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Abstract

We demonstrate a computationally efficient method for correcting the nonuniform rotational
distortion (NURD) in catheter-based imaging systems to improve endoscopic en face optical
coherence tomography (OCT) and OCT angiography. The method performs nonrigid registration
using fiducial markers on the catheter to correct rotational speed variations. Algorithm
performance is investigated with an ultrahigh-speed endoscopic OCT system and micromotor
catheter. Scan nonuniformity is quantitatively characterized, and artifacts from rotational speed
variations are significantly reduced. Furthermore, we present endoscopic en face OCT and OCT
angiography images of human gastrointestinal tract in vivo to demonstrate the image quality
improvement using the correction algorithm.

Nonuniform rotational distortion (NURD) is a common problem in catheter-based imaging
systems such as intravascular and endoscopic optical coherence tomography (OCT) and
ultrasound [1, 2]. Conventional catheter-based imaging systems employ proximal actuation
to rotate the optical assembly and generate a circumferential scan. In these systems, NURD
is observed for both in vivo human and ex vivo phantom studies, suggesting that it is
inherently present due to mechanical friction between the catheter torque coil and sheath [1,
2]. Physiological motion as well as bends encountered in endoscopic and cardiovascular
imaging applications can exacerbate the severity of the rotational nonuniformity.

Micromotor catheters perform distal rotational scanning and eliminate some of the
aforementioned problems associated with proximal rotation [3, 4]. Rotation speed as high as
3.2 kHz was reported with a micromotor catheter, which cannot be attained by proximal
actuation [5]. Unfortunately, NURD is still observed in micromotor imaging catheters due to
motor mechanical instability, although it is significantly less than in proximally actuated
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catheters [6]. A motor with an encoder or other closed-loop feedback would improve the
uniformity of the rotation, but the increased size might not be suitable for clinical
applications.

Several methods have been demonstrated to correct NURD in catheter-based imaging
systems, such as registering neighboring A-lines or frames by maximizing cross-correlation
signal intensity [2,7-9], or using structural landmarks (e.g., stent struts) to aid registration of
subsequently acquired datasets [10]. The reflections from the sheath or optical components
of the catheters are also used for correcting rotational fluctuations caused by NURD [11].
However, methods using cross-correlation or phase information typically require highly
correlated images. Some methods require disabling the longitudinal scan (pullback) entirely
[7, 11], or provide only moderate improvement in rotational uniformity when tested in vivo
[2, 7]. For catheter-based applications with significant patient or operator motion, methods
that do not rely on dynamic image features for correction may be desirable.

With recent advances in OCT speed, rapid volumetric imaging became possible. Following
these developments, en face OCT is emerging as a powerful tool, especially for assessing
ocular pathology [12]. Furthermore, OCT angiography was developed as a functional
extension of OCT, enabling three dimensional visualization of vasculature without requiring
exogenous contrast agents [13, 14]. OCT angiography using OCT signal intensity has
several advantages over phase-sensitive techniques such as Doppler OCT or phase-variance
OCT, including relaxed system phase stability requirements and good sensitivity to slow
blood flow occurring in capillaries [15, 16]. Our group recently demonstrated the
combination of high-speed imaging and distal rotation to achieve highly stable scanning
required for assessment of en face mucosal patterns and for endoscopic OCT angiography
[17]. However, visualizing fine details with en face OCT or performing endoscopic OCT
angiography further increases scanning uniformity requirements.

In this Letter, we present a computationally efficient method for correcting the NURD
encountered in catheter- based OCT. The method uses fiducial markers located on the
catheter and resamples the cross-sectional images in accordance with the detected marker
positions. We characterize the magnitude and frequency spectra of the rotational
nonuniformity, and quantify NURD correction algorithm accuracy. We also present
exemplary en face OCT and OCT angiograms acquired with an ultrahigh-speed endoscopic
OCT system in vivo to show the image quality improvement.

This study was conducted using an ultrahigh-speed endoscopic-swept source OCT system
with a VCSEL and micromotor catheter, as described in reference [18]. Briefly, the VCSEL
operated at 300 kHz bi-directional sweep rate and 120-nm tuning range, enabling 600-kHz
A-line rate and 8-um axial resolution in tissue, respectively. The A/D card (ATS9360,
AlazarTech) was optically clocked at 1.1 GHz maximum clock frequency, resulting in a 3.3-
mm imaging range in air. We used a micromotor catheter with a 3.2-mm outer diameter
(OD), which passed through the 3.7-mm endoscope accessory port. The distal part of the
catheter consisted of a ferrule, GRIN lens, and prism mounted on the micromotor shaft. The
spot size was ~15 um (FWHM) in tissue. The micromotor rotated at 400 Hz, and the
catheter was proximally pulled back at 2 mm/s. Each dataset consisted of 3200 frames with
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1500 A-lines per frame. This resulted in a sampling pitch of 6.7 um in rotation and 5 pm in
pullback.

NURD correction was performed on sequential cross-sectional rotary OCT images in linear
intensity scale prior to generating en face OCT images and OCT angiograms. En face OCT
image stacks were then generated from the NURD-corrected 3D-OCT datasets with square
root compression and projected over 140 pm depth at various depth levels. Endoscopic OCT
angiography was performed by calculating the intensity decorrelation between sequential
frames, similar to reference [19]. This requires spatially overlapping cross-sectional images
in the pullback; hence images are intentionally oversampled in this direction. Following
decorrelation calculation, three consecutive decorrelation images are averaged to reduce
noise, and intensity thresholded to remove noise from low signal regions. Finally, en face
OCT angiograms were generated from the cross-sectional OCT angiography stacks and
projected over a 140 um range at various depth levels.

Imaging was performed on patients at the Boston VA Healthcare System (VABHS) under
IRB-approved protocols, and written informed consent was obtained prior to the study.

Figure 1 shows an example OCT image and a drawing of the catheter imaging probe. Figure
1(a) is an in vivo image of the human esophagus which corresponds to a single rotary scan of
the catheter micromotor. The OCT image shows four fiducial positions that are created by

the micromotor mount in Fig. 1(b). The fiducials could also be placed on the catheter sheath.

The NURD correction algorithm operates by detecting the fiducial positions on sequential
OCT images, corresponding to sequential rotary scans. The fiducials correspond to fixed
angular positions or fixed circumferential positions in the scan, but NURD causes the
fiducial to appear at varying times or A-line positions. It is important to note that NURD
causes not only a timing jitter (translation) in the positions of sequential OCT images, but
also stretching or compression of images in the transverse direction, because the rotational
period and the number of A-lines per rotation are varying.

The volumetric OCT dataset is composed of sequential cross-sectional OCT images from
rotary scans sampled at constant A-scan rate. The OCT data is generated with a constant
transverse-pixel sampling rate, but varying angular/circumferential velocity. The objective
of the NURD correction algorithm is to resample the volumetric OCT data such that the
transverse pixels correspond to registered and equally spaced angular/circumferential
positions, correcting for both timing jitter (translation) and stretching/compression of the
OCT images in successive rotary scans. This resampling process is somewhat analogous to
resampling the OCT spectrum from lambda to constant frequency or k interval, which
occurs in spectral domain OCT. The positions of the fiducials are used to generate a cubic
spline resampling, which is continuous in position as well as first and second derivative of
the position in time, corresponding to the assumption that the rotation has continuous
velocity and acceleration.

Using more than one fiducial per rotation will increase the number of angular/
circumferential reference locations and improve the accuracy of the resampling. This
resampling essentially performs a nonrigid registration in the transverse direction. The axial
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position of the image is assumed to be constant because tissue is in contact with the catheter
sheath.

Two fiducials per rotation were used to measure the NURD. As shown in Fig. 2(a), without
NURD correction, the angular deviation of the fiducial in sequential frames oscillates
significantly with a standard deviation of 16.4 mrad (26.2 um in circumferential position
assuming 3.3-mm probe OD). The mean value of the angular deviation for 10 different
acquisitions on different patients was 16.8 mrad (min = 10 mrad, max = 26 mrad, coefficient
of variation = 0.3). The frequency analysis in Fig. 2(c) shows this variation has a significant
component around 130 Hz. This instability appears to be from the micromotor and was
observed in multiple different catheters. Additional measurements by placing multiple
photodetectors around the probe (ex vivo) were performed to confirm that this was not
aliased from higher frequencies. Following the Nyquist criteria, using two fiducials per
rotation for NURD correction, i.e., sampling at twice the rotation frequency, can correct
instabilities up to 400 Hz for the parameters in this study.

To quantify the correction algorithm performance, we used two fiducials per rotation for
stabilization [e.g., A and C shown in Fig. 1(a)], and two other fiducials for measurement
[e.g., B and D shown in Fig. 1(a)]. Measurements show the angular deviation is significantly
reduced. Following NURD correction, the angle standard deviation is reduced to 1 mrad (1.7
pum in circumference assuming 3.3-mm probe OD), equivalent to a greater than 15-fold
improvement in rotational stability [Fig. 2(b)]. Figure 2(d) further illustrates the
improvement in rotational stability at 130 Hz as well as at other frequency components. The
mean value of the angular deviation for 10 different acquisitions on different patients was
1.4 mrad (min = 0.9 mrad, max = 1.7 mrad, coefficient of variation = 0.2).

Figure 3 shows the performance of the correction algorithm for endoscopic OCT images of
the human Gl tract. Figures 3(a) and 3(c) show en face OCT images acquired from the
rectum of a patient before and after NURD correction, where regular crypt architecture (pit
pattern) can be observed, characteristic of normal colon. Without NURD correction, severe
distortion can be observed in the en face pit patterns, as shown in Fig. 3(a). Figure 3(c)
shows the distortions are significantly reduced with NURD correction. Figures 3(b) and 3(d)
show endoscopic OCT angiograms from the esophagus of a patient. Before correction, OCT
angiography images exhibit decorrelation artifacts due to rotational instability between
consecutive frames. This results in increased OCT angiography background noise and
vertical streaks along the pullback direction [Fig. 3(b)]. As shown in Fig. 3(d), the algorithm
improves registration of consecutive frames, reducing decorrelation noise and improving
angiography quality.

The scanning parameters in these experiments yielded sampling pitches of 6.7 and 5 um
along the rotation and pullback direction, respectively. Given the 15 pm spot size, even very
small scanning instabilities will cause significant decorrelation noise between adjacent
frames. Furthermore, because a helical pullback scanning is typically used for catheter-based
imaging systems, it is not possible to acquire several repeated frames at precisely the same
longitudinal location, in contrast to ophthalmic OCT angiography, which uses galvanometer
scanning. NURD correction addresses rotational instability, but endoscopic OCT
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angiography is still limited by pullback instability. Pullback instability might be corrected by
using fiducials on the catheter sheath.

In addition, other instabilities arise from the relative movement of the tissue with respect to
the catheter. This causes large-scale image distortion in the 3D-OCT data and uncertainty in
registration relative to the tissue. Using fiducial markers that are located on the catheter will
not correct for tissue motion. However, this study was less vulnerable to tissue motion, due
to the ultrahigh speed acquisition.

The applicability of the fiducial marker method requires minimal modification of catheter
design. For micromotor catheters, the housing struts or shadows from cables can be used as
inherent fiducials. Rotational as well as longitudinal fiducial lines can be printed or laser
etched on the inner or outer surfaces or even internal to the transparent probe sheath. The
number of fiducial markers required to effectively suppress the NURD will depend on the
rotation stability and the frequency of the dominant instabilities.

In conclusion, a computationally efficient method is demonstrated that corrects image
distortion from rotational nonuniformity. This method can be used to effectively correct
instabilities up to a Nyquist frequency determined by the temporal spacing between two
serially detected fiducial markers. By increasing the number of fiducials, the correction
accuracy can be improved. Our study shows that two fiducial markers per frame are
sufficient to effectively suppress the NURD in high-speed micromotor endoscopy and
provide a nondistorted en face or angiographic image. However larger diameter-imaging
probes would require larger numbers of fiducials. This method can be applied to both
proximally and distally actuated catheter designs. Due to its accuracy and suitability for
high-speed imaging, this correction method could be a valuable tool for next-generation
endoscopic and cardiovascular OCT systems that acquire combined structural and functional
image information to assess pathological and physiological markers of disease.
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Fig. 1.
Description of the fiducial marker NURD correction algorithm for a micromotor catheter.

(a) Example OCT image showing fiducial positions. (b) Drawing of a micromotor catheter
with two struts and two imaging windows generating four fiducial positions. SE: Squamous
epithelium, LP/MM: Lamina propria/Muscularis mucosa. Scale bars are 1 mm.
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Fig. 2.
Characterization of NURD before and after software correction. (a) Temporal positions of a

fiducial from 200 sequential frames prior to correction (around zero mean). (b) Temporal
position of a fiducial (not used for correction) from 200 sequential frames postcorrection
(around zero mean). (c), (d) Fourier transforms of the waveforms from (a) and (b),
respectively.
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Fig. 3.
Demonstration of the NURD correction algorithm for en face OCT and OCT angiography

images. (a) and (c) show en face OCT images before and after applying the correction
algorithm, respectively. (b) and (d) show OCT angiograms before and after applying the
correction algorithm, respectively. All figures are generated by projection over 140 ym of
depth, and about 150-500 pm beneath tissue surface. (a) and (c) are taken from the rectum,
and (b) and (d) are taken from esophagus of two patients who were undergoing endoscopic
surveillance. Same signal thresholds are applied for (a) and (c), and for (b) and (d). Scale
bars are 200 pum for (a) and (c), and 500 pm for (b) and (d).
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