a result of pelvic radiation
therapy and is associated with formation of abnormal vasculature that may lead
to persistent rectal bleeding. While incidence is declining due to refinement of
radiation delivery techniques, CRP remains one of the major complications of
pelvic radiation therapy and significantly affects patient quality of life.
Radiofrequency ablation (RFA) is an emerging treatment modality for eradicating
abnormal vasculature associated with CRP. However, questions remain
regarding CRP pathophysiology and optimal disease management.

AIM
To study feasibility of optical coherence tomography angiography (OCTA) for
investigating subsurface vascular alterations in CRP and response to RFA
treatment.

METHODS
Two patients with normal rectum and 8 patients referred for, or undergoing
endoscopic RFA treatment for CRP were imaged with a prototype ultrahigh-
speed optical coherence tomography (OCT) system over 15 OCT/colonoscopy
visits (2 normal patients, 5 RFA-naïve patients, 8 RFA-follow-up visits). OCT and
OCTA was performed by placing the OCT catheter onto the dentate line and
rectum without endoscopic guidance. OCTA enabled depth-resolved
microvasculature imaging using motion contrast from flowing blood, without
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requiring injected dyes. OCTA features of normal and abnormal
microvasculature were assessed in the mucosa and submucosa. Blinded reading
of OCTA images was performed to assess the association of abnormal rectal
microvasculature with CRP and RFA treatment, and rectal telangiectasia density
endoscopic scoring.

RESULTS
OCTA/OCT images are intrinsically co-registered and enabled depth-resolved
visualization of microvasculature in the mucosa and submucosa. OCTA
visualized normal vascular patterns with regular honeycomb patterns vs
abnormal vasculature with distorted honeycomb patterns and ectatic/tortuous
microvasculature in the rectal mucosa. Normal arterioles and venules < 200 μm
in diameter versus abnormal heterogenous enlarged arterioles and venules > 200
μm in diameter were visualized in the rectal submucosa. Abnormal mucosal
vasculature occurred in 0 of 2 normal patients and 3 of 5 RFA-naïve patients,
while abnormal submucosal vasculature occurred more often, in 1 of 2 normal
patients and 5 of 5 RFA-naïve patients. After RFA treatment, vascular
abnormalities decreased, with abnormal mucosal vasculature observed in 0 of 8
RFA-follow-up visits and abnormal submucosal vasculature observed in only
and 2 of 8 RFA-follow-up visits.

CONCLUSION
OCTA visualizes depth-resolved microvascular abnormalities in CRP, allowing
assessment of superficial features which are endoscopically visible as well as
deeper vasculature which cannot be seen endoscopically. OCTA/OCT of the
rectum can be performed in conjunction with, or independently from endoscopy.
Further studies are warranted to investigate if OCTA/OCT can elucidate
pathophysiology of CRP or improve management.

Key words: Optical coherence tomography; Optical coherence tomography angiography;
Radiofrequency ablation; Chronic radiation proctopathy; Rectal telangiectasia density
scoring system; Subsurface microvascular imaging

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: In this study we use a prototype ultrahigh-speed optical coherence tomography
(OCT) system and OCT angiography (OCTA) to perform depth-resolved visualization of
microvasculature in the mucosal and submucosal layers of the rectum without requiring
injected dyes. Abnormal distorted honeycomb patterns and ectatic/tortuous
microvasculature in the rectal mucosa and heterogenous enlarged arterioles and venules
> 200 μm in diameter in the submucosa are associated with chronic radiation
proctopathy and resolved with radiofrequency ablation treatment. OCTA/OCT is a
promising tool for investigating the pathophysiology of chronic radiation proctopathy
and further studies are warranted to understand if it can help in clinical management.

Citation: Ahsen OO, Liang K, Lee HC, Wang Z, Fujimoto JG, Mashimo H. Assessment of
chronic radiation proctopathy and radiofrequency ablation treatment follow-up with optical
coherence tomography angiography: A pilot study. World J Gastroenterol 2019; 25(16):
1997-2009
URL: https://www.wjgnet.com/1007-9327/full/v25/i16/1997.htm
DOI: https://dx.doi.org/10.3748/wjg.v25.i16.1997

INTRODUCTION
Chronic radiation proctopathy (CRP) occurs as a result of pelvic radiation therapy and
is associated with formation of abnormal vascular lesions that may lead to persistent
rectal bleeding. Up to 20% of patients receiving radiation therapy for prostate and
cervical  cancer  may  develop  CRP[1].  While  the  incidence  is  declining[2,3]  due  to
refinement  of  radiation  delivery  techniques[4-6],  CRP  remains  one  of  the  major
complications of pelvic radiation therapy and significantly affects patient quality of
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life. For symptomatic patients with prior pelvic radiation therapy, the current clinical
standard for diagnosis and assessment of disease severity for CRP is colonoscopy or
sigmoidoscopy[7];  which  examine  rectal  mucosa  for  CRP  hallmarks,  such  as
hemorrhage, ulcerations and telangiectasias[8]. The rectal telangiectasia density (RTD)
scoring system was developed for endoscopic assessment of CRP and was shown to
have  a  good correlation  with  clinical  symptomatic  assessment[9].  In  this  scoring
system, endoscopic appearance is  evaluated based on telangiectasia density and
vascular coalescence, and a score from 0 to 3 is assigned. Biopsies can be taken during
the endoscopy to rule out other diseases associated with abnormal vascular lesions
(such as inflammatory bowel disease), but are recommended only for select cases due
to the potential of further bleeding, ulcerations, and fistulae formation[10].

Management options for CRP range from non-endoscopic treatment with topical or
oral  medications,  to  endoscopic  interventions  such  as  dilation [11 ],  bipolar
electrocoagulation[12],  argon  plasma  coagulation  (APC)[13],  cryotherapy[14],  laser
ablation[15] and radiofrequency ablation (RFA)[16]. More severe and refractory cases of
CRP may necessitate surgical interventions such as colostomy and proctectomy[17,18].
Due to varying degrees of invasiveness and associated morbidity and mortality, it is
essential to choose the optimal treatment strategy, which may begin by employing the
least invasive non-endoscopic approaches such as observation or medical therapy,
and escalate in accord with patient’s response to the interventions[19].

Optical coherence tomography (OCT) enables three-dimensional visualization of
tissue  microstructure  and  was  recently  commercialized  as  volumetric  laser
endomicroscopy (NinePoint Medical, Bedford, MA, United States)[20,21]. Previous OCT
studies have primarily focused on upper gastrointestinal pathologies such as Barrett’s
esophagus (BE),  and have shown utility in endoscopic surveillance for detecting
dysplastic lesions that are indiscernible under white light endoscopy[22,23]. We have
recently developed an ultrahigh-speed OCT system which is more than 10 times faster
than  commercial  instruments  and  can  acquire  volumetric  images  with  higher
transverse resolution and voxel density. The ultrahigh imaging speed also enables
visualization of depth-resolved en face mucosal and microvascular features (known as
OCT angiography, OCTA), in addition to cross-sectional and en face OCT imaging[24].

This  pilot  study  investigated  OCTA  for  assessing  subsurface  tissue
microvasculature around the dentate line and rectum of normal patients as well as
CRP patients who were RFA-naïve or had previous RFA treatments. OCT imaging
was performed by directly placing the OCT catheter into the rectum of the patients
without  endoscopic  guidance.  OCTA  enabled  depth-resolved  visualization  of
microvasculature,  and  OCTA  features  of  normal  and  abnormal  rectal
microvasculature  were  described.  Blinded  reading  of  the  OCTA  features  were
performed to demonstrate association of abnormal rectal microvasculature with CRP
and RFA treatment, and the RTD endoscopic scoring system.

MATERIALS AND METHODS

Study setting and patient requirement
This study was conducted at the Veteran Affairs Boston Healthcare System. Two
patients with normal rectum and 8 patients referred for, or undergoing endoscopic
treatment with RFA for CRP were enrolled in the study between October 2013 and
November 2016 (n = 10). Five of the CRP patients were RFA-naïve at the baseline visit
(time of initial OCT imaging), while 3 patients had previous RFA treatments. Five of
the CRP patients imaged at the baseline visit were also imaged at RFA-follow-up
visits within the study period, yielding a total of 15 OCT/colonoscopy visits 2 normal
patients, 5 RFA-naïve patients, 8 RFA-follow-up visits). OCT imaging was performed
during scheduled colonoscopy visits immediately before the colonoscopy procedure.
Standard rectal examination with the colonoscope was conducted subsequent to OCT
imaging. RFA was performed in patients with active rectal bleeding and/or based on
endoscopic indication. A focal ablation catheter (Barrx 90, Medtronic, MN, United
States)  attached to  the  colonoscope  (CF-HQ190L or  CF-2T160,  Olympus,  Japan)
typically  in  the  six  o’clock  position  and  applied  to  the  rectal  mucosa  with  the
endoscope retroflexed, as previously described[16]. Patient charts were reviewed to
obtain information about rectal bleeding status and hemoglobin concentrations before
and after the colonoscopy visits.

Ultrahigh-speed OCT system
OCT imaging was performed with a prototype ultrahigh-speed OCT system operating
at an axial (depth) scan repetition rate of 600 kHz and a micromotor catheter imaging
at 400 frames per second[24]. The depth and lateral image resolutions were 8 μm and 20
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μm (full width at half maximum, in tissue), respectively, and the imaging range was
2.4 mm (in tissue). OCT datasets from the anterior side of the dentate line and rectum
were acquired by directly placing the OCT catheter onto the dentate line and rectum
of  the  patients  without  endoscopic  guidance,  but  with  real-time  OCT  imaging
guidance. OCTA images were generated by calculating the intensity changes between
sequential frames, and enabled depth-resolved imaging of microvasculature using
motion  contrast  from  flowing  blood,  without  requiring  injected  dyes[24].  Each
OCTA/OCT  dataset  covered  an  area  of  10  mm  ×  16  mm  (circumferential  x
longitudinal) and was acquired in 8 seconds. En face  OCT and OCTA images at a
given depth were viewed by summing over +/-50 μm depth (100 μm projection
range) to improve contrast and reduce noise. Multiple acquisitions were performed by
varying OCT catheter placement around the dentate line, guided by real-time OCT
imaging, to ensure that the squamocolumnar junction and a distal margin of ± 2 cm
were captured in the images.

Endoscopic grading of CRP severity and validation of OCTA assessment
Endoscopic  RTD scores  were  assigned by the  study physician  (H.M.)  during or
shortly after the colonoscopy procedure, who was blinded to the OCTA assessment.
All OCT and OCTA images were reviewed by a researcher experienced in OCT and
OCTA interpretation (O.O.A.),  who was not  blinded to  the clinical  status  of  the
patients. Rectal mucosal and submucosal microvasculature was assessed in normal
and  CRP  patients,  in  conjunction  with  standard  histology  literature  on  rectal
vasculature[25], to determine normal and abnormal microvascular features. All OCTA
images  were  then  read  by  another  researcher  experienced  in  OCT  and  OCTA
interpretation (K.C.L.) to assess occurrence of abnormal microvascular features in the
mucosal and submucosal layers. This reader assessed depth-resolved en face OCTA
images in conjunction with the cross-sectional and en face OCT images in order to
visualize the structure of and delineate between the mucosal and submucosal layers.
This reader was blinded to the clinical status and RTD scores of the patients.

Normal and abnormal rectal OCTA features
Examples of OCT and OCTA images of rectal microstructural and microvascular
architecture of normal and CRP patients are shown in Figures 1-3. Cross-sectional
OCT images  show mucosal  and submucosal  layers,  while  cross-sectional  OCTA
shows the location of vasculature relative to structural features. Vascular features
exhibit a shadowing effect because structures located below large vessels fluctuate
with blood flow. En face  OCT and OCTA images summed over 100 μm projection
range in the mucosa vs submucosa enable separate visualization of features at varying
depths.  Based on review of  the images,  OCTA features of  normal and abnormal
microvasculature  were  defined  as  follows  (Figure  4):  Normal  rectal  mucosal
microvasculature consisted of a honeycomb-like microvascular pattern corresponding
to subsurface capillary network described in the literature[25]. Abnormal rectal mucosal
microvasculature had distortions to the honeycomb-like microvascular pattern, and
had  ectatic  and  tortuous  microvasculature.  Normal  rectal  submucosal
microvasculature  consisted  of  arterioles  and  venules  with  homogeneous  vessel
diameters typically of < 200 μm[25],  in addition to shadowing from the superficial
mucosal microvasculature. Abnormal rectal submucosal microvasculature consisted
of arterioles and venules with heterogonous and unusually high vessel diameters (>
200 μm).

Statistical analysis
MATLAB (Mathworks, Inc, MA, United States) was used to perform all statistical
calculations. Quantitative metrics were represented as mean ± standard deviation. A
two-tailed t-test was used to compare the quantitative metrics between the continuous
variables. A p-value of < 0.05 was considered statistically significant.

RESULTS

Patient demographics and baseline clinical status
Patient demographics are summarized in Table 1. Previously-treated patients had a
mean of 2 RFA sessions prior to this study (range: 1-3). Baseline RTD scores were
significantly different between the RFA-naïve and the previously-treated patients
(mean score: 2 ± 0.7 vs 0.3 ± 0.6, respectively, P = 0.007). While the mean hemoglobin
concentrations were higher for the previously-treated patients compared to RFA-
naïve patients, the difference did not reach statistical significance (mean: 13.7 ± 1.8
g/dL vs 12 ± 0.8 g/dL, respectively, P = 0.23). 4 out of 5 (80%) RFA-naïve patients
presented with rectal bleeding at the baseline visit, while none of the previously-
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Figure 1

Figure 1  Depth-resolved en face optical coherence tomography and optical coherence tomography angiography images and cross-sectional optical
coherence tomography and optical coherence tomography angiography images of a normal rectum. A: En face optical coherence tomography (OCT) image at
150 μm depth; B: En face OCT at 350 μm depth showing regular circular mucosal patterns characteristics of normal rectum; C: En face OCT angiography (OCTA)
image at 150 μm depth showing regular honeycomb-like microvascular pattern of the subsurface capillary network in the mucosal layer; D: En face OCTA image at
350 μm depth showing rectal microvasculature corresponding to arterioles and venules in the submucosal layer, in addition to shadowing from the superficial mucosal
microvasculature; E: Cross-sectional OCT image from the solid green lines in A and B, showing regular columnar architecture of normal rectum. The submucosal layer
can be identified by the vertical layers traversing across the image (arrows). A dilated mucosal gland can be observed in both en face and cross-sectional image
(asterisk); F: Cross-sectional OCTA image from the solid blue lines in C and D. Subsurface capillaries in the mucosal layer can be identified as horizontal structures
connecting submucosal layer to the mucosal layer (solid arrows), while the arterioles and venules can be identified as vertical structures in the submucosal layer
traversing across the images (dashed arrows). Cross-sectional OCTA image was averaged over a 50 µm projection range in the longitudinal direction to improve
contrast and reduce noise. Dashed and solid lines in E and F indicate 150 μm and 350 μm depth levels, respectively. Scale bars are 1 mm in A-D, 500 μm in E and F.
OCT: Optical coherence tomography; OCTA: Optical coherence tomography angiography.

treated patients exhibited rectal bleeding.

Rectal OCT and OCTA features of normal and CRP patients
OCT imaging was completed in less than 10 min for each patient (mean: 8 ± 4 min,
range: 4-18 min). OCT and OCTA images enabled depth-resolved visualization of
rectal microstructural and microvascular architecture of patients with normal rectum
(Figure  1).  En  face  OCT  images  showed  regular  circular  mucosal  patterns
characteristics of  normal rectum (Figure 1A and B).  Images at  superficial  depths
showed the outline of the mucosal crypt architecture (Figure 1A) whereas images at
deeper depths delineated the mucosal architecture and patterns in greater detail and
contrast (owing to optical transmission and penetration from near-vertical columnar
epithelium and  lumens  to  deeper  depths)  (Figure  1B).  En face  OCTA images  at
superficial  depths  showed  regular  honeycomb-like  microvascular  pattern
corresponding to the subsurface capillary network in the mucosal layer (Figure 1C)[25].
En face OCTA images at deeper depths showed rectal microvasculature corresponding
to arterioles and venules in the submucosal layer, in addition to shadowing from the
mucosal microvasculature (Figure 1D). The submucosal arterioles and venules had
homogeneous vessel diameters of typically < 200 μm. Cross-sectional OCT images
showed regular columnar architecture of normal rectum and allowed determination
of mucosal and submucosal layer depths (Figure 1E)[26]. Cross-sectional OCTA images
showed subsurface capillaries in the mucosal layer and arterioles and venules in the
submucosal layer (Figure 1F).

OCT  and  OCTA  images  enabled  depth-resolved  visualization  of  rectal
microstructural and microvascular architecture of CRP patients (Figures 2 and 3).
OCT,  OCTA and endoscopy images  over  the  dentate  line  of  an  RFA-naïve  CRP
patient were shown in Figure 2. En face OCT images showed regular circular mucosal
patterns on the rectal side with no apparent abnormalities (Figure 2A). En face OCTA
images at superficial depths showed distortions on the honeycomb-like microvascular
pattern, and had ectatic and tortuous microvasculature in the mucosal layer (Figure
2C). En face OCTA images at deeper depths showed vessels with heterogonous and
unusually large diameters (> 200 μm) suggesting presence of abnormal arterioles and
venules in the submucosal layer (Figure 2D). Rectal examination confirmed the OCTA
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Figure 2

Figure 2  Depth-resolved en face optical coherence tomography and optical coherence tomography angiography images, cross-sectional optical
coherence tomography and optical coherence tomography angiography images, and corresponding endoscopy image over the dentate line of a
radiofrequency ablation-naïve chronic radiation proctopathy patient. A: En face optical coherence tomography (OCT) image at 150 μm depth showing regular
circular mucosal patterns on the rectal side and squamous epithelium with a smooth appearance on the anal canal side; B: Shows the corresponding endoscopy
image at the dentate line showing ulcerations, and edematous and non-confluent telangiectasias (rectal telangiectasia density = 2). White arrows highlight areas of
telangiectasias on the rectal side; C: En face OCT angiography (OCTA) image at 150 μm depth showing distortions to the honeycomb-like microvascular pattern, and
ectatic and tortuous rectal microvasculature (red oval) in the mucosal layer; D: En face OCTA image at 350 μm depth showing vessels with heterogonous and
unusually large diameters (red oval) suggesting presence of abnormal arterioles and venules in the submucosal layer; E: Cross-sectional OCT image from the solid
green line in A showing mucosal and submucosal layers; F: Cross-sectional OCTA image from the solid blue lines in C and D. Cross-sectional OCTA image was
averaged over a 50 μm projection range in the longitudinal direction to improve contrast and reduce noise. Dashed and solid lines in E and F indicate 150 μm and 350
μm depth levels, respectively. Scale bars are 1 mm in A-D, 500 μm in E and F. OCT: Optical coherence tomography; OCTA: Optical coherence tomography
angiography.

findings and the corresponding endoscopy image showed ulcerations, and edematous
and non-confluent telangiectasias (Figure 2B).

OCT, OCTA and endoscopy images over the dentate line of a previously-treated
CRP patient are shown in Figure 3.  En face  OCT images showed regular circular
mucosal patterns on the rectal side with no apparent abnormalities (Figure 3A). En
face  OCTA  images  at  superficial  depths  showed  regular  honeycomb-like
microvascular  pattern  in  the  mucosal  layer  suggesting  normalization  of  rectal
mucosal microvasculature following RFA treatment (Figure 3C). En face OCTA images
at deeper depths showed vessels with heterogonous and unusually large diameters (>
200 μm) that suggested presence of persistent abnormal arterioles and venules in the
submucosal layer (Figure 3D). Corresponding endoscopy image showed healing of
the rectal mucosa with some residual telangiectatic areas (Figure 3B).

Blinded OCTA reading results
Blinded OCTA reading results are given in Table 2. Occurrence of abnormal rectal
OCTA features were higher in RFA-naïve patients compared with normal patients or
CRP patients in RFA-follow-up visits. OCTA in 0 out of 2 (0%) normal patients, 3 out
of 5 (60%) RFA-naïve patients and 0 out of 8 (0%) RFA-follow-up visits had abnormal
rectal mucosal microvasculature. One out of 2 (50%) normal patients, 5 out of 5 (100%)
RFA-naïve patients and 2 out of 8 (13%) RFA-follow-up visits had abnormal rectal
submucosal microvasculature.

OCTA  reading  results  for  the  CRP  patients  were  also  stratified  according  to
endoscopic  RTD scores  (Table  3).  Occurrence of  abnormal  rectal  OCTA features
increased with increasing RTD scores, suggesting a correlation of abnormal rectal
microvasculature, as observed with OCTA, with the RTD scores. OCTA in 0 out of 5
(0%) visits with RTD = 0, 0 out of 3 (0%) visits with RTD = 1, 2 out of 4 (50%) visits
with RTD = 2 and 1 out of 1 (100%) visit with RTD = 3 showed abnormal mucosal
microvasculature. OCTA in 1 out of 5 (20%) visits with RTD = 0, 2 out of 3 (66%) visits
with RTD = 1, 3 out of 4 (75%) visits with RTD = 2 and 1 out of 1 (100%) visit with
RTD = 3 showed abnormal submucosal microvasculature.
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Figure 3

Figure 3  Depth-resolved en face optical coherence tomography and optical coherence tomography angiography images, cross-sectional optical
coherence tomography and optical coherence tomography angiography images, and corresponding endoscopy image over the dentate line of a
previously-treated chronic radiation proctopathy patient. A: En face optical coherence tomography (OCT) image at 150 μm depth showing regular circular
mucosal patterns on the rectal side and squamous epithelium with a smooth appearance on the anal canal side; B: Shows the corresponding endoscopy image at the
dentate line showing some residual telangiectatic areas (arrows, rectal telangiectasia density = 1); C: En face OCT angiography (OCTA) image at 150 µm depth
showing regular honeycomb-like microvascular pattern in the mucosal layer; D: En face OCTA image at 350 μm depth showing vessels with heterogonous and
unusually large diameters (red oval) suggesting presence of abnormal arterioles and venules in the submucosal layer; E: Cross-sectional OCT image from the solid
green line in A showing mucosal and submucosal layers; F: Cross-sectional OCTA image from the solid blue lines in C and D. Cross-sectional OCTA image was
averaged over a 50 μm projection range in the longitudinal direction to improve contrast and reduce noise. Dashed and solid lines in E and F indicate 150 μm and 350
μm depth levels, respectively. Scale bars are 1 mm in A-D, 500 μm in E and F. OCT: Optical coherence tomography; OCTA: Optical coherence tomography
angiography.

DISCUSSION
Most  OCT studies  to  date  have  been primarily  focused on  esophageal  diseases,
specifically on BE and its related dysplasia. Traditionally, OCT imaging speeds were
limited  and  it  was  only  possible  to  generate  cross-sectional  images  which  are
complimentary to endoscopic forward-viewing (i.e., en face) images. With advances in
OCT  technology,  imaging  speeds  more  than  10  times  faster  than  current
commercially-available technology are possible[24,27]. These ultrahigh speeds enable
depth-resolved  en  face  imaging  of  tissue  microstructure  as  well  as  imaging
microvasculature  (with  OCTA)  which  are  analogous  to  endoscopic  views  and
complement traditional cross-sectional OCT images. To our knowledge, this is the
first study demonstrating the potential clinical utility of this next-generation OCT
technology in a lower gastrointestinal tract pathology.

The  depth-resolved  imaging  capability  of  OCT  is  a  powerful  advantage  for
assessing disease severity as well as efficacy of endoscopic treatment modalities such
as RFA, where it is crucial to visualize both the treatment area and depth. A previous
study on BE patients showed that presence of residual BE glands and BE epithelium
thickness post-RFA predicted treatment response[28]. In addition, OCT measurements
of epithelial thickness > 333 μm prior to RFA predicted the presence of residual BE on
follow-up with a 92.3% sensitivity and 85% specificity. A recent study on ex vivo swine
esophageal  specimens showed that  OCT can monitor  RFA in real  time (imaging
through the ablation catheter) and quantitatively assess treatment depth using optical
scattering changes of the epithelial layer during ablation[29]. Another study showed
that OCT can assess the anal canal in CRP patients undergoing RFA[30], and showed
re-epithelialization  by  neosquamous  mucosa  over  areas  of  prior  hemorrhage,
potentially forming a protective layer preventing recurrence of bleeding. Our current
study investigated depth-resolved en face OCT and OCTA images of the rectum from
normal and CRP patients, demonstrated that rectal microvasculature in the mucosal
and submucosal layers can be independently assessed and presented OCTA features
of  normal  and abnormal  rectal  microvasculature.  Blinded reading of  the  OCTA
features demonstrated association of abnormal rectal microvasculature in RFA-naïve
patients compared with normal patients and RFA-follow-up visits (Table 2), as well as
a correlation of abnormal rectal microvasculature, as observed with OCTA, with the
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Figure 4

Figure 4  Summary of normal and abnormal microvasculature in the mucosal and submucosal layers of the rectum. A: Normal rectal mucosal
microvasculature consisted of a honeycomb-like microvascular pattern corresponding to subsurface capillary network; B: Abnormal rectal mucosal microvasculature
had distortions to the honeycomb-like microvascular pattern, and had ectatic and tortuous microvasculature; C: Normal rectal submucosal microvasculature consisted
of arterioles and venules with homogeneous vessel diameters typically of < 200 μm, in addition to shadowing from the superficial mucosal microvasculature; D:
Abnormal rectal submucosal microvasculature had arterioles and venules with heterogonous and unusually high vessel diameters (> 200 μm). Scale bars are 1 mm.

endoscopic RTD scores (Table 3).  Altogether,  these studies suggest  the potential
clinical  utility  of  depth-resolved  OCT  and  OCTA  imaging  in  assessing  disease
severity of CRP as well as efficacy of endoscopic treatment modalities such as RFA.

While it is generally acknowledged that CRP is associated with angiogenic changes
and corresponding tissue remodeling, the pathophysiology of CRP with regards to its
onset  and  progression  is  not  well  elucidated[31].  A  widely  recognized  model
hypothesizes that CRP originates within the mucosal layer, where the hypoxemia
caused by irradiation damages endothelial cells, inducing transcription factors such as
hypoxia-inducible factor that promote angiogenic factors such as VEGF, angiogenin
and FGF1[32,33]. This leads to neovascularization and dilatation of small vessels, and
telangiectasia formation in the mucosal layer. According to this model, inhibition of
angiogenic factors such as angiogenin and FGF1 may be a valid approach to treat
CRP[33].

A  recent  study,  on  the  other  hand,  suggested  a  strong  role  of  submucosal
microvascular  changes  leading  to  onset  and progression  of  CRP[34].  Researchers
collected fresh surgical rectal specimens from 30 patients with CRP and 29 patients
without  CRP  that  a l lowed  assessment  of  the  ent ire  rectal  wal l  for
immunohistochemistry arrays of angiogenic factors. This was in contrast to most prior
studies which evaluated rectal biopsy samples that only sampled the mucosal layer.
This  study  found that  angiostatin  deposits  that  reside  within  rectal  vessels  are
perfused throughout the mucosal-submucosal layer upon radiation damage of the
endothelial cells. Angiostatins subsequently suppress microvessel formation, causing
vessel stenosis and fibrotic vascular sclerosis, decreasing microvessel density in the
submucosal layer[34].  The vascular changes and formation of telangiectasias in the
mucosal  layer  are  hypothesized to  be  compensatory  changes  in  response  to  the
alteration of microvasculature in the submucosal layer. This study then suggested that
restoration of vascular functionality by promoting angiogenesis in the submucosal
layer may help in reversing the effects of CRP.

OCTA  can  independently  assess  rectal  microvasculature  in  the  mucosa  and
submucosa and is well suited for studying the pathophysiology of CRP in order to
develop  more  effective  prevention  and  treatment  approaches.  OCTA  allows
longitudinal  study  of  rectal  microvasculature  in  situ  without  injected  dyes  or
disrupting tissue integrity, unlike taking excisional biopsies or performing surgical
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Table 1  Patient demographics and baseline clinical status

Patient demographics (n = 10)

Age, mean (range) 73 (67-85)

Sex, male, No. (%) 10 (100)

Race, white, No. (%) 10 (100)

CRP Patients (n = 8)

Prior treatment RFA-naïve, n = 5 Previously-treated, n = 3

Prior RFA sessions, mean (range) 0 (0) 2 (1-3) P value

Baseline RTD score, mean ± SD 2 ± 0.7 0.3 ± 0.6 0.007

Baseline Hgb, g/dL, mean ± SD 13.7 ± 1.8 12 ± 0.8 0.23

Hgb:  Hemoglobin  concentration;  SD:  Standard  deviation;  CRP:  Chronic  radiation  proctopathy;  RFA:
Radiofrequency ablation; RTD: Rectal telangiectasia density.

resection. The results of this study demonstrated that only 3 out of 5 (60%) RFA-naïve
patients had abnormal rectal mucosal microvasculature on OCTA, but all 5 out of 5
(100%) had abnormal rectal  submucosal microvasculature.  This may support the
aforementioned recent hypothesis that CRP originates in the submucosal layer and
subsequently progress to the mucosal layer[34].  Furthermore, after RFA treatment,
patients had abnormal rectal mucosal microvasculature on OCTA in 0 out of 8 (0%)
RFA-follow-up visits and abnormal rectal submucosal microvasculature in only 2 out
of 8 (13%) RFA-follow-up visits. This may indicate that in a subset of patients RFA
may not be effective for coagulating the abnormal vessels in the submucosal layer.
Treatment approaches such as CSA or APC may be more appropriate to target deeper
vasculature in this cohort of patients.

The OCTA reading and endoscopic RTD scoring were performed by independent
researchers who were blinded to clinical status of the patients as well as each other’s
respective  readings.  Inter-observer  and  intra-observer  agreement  of  these  two
readings was not assessed. Previous studies have showed that RTD scoring system
has good inter-observer agreement,  but this has not yet been widely validated[9].
However, it should be noted that OCTA is extensively used in ophthalmology and
multiple techniques have been developed for automatically quantitating vasculature
and vascular alterations which can be adapted to this application[35]. These software
based methods will address problems of inter-observer agreement.

This study was limited in that it was retrospective and the patient enrollment was
limited to the patient demographics at the clinical center and the availability of the
OCT system. A fraction of patients (3 out of 8) were not imaged when they were RFA-
naïve. Furthermore, RFA-follow-up patients were at different stages of treatment, and
there was not a fixed interval between RFA and follow-up. Therefore, prospective
studies with larger sample sizes and standardized follow-up intervals are needed to
further validate the results of this study.

Typically, an endoscope is used to introduce the OCT probe into the GI tract via
accessory channels.  Recently,  a capsule based OCT device was demonstrated for
upper GI imaging which enabled wide field of view OCT imaging without requiring
an endoscope[36].  In this current study, we have also demonstrated OCT imaging
without requiring an endoscope by directly placing the OCT catheter onto the dentate
line and rectum. OCT imaging was rapid, taking an average of 8 min per patient.

OCTA images are generated by detecting OCT signal changes caused by moving
erythrocytes.  Therefore,  excessive OCT catheter pressure on the bowel wall  may
impair vascular flow and affect the visualization of smaller microvessels[37,38]. Control
of catheter pressure was difficult and repeat acquisitions were performed over the
same regions  while  applying  minimal  pressure,  but  maintaining  tissue  contact.
During analysis, we discarded datasets that did not visualize microvasculature over
all imaging depths as well as datasets exhibiting effacement of mucosal patterns (on
the rectal side) as a surrogate marker for excessive catheter pressure. This problem
can be addressed by designing OCT imaging devices specifically for anal/rectal
applications.

The small diameter of the OCT catheter used in this study restricted the single
acquisition field of view of to 10 mm × 16 mm. Although multiple acquisitions were
performed to increase the imaging coverage in the longitudinal direction, only the
anterior side of the rectal wall was captured in the circumferential direction. Imaging
the entire circumference of the rectum is important in order to more comprehensively
assess and map vascular alterations. We have recently demonstrated a tethered OCT
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Table 2  Endoscopic rectal telangiectasia density scores and occurrence of abnormal rectal mucosal and submucosal microvasculature
based on en face optical coherence tomography angiography images

Category Total patients/visits
Endoscopy En face OCTA

RTD ± SD Abnormal mucosal
microvasculature, n (%)

Abnormal submucosal
microvasculature, n (%)

Normal patients 2 Not assessed 0 (0) 1 (50)

RFA-naïve patients 5 2.0 ± 0.7 3 (60) 5 (100)

RFA-follow-up visit 8 0.5 ± 0.8 0 (0) 2 (13)

SD: Standard deviation; RFA: Radiofrequency ablation; RTD: Rectal telangiectasia density; OCTA: Optical coherence tomography angiography.

capsule which enabled circumferential imaging over a 40 mm × 240 mm area in the
esophagus in 20 seconds[39]. We also reported OCT and OCTA using a balloon-based
catheter  imaging  in  living  swine,  imaging  over  a  50  mm  ×  26  mm  area  in  18
seconds[40]. Related devices can be developed to image the proximal portion of the
lower gastrointestinal tract for CRP assessment in the future[41]. OCTA/OCT imaging
can be performed with a stand-alone device independent of colonoscopy, prior to
colonoscopy, or with an endoscopic attachment during colonoscopy.

In  summary,  this  study  demonstrated  that  OCTA/OCT  can  visualize  depth-
resolved tissue microvasculature around the dentate line and rectum, relevant to
assessment  and treatment  of  CRP.  We described  OCTA features  of  normal  and
abnormal rectal microvasculature in the mucosa and submucosa. Blinded reading of
these  OCTA features  suggest  that  submucosal  vascular  abnormalities  are  more
strongly associated with CRP than mucosal vascular abnormalities. Both mucosal and
submucosal vasculature was observed to normalize after RFA treatment. However,
these  observations  must  be  viewed  with  caution  because  of  our  small  patient
enrollment. Submucosal vasculature is not visible endoscopically and OCTA/OCT
provides a unique modality for assessing CRP. OCTA is well suited for longitudinal
studies  because it  does  not  require  injected dyes  and can rapidly imaging large
regions of rectum to yield integrated microstructural and microvascular maps. These
advantages suggest  that it  could be a viable tool  for rapid assessment of  CRP to
elucidate pathophysiology as well as potentially plan treatment and assess response.
Further larger scale, prospective, longitudinal studies are warranted.
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Table 3  Occurrence of abnormal rectal mucosal and submucosal microvasculature in chronic radiation proctopathy patients based on
en face optical coherence tomography angiography images, stratified by endoscopic rectal telangiectasia density score

RTD Total visits
En face OCTA

Abnormal mucosal microvasculature, n (%) Abnormal submucosal microvasculature, n (%)

0 5 0 (0) 1 (20)

1 3 0 (0) 2 (66)

2 4 2 (50) 3 (75)

3 1 1 (100) 1 (100)

RTD: Rectal telangiectasia density; OCTA: Optical coherence tomography angiography.

ARTICLE HIGHLIGHTS
Research background
Chronic  radiation proctopathy (CRP)  occurs  as  a  result  of  pelvic  radiation therapy and is
associated with formation of abnormal vasculature that may lead to persistent rectal bleeding.
While incidence is declining due to refinement of radiation delivery techniques, CRP remains
one of the major complications of pelvic radiation therapy and significantly affects patient
quality of life. Radiofrequency ablation (RFA) is an emerging treatment modality for eradicating
abnormal  vasculature  associated  with  CRP.  However,  questions  remain  regarding  CRP
pathophysiology and optimal disease management.

Research motivation
This  pilot  study  utilizes  ultrahigh-speed  optical  coherence  tomography  (OCT)  and  OCT
angiography (OCTA) to investigate microvascular features of normal versus CRP patients and
how they respond under endoscopic RFA treatment.

Research objectives
We utilized OCT and OCTA for assessing subsurface depth-resolved microvasculature around
the dentate line and rectum of normal patients as well as CRP patients who were RFA-naïve or
under treatment. OCTA can image normal and abnormal microvasculature in the mucosal and
submucosal layers of the rectum, providing information not available by endoscopy. Blinded
reading of vascular features were performed to assess incidence of abnormal features in RFA
treatment naïve CRP as well as response under treatment. Association with endoscopic rectal
telangiectasia density scoring was also investigated.

Research methods
Two  patients  with  normal  rectum  and  8  patients  referred  for,  or  undergoing  endoscopic
treatment with RFA for CRP were imaged with ultrahigh-speed OCTA/OCT over a total of 15
OCT/colonoscopy visits (2 normal patients, 5 RFA-naïve CRP patients, 8 RFA-follow-up visits).
Imaging was performed using a prototype ultrahigh-speed OCT instrument at 600 kHz axial
scan rate  using a small  imaging catheter.  OCTA enabled depth-resolved microvasculature
imaging using motion contrast from flowing blood, without requiring injected dyes.

Research results
OCTA  visualized  normal  vasculature  with  regular  honeycomb  patterns  versus  abnormal
distorted honeycomb patterns with ectatic and tortuous microvasculature in the rectal mucosa.
Normal arterioles and venules < 200 μm in diameter versus abnormal heterogenous enlarged
arterioles and venules > 200 μm in diameter were visualized in the submucosa.  Abnormal
mucosal vasculature occurred in 0 of 2 normal patients and 3 of 5 RFA-naïve patients, while
abnormal submucosal vasculature occurred more often, in 1 of 2 normal patients and 5 of 5 RFA-
naïve patients. After RFA treatment, vascular abnormalities decreased, with abnormal mucosal
vasculature observed in 0 of 8 RFA-follow-up visits and abnormal submucosal vasculature
observed in only and 2 of 8 RFA-follow-up visits.

Research conclusions
This  study  demonstrated  that  OCTA  can  visualize  depth-resolved  normal  and  abnormal
microvasculature  around the  dentate  line  and rectum associated with  CRP and treatment
response. Submucosal vascular abnormalities seemed more strongly associated with CRP than
mucosal  vascular  abnormalities.  Both mucosal  and submucosal  abnormal  vasculature was
observed to normalize after RFA treatment. However, these observations must be viewed with
caution since this was a retrospective study with a small patient enrollment. Further larger scale,
prospective, longitudinal studies are warranted.

Research perspectives
The role of mucosal vs submucosal vascular alterations in CRP remains an open question in
pathophysiology.  Submucosal  vasculature  is  not  visible  endoscopically  and  therefore
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OCTA/OCT provides a  unique modality for  assessing CRP.  Furthermore,  OCTA does not
require injected dyes and is well suited for longitudinal studies. It can rapidly imaging large
regions of rectum to yield integrated microstructural and microvascular maps. These advantages
suggest  that  OCTA/OCT  could  be  a  viable  tool  for  investigation  of  CRP  to  elucidate
pathophysiology as well as potentially plan treatment and assess response.
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