
Optical coherence tomography of the living
human kidney

Peter M. Andrews*, Hsing-Wen Wang†, Jeremiah Wierwille†, Wei Gong†,‡,
Jennifer Verbesey§, Matthew Cooper§ and Yu Chen†,¶

*Department of Biochemistry, Molecular and Cellular Biology
Georgetown University Medical Center

Washington, DC 20007, USA

†Fischell Department of Bioengineering, University of Maryland
College Park, MD 20742, USA

‡College of Photonic and Electric Engineering
Fujian Normal University, Fuzhou, China
§Medstar Georgetown Transplant Institute
Georgetown University Medical Center

Washington, DC 20007, USA
¶yuchen@umd.edu

Received 29 July 2013
Accepted 8 October 2013

Published 10 December 2013

This manuscript is dedicated to the JIOHS Special Issue on Honoring the 100th Birthday of
Professor Britton Chance.

Acute tubular necrosis (ATN) induced by ischemia is the most common insult to donor kidneys
destined for transplantation. ATN results from swelling and subsequent damage to cells lining the
kidney tubules. In this study, we demonstrate the capability of optical coherence tomography
(OCT) to image the renal microstructures of living human donor kidneys and potentially provide
a measure to determine the extent of ATN. We also found that Doppler-based OCT (i.e., DOCT)
reveals renal blood °ow dynamics that is another major factor which could relate to post-
transplant renal function. All OCT/DOCT observations were performed in a noninvasive, sterile
and timely manner on intact human kidneys both prior to (ex vivo) and following (in vivo) their
transplantation. Our results indicate that this imaging model provides transplant surgeons with
an objective visualization of the transplant kidneys prior and immediately post transplantation.
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necrosis; kidney transplantation; uriniferous tubules; glomerulus; renal blood °ow.
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1. Introduction

Acute tubular necrosis (ATN), caused by a lack of
oxygen to the kidney (ischemia of the kidneys), is

one of the most common causes of kidney failure.

It is also a critical factor in determining the status of

a kidney destined for transplantation. Previously it
has been shown that noninvasive imaging tech-
niques [i.e., tandem scanning confocal microscopy
(TSCM)] could be used to determine the degree of
ATN by analyzing the super¯cial nephrons of living
rabbit kidneys and that these observations correlate
with post-transplant renal function.1 This is not
surprising in that the status of super¯cial proximal
convoluted tubules is indicative of the status of
proximal convoluted throughout the entire kidney
cortex. Noninvasive microscopic techniques are
necessary for this determination because the biop-
sies required for conventional microscopy result in
artifacts that are di±cult to distinguish from ATN.2

Unfortunately, the maximum penetration depth
of TSCM is very limited (about 100�m), which
makes it di±cult to nondestructively image the
human kidney, especially when surrounded by an
intact human renal capsule. Therefore, a non-
invasive microscopic procedure that has enough
penetrating ability to image the human kidney
parenchyma and determine the extent of ATN
would provide invaluable clinical information
regarding kidney function.

Conventional noninvasive medical imaging mod-
alities such as computerized tomography (CT),
magnetic resonance imaging (MRI), ultrasound
(US), single photon emission computerized tom-
ography (SPECT) and positron emission tomogra-
phy (PET) provide morphological and functional
imaging with sub-millimeter to one-millimeter res-
olution (by MRI or US) or with several millimeter
resolution (by PET). In terms of kidney functional
imaging, nuclear scan, PET, MRI and US permit
the measurement of renal blood °ow (RBF). These
techniques allow a wide-¯eld-of-view imaging for
entire single- or dual-kidney monitoring and evalu-
ation. However, nuclear scan, PET and MRI ima-
ging are limited by their cost, widespread
availability, and the di±culty to be used at the
bedside or during surgery. Contrast-enhancement
US 3,4 is the only technique to receive signi¯cant
attention in recent years as a possible post-oper-
ation (e.g., transplantation) imaging modality to
monitor kidney perfusion.

Optical coherence tomography (OCT) can pro-
vide subsurface imaging of biological tissues with
penetration depth at approximately 1 to 2mm, and
therefore, it can function as an \optical biopsy" to
image kidney structure and function with a ¯eld-of-
view (FOV) comparable to that of standard exci-
sional biopsy and histology.5–7 Subsurface imaging
withOCT is similar toUSbut has signi¯cantly higher
resolution (5–10 times) than clinical US, providing
depth-resolved imaging of tissue microstructure with
micron-level resolution near that of histology. The
advantage is that OCT imaging can be performed in
real time without the removal of a tissue specimen
(i.e., biopsy) for staining and subsequent histological
analysis. OCT has already been successfully trans-
lated to various clinical applications including oph-
thalmology,8 cardiology,9 gastroenterology,10–13

urology,14,15 and gynecology,16 among others. In a
recent study of in vivoOCT human kidney, the OCT
signal attenuation was used to di®erentiate malig-
nant tissues from normal.17 However, clinical OCT
imaging of the kidney is still an under-explored area
with strong translational potential.

In addition, OCT can detect blood °ow in vivo
using the Doppler. Studies have shown the feasi-
bility of quantifying blood °ow in vivo in the human
retina,18–24 skin,25–27 brain,28,29 and gastrointestinal
tract,30,31 as well as other locations. Doppler OCT
(DOCT) combines the ability of OCT to captured
high-resolution structural images with correspond-
ing Doppler velocity maps that can be merged
together to identify regions with moving re°ectors,
indicating blood °ow. Thus, OCT/DOCT is a
powerful tool that combines structural and func-
tional imaging which could be used to evaluate
kidney status in vivo and in real time during and
following surgical procedures.

In this study, we demonstrate the ability of
OCT/DOCT to diagnose ATN in human donor
kidneys both prior to and following their trans-
plantation. Our OCT/DOCT images show the
morphological and functional information of renal
cell swelling, tubular spatial distribution and glo-
merular blood °ow.

2. Material and Methods

2.1. OCT System setup and design

A custom-built OCT system with a ¯ber-optic,
hand-held probe was used in this study, enabling
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real-time, intra-operative OCT imaging during
kidney transplant procedures [see Fig. 1(a)]. Brie°y,
the details of the OCT system used in this study
consisted of a Fourier-domain OCT system with
swept-source laser operating at 1310-nm center
wavelength and 100-nm bandwidth with �90 dB
sensitivity. The OCT axial resolution was �12�m,
and using a 2.0x objective in the sample arm, a
transverse resolution of �15�m was achieved as
determined by resolution chart. Wavelength swee-
ping frequency was 16 kHz enabling real-time 2D
imaging. OCT image pixel dimensions were as
follows: 1024 [X] by 512 [Z], and associated

2D image scan dimensions were 3.75mm [X] by
2.0mm [Z].

Figure 1(b) shows the hand-held OCT imaging
probe being used to image a ¯xed (i.e., preserved)
kidney ex vivo. For operating room (OR) imaging,
the hand-held OCT imaging device was assembled
on a portable cart that can be easily wheeled into
and out of the OR. Figure 1(c) shows the portable
imaging system on the three-level utility cart that
was used to house and transport the system to the
OR. The imaging system was equipped with two
output monitors facing opposing directions. One
monitor enabled the operator to visualize and

Fig. 1. (a) Schematics of hand-held OCT imaging probe for intra-operative kidney imaging. FC; ¯ber coupler, PC: polarization
controller, C: collimator, MZI: Mach-Zehnder interferometer. M: mirror, BD: balanced detector, DAQ: data acquisition board.
DCG: dispersion compensating glasses, OBJ: objective. (b) A close look of OCT hand-held probe. (c) Portable hand-held OCT
imaging system setup for clinical imaging during kidney transplantation Dual-monitor output allows for simultaneous viewing by
the physicians for evaluation and probe positioning and for our team for data collection.
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record the data while the second monitor let the
physicians visualize the imaging in real time.

2.2. Transplant patients and data
collection

Prior to engaging in this research, the protocol
was approved by the Institutional Review Boards
at both Georgetown University and the University
of Maryland College Park. Patients scheduled to
receive kidney transplant at Georgetown University
Medical Center (Georgetown,WashingtonDC)were
enrolled in this study. Informed consent was ob-
tained from all patients prior to imaging. A total of
29 patients enrolled in this study (mean donor age of
47 years), and for each patient we imaged the kidney
prior to transplant (i.e., ex vivo) and also following
transplantation and reperfusion (i.e., in vivo).

Following procurement from the donor, the kidney
was transferred to a sterile ice bath solution prior to
its transplantation. During this time, the kidney was
imaged using our hand-held OCT imaging probe (ex
vivo kidney). The entire hand-held probe with its six-
foot length of cords was covered with a sterile camera
sleeve. A 1.5-cm circular hole was cut in the end of the

sleeve and covered with a commercially available,
sterile, transparent \Tegaderm" ¯lm (3M Health
Care, St. PaulMN). This setup provided a sterile and
moisture barrier without impeding the imaging laser
beam. It took about 2–5min to image the entire
kidney ex vivo. Following transplantation of the
kidney into the patient and re-establishment of blood
°ow to the donor kidney, we imaged the transplanted
kidney again (in vivo kidney). For in vivo kidney
imaging, the interference fringe data (the complex
OCT signal including both magnitude and phase
information) was recorded to enable DOCT proces-
sing and analysis. Again, the time for surveying the
transplant kidney was 2–5min.

3. Results

3.1. Ex vivo kidney imaging

While in a sterile ice bath prior to transplantation
into the recipient, the entire donor kidney surface
was surveyed by OCT (i.e., surveyed globally).
Figure 2 shows representative OCT imaging of the
ex vivo kidney prior to transplantation. The kidney
parenchyma containing uriniferous tubules, glome-
ruli and blood vessels are visible beneath the

Fig. 2. Ex vivo OCT imaging of human donor kidney. Each is a representative OCT image from di®erent human subject (a)–(c)
shows opening tubules (see arrows), while in (d)–(f), most of the tubules are closed. Scale bar ¼ 500�m.
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intact kidney capsule. Most important were sig-
ni¯cant variations in the openness of lumens of the
proximal convoluted tubules (see Fig. 2). An anal-
ysis of post-transplant function revealed that this
decrease in the proximal convoluted tubule luminal
diameters correlated closely with a poorer post-
transplant renal function as measured by serum
creatinine and blood urea nitrogen (BUN) values.

3.2. In vivo OCT kidney imaging

Following transplanting and re-establishing blood
°ow to the donor kidney, we performedOCT/DOCT
imaging of the kidney within the abdominal cavity of

the patient (see Figs. 3 to 6). Figure 3 depicts repre-

sentative in vivo kidney OCT images from two

patients [Fig. 3(a) and 3(b) are from one, 3(c) and

3(d) are from another] showing cross-sectional pro-

¯les of super¯cial proximal tubules below the renal

capsule. The openness of tubule lumens labeled in

Fig. 3 re°ects a functioning post-transplanted kid-

ney.Thepoorest post-transplant functionwas seen in

one patient who had su®ered an additional nor-

mothermic ischemic insult during reimplantation.

This patient's transplanted kidney did not showopen

tubules that correlated with very poor post-trans-

plant renal function.

Fig. 3. OCT imaging of human kidneys following transplantation showing open uriniferous tubules below the renal capsule in two
di®erent patients ((a) and (b) are for one patient and (c) and (d) are for another). Tubules appear to be fairly open and round with
some degree of homogeneity throughout the images. Scale bar ¼ 500�m.

(a) (b)

Fig. 4. Examples of a variation of in vivo OCT images of human kidney for tubule size/shape and tubule density/uniformity.
tubule size/shape: (b) poor (d) moderate (f) good. Tubule density/uniformity: (a) poor (c) moderate (e) good. Scale bar ¼ 500�m.

OCT of the living human kidney
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The spatial distribution of opening tubule lu-
mens exhibited variation from patient to patient.
Example images of the variation of tubule mor-
phology for both the size/shape and the density/

uniformity are evident in Fig. 4. Tubule size/ shape
was grouped to three categories namely poor,
moderate and good. Tubule density/uniformity was
also grouped to poor, moderate and good categories.

(c) (d)

(e) (f)

Fig. 4. (Continued)

(a) (b)

(c) (d)

Fig. 5. In vivo human kidney showing open tubules and conical blood °ow. Open tubules appear round and relatively uniform
across all images. Also, a larger blood vessel is seen in (b) against some smaller vessels observed in (a), (c) and (d). Data are from a
single patient. Scale bar ¼ 500�m.

P. M. Andrews et al.

1350064-6

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
4.

07
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



These images illustrate the visual appearance rep-
resented by the various scoring values and can be
used for standardizing the scoring system across
multiple users for further analysis of tubule opening
quanti¯cation following transplantation.

3.3. In vivo OCT/DOCT images show

blood °ow information together

with tubular morphology

OCT fringe data were also recorded during in vivo
imaging to enable DOCT imaging for visualizing
blood °ow in real time as shown in Figs. 5 and 6.
OCT is displayed in grayscale and DOCT is over-
laid with a color map. Blue-cyan represents blood
°ow in one direction while red-yellow represent
blood °ow in the opposite direction. Figure 5 shows
the combination of morphological imaging with
OCT and functional imaging with DOCT for one
patient that displayed good tubular morphology
and blood °ow. Fairly densely packed uriniferous

tubules are observed with several cortical blood
vessels indicating perfusion. The size of blood
vessels varied from less than 100�m [see Fig. 5(c)]
to more than 400�m [see Fig. 5(b)]. Figure 6
demonstrates the representative OCT/DOCT
imaging of the transplant kidney in vivo from a
di®erent patient. While several vessels are noticed
in Figs. 6(a)–6(d), no open tubules are observed
around the vessels.

4. Discussion

This study demonstrates the use of OCT/DOCT
imaging to evaluate the human kidneys prior to and
following their transplantation. These preliminary
results suggest that OCT/DOCT can provide novel
and vital intra-operative monitoring and evalua-
tion of the transplant kidney for predicting post-
renal function. However, higher patient numbers
are needed to provide additional correlative quan-
titative data. Also, in addition to semi-quantitative

(a) (b)

(c) (d)

Fig. 6. OCT/DOCT imaging of in vivo kidney. Blood °ow is seen in numerous cortical vessels but uriniferous tubules appear to be
closed and not visible in adjacent image regions. Data are from another patient di®erent from that shown in Fig. 4. Scale
bar ¼ 500�m.

OCT of the living human kidney
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image analysis, computing the average tubular di-
ameter and tubular volume ratio (ratio of tubular
volume per volume of parenchyma) would be a more
objective measure to rank the morphological par-
ameters of the OCT data. The OCT signal at-
tenuation has been used for the determination of
malignant tissues17 and may possibly re°ect kidney
ischemic condition as well. However, Beer–Lambert
law based on single-layer algorithm (which assumes
homogenous tissue structures) might not work re-
liably on the heterogeneous OCT images we
obtained. A more sophisticated algorithm needs to
be developed to separate the scattering from capsule
layer and subcapsular parenchyma, as well as to
account for the e®ects of nonscattering open tubular
regions. Those e®orts will be pursued in the future
together with the image analysis-based quantitative
image parameter development.

In the present study, 3D imaging was not
undertaken due artifacts associated with move-
ment. Performing 3D OCT/DOCT imaging, how-
ever, would allow for more versatile metrics to be
employed to quantify the image results, such as
quantifying blood °ow. However, 3D imaging is
possible using newer laser systems that run at
100 kHz based on the micro-electro-mechanical
system (MEMS)-tunable vertical cavity surface
emitting laser (VCSEL) technology.32 This MEMS-
VCSEL OCT system provides high-speed imaging
at 5 times faster than our currently available
16-kHz SS-OCT system. 3D OCT volumes with 25
6� 256� 512 pixels can be acquired approximately
in 0.6 s, thereby dramatically reducing the motion
artifacts. Furthermore, using novel laser sources,
some studies report being able to perform scan rates
reaching even 5MHz.33 At this scan rate it would
take only 52ms to perform a 3D scan consisting of
262,144 axial scans (XY: 512� 512). Higher scan-
ning rates would decrease motion artifacts during
image acquisition and also enable faster blood vel-
ocities to be detected with DOCT. In addition,
higher resolution might also help to enhance the
classi¯cation of imaging parameters to predict
transplant outcome.34

Recent studies have shown dramatic di®erence in
renal microvascular blood °ow (blood cell vel-
ocities) between grafts from deceased donors versus
living donors.35,36 Since post-graft function has
already been demonstrated to correlate with the
openness of proximal kidney tubules and ischemic
insult in rabbit studies,2 a clinical trial that

investigates this technique in humans for living
donors versus deceased donors would yield promis-
ing insights into the correlation between the dur-
ation of ischemic injury and post-graft function.
The present study focused solely on living donors
that had a relatively short duration of ischemic
injury. Therefore, the results suggest that it is a
suitable image modality to investigate the longer
ischemic times associated with donor kidneys from
cadavers as well. Our preliminary correlation
studies of OCT images with post-transplant kidney
function indicated donor kidneys with patent tubule
lumens both prior to and following revasculariza-
tion had the best post-transplant renal function.37

More studies are needed to determine the ultimate
clinical utilities of OCT in determining the status of
donor kidney.

In conclusion, OCT is a powerful medical ima-
ging technology that can reveal microstructure and
blood °ow in biological tissue in real time. Our
preliminary results demonstrate that OCT is a safe,
noninvasive procedure that can assess donor kidney
status in a timely fashion in the OR and provide
important information that can be used to predict
post-transplant kidney function.
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