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High-resolution optical coherence tomography imaging
of the living kidney

Peter M Andrews', Yu Chen?, Maristela L Onozato', Shu-Wei Huang?, Desmond C Adler?, Robert A Huber*?,
James Jiang®, Scott E Barry®, Alex E Cable* and James G Fujimoto?

Optical coherence tomography (OCT) is a rapidly emerging imaging modality that can provide non-invasive, cross-
sectional, high-resolution images of tissue morphology in situ and in real-time. In the present series of studies, we used a
high-speed OCT imaging system equipped with a frequency-swept laser light source (1.3 um wavelength) to study living
kidneys in situ. Adult, male Munich-Wistar rats were anesthetized, a laparotomy was performed and the living kidneys
were exposed for in situ observation. We observed the kidneys prior to, during and following exposure to renal ischemia
induced by clamping the renal artery. The effects of intravenous mannitol infusion (1.0 ml of 25%) prior to and during
renal ischemia were also studied. Finally, living kidneys were flushed with a renal preservation solution, excised and
observed while being stored at 0-4°C. Three-dimensional OCT data sets enabled visualization of the morphology of the
uriniferous tubules and the renal corpuscles. When renal ischemia was induced, OCT revealed dramatic shrinkage of
tubular lumens due to swelling of the lining epithelium. Three-dimensional visualization and volumetric rendering
software provided an accurate evaluation of volumetric changes in tubular lumens in response to renal ischemia.
Observations of kidneys flushed with a renal preservation solution and stored at 0-4°C also revealed progressive and
significant loss of tubular integrity over time. Intravenous infusion of mannitol solution resulted in thinning of the tubular
walls and an increase in the tubular lumen diameters. Mannitol infusion also prevented the cell swelling that otherwise
resulted in shrinkage of proximal tubule lumens during ischemia. We conclude that OCT represents an exciting new
approach to visualize, in real-time, pathological changes in the living kidney in a non-invasive fashion. Possible clinical
applications are discussed.
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Optical coherence tomography (OCT) is a non-invasive,
high-resolution, cross-sectional and three-dimensional (3D)
imaging modality that measures the echo delay of light to
generate images." OCT provides dramatic improvements in
resolution compared with ultrasound” and can be performed
using small diameter, catheter-like probes.>* Although the
light scattering properties of biological tissue typically limits
penetration to less than 2 mm, this imaging depth has proven
sufficient to provide valuable information about tissue
pathology in a number of biomedical fields including
ophthalmology,” cardiology®® and gastroenterology.'®™"
In a recent series of studies, we described the ability of
OCT to image the internal microstructure of rat kidneys that

had been preserved by vascular perfusion techniques.'* Our
studies revealed that OCT accurately images the uriniferous
tubules and renal corpuscles and provides novel 3D views
previously seen only by scanning electron microscopy."
Furthermore, OCT imaging of preserved samples that had
been subjected to an ischemic or nephrotoxic insult revealed
characteristic histopathological alterations, including changes
in tubular dimensions and the presence of cytoplasmic debris
within the tubule lumens."*

Although the foregoing study demonstrated the ability of
OCT to image kidney pathology in preserved samples, if
OCT is to be used as a non-invasive procedure for studying
kidney pathology in vivo, its applicability to imaging the
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living kidney must be evaluated. In the present study, we
therefore investigated the ability of OCT to image living
kidneys prior to, during and following an ischemic insult. We
also recorded the changes in renal tubular dimensions in-
duced by the infusion of mannitol and observed the effects of
mannitol in preserving proximal tubule integrity during
ischemia.'® Finally, we observed kidneys that had been
flushed with a renal preservation solution, excised and
preserved at 0-4°C. The rat kidney model was chosen
because of the wealth of pathological data previously pub-
lished using this model.

Three-dimensional OCT (3D-OCT) data sets enabled the
generation of en face images as well as 3D renderings of the
superficial uriniferous tubules and glomeruli. Image analysis
provided accurate quantitative information regarding chan-
ges in the uriniferous tubules in response to an ischemic
insult. Since such changes can be used to predict post-
transplant renal function,'” our observations suggest a pos-
sible application of OCT in evaluating the status of kidneys
prior to their transplantation.

MATERIALS AND METHODS

Optical Coherence Tomography Imaging

A high-speed OCT system using swept source/Fourier do-
main detection'®?° that enables 3D OCT imaging in vivo was
used in this study. Figure 1 is the schematic representation of
the swept source OCT imaging system. The light source was a
Fourier-domain mode-locked (FDML) frequency swept laser
light source generating a 90 nm full width at half maximum
(FWHM) sweep bandwidth at approximately 1290 nm,
yielding an 8 um axial image resolution in tissue.”’ The laser
operated at a sweep repetition rate of 42 kHz with an average
output power of 12mW. The imaging was performed using
an OCT microscope and imaging engine, modified from a
commercially available OCT system (Thorlabs Inc., NJ, USA).
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Figure 1 Schematic representation of the swept-source OCT setup. FDML:
Fourier-domain mode-locking laser; FC: fiber coupler; PC: polarization
controller; C: collimator; MZIl: Mach-Zehnder interferometer; M: mirror;
BD: balanced detector; DAQ: data acquisition board; DCG: dispersion
compensating glasses; OBJ: objective.
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Three percent of the laser output power is coupled to a
Mach—Zehnder interferometer (MZI) that is used to generate
a clock signal for recalibration of the OCT signal on a
uniformly-spaced optical frequency grid.*>** Axial scan
information is obtained by Fourier transforming the
recalibrated OCT signal.*® The other 97% of the laser power
is divided equally and delivered to the sample and reference
arms of a Michelson interferometer. Imaging of the tissue
samples is performed using a pair of mirrors mounted to XY
scanning galvanometers (Cambridge Technology, MA, USA)
and a microscope objective. A polarization controller and a
spatial aperture are used to set the reference arm power. The
system sensitivity is 93 dB with 6 mW of average power in-
cident on the sample. Dispersion compensating glasses
(SFL6) are inserted in the reference arm to compensate for
the collimating and focusing optics in the sample arm, which
is necessary to obtain an optimal imaging resolution. The
resolution for the imaging system is measured to be 8 um (in
tissue) in the axial (Z) direction and 5 um in the transverse
(XY) directions. Individual cross-sectional OCT images (XZ)
consisting of 512 axial scans are generated at a rate of 50
frames per second over ranges of 0.75 mm in length (X, 512
transverse pixels) and 2.2 mm in depth (Z, axial 512 pixels).
Consecutive OCT images at different planes along the Y di-
rection are scanned to generate a 3D volume. The imaging
range in Y is also 0.75 mm with 512 XZ frames. Therefore,
each 3D volume contains 512 x 512 x 512 pixels with XYZ
dimensions of 0.75x 0.75 x 2.2mm. The OCT software
acquires a series of cross-section OCT images for each 3D
volume in approximately 10s, and can display both cross-
sectional (XZ) and en face (XY) images immediately after
image acquisition. In addition to direct morphological ana-
lysis of tubular and glomerular dimensions (averaging open
luminal dimensions in a representative image), the 3D-OCT
data were imported to a separated advanced 3D visualization
software (Amira, Mercury Computer Systems Inc., Berlin,
Germany) to generate 3D volumetric views.

Quantitative Measurements

Since OCT images are stored in digital format, we can per-
form automatic and interactive image analysis to quantify
anatomical features of interest. This approach is similar to
those methods used in conventional microscopy/fluorescence
microscopy. In this study, we focused on the following
quantitative measurements.

Tubular diameters

In a representative en face OCT image, there are approxi-
mately 20-30 tubular lumens in the field of view. The lumens
appear either circular or tubular in shape depending on
the relative angle between the kidney tubule and the imaging
section plane. The diameter of tubule is estimated by
measuring the circle diameter in the case of circular shaped
lumen, or the smallest distance perpendicular to the two
parallel surfaces of the luminal wall in the case of tubular
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shaped lumen, using the measurement toolbox provided by
Amira. This measurement function is similar to those in the
other advanced software packages for conventional micro-
scopy/fluorescence microscopy. Since they exhibit local
variance in luminal size, we averaged the size of 20 lumens
evenly distributed in the field of view.

Interstitial volume/tubular volume

Interstitial volume changes corresponding to the tubular
volume. In OCT images, there is distinct difference in the
signal intensity between the tubular lumen (low back-
scattering) and the interstitial tissues or parenchyma (high
backscattering). Therefore, we can segment out the tubular
lumen using intensity thresholding applied on individual
cross-sectional OCT images. We then use 3D visualization
and volumetric rendering software (Amira) to visualize
the tubular networks. The total tubule luminal volume is
quantified by multiplying the total pixel numbers in
the segmented 3D image and the pixel size (which is
750 x 750 x 2200 um>/512*> =9.22 um’ pixel).

Statistical analysis

The difference between two groups of measurements is
evaluated by one-way analysis of variance (ANOVA) and the
P-value is presented.

Animal Model

Studies were performed using male rats of the Munich—
Wistar strain. This strain of rats is unique in having super-
ficial glomeruli accessible for observation.”” The rats were
studied when they reached approximately 8 weeks of age, at
which time they had a median weight of approximately 250 g.
The rats were maintained on a standard Purina Rat Chow
diet (Ralston Purina Co., St Louis, MO, USA) and ad lib
water intake. All rats had normal kidney function as de-
termined by an analysis of serum creatinine (less than or
equal to 0.6mg/dl). The animals were anesthetized with
pentobarbital sodium (100 mg/kg body weight, i.p.) and
placed on a temperature-regulated table. The animals were
turned on their right side and a left subcostal flank incision
was made to expose the left kidney. A 10 cm length of 30 silk
ligature was looped around the left renal artery at its juncture
with the abdominal aorta. Gentle tension on this loop was
enough to occlude blood flow to the left kidney. This tech-
nique allows for the manipulation of blood flow by applying
or releasing tension on the silk loop. The femoral vein was
cannulated with polyethylene tubing and attached to a 5.0 ml
syringe mounted on a syringe pump (Sage Instruments,
Model 341A). Using the foregoing protocol, we evaluated the
effects of 20 min ischemia to the left kidney in two animals
and the effects of mannitol infusion prior to ischemia in two
animals. For each kidney, 36 3D-OCT image data sets were
acquired. Following our observations, the rats were
euthanized by intravenous infusion of sufficient pentobarbital
sodium to induce cardiac arrest.

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 88 April 2008

OCT of the living kidney
PM Andrews et al

Mannitol Experiments

A single bolus of 1.0ml containing 25% of mannitol was
slowly infused into the femoral vein over a period of 2 min.
The response to mannitol infusion was observed and its
effects on subsequent renal ischemia (described above) were
observed and recorded in two animals.

Preservation of Kidneys

Four rat kidneys (from two animals) were preserved using a
phosphate buffered sucrose solution and vascular perfusion
procedures previously described by us.*»** Briefly, a loose
ligature was placed around the abdominal aorta at a point
just above the renal arteries, the inferior vena cava was cut
and a flushing solution consisting of cooled (0-4°C) phos-
phate buffer (4.3 g/l NaH,PO, and 14.8 g/1 NaH,PO,) con-
taining 150 mOsm sucrose was perfused retrograde through
the aorta at a pressure of 140 mmHg. Immediately following
flushing with the phosphate buffered sucrose preservation
solution (<1min), the kidneys were excised, placed in
translucent plastic bags containing the flushing solution and
maintained at 0—4°C in an ice chest.

Note

All the animal model, surgical fixation and euthanasia pro-
cedures had received prior approval by the ‘Committee on
Animal Care’ at the Massachusetts Institute of Technology
(MIT), in compliance with the Federal Animal Welfare Act.

RESULTS

Normal Kidney

With the anesthetized rat secured to a dissecting table in a
supine position, a laparotomy was performed and the left
kidney exposed for viewing. The superficial living uriniferous
tubules were immediately visible using OCT. Cross-sectional
OCT images provided views of four to five layers of the su-
perficial uriniferous tubules (Figure 2). En face OCT images
revealed tubular luminal sizes and shapes as well as the
thickness of the intervening tubular walls (Figure 3a). Glo-
meruli are easily distinguished by their larger size (150 um),
nearly spherical shape and by being separated from the sur-
rounding parenchyma by the capsular space of Bowman
(Figure 3a). Based on their size and location, OCT also re-
vealed what appear to be glomerular arterioles entering and
leaving the vascular pole of the renal corpuscle (Figure 3a).
We measured the size of the tubular lumens in the
representative en face OCT images (approximately 20-30
lumens per image). The average luminal diameters of these
tubules was 25.7 £ 5.1 um, which approximates a statistical
analysis of rat kidney tubule luminal diameters in vascular
perfusion fixed samples.”> Figure 3b shows a corresponding
light microscopic image of a rat kidney. Although there is
some shrinkage of the size of the glomeruli and volume of
interstitial tissue due to the histological process, OCT cor-
relates well with the light microscopic image. Also, the size of
lumen remains almost identical after histology processing
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Figure 2 This OCT image reveals the uriniferous tubule lumens (indicated
at arrows), cut at different angles, resulting in oblique and cross-sectional
images through up to four or five layers of superficial uriniferous tubules.

(the average tubular lumen size is 24.8 £ 6.4 um, P=0.65;
comparing the lumen diameter measured from histology and
OCT image). However, current resolution of our OCT system
cannot distinguish between epithelium lining the tubule wall
and intervening connective tissues.

Renal Ischemia

When the living kidney was rendered ischemic by applying
gentle tension to a silk ligature looped around the renal
artery, cells lining the uriniferous tubules swelled and the
tubular lumens decreased in size (Figure 4). Using intensity
thresholding, 3D visualization and volumetric rendering
software, it was possible to visualize the tubular networks
(Figure 5a and b; Supplementary Video 1) and quantify the
differences in tubule luminal volumes before, during and
following 20min of ischemia (Figure 6). Tubule luminal
volume decreases significantly during ischemia compared to
baseline (P=0.001 for baseline vs ischemia), and increases
again 30min after the reestablishment of blood flow
(P=0.01 for ischemia vs reflow). The tubule luminal volume
after 30 min recovery shows a slight decrease compared to
that before ischemia (P =0.04 for baseline vs reflow).

Mannitol Infusion

Following an intravenous infusion of a single 1.0 ml bolus
containing 25% mannitol, OCT images revealed a slight
increase in the tubule luminal diameters (28.7 £ 5.0 um) and

Figure 3 (a) En face OCT image of superficial uriniferous tubules prior to an ischemic insult. The tubular walls (appearing white) and lumens (appearing
dark, some examples are indicated by «+) are relatively uniform in their appearance. A glomerulus (G) can be seen in the lower left portion of the field. The
small space between the glomerulus and the adjacent tissue represents the capsular space of Bowman (indicated by black arrow). The insert (lower right
hand corner) shows a glomerulus together with what appear to be glomerular arterioles (white arrows). Barely visible are cross-striations in the arteriolar
walls. Image size: 750 um x 750 um. (b) Corresponding histology of rat kidney showing tubular lumens (some indicated by «+), glomeruli (G) and capsular

space of Bowman (indicated by arrow). Image size: 750 x 750 um.
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Figure 4 En face OCT image of the superficial uriniferous tubules taken
following 15 min of normothermic renal ischemia. The remaining open
lumens (arrows) are probably sections through distal tubules. Image size:
750 x 750 um.

a thinning of the tubular walls (Figure 7) compared with
non-treated kidneys (see Figure 3a), however, the difference
is not statistically significant (P=10.07). Figure 8 is a 3D
rendering of this same region, providing a different per-
spective of the tubular walls and lumens. When the mannitol
treated kidney was rendered ischemic by applying tension to
a ligature looped around the renal artery, the uriniferous
tubules remained patent (Figure 9).

Renal Preservation

In this experiment, the objective was to determine whether
OCT could document changes in the uriniferous tubules that
occur while kidneys are being stored prior to their trans-
plantation. Previous studies by us indicated that such
changes will correlate with the post-transplant function of
cold-stored kidneys.'” The kidneys were flushed in situ with
a renal preservation solution consisting of a phosphate
buffered solution containing 150 mOsm of sucrose (ie, PBSuc
150)*%***7 and stored at 0—4°C for 48h. During the first
several hours of cold storage, the tubule lumens remained
patent and appeared free of cytoplasmic debris (Figure 10a).
However, unlike during normothermic ischemia, the cold-
preserved kidney tubules also displayed an enhanced signal
(increased brightness) of the lining epithelium (Figure 10a).
Although it is not clear what this enhanced reflection
represents, these regions appear to allow distinction of tubule
walls from intervening peritubular capillary lumens
(Figure 10a). As the storage time progresses, this enhanced
reflective aspect of the tubular walls is lost and there is a
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Figure 5 (a) A cross-sectional OCT image in which the tubule lumens have
been segmented by intensity thresholding and highlighted in blue color
(Bar =400 um). (b) A three-dimensional (3D) rendering of these lumens
reconstructed from a series of cross-sections such as depicted in ‘a’ above
(see Supplementary Video). Volume size: 2mm x 2mm x 300 um.
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Figure 6 Comparison of the mean uriniferous tubule luminal volume
before (baseline), during (ischemia) and following (reflow) 20 min of renal
ischemia. The vertical axis represents the tubular lumen volume in 3D
reconstructions such as depicted in Figure 5 ‘b’. Error bars represent s.d.
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Figure 7 This en face OCT image of the superficial uriniferous tubules was
taken 10 min following intravenous infusion of a single bolus of 1.0 ml
containing 25% of mannitol. Note that the tubule walls are thinner and the
tubule lumens are expanded when compared with control samples (see
Figure 3). In the center of the field is a glomerulus (arrow). Image size:
750 x 750 um.

Figure 8 This figure is a 3D rendering of the same region as depicted in
Figure 7. Three-dimensional imaging provides a good perspective of the
tubule lumens (some at arrows) relative to the tubular walls. A glomerulus
is at the large arrow.

significant change in tubular dimensions similar to that seen
in response to normothermic ischemia (Figure 10b).

DISCUSSION

OCT is an emerging, non-invasive imaging modality that
can generate cross-sectional and 3D images in situ and in
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Figure 9 This en face OCT image of the superficial uriniferous tubules was
taken of the mannitol treated kidney (see Figure 7) above, 15 min following
induction of renal ischemia. Note that the tubule lumens remained patent
due to prior treatment with mannitol. Image size: 750 x 750 um.

real-time.”® Although the degree of image penetration depth
depends on a number of factors (light scattering properties of
the tissue and confocal parameter of the focusing lens),
compared with other in vivo real-time imaging methodo
logies, such as standard confocal microscopy, tandem scan-
ning confocal microscopy (TSCM),"® as well as near-infrared
reflectance confocal microscopy,” OCT has significantly
improved depth penetration (ie, up to 1-2mm).”° Because
OCT can operate with longer working distances than
standard confocal microscopy (ie, 10mm in the present
investigation), tissue contact is not necessary. Finally, OCT
can provide informative 3D images in arbitrary planes,
and can be performed using a thin flexible endoscope or
catheter™® or needle,” thereby providing a sterile imaging
probe and the possibility of imaging deep within a solid tissue.

In a previous study, we investigated the ability of OCT to
image normal and pathologic rat kidney samples that had
been fixed by vascular perfusion procedures'* to preserve
in vivo tubular morphology.”* It is important to note that
immersion fixation procedures associated with conventional
surgical biopsies result in severe artifacts to the proximal
tubule cells (ie, swelling and disruption of the tubule lining
epithelium) that are difficult to distinguish from pathological
changes in these tubules.”* Since in situ fixation procedures
to preserve renal tubular morphology cannot be performed
in the clinical setting, non-invasive microscopic procedures
that will reveal in vivo renal microscopic anatomy are im-
portant for evaluating renal pathology. In our previous study,
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Figure 10 (a) This en face OCT image of the superficial uriniferous tubules was taken of a kidney that was flushed with PBSuc150 and stored for 1h at
0-4°C. The tubule lumens remain patent and appear free of cytoplasmic debris. Note, also an enhanced reflection of the lining epithelium, which is in
contrast to less reflective intertubular capillary spaces (arrows). Image size. 750 x 750 um. (b) This en face OCT image of supefficial uriniferous tubules was
taken of a kidney that was flushed with PBSuc150 and stored for 12 h at 0-4°C. Tubule luminal sizes and the reflective nature of the lining epithelium
have both decreased significantly compared with images taken earlier during cold storage of this same kidney (see Figure 10a). Image size: 750 x 750 pum.

we demonstrated that non-invasive OCT can provide unique
and informative images of the kidney parenchyma and
can detail pathological changes to the kidney associated
with renal ischemia and mercury toxicity.'* Indeed, the
3D perspective provided by OCT is similar to those otherwise
previously seen only using scanning electron microscopy.'’
In general, OCT shows good agreement in terms of ana-
tomical features compared to post-experimental morpholo-
gical data. From previous literature, OCT imaging has shown
precise correlation with the histological structures of the
mucosa and the submucosa of the gastrointestinal (GI)
tract,” and satisfactory agreement in measurements of skin
epidermal thickness between OCT images and histology
performed using cryostat sections instead of paraffin em-
bedding.>* In our previous ex vivo study of OCT imaging of
the kidney, OCT correlates well with histology.'* In this
study, we present a good correlation between the tubular
diameter measured by OCT in vivo and that measured from
conventional light microscopy. We would also like to men-
tion again that OCT provides large numbers of cross-
sectional images that represent the full 3D structure of the
tubules. In contrast, conventional light microscopy of
biopsies provides a limited number of histological sections.
Obtaining true 3D information using conventional histological
procedures would require time-intensive and costly serial
sectioning. Furthermore, since OCT can measure true tubule
volume from a 3D data set, we expect this to be a more
accurate measure than tubule volume calculated from the
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isolated cross-sectional images that are typically available from
conventional light microscopy.

In the present study, we evaluated the ability of high-speed
OCT to image the living kidney in situ, and its responses to
renal ischemia, mannitol infusion and cold-storage pre-
servation. A Munich—Wistar rat kidney model was chosen
because it has superficial glomeruli accessible for observa-
tion,”> and has served as an in vivo model of choice for
previous in situ microscopic imaging studies documenting
the response of the living kidney to mannitol infusion and
renal ischemia.'® Using OCT, we were able to image 300—
400 um into the kidney parenchyma, which is deep enough to
see three or more layers of superficial uriniferous tubules.
This is several times deeper than our previous study using a
tandem scanning confocal microscope, which only permitted
imaging a single superficial layer of uriniferous tubules.'®

In the present study, we also imaged numerous glomeruli.
Glomeruli are easily identified by their round shape and by
the fact that they are separated from the surrounding
parenchyma by the capsular space of Bowman. Because the
size and shape of glomeruli changes significantly in some
glomerular diseases,”>>® OCT may serve as a useful tool to
detect such diseases. With its ability to image through a
catheter or needle, OCT also has the potential of imaging
glomeruli deeper in the kidney in addition to the superficial
glomeruli. We also imaged what appeared to be afferent and
efferent arterioles entering and leaving the renal corpuscle.
These were identifiable by their size, shape and association
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with the renal corpuscle. Whether cross-striations observed
in the arteriolar walls reflect movement or the spiral nature of
arteriolar smooth muscle, is not yet clear.

Renal ischemia results in rapid cell swelling, especially in
the kidney proximal convoluted tubules that make up most
of the superficial parenchyma of the kidney cortex. This
swelling leads to a significant decrease in tubule luminal
diameters and irregularities in luminal outlines.'® As the
ischemia-associated cell swelling progresses, the microvillous
brush border lining the proximal tubules deteriorates and the
lining cells eventually rupture. As a result of this cascade of
events, tubule lumens become obliterated with cellular debris
that prevents flow of filtrate through the nephron resulting in
oliguria and acute renal failure. Since renal ischemia also
results in damage to the third segment proximal tubules (ie,
located in the outer stripe of the outer medulla)®>*® and the
ascending thick segment of the proximal tubule (located in
the inner stripe of the outer medulla),*" it is controversial as
to which segment(s) of the nephron is/are most responsible
for ischemia-induced acute renal failure. Nevertheless, a re-
cent study by us indicated that characteristic changes in the
morphology of superficial renal cortical proximal convoluted
tubules correlate very accurately with post-transplant renal
function."” Indeed, this pathological information could be
used to predict whether a donor kidney would exhibit
immediate post-transplant function, delayed renal function
or would not function at all following transplantation.'”

Using high-speed OCT imaging, we were able to observe a
similar gradual deterioration of the proximal convoluted
tubules over time in response to normothermic ischemia. We
were also able to quantify these changes and calculate mean
luminal volumes prior to, during and following an ischemic
insult. This is important because tubule luminal volume
represents the most dramatic change in response to renal
ischemia and one that has been used to predict the viability
of cold-stored kidneys."” The small tubular lumens remain-
ing patent after prolonged ischemia most probably represent
distal tubules. This conclusion is supported by another study
that depicted distal tubules as remaining patent in response
to the same renal model of ischemia as used in this study.'®

Intravenous infusion of mannitol results in significant
increases in glomerular filtration rate,*> which has been
shown to result in an increase in tubule luminal diameters."
In the present study, high-speed OCT imaging revealed these
increases in the renal tubule luminal diameters in response to
mannitol infusion. Mannitol also protects from renal ische-
mia by acting as an impermeant osmotic agent to prevent
ischemia-induced cell swelling.** This protection is due to
the presence of the impermeant osmotic agent, mannitol, in
the tubule lumens that counteracts the osmotic gradient
resulting from the accumulation of small ions within tubule
cells during ischemia (Gibbs—Donnan equilibrium). In the
present study, high-speed OCT imaging documented the
protection provided by mannitol infusion prior to inducing
normothermic renal ischemia. Specifically, rats received an

448

intravenous infusion of mannitol 10 min prior to rendering
the kidneys ischemic by clamping the renal artery. This
mannitol treatment prevented the rapid and dramatic cell
swelling that otherwise resulted in a reduction and loss of
tubule lumens in rats that had not received an infusion of
mannitol. This means of protecting renal tubules from nor-
mothermic ischemia is the basis for preservation solutions
developed to preserve kidneys and other organs while they
are being stored prior to their transplantation.’* Indeed,
mannitol was one of the first effective osmotic agents to be
used in renal reservation and served as the effective osmotic
agent in Sack’s renal preservation solution.*’ Nevertheless, as
noted in our previous study of PBS150 cold-stored kidneys,
over time kidneys preserved with cold-storage preservation
solutions undergo swelling and a decrease in luminal
diameters.**

To determine whether we could distinguish pathological
changes in cold-stored kidneys, we imaged excised rat
kidneys that had been flushed with a phosphate buffered
solution containing 150 mOsm of sucrose (ie, PBS150)
and preserved in the cold (ie, 0-4°C). Except for one
unfortunately published study that used the wrong formula
for PBS150,** many studies have supported PBS150 (also
made up as PBSuc 140) as being a very effective (and
inexpensive) solution that preserves kidneys over extended
periods of time.****?” OCT examination of the PBS150
flushed cold-stored kidneys revealed gradual loss of proximal
tubule luminal volume over time and in a manner similar to
that seen in response to normothermic ischemia. We also
noted an increase in the signal (ie, brightness) of the lining
epithelium that allowed us to distinguish adjacent tubules
from one another. We speculate that the latter might result
from an increase in intercellular spaces shown by us to form
during cold-storage preservation.*> If OCT can provide si-
milar histopathological information regarding human donor
kidneys harvested for transplantation, it has the potential of
providing valuable real-time, non-invasive pathological in-
formation for predicting the post-transplant function of
these donor kidneys. As such, the use of OCT to image donor
kidneys may not only eliminate bad kidneys, but also permit
the use of kidneys that might otherwise be discarded due to
concerns regarding their viability (ie, long preservation times,
kidneys from non-heart-beating donors, etc).

In summary, this investigation represents the first OCT
study of the living kidney in situ. OCT effectively imaged the
uriniferous tubules and their responses to renal ischemia and
mannitol infusion. The sizes and shapes of renal corpuscles
were also distinguished. The ability of OCT to provide non-
invasive, cross-sectional and 3D real-time images of kidney
histopathology may prove useful in a number of future ap-
plications including monitoring the status of donor kidneys
prior to their transplantation.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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