www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

In vivo imaging of renal
microvasculature in a murine
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Optical coherence tomography angiography (OCTA) provides three-dimensional structural and
semiquantitative imaging of microvasculature in vivo. We developed an OCTA imaging protocol

for a murine kidney ischemia-reperfusion injury (IRI) model to investigate the correlation between
renal microvascular changes and ischemic damage. Mice were divided into mild and moderate

IRI groups according to the duration of ischemia (10 and 35 mins, respectively). Each animal was
imaged at baseline; during ischemia; and at 1, 15, 30, 45, and 60 mins after ischemia. Amplitude
decorrelation OCTA images were constructed with 1.5-, 3.0-, and 5.8-ms interscan times, to calculate
the semiquantitative flow index in the superficial (50-70 pm) and the deep (220-340 pm) capillaries
of the renal cortex. The mild IRI group showed no significant flow index change in both the superfial
and the deep layers. The moderate IRl group showed a significantly decreased flow index from 15 and
45 mins in the superficial and deep layers, respectively. Seven weeks after IRl induction, the moderate
IRI group showed lower kidney function and higher collagen deposition than the mild IRI group. OCTA
imaging of the murine IRI model revealed changes in superficial blood flow after ischemic injury. A
more pronounced decrease in superficial blood flow than in deep blood flow was associated with
sustained dysfunction after IRI. Further investigation on post-IRI renal microvascular response using
OCTA may improve our understanding of the relationship between the degree of ischemic insult and
kidney function.

Acute kidney injury (AKI) is a common risk factor associated with various etiologies of kidney dysfunction’.
Despite continuing efforts to improve the diagnostic criteria for AKI*?, it remains as a critical clinical problem
without clearly defined therapeutic or preventive solutions. Various animal models for AKI have been developed
to investigate the pathophysiology and identify new treatments. Among them, rodent ischemia-reperfusion
injury (IRI) models have frequently been used to evaluate the basic mechanisms of AKI owing to their relatively
reproducible nature*®.

Ischemic injury triggers necrosis of proximal tubule cells, structural alteration of the endothelium, and inflam-
matory response”®. Capillary rarefaction, a reduction in vascular density, is associated with renal fibrosis and
progressive kidney dysfunction®!. Decreased perfusion from capillary rarefaction can exacerbate tubular injury
and induce chronic tissue hypoxia, which consecutively leads to irreversible fibrosis'2. Microvascular changes
after IRI have been studied using various diagnostic techniques, such as ultrasound, computed tomography,
magnetic resonance imaging, and angiography'*~'¢. Various indicators were introduced to evaluate microvascular

!Department of Mechanical Engineering, KAIST, Daejeon, Republic of Korea. 2KI for Health Science and
Technology, KAIST, Daejeon, Republic of Korea. 3Division of Nephrology, Department of Internal Medicine,
Kyungpook National University Hospital, Daegu, Republic of Korea. “Cell and Matrix Research Institute, Kyungpook
National University, Daegu, Republic of Korea. °These authors contributed equally: ByungKun Lee, Woojae Kang
and Se-Hyun Oh. *email: jh-cho@knu.ac.kr; wohl@kaist.ac.kr

Scientific Reports | (2023) 13:6396 | https://doi.org/10.1038/s41598-023-33295-9 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-33295-9&domain=pdf

www.nature.com/scientificreports/

distribution, such as quantitative analysis, perfusion signals, and fluorescence. However, changes in microvascular
flow rate and the relationship between capillary blood flow and kidney injury are unknown in the IRI models.

Optical coherence tomography (OCT) is an imaging modality that can noninvasively visualize three-dimen-
sional micron-scale structures of in vivo tissues. Although OCT has been most widely applied in ophthalmology
and cardiology, limited number of studies have used OCT to image human kidneys'”'® and investigated the cor-
relation between microtubular features and allograft function'®. Advances in high-speed OCT in the last decade
have enabled rapid repeated B-scanning of the same positions in the tissue, by which moving erythrocytes in
the blood vessels can be separately highlighted. This emerging method, named OCT angiography (OCTA)**?!,
provides label-free imaging of microvascular structures. Furthermore, since OCTA signal is positively corre-
lated with the distance traveled by the erythrocytes, relative blood flow speeds can be distinguished if the time
intervals between the repeated B-scans (interscan times) are adequately configured. When applied to a rodent
kidney IRI model, this semiquantitative capillary flow speed imaging capability can provide useful information
on the pathophysiology of ischemic AKI.

In this paper, we present a high-speed OCTA system for repeatable monitoring of the mouse kidney micro-
circulation and semiquantitative OCTA technique for microvascular flow speed estimation in a murine IRI
model. Capillary flow speeds in the peritubular and glomerular vasculature were regularly evaluated during the
first 60 mins after reperfusion in IRI with varying durations of ischemia using the OCTA system. The correlation
between OCTA time-course measurements in the renal microvasculature upon reperfusion and later confirmed
ischemic damage represented by biochemical and histopathological analyses was investigated.

Materials and methods

OCTA instrumentation. The raw data required for generating OCTA images were acquired using a previ-
ously reported swept-source OCT system?? based on a lab-built short-cavity laser with a 220.4-kHz sweep rate
(Fig. 1A). The optical output of the laser was centered at 1300 nm with a 104-nm bandwidth, which corresponds
to an 8.4-um axial resolution in tissue. The scanning beam diameter was 4.9 mm at the 30-mm objective lens
input, corresponding to an 8.2-um transverse resolution in tissue. The optical interference signal was converted
into an electric signal by a balanced receiver and recorded by a digitizer internally clocked at a 400-MHz sam-
pling rate, resulting in a 3.3-mm digital imaging range. An acousto-optic frequency shifter was inserted in the
reference arm to move the maximum coherence position away from the zero-delay line, thererby enhancing the
signal at deeper imaging depths. The resulting system sensitivity was 102 dB, with a 6-dB roll-off measured at
3.2-mm imaging depth in the tissue.
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Figure 1. Optical instrumentation used for murine kidney OCTA imaging. (A) Schematic of the SS-OCT
system operating at 1300-nm wavelength and 220.4-kHz A-scan rate. (B) Custom fixing tool designed for
reducing pulsating and breathing motion of the kidney while imaging. Water droplet was applied inside the ring
to move the reflective interface outside of the imaging window.
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IRl induction and imaging protocol. A dorsal bilateral IR model*® was established in 8-week-old male
C57BL/6 mice. The mice underwent inhalation anesthesia (isoflurane 1-3%), followed by renal ischemia induc-
tion by clamping both renal arteries using a micro-serrefine with a 50-110 g pressing weight (RS-5422, Roboz
Surgical Instrument Company, Inc. Gaithersburg, Maryland, USA). A similar surgical procedure without renal
pedicle clamping was performed in sham-operated mice. During operation, the animals were maintained at
36.5-37 °C using a temperature-controlled heating device (Harvard Bioscience, Holliston, MD, USA). The
mice were divided into the mild IRI group (n=8) and moderate IRI group (n=9) according to the duration of
ischemia (10 and 35 mins, respectively). The kidneys were imaged using OCTA at baseline (before ischemia),
during ischemia, and at 1, 15, 30, 45, and 60 mins after reperfusion. Because OCTA utilizes motion contrast,
a ring-shaped custom fixing tool was developed to suppress breathing and pulsating motion (Fig. 1B). A water
droplet was applied inside the ring to move surface specular reflections out of the OCT imaging depth window.
All animal handling procedures were approved and supervised by the Korea Advanced Institute of Science and
Technology Institutional Animal Care and Use Committee.

Semiquantitative OCTA scanning and image processing. The OCTA scanning procedure and the
image processing software were designed to achieve a roughly proportional relationship between the OCTA flow
index and actual capillary flow speed**?. Previous reports have shown that under the same imaging conditions,
amplitude decorrelation—defined as the mean of normalized squared differences—shows a monotonic relation-
ship with the ensemble mean of the distance traveled by the red blood cells up to a certain saturation distance
determined by the optical resolution element?*?. Because the mean distance is proportional to the time interval
between the two B-scans, the interscan time can be changed to adjust the measurable flow speed range. Therefore,
we imaged the kidney using three raster scan patterns with different interscan times: raster scans comprising
256 x 256 A-scans (1.5-ms interscan time), 512 x 512 A-scans (3.0-ms interscan time), and 1024 x 1024 A-scans
(5.8-ms interscan time), respectively (Fig. 2A-C). Each B-scan position was repeated three times, allowing two
normalized squared difference images to be averaged to yield the OCTA signal. The maximum projection of the
OCTA signals, located at superficial (50-70 pm from the surface) and deep (320-340 um from the surface) depth
ranges, measured from the automatically segmented kidney surface, were generated. For each depth range, the
maximum OCTA projections obtained from the different scan patterns were summed to construct the final
semiquantitative OCTA image (Fig. 2D). All three images (256 X 256, 512 x 512, and 1024 x 1024) were summed
for the superficial capillaries, whereas only 256 x 256 and 512 x 512 images were summed for the deep capillar-
ies because of OCTA signal saturation at high flow speeds. The semiquantitative OCTA images can be mapped
onto pseudocolor to enhance the contrast for visual inspection (Fig. 2E). The flow index was defined as the total
sum of OCTA signals across the circular region of interest. All flow indices were normalized with respect to the
baseline value to remove the effect of intersubject variation in absolute blood flow.

Renal function and histopathological studies. All mice were euthanized by cardiac puncture under
anesthesia 7 weeks after reperfusion. Blood samples and the kidneys were collected for analysis. After centrifug-
ing each blood sample, the serum underwent biochemical analysis. Blood urea nitrogen (BUN) and creatinine
(Cr) levels were assessed by GC Labs (Yongin, Republic of Korea) using a Cobas 8000 modular analyzer system
(Roche, Germany).

Kidney tissues from each experimental group were fixed with 4% paraformaldehyde (pH 7.4) and embedded
in paraffin. 2-um tissue sections were prepared and stained with Masson’s trichrome using standard protocols
to determine histological changes and collagen deposition. Collagen deposition was quantified as a percentage
of the total area using iSolution DT image software (IMT iSolution, Vancouver, Canada) in more than nine ran-
domly selected fields in the cortex and medulla sections. For immunohistochemical staining, 2-pm-thick kidney
sections were deparaffinized and rehydrated, and endogenous peroxidase was inactivated with 3% hydrogen
peroxide. The samples were incubated with anti-CD31 (1:200; ab182981, Abcam) overnight at 4 °C and then
detected using the EnVision-HRP kit (Dako, Carpinteria, CA, USA). To quantify CD31 expression, the marked
cells were counted in nine non-overlapping fields imaged at 400 x magnification and divided by the area of the
field of view for each slide.

Statistical analysis. Data are specified as the mean * standard error of the mean. Statistical analyses were
performed using GraphPad Prism 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). The difference in flow
index between baseline and each reperfusion time was analyzed using the Wilcoxon test. The difference of the
flow index between each datapoint and the baseline was analyzed using a nonparametric Mann-Whitney test
with the significance level set at p <0.05.

Ethics approval. All animal handling procedures were approved by the Korea Advanced Institute of Science
and Technology Institutional Animal Care and Use Committee and performed in accordance with the relevant
guidelines and regulations. All procedures followed the recommendations of the ARRIVE guidelines®.

Results

Figure 3 shows representative examples of the semiquantitative OCTA blood flow measurements in the IRI

model. The OCTA blood flow signal completely disappeared during ischemia in both the superficial and the deep

layers. One minute after reperfusion, the blood flow recovered to a level similar to that at baseline in both layers.
The behavior of the mean and its standard error of the flow indices in each group is shown in Fig. 4. OCTA

flow index recovery showed contrasting trends between the mild and moderate IRI groups. The mild IRI group

did not manifest a significant change in the OCTA flow index from baseline starting from 1 to 60 mins after
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Figure 2. Semi-quantitative OCTA image processing. (A-C) Three raster scans with different inter-B-scan
times were sequentially acquired over the same field of view. (D) En face projected three OCTA images were
summated to generate semi-quantitative OCTA image. (E) False-color mapping helps visual perception of the
fast and slow blood flow speeds. Scale bars 1 mm.

reperfusion. The deep layer also did not show a decrease in flow at any time point after 1 min in the mild IRI
group. In the moderate IRI group, superficial capillary flow recovered 1 min after reperfusion. However, super-
ficial flow significantly decreased from 15 to 60 mins. Deep capillary flow presented a slightly delayed response,
showing a significant decrease at 1 min and then at 45-60 mins after reperfusion. The amount of flow index
change was more pronounced in the superficial layer than in the deep layer. Superficial blood flow was notice-
ably lower in the moderate IRI group than in the mild IRI group from 15 min after reperfusion. However, deep
blood flow did not show a large difference between the mild and moderate IRI groups.

Seven weeks after IRI induction, biochemical blood tests and histological analyses were performed to confirm
the relationship between ischemic injury and kidney function. The moderate IRI group showed a significant
increase in serum BUN and Cr levels compared to the sham and mild IRI groups (Fig. 5A, B). Tubular damage
and fibrosis were also increased in the moderate IRI group (Fig. 5C). Quantification of fibrosis by trichome
staining showed significantly larger area of collagen deposition in the moderate IRI than in the mild IRI group.
In order to investigate the relationship between reperfusion and kidney function, correlation analyses were
performed between the superficial and deep OCTA flow indices, respectively, and the collagen area percentage
(Fig. 6). The mean of the 45-min and 60-min flow indices were taken as a representative of the short-term capil-
lary reperfusion. Superficial flow index exhibited a noticeably stronger correlation (R*=0.75) while deep flow
index only showed a weak correlation (R*=0.46).

Vascular damage was confirmed by quantification of CD31 immunostaining 7 weeks after ischemia. When
along depth range in the renal cortex was analyzed, vascular rarefaction was observed in both the mild and the
moderate IRI groups (Fig. 7A). CD31 immunostaining decreased significantly in the mild and the moderate
IRI groups compared to those in the sham group (Fig. 7B). When the renal cortex was divided into superficial
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Figure 3. Results of the semi-quantitative OCTA blood flow measurement in the murine kidney IRT model.
Representative time course of the OCTA signal in the superficial and the deep capillary layers of mild (10-min)
and moderate (35-min) IRI groups.

and deep layers according to the OCTA depth range, the CD31-positive area was significantly smaller in the
superficial layer than in the deep layer (Fig. 7C, D).

Discussion

We established a high-speed OCTA system to measure the change in microvascular flow speed in a murine
kidney IRI model. The OCTA system immediately detected the ischemia and the reperfusion status. Microvas-
cular flow in the superficial and the deep layers showed different change patterns with respect to the duration of
ischemia: superficial blood flow was more vulnerable to ischemic injury than deep blood flow. Changes in renal
microvascular flow were associated with decreased kidney function, tubular damage, and collagen deposition
7 weeks after IRI. Therefore, this study suggests that OCTA can predict chronic kidney dysfunction through
repeated noninvasive evaluation of ischemic injury.

Microvascular injury is a risk factor of progressive kidney dysfunction. IRI results in microvascular damage
and reduces vascular density in the kidneys?**. This capillary rarefaction is directly related to tissue hypoxia,
which aggravates tubule necrosis and limits recovery from ischemic injury®*’!. Microvascular damage has been
mainly investigated in an animal model by either evaluating vascular resistance®*** or calculating capillary
density***>. However, limitations of morphometric studies with kidney histology such as the invasive procedures
and the difficulty to obtain repeated or functional data have complicated their application to human kidneys.

Various diagnostic methods have been studied to replace histological evaluation of microvascular injury
after IRI'"*-1°. However, these methods have disadvantages when applied in clinical practice. For example, com-
puted tomography'#*® and ultrasound methods'?® necessitate intravenous contrast agents. Contrast agents for
computed tomography are nephrotoxic and dense microbubbles of ultrasound contrast decrease the intensity of
deeper tissue. These make it difficult to perform repeated measurements in patients with AKI. Microangiogra-
phy requires ex vivo preparation, making it an invasive and unrepeatable assessment'>*’. Functional magnetic
resonance imaging, a probable substitute for computed tomography, can evaluate perfusion or kidney volume
but its resolution is insufficient for assessing microvascular flow distribution'®*.

OCT technology was applied to analyze the microscopic structure of the kidney in a noninvasive manner.
OCT is a rapidly emerging noninvasive imaging technique which performs an “optical biopsy,” providing cross-
sectional and three-dimentional tissue morphology without any contrast agents*. Wang et al., showed that OCT
could provide real-time imaging of hypertrophic tubular structures in a rat model treated with intravenous
Adriamycin'”*. They also performed a combined analysis of Doppler and structural OCT images to quantify
blood flow in vivo*!. Doppler OCT allowed noninvasive imaging of glomerular blood flow in rat kidneys. How-
ever, as discussed above, peritubular capillary rarefaction—rather than glomerular hypoxia—is a hallmark of
the transition from AKI to chronic kidney dysfunction*?. Deeper vascular beds are more difficult to assess with
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Figure 4. OCTA flow index with respect to the baseline in the mild and moderate IRI groups. *p <0.05,
**p<0.01 vs. baseline. The flow indices were analyzed using a nonparametric Mann-Whitney test.

Doppler OCT because it requires relatively high signal-to-noise ratio and high field autocorrelation between
adjacent A-scans. Also, Doppler OCT is not the optimal method for repeatable microvascular flow measurements
due to its angle-dependence and insensitivity to transverse blood flow. Meanwhile, semi-quantitative OCTA can
target microvascular distuributions of the interstitium, although some glomerular blood flow may be involved.
Thus, compared to Doppler OCT, semi-quantitative OCTA can be considered a more suitable technology for
measuring peritubular capillaries and estimating ischemic kidney injury.

Our OCTA flow index measurements showed greater ischemic damage to the glomerular capillaries in the
superficial layer than to the peritubular capillaries in the deep layer. These results suggest that deep capillaries
exhibit a higher level of recovery from ischemia. A possible explanation for this is that deep capillaries may
receive more blood from the arcuate and the interlobular arteries of the medulla*>**. Moreover, immunohisto-
chemical analysis via CD31 staining showed that the ischemic damage was negatively correlated with cortical
depth. While previous studies had difficulties measuring the superficial and the deep cortices separately, our
study has revealed that superficial capillaries are more susceptible to ischemic damage than deep capillaries using
three-dimensional semi-quantitative OCTA.

The renal vasculature is characterized by a weak regenerative process, which causes persistent peritubular
vascular rarefaction following significant ischemic injury®’. Therefore, assessment of the vasculature at the time
of kidney injury can predict long-term renal impairment. OCTA could be applied to kidney transplantion as
allograft biopsy performed before and after kidney transplantation, potentially showing an association between
peritubular capillary flow and perioperative AKI**. OCTA can safely estimate the peritubular flow of the allograft
without an invasive procedure, such as tissue biopsy. Our study confirmed that the 60-min measurement of
blood flow change was associated with kidney dysfunction and structural abnormalities, even after 7 weeks. To
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Figure 5. The kidney function and histological alteration in renal ischemia-reperfusion injury models

7 weeks after ischemia. (A, B) The levels of serum blood urea nitrogen (BUN) and creatinine were significantly
increased in moderate IRI (35-min) group. (C) The trichrome-stained kidney sections (200x) and their
quantifications showed tissue damage in renal tubular epithelial cells and increased collagen deposition in
moderate IRI (35-min) group. Data represent mean = SEM. *p < 0.05, **p <0.01 ***p <0.001 vs. sham; #p <0.05,
##p<0.01, ###p <0.001 vs. mild IRI (10-min). The differences among the groups were analyzed using one-way
nonparametric ANOVA followed by Tukey’s multiple comparison test.

validate the results of this study, a controlled study of patients with AKI or those who have undergone kidney
transplantation is needed to evaluate the predictive ability of OCTA for long-term kidney function.

Our semiquantitative OCTA technique is not free of limitations. One of the key limitations of OCTA-based
flow speed measurements is its dependence on optical alignment. OCTA measures the blood flow speed based
on optical decorrelation, which roughly represents the mean displacement of erythrocytes relative to the size
of the resolution element. Because the illumination spot size increases with the axial distance from the focus,
the OCTA flow index is less sensitive at depth positions farther from the objective focal plane. Therefore, to
accurately measure fractional blood flow change across the IRI protocol timeline, the optical alignment of the
animal with respect to the objective must be carefully controlled. Furthermore, the linearity of the correlative

Scientific Reports | (2023) 13:6396 | https://doi.org/10.1038/s41598-023-33295-9 nature portfolio



www.nature.com/scientificreports/

35 3.5
X, — X
< <
i 2.5 >< % > 2.5 X %
c 20 ) € 20
2 R2=0.75 2 ™., R?=0.46
3 15 8 15
§ &
a 1.0 a 1.0 .
8 0.5 [ . . . E) 0.5 ° . ‘ .
3 o - 3 °
8 00 @ 8 00 e =
04 05 06 07 08 09 10 11 12 04 05 06 07 08 09 10 11 12
Superficial OCTA Flow Index Deep OCTA Flow Index

Figure 6. Correlation analysis between OCTA flow index and mean collagen area percentage in trichrome-
stained slides. Collagen area was strongly correlated with superficial flow index and weakly correlated with deep
flow index.
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Figure 7. Immunohistochemical staining of CD31 in renal ischemia-reperfusion injury models 7 weeks after
ischemia. (A, B) Immunohistochemical staining of CD31 was significantly decreased in the long-depth-range
sections (200 x) of both the mild IRI (10-min) and the moderate IRI (35-min) groups. (C, D) Quantitative
analysis of smaller sections (400 x) showed that CD31 was significantly more decreased in the superficial layer
than in the deep layer. Data represent mean + SEM. ***p <0.001 vs. sham; ###p <0.001 vs. deep layer; n. s. not
significant. The differences among the groups were analyzed using a one-way nonparametric ANOVA followed
by Tukey’s multiple comparison test.

relationship between the OCTA flow index and the absolute blood flow velocity is yet to be thoroughly verified.
Multiple flow phantom studies have suggested that a reasonably high degree of linearity can be achieved with
accurate arithmetic calibrations?”#-*8, However, these results must be interpreted with caution because flow index
can also depend on the number density of the erythrocytes and the caliber of the vessel. These findings and the
upcoming results from in vivo OCTA flow index studies can be adopted for future scan protocols and analysis
software updates. Another limitation of our technique is the necessity of surgical procedures due to the limited
OCT signal penetration into the tissue. Infrared light suffers from high scattering and absorption in common
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tissues such as stroma, requiring the imaging sample to be directly accessible through transparent media. OCTA
imaging of the human kidney would thus be limited to intraoperative applications such as transplantation.
Contrast-enhanced ultrasound is better suited for clinical studies of common kidney diseases since ultrasound
echo signal can be detected from multiple centimeters of imaging depth.

In conclusion, this study demonstrated the efficacy of semiquantitative OCTA as a tool for assessing dynamic
blood flow changes in murine kidney IRI models. OCTA flow index changes in superficial and deep capillaries
showed contrasting results in the 10- and 35-min IRI models. Biochemical and histopathological analyses con-
firmed that a significant change in the OCTA flow index was indicative of decreased kidney function and vascular
damage. These results suggest the potential of OCTA as a method for tracking relative blood flow changes in
other mouse models of kidney injury and diseases. Improvements in the measurement protocol and flow index
computation can lead to further validation of semiquantitative OCTA in kidney disease models.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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