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Abstract

Acute glomerulonephritis such as those caused by anti-glomerular basement membrane disease is
marked by high mortality. The primary reason for this is delayed diagnosis via blood examination,
urine analysis, tissue biopsy, or ultrasound and X-ray computed tomography imaging. Blood,
urine, and tissue-based diagnoses can be time consuming, while ultrasound and CT imaging have
relatively low spatial resolution, with reduced sensitivity. Optical coherence tomography is a
noninvasive and high-resolution imaging technique that provides superior spatial resolution
(micron scale) as compared to ultrasound and CT. Changes in tissue properties can be detected
based on the optical metrics analyzed from the OCT signals, such as optical attenuation and
speckle variance. Furthermore, OCT does not rely on ionizing radiation as with CT imaging. In
addition to structural changes, the elasticity of the kidney can significantly change due to nephritis.
In this work, OCT has been utilized to quantify the difference in tissue properties between healthy
and nephritic murine kidneys. Although OCT imaging could identify the diseased tissue, its
classification accuracy is clinically inadequate. By combining optical metrics with elasticity, the
classification accuracy improves from 76% to 95%. These results show that OCT combined with
OCE can be a powerful tool for identifying and classifying nephritis. Therefore, OCT/OCE
method could potentially be used as a minimally-invasive tool for longitudinal studies during the
progression and therapy of glomerulonephritis as well as complement and, perhaps, substitute
highly invasive tissue biopsies.
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Elastic wave propagation in mouse healthy and nephritic kidneys

Commonly used imaging platforms such as CT, MRI and US are not suitable for detecting
glomerulonephritis. Here, we combine the use of optical coherence tomography (OCT) and optical
coherence elastography (OCE) in order to co-capture structural and elastic information with
micrometer spatial resolution. The results show that OCT/OCE was able to distinguish nephritic
kidneys from healthy controls with 95% prediction accuracy, which suggesting a promising
application of the presented technique in clinical glomerulonephritis detection using minimally-
invasive procedures.
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1. Introduction

Acute glomerulonephritis can arise from multiple triggers, and is associated with significant
morbidity and mortality. One such trigger is anti-glomerular basement membrane immune
attack. Anti-glomerular basement membrane disease (anti-GBM) is a rare disorder with a
high fatality rate, which is primarily due to a delayed diagnosis compounded by rapid
disease progression [1]. Thus, accurate and early diagnosis is critical for preserving renal
function [2]. Although tissue biopsy, blood examination, and urine testing can provide
accurate diagnosis, they can be time consuming [3]. For example, tissue biopsy can be
invasive and preclude the possibility to perform longitudinal studies on the kidney due to
increased risk of inflammation and other damage. A rapid and noncontact imaging
technique, which can accurately detect glomerulonephritis, would overcome these
limitations. Currently, X-ray computed tomography (CT), magnetic resonant imaging
(MRI), and ultrasound imaging are widely used for image-guided renal diagnosis [3].
Although X-ray CT imaging and MRI are able to image soft tissues with excellent contrast,
X-ray CT imaging exposes the patient to radiation and MRI equipment and operation can be
cost prohibitive [4]. Ultrasound imaging is a rapid, cost-effective, and portable clinical
imaging technique without the detrimental effects of ionizing radiation and the need for
large imaging tubes as with CT and MRI. Because of its real-time imaging capabilities,
ultrasound-guided renal biopsy has been widely utilized to reduce the risk of complications
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[5, 6]. Although ultrasound imaging demonstrated the ability to detect parenchymal disease,
it was unable to detect abnormalities that were confined to glomeruli, such as increased
mesangial matrix and thickening of the basement membrane [7, 8]. Thus, effectively
detecting the pathological structure from images requires superior spatial resolution at the
micrometer scale.

Optical coherence tomography (OCT) is a noninvasive and high-resolution imaging
technique capable of providing micrometer-scale spatial resolution (< 10 um) with an
imaging depth of a few millimeters in scattering media such as tissue [9, 10]. Because of its
micrometer scale resolution, OCT can clearly identify the structural details of renal
corpuscles containing glomeruli and the Bowman space [11], which potentially enables OCT
to reveal structural changes caused by progression of glomerulonephritis [12]. Although
OCT imaging depth is limited, probe-based OCT methods [13-15] allow imaging the
internal organs, including the kidney. Unlike standard renal biopsy methods, OCT allows
longitudinal assessment of the pathological changes in renal tissues without damage to the
kidney [16]. In application, OCT has been applied in various biomedical fields, including
ophthalmology [17], oncology [18], cardiology [19], dermatology [20], and nephrology [11].
In addition to the qualitative images, quantitative biological tissue properties can be garnered
from various optical metrics [21], such as optical attenuation, and speckle variance. Both of
these metrics have been applied to identify the liver from the other organs /n vivo, including
the intestine and kidney [22]. In addition, the optical attenuation has been utilized to
characterize renal tissue properties, and successfully differentiate the tumor from healthy
kidney tissue /n vivo[23]. The use of quantitative optical metrics has enabled automated
disease detection with machine learning algorithms. Thus, quantitative OCT metrics may be
useful for the early detection of nephritis.

In addition to morphological changes, the biomechanical properties can also be significantly
altered by the nephritic process [24]. Elastography is a technique that can provide
quantitative information on the biological properties of tissues by imaging an induced
mechanical deformation. Ultrasound elastography (USE) [24, 25] and magnetic resonance
elastography (MRE) [26, 27] have been used to detect the mechanical changes in renal tissue
during disease. However, MRE and USE have relatively poor spatial resolution and contrast
and require large displacement amplitudes to provide a detectable signal [3, 28]. OCT based
elastography, which is termed optical coherence elastography (OCE), is a novel, rapidly
emerging technique that can capture mechanical contrast in tissue with micrometer spatial
resolution [29]. OCE can provide nanometer displacement sensitivity by analyzing the
complex OCT signal [30], enabling ultra-sensitive OCE investigations [31]. OCE has been
utilized to characterize the biomechanical properties of atherosclerotic vessels [32], soft
tissue tumors [33], the cornea [34, 35], and crystalline lens [36]. Extrapolating from these
reports, we reasoned that OCE may also have the potential to quantitatively assess
biomechanical changes in kidneys due to nephritis.

For developing a clinical OCE technique, selecting an appropriate excitation method is
critical. Generally, loading techniques fall into two categories: static/quasi-static and
dynamic. For static loading, compression OCE can obtain the Young’s modulus of tissues in
2D with high spatial resolution [37, 38]. Although compression OCE can be useful for
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quantifying skin mechanical properties /n vivo, there are challenges that must be overcome
before using the stress sensor inside the body. Dynamic OCE techniques primarily rely on
analyzing the propagation of an externally induced elastic wave and tissue deformation
caused by external vibration [39]. Nguyen et al. have successfully captured a two
dimensional shear wave elastogram with the use of vibrational loading [40], demonstrating
direct measurement of absolute elasticity using a contact-based method. Qi et al. have
recently developed a noncontact confocal acoustic radiation force OCE system for point-by-
point elastic imaging of human arteries, but this technique has not yet been demonstrated /n
vivo [41] and lacks the ability to provide Young’s modulus. Recently, Song et al. have
utilized noninvasive acoustic radiation force loading to provide depth-resolved elasticity of
the retina [42]. Dynamic OCE techniques have the ability to quantify Young’s modulus
without the requirement of an additional sensor. Therefore, the use of a needle-based OCE
combined with acoustic radiation force loading might be a viable option for characterizing
biomechanical properties of tissues within the body. In this pilot study, we utilized
noncontact air-pulse excitation [28, 43] for loading the kidney tissue to quantify Young’s
modulus without the need for tissue contact or a requirements for a transmission medium.

In this work, we demonstrate the first use of OCT structural image analysis combined with
OCE to classify nephritis caused by anti-GBM disease in murine kidneys. A phase-stabilized
swept source optical coherence tomography (PhS-SSOCT) system was used to image the
whole kidneys ex vivo. Two optical metrics, optical attenuation and speckle variance, were
used to quantify structural changes in the tissue due to nephritis. Although the OCT
structural metrics were able to detect the diseased tissue, the classification accuracy was
relatively low. To enhance the classification performance, the elasticity of the kidneys was
incorporated as an additional metric. A focused air-pulse induced a low amplitude
(micrometer scale) elastic wave, which was then imaged using a phase-stabilized swept
source optical coherence elastography (PhS-SSOCE) system. The Young’s modulus as
estimated by OCE significantly increased the classification accuracy from 76% (using
optical metrics only) to 95% (using optical metrics and elasticity). These results demonstrate
that utilizing both the structural and biomechanical metrics provided by the two
complementary technologies, OCT and OCE may be useful for the early detection of
glomerulonephritis during clinical examination.

2. Materials and Methods

2.1. Sample preparation and experimental procedure

GBM-reactive antibody was used to induce anti-GBM glomerulonephritis in mice. Kidneys
from 21 mice of strain 129/svJ (11 healthy, 10 nephritic) were utilized for ex vivo
assessment. All samples were harvested from female mice due to their greater sensitivity to
nephritis. Prior to the experiments, all samples were hydrated in 1X PBS and all experiments
were completed within 12 hours of harvesting the kidneys. All animal manipulation
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of
the University of Houston.
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2.2. 24hrs proteinuria and renal histology

Twenty-four hour urine samples were collected from all mice on day 0 and day14 after anti-
GBM challenge, using metabolic cages, with free access to drinking water. Urinary protein
concentration was determined using the Coomassie Plus protein assay kit (Rockford, IL,
USA). All animals were sacrificed on day14, and one kidney form each mouse was send for
OCT/OCE analysis and another was processed for pathology evaluation. During pathology,
four-micrometer sections of formalin-fixed, paraffin-embedded kidney tissues were
sectioned, and stained with hematoxylin and eosin and Periodic Acid Schiff. These sections
were examined for any evidence of pathology in the glomerular, tubulointerstitial
compartments, as described previously [44, 45].The severity of GN was graded on a scale of
0-4 based on the evidence of hypertrophy, proliferative changes, crescent formation, hyaline
deposits, fibrosis/sclerosis and basement membrane thickening.

2.3. PhS-SSOCE system

A home-built PhS-SSOCT system was combined with an air-pulse delivery system to obtain
the OCT and OCE measurements as shown in Figure 1. In brief, the PhS-SSOCT system
utilized a broadband swept laser source (HSL2000, Santec, Inc., USA) with a central
wavelength of 1310 nm, scan range of 150nm, A-scan rate of 30 kHz and the output power
of ~36 mW. The interference pattern was recorded by a balanced photodetector and digitized
by a high speed analog to digital convertor (ATS9462, Alazar Tech Inc., Quebec, Canada).
An FFT was performed on the fringe, which was resampled into linear k-space, to obtain
each OCT A-line and corresponding structural image and phase information. The axial and
transversal resolutions were ~11 um and ~15 um, respectively, and the phase stability of the
system was experimentally measured as ~16 mrad in air. Further details of the PhS-SSOCT
system can be found in our previous publications [46]. The air force applied on the kidney
was at most 11 Pa, successive M-mode images (n=501) were acquired (M-B mode) in a ~6
mm line along the elastic wave propagation path. Because each M-mode image was
synchronized with an air-pulse excitation, the PhS-SSOCT system effectively imaged the
elastic wave propagation.

2.4. OCT image analysis

Figure 2 shows the steps followed for obtaining the OCT structural parameters. To quantify
the structural changes, the OCT signal slope (OCTSS) was calculated [47]. The OCTSS is
reflective of the optical attenuation and scattering properties of the sample. A typical OCT
structural image is shown in Figure 2(a). During the OCTSS computation, the intensity A-
lines from five neighboring positions were averaged into one intensity A-lines in order to
reduce the effect of speckle variance to the linear fit. The averaging procedure was applied at
each lateral position. A typical averaged OCT A-line from the OCT image is plotted in
Figure 2(b).To eliminate the influence of surface reflections, the computation window for
each A-line was selected 40 um beneath the surface. To provide a more robust measurement
of OCTSS with a minimal influence of defocusing and sensitivity drop-off artifacts, 200 A-
lines in the central region (corresponding to ~2.5 mm) were utilized in the optical metric
calculations. The OCTSS was calculated for ~0.4 mm of tissue by a least squares linear fit of
the OCT A-line. For speckle variance (SV) analysis, the linearly fitted slope was computed
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based on the raw intensity A-line without averaging in order to retain the original light
scattering property along the optical axis. The fitted slope was subtracted from its
corresponding OCT A-line to obtain a slope-removed intensity signal as plotted in Figure
2(c). The speckle variance (SV) was quantified by the standard deviation of the slope-moved
intensity signal as a function of depth. To put it simply, this metric is a representation of the
depth-wise tissue refractive index mismatches [9] and was used as the second optical metric.

2.5. Elasticity assessment

Figure 2(d) shows the elastic wave vertical displacement profiles corresponding to the red
marks in Figure 2(a). The unwrapped typical vertical displacement profile of elastic wave
Qsurface(r) at the surface was calculated by:

X P surface (t)

dsurface(t)= 0
/ ( ) 27anz.ir (1)

where ¢q,r0(9) Was the unwrapped vertical temporal phase at the surface, g was the
central wavelength of the laser source, and 7kjgney =1.4 [16] was the refractive index for
kidney tissues. The true displacement profile within the kidney dj,size(?) Was corrected
because of the surface motion and refractive index mismatch between air and the tissue by
[48].

Ao Nhidney—Nai
X | Ginside(t)+@surface(t) X ——tt

dinside(t)=5———
e 27rnkidney Ngir (2)

The time delay, ¢ of the elastic wave to propagate from a reference position near the
excitation to each of the OCE measurement positions was determined by cross-correlation
analysis of the normalized displacement profiles. The computed time delays in a given
imaged in-depth layer were linear fitted to the corresponding OCE measurement positions,
and the slope of the fit was the elastic wave velocity for that given in-depth layer. For all
samples, the computation window was selected over ~0.16 mm in depth and ~1 mm long
along the kidney surface to minimize phase aberration, which was dominated by insufficient
scattering and speckle decorrelation [49, 50]. The depth-wise median velocity was then used
as the elastic wave velocity, ¢, to calculate Young’s modulus by the surface wave equation
[51], where p=1100 kg/m?3 [52] was the density of the tissue, and 1=0.49 [53] was the

_ 2p(1+v)° ¢,
(0.87+1.120)" ©  (3)

2.6. Classification

Support vector machine (SVM) is a supervised mathematical method for classifying
unknown samples based on training data sets [54]. Classification was performed with the
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LIBSVM library and Matlab interface [55]. To construct a robust classifier from the training
data, the cost and gamma values used in the radial basis function (RBF) are critical [56]. The
cost and gamma values [57, 58] were optimized by an automatic grid search in the range
from 273:22:215 and 215:22:23, respectively. During the grid search, 3-fold cross validation
was used to obtain the best classification accuracy. The searching increment power constant
was reduced by a factor of 50% in each loop, i.e. 22, 21, 20-5 2025 etc., until the improved
accuracy of the next iteration was less than 0.5%. Leave-one-out cross-validation (LOOCV)
[59] was utilized to compute the classification accuracy. Briefly, LOOCV is an iterative
process that removes one sample from the data set, constructs the classifier, and then
classifies the removed sample. This process is then repeated for each sample. The RBF
kernel with the optimized cost and gamma parameters was used for the data prediction. The
resulting confusion table (Table 1) was used to calculate the classification accuracy,
sensitivity, and specificity. The 95% confidence intervals (CI) was computed based on the
Wilson interval score with continuity correction [60]. In addition, an unpaired two sample
two-tailed t-test with unequal-variance was utilized to determine the statistical significance,
where a P-value less than 0.05 was considered significant.

3.1. Renal Histology following anti-GBM challenge

During the progression of glomerulonephritis, the formation of glomerular crescents and
excessive proliferation of epithelial and mesangial cells have been determined to be
pathological indicators of nephritis severity [44, 61, 62]. Light microscope images of kidney
sections from control and nephritic mice at 60X magnification are shown in
FhxEA*ERXREigure 3. As expected, the anti-GBM challenged murine kidney (Figure 3b)
demonstrated a greater degree of crescent formation and showed considerable local
epithelial proliferation, which compressed the glomerular capillary and decreased the
Bowman space. Nephritis results in a greater degree of blood urea nitrogen (BUN), a higher
proteinuria and glomerulonephritis scores (GN scores) as illustrated in Figure 3(c—¢).

3.2. Structural OCT images of nephritic kidneys

Figure 4 shows typical OCT images of (a) healthy and (b) nephritic kidneys. From the
structural images, it is difficult to identify the morphological changes in the nephritic kidney.
Comparing the intensities from both images in Figure 4 (a)-(b), the diseased kidney has a
lower intensity in the cortical region, which implies a lesser degree of light attenuation and
scattering in the diseased kidney.

The quantitative assessment of the optical properties is presented in Figure 4(c)—(d). The
OCTSS for the healthy and nephritic kidneys were 50.1 + 6.1 dB/mm and 42.9 + 7.4 dB/mm
(P=0.02), respectively, which demonstrates that light attenuated more in the healthy tissue
within the same distance. From Figure 4(d), the SV was 5.75 + 0.19 dB for the healthy
kidneys and 5.61 + 0.07 dB for the nephritic kidneys (P=0.036), which indicates a greater
degree of depth-wise refractive index mismatch in the healthy kidneys. As a result, SVM
classification using only the optical metrics resulted in 76 % prediction accuracy, 80%
sensitivity, and 73% specificity for distinguishing the nephritic kidneys from the healthy
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controls, as listed in Tabel 1. To improve the classification performance, elasticity was tested
as an additional classification metric.

3.3. Combined OCE and OCT analysis of nephritic kidneys

Next, the nephritic kidneys and healthy kidneys were assessed using OCE. Visualization of
the elastic wave propagation in healthy and nephritic kidneys is illustrated in Figure 5
(Movie S1). The elastic wave propagated further in the healthy kidney as compared to the
diseased kidney at comparable times after excitation, which means that the elastic wave
travelled faster in the healthy kidney.

The Young’s modulus estimated from the elastic group wave velocity is plotted in Figure
5(b). The elasticity metric was 29.4 + 10.1 kPa for the healthy kidneys, and 15.5 + 6.1 kPa
for the nephritic kidneys. Classification of nephritis using only the elasticity metric (i.e.,
stiffness) resulted in an accuracy of 81%, sensitivity of 80%, and specificity of 82%, which
was better than the optical metric classification performance derived using OCT.

To further increase the classification performance, the OCT-derived optical metrics and
OCE-derived elasticity metrics were combined. Figure 6 is a three-dimensional plot with the
95% confidence regions of the combined OCT and OCE parameters for the healthy and
diseased renal samples. Compared to classification by optical metrics only, the prediction
accuracy, sensitivity, and specificity of the combined OCT and OCE measurements
increased from 76% to 95%, 80% to 100%, and 73% to 91%, respectively. Table 1 is the
resulting confusion table showing the results of OCT, OCE, and OCT+OCE classification.
The results show that the information obtained from the OCT and OCE measurements
complement each other, and demonstrate that OCT+OCE is a promising method to detect
nephritis based on the optical and biomechanical properties of the kidney.

4. Discussion

In this study, we demonstrate the first use of OCT combined with OCE for the accurate
detection of nephritis in murine kidneys by assessing the structural and elasticity changes
caused by acute nephritis. The results show that OCT and OCE together can be useful for
detecting the changes in tissue properties, which could be a consequence of increased
inflammation, including increased crescent formation and cellular proliferation in the
nephritic kidney. Furthermore, the results show that the combination of OCT and OCE can
achieve a classification accuracy of 95%, sensitivity of 100%, and specificity of 91%, which
suggests that tissue analysis using OCT combined with OCE was accurate and could
potentially be useful for the /n vivo detection of glomerulonephritis.

From the structural results shown in Figure 4, a greater degree of light attenuation was
observed in the healthy as compared to the diseased kidney. Smaller values of OCTSS and
SV in the nephritic kidneys may potentially be the consequence of increased inflammatory
and formation of crescents with glomerulonephritis [24], though these fine structural
associations warrant experimental confirmation. However, insufficient axial resolution can
cause image artifacts and introduce bias in SV quantification [63]. To effectively image the
renal corpuscles with OCT, even better system resolutions of at least 8 um in the axial and 5
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um in the lateral directions are required [11]. Consequently, further enhancement of the axial
resolution would improve the detection of fine structural changes within the renal corpuscle
and reduce the computational bias of SV. Additionally, the limited penetration depth of OCT
would restrict renal assessment in a clinical setting to a few millimeters beneath the surface.
To overcome this limitation, the presented method can be incorporated with a side-viewing
[15] or forward-viewing [64] needle based OCT system for assessing tissue properties of the
kidney /n vivo. Although needle-based OCT would introduces a small incision, it would
maintain the integrity of the kidney and minimize additional renal inflammation because
there would be no renal tissue extraction. Furthermore, the minimally invasive nature of
needle-based OCT would enable longitudinal investigations of the renal pathology.
Nevertheless, the optical measurements obtained from the OCT structural images, resulted
in a classification accuracy of 76% and demonstrated the feasibility of using structural
metrics for disease detection.

In order to improve the classification accuracy, elasticity was incorporated into the
computational analysis. From our results, the healthy kidneys were significantly stiffer than
the nephritic kidneys. Previous investigation using a related approach, USE, showed that the
increased renal cortical wet/dry ratios caused by the reduced glomerular filtration rate in the
diseased kidney correlated with reduced stiffness, hence corroborating our results [24].
However, the Young’s modulus of the nephritic kidney has not yet been investigated. To
provide an accurate quantification of the elasticity by M-B mode imaging, the temporal
resolution of the OCT system is critical. The range of the detectable elastic wave velocity
was 0.01 m/s to 30 m/s based on the temporal resolution of the PhS-SSOCT system, M-
mode image duration, and elastic wave propagation distance. Thus, the range of the Young’s
modulus was from 0.3 kPa to ~3 MPa, which ensured that our detected elasticity of 10 kPa
to 40 kPa were reliable. As a result, the combination of OCT and OCE improved the
classification accuracy from 76% to 95%.

It should be noted that the curved surface of the kidney could have introduced some artifacts
in the OCE results. Firstly, the biological properties of the kidney can have less wave
propagation distance and affect the computation accuracy of the time delay. A previous
study has reported that the kidney is a viscous tissue [65]. From OCE elastic wave
measurements, a greater viscosity has been associated with a rapid elastic wave amplitude
attenuation and reduced wave propagation distance in tissues [66]. Secondly, the varied
curved surfaces and thicknesses can potentially affect the measured elastic wave group
velocity [67]. In future studies, the structural OCT images of the tissue surface could
potentially be utilized to correct the OCE quantification of elastic properties using known
geometry. While the thickness can also affect the measured elastic wave group velocity [67],
the murine kidneys studied were of similar dimensions, and the OCE measurements were
taken in the same central region, which minimized the influence of variations in the
thickness on the elasticity assessments.

To evaluate the performance of disease identification using the proposed method, a robust
classifier with optimized cost and gamma parameters using a grid-search algorithm was
constructed. However, with a larger sample size and more features, the computational cost of
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the grid search might be a concern. To resolve this problem, other classification techniques
such as principal component analysis combined with SVM could be considered [68].

Currently, ultrasound-based dynamic elastography has been widely applied to the
investigation of kidney disease, but manual compression from the US probe can affect the
assessment of the elastic wave velocity [69]. In contrast, the presented OCE measurement
technique is noncontact-dependent. In addition, the proposed method can also provide
qualitative and quantitative information from structural images to aid in disease
classification. In order for this technique to be effective in the clinic, the acquisition time
must be reduced. In this study, each M-mode image was acquired over 100 ms, and 501 M-
mode were acquired for each kidney sample, resulting in impractical total imaging time for
clinical purposes. Recently, we have demonstrated an OCE technique that can be executed at
~1.5 million Aline per second [70]. Here, the elastic wave was imaged directly and the phase
data from consecutive B-scans was utilized, resulting in a total acquisition time of ~30 ms.
Moreover, a single air-pulse was required for a line scan measurement, while the technique
in the presented work requires an air-pulse to be synchronized with each OCE measurement
position. Thus, this newer ultra-fast technique may enable the effective use of OCE for
clinical nephritis assessment.

The primary contribution of this work in the first demonstration of OCT combined OCE to
characterize the tissue properties of the healthy and glomerulonephritis kidneys. The
proposed method can be summarized as a three-dimensional sample-based quantitative
detection technique as illustrated in Figure 6(a), which was able to differentiate the healthy
and diseased kidneys. Figure 6(b—d) show the corresponding two-dimensional plots between
the healthy and diseased tissues. From Figure 6(a), the nephritic kidneys have less optical
attenuation, light scattering, refractive index mismatches, and stiffness as compared to the
healthy kidneys. From the 3-D plot, the 95% confidence regions of the healthy and diseased
kidneys fall into separate regions, which provide more objective and discriminatory
information as compared to the OCT structural images alone.

The results of this study suggest the potential of further developing the presented
computational method into an automated detection technique to aid in diagnosis. With
respect to clinical utility, several disease-related questions remain to be addressed. Whether
this novel approach has the potential to discern incremental grades of glomerulonephritis
corresponding to the pathology grades and whether tubulo-interstitial disease can also be
detected remains to be explored. Besides acute glomerulonephritis, it would also be
important to test the utility of this approach in chronic glomerulonephritis. With the later
scenario, the novel approach described here can replace the routine renal biopsy, this could
have a dramatic impact on the management of chronic kidney disease.

5. Conclusion

Here, we combined the use of two related technologies, OCT and OCE, in order to co-
capture structural and elastic information with micrometer spatial resolution. The three
effective metrics of the presented method including OCTSS, SD and Young’s modulus were
presented and the performances of which were assessed by LIBSVM computation. The
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classification performance of the Young’s modulus shows higher accuracy (81%) than the
OCT structural metrics alone (76%). By combing OCE with OCT metrics, the presented
metrics were able to distinguish nephritic kidneys from healthy controls with 95% prediction

ac

curacy, 100% sensitivity, and 91% specificity, suggesting a promising application of the

presented technique in clinical glomerulonephritis detection using minimally-invasive
procedures.
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OCT and OCE analysis procedures. (a) OCT structural image of a typical healthy murine
kidney. (b) Single OCT image A-line signal selected from (a). (c) Slope-removed OCT A-
line and standard deviation bounds used for SV calculation. (d) The temporal vertical
displacement profiles corresponding to the red points in a single depth layer as plotted in (a),

showing the elastic wave propagation.
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healthy (129/sv mice, unchallenged) and the nephritic glomerulus (129/sv mice, anti-GBM
challenged) are shown in (a) and (b), respectively. Plots of (c) blood urea nitrogen (BUN),
(d) proteinuria and (e) GN scores with (P<0.0001) were assessed by an unpaired two-sample
unequal-variance t-test. The square dots and whiskers in (c)—(e) represent the mean and a
standard deviation values, respectively.
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kidneys 14 days following anti-GBM challenge (N=10). Plotted are the structural images of
(a) healthy and (b) nephritic kidneys and the analyzed results of (¢) OCTSS and (d) SV. The
square dots and whiskers in (c)—(d) represent the mean and a standard deviation values,
respectively.
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OCE assessment and the computed Young’s modulus in the healthy (N=11) and nephritic
kidneys (N=10). (a) Elastic wave propagation in the typical healthy (upper) and nephritic
kidneys (lower) at 2 ms after excitation (Movie S1). (b) Shown plots are the quantified
Young’s modulus based on elastic wave group velocity by Equation 3. The square dots and
whiskers in (b) represent the mean and standard deviation values, respectively.
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3-D and 2-D computational plots comparing the healthy (N=11) and the nephritic (N=10)
kidneys based on the OCT-derived structural and OCE-derived elasticity metrics. (a) Three-
dimensional (3D) plot of the sample points with 95% confidence region. Two-dimensional
(2D) plots with 95% confidence region illustrating (b) OCTSS versus SV and (c) Young’s
modulus versus SV, and (d) Young’s modulus versus OCTSS, comparing the nephritic

kidneys to the healthy controls.
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Table 1

Confusion matrix computed by SVM using LOOCV. CI: 95% confidence interval computed from the Wilson
score interval with continuity correction.

OCT (OCTSSand SV)  OCE (Elasticity)

Nephritic kidney classification Predicted classes

Healthy Diseased Healthy Diseased

Trueclasses Healthy Diseased 8 3 9 2
2 8 2 8
Accuracy 76% 81%
80% 80%
Sensitivity
(Cl: 44 - 97%) (CI: 44 - 97%)
73% 82%
Specificity
(Cl: 40 — 93%) (Cl: 48— 97%)
(c) Cost and (g) Gamma (c=11.3, g=0.125) (c=8, g=0.5)

OCT+OCE (OCTSS, SV, and elasticity)

Nephritic kidney classification Predicted classes
Healthy Diseased
Trueclasses Healthy Diseased 10 1
0 10
Accuracy 95%
100%
Sensitivity

(ClI: 66 — 100%)
91%
(CI: 57 — 100%)
(c) Cost and (g) Gamma (c=4, g=0.25)

Specificity
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