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Cerebral edema is a severe complication of acute ischemic stroke with high mortality but limited
treatment. Although parameters such as brain water content and intracranial pressure may
represent the global assessment of edema, optical properties can appear heterogeneously
throughout the cerebral tissue relative to the site of injury. In this study, we have monitored the
edema formation and progression in both permanent and transient middle cerebral artery oc-
clusion models in rats. Edema was re°ected by the decrease of optical attenuation coe±cient
(OAC) value in OCT system. By utilizing swept-source optical coherence tomography (SS-OCT),
we found that in photochemically induced permanent focal stroke model, both the edema size and
edema index, steadily developed until the end of monitor (7 h). Comparatively, when transient
ischemia was introduced with endothelin-1 (ET-1), the edema was detected as early as 15min,
and began to recover after 30min until monitor was ¯nished (3 h). Despite the majority of the
edema being recovered to some extent, the condition of a small region within the edema kept
deteriorating, presumably due to the reperfusion damage which might result in serious clinical
outcomes. Our study has compared the edema characteristics from two di®erent acute ischemic
stroke situations. This work not only con¯rms the capability of OCT to temporal and spatial
monitor of edema but is also able to locate focal conditions at some areas that might highly
determine the prognosis and treatment decisions.

Keywords: Swept-source optical coherence tomography; ischemic stroke; cerebral edema; optical
attenuation coe±cient; middle cerebral artery occlusion.
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1. Introduction

Stroke is a leading cause of death globally,
accounting for enormous mortality and disability.
While ischemia and subsequent cerebral infarction
result in neurologic de¯cits, it is not the infarct itself
that is responsible for most of the stroke deaths in
the acute period. Instead, a majority of death and
neurologic deterioration after infarction is closely
related to the development of brain swelling.
Greater volume of edema predicts poor outcome,
independent of infarct volume and stroke severity.
Cerebral edema is a leading cause of early death after
ischemic stroke, which occurs in 10–78% of patients
with ischemic stroke.1 Although serious, cerebral
edema has only limited medical and surgical treat-
ment options available.2 Considering the lack of ef-
fective treatment, early detection of cerebral edema
with rapid intervention might improve clinical out-
comes, including mortality and morbidity rate.

Current clinical imaging detection methods of
edema include computerized tomography (CT) and
Magnetic resonance imaging (MRI). On CT, edema
manifests as decreased attenuation relative to sur-
rounding normal parenchyma.3 The early ischemic
changes of cerebral edema on CT correspond to an
increase in the intracellular and extracellular water
components of a®ected brain tissue.4,5 However,
these changes are subtle, and CT is frequently
normal in the ¯rst hours after stroke onset.6,7 On
MRI, edema produces high signal on T2-weighted
imaging and low signal on T1-weighted imaging.3

Nonetheless, the resolution of MRI determines that
it is only capable of detecting edema long after
stroke onset.3

Optical coherence tomography (OCT) is a non-
invasive imaging technique with high resolution and
speed. Optical attenuation coe±cient (OAC) de-
rived from OCT signals has been used to detect
cerebral edema.2,8–11 The swept-source OCT (SS-
OCT) developed from basic OCT technique has
improved imaging speed,12 greater depth and range
of structure visualization,13,14 which allows for
improvements in OCT-imaging in the clinic such as
ophthalmology15–17 and dermatology.18 SS-OCT
has also been successfully used to monitor edema
formation and development in middle cerebral ar-
tery occlusion (MCAO) rats of the entire cortex.19

When optimized depth-resolved estimation method
was used, an en face OAC map was derived
and applied to measure cerebral edema under the
setting of ischemic edema in small animals in vivo.2

Therefore, SS-OCT represents a promising tool for
the detection of early edema after ischemic stroke.

Ischemic stroke is mainly caused by vessel
occlusions which can be transient and permanent,
and edema can be generated under both circum-
stances. There are several types of edema which are
the results of di®erent pathological processes.3 An-
imal models are essential for the study of patho-
logical mechanism, early diagnosis and therapeutic
treatment of ischemic edema. A variety of ischemic
stroke models in small animals have been developed
and among them endothelin-1 (ET-1) and photo-
chemical induced stroke models are less invasive
and better mimic human stroke circumstances than
the mechanical occlusion models (i.e., clips and
sutures).20–22 However, few studies have compared
the characteristics of the edema generation and
progression resulted from the two models, which
can represent temporal and permanent ischemic
strokes. The aim of the study is to use SS-OCT to
monitor the edema derived from endothelin-1 and
photochemistry and compare the measurements.
The study could be potentially useful for revealing
the edema characteristics induced by the two forms
of strokes and might be useful for drug development
studies to choose the suitable model to screen drugs.

2. Method

2.1. Animal models

All procedures were approved by the institutional
Animal Care Committee of Northeastern Universi-
ty. All e®orts were made to minimize animal suf-
fering and to reduce the number of animals used.
Sprague–Dawley male rats � 3 months of age were
used, with each weighing 250 g to 280 g. Animals
were anesthetized by 3% sodium pentobarbital.
Heart rate of the rats were monitored and kept at
500 beats per minute and temperature was main-
tained by a homoeothermic blanket system. The
anesthetized rats were ¯xed on a stereotaxic appa-
ratus (ST-5ND-C) with ear bars and a clamping
device. After the fur was shaved, the skin was cut
along the midline of the skull to expose the inter-
parietal bone. The skull was grinded to the thick-
ness of 0.1mm to 0.2mm in order to get clear OCT
images.

For ET-1 induced model, the stereotaxic coordi-
nates for injection of ET-1 or control (0.9% NaCl)
were at 0.9mm anterior, 5.2mm lateral, and 8.7mm
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ventral relative to bregma. Three �l ET-1 (60 pmol/
L in 0.9% NaCl) was injected at 1�l/min and left
another 3min to allow fully absorption of the drug
before needle was withdrawn.

For photochemically induced model, Rose Bengal
(RB, Sigma-Aldrich, St Louis, MO, USA) was
injected into the tail vein (20mg/mL saline, 1ml/kg
bodyweight) and thrombosis was induced
using parallel illumination (532 nm, the diameter
of � 2mm, CNI Laser, MGL-III-532-5mW-1.5,
Changchun, China) for 30min. The animal was
strictly shielded from light, minimizing di®use
Rose Bengal activation after laser illumination. The
rat was then placed in the sample arm for data
acquisition after treatment.

2.2. OCT system and edema detection

A wide FoV SS-OCT system with a central wave-
length of 1310 nm and a spectral bandwidth of
100 nm providing an axial resolution of � 7:5�m in
air was used as described previously.2 The system
operating at a 200 kHz swept rate and providing an
axial resolution of � 7:5�m in air. The use of a 50-
mm focal length objective lens makes the system to
achieve the lateral resolution of � 16�m. Although
the theoretical ranging depth of the system can
reach � 78mm, we digitized each interference
spectrum to 5000 points in this paper, which pro-
vided an actual measurement depth of � 16mm.

To calculate OAC from OCT signals, the in°u-
ence of confocal characteristics was removed ¯rst
through dividing by the axial point spread function
proposed by Faber et al.,23 an ODRE method was
used as previously described.24 This method can
accurately calculate OAC at any depth. In brief,
each pixel in OCT dataset was converted to the
corresponding OAC value using Eq. (1), under the
assumption that backscattered light re°ected to the
photodetector of the system was a ¯xed fraction of
the attenuated light.

�½z� ¼ I½z�
2�

PN
i¼zþ1 I½i� þ I½N �

�½N�
; ð1Þ

where I½z] is the OCT signal of a pixel and �½z] is the
corresponding OAC, both of which are at depth z.
� is the pixel size (relative to the axial resolution of
the OCT system), and N is pixel numbers within a
certain range of depth, I½N ] is the OCT signal of the
last point N. To determine �½N ], the data taken from

the end of the imaging depth was ¯tted to an expo-
nential curve with model of y ¼ a � expð�2�zÞ þ b.
The resulting � is the average attenuation coe±cient
of this data and is considered as the best approxi-
mation of �[N ], and b is the strength of the noise °oor,
which need to be subtracted from the original OCT
signal before OAC calculation. After exponential ¯t-
ting, the ¯tted � was introduced into Eq. (1). A set of
3D OAC matrices are obtained after all the A-scan
calculations ¯nish.

En face OAC maps (edema maps) were recon-
structed by averaging the OACs in the depth range
of 0.7mm to 1.5mm below the surface of the cortex.
Since the OAC value will decrease signi¯cantly as
the water content of the brain tissue increases, the
edema region will show a shadow. We separated this
shadow region manually and count the number of
pixels. The edema area is equal to the product of the
area of a single pixel and the number of pixels.

2.3. Data analysis

Statistical analyses were conducted using Graph-
Pad Prism (Graph-Pad Software Inc., San Diego,
California). All experiments in the study were per-
formed at least in triplicate (unless otherwise spec-
i¯ed) from � 3 independent experiments, and data
are presented as mean� standard error of the mean
(SEM).

3. Results

3.1. Edema images

En face OAC images generated from averaging the
OACs within the depth range from 0.7–1.5mm were
shown. In both models, shaded areas began to occur
at earliest time point after baseline control, which
was re°ected by a decrease in OAC, indicating
formation of cerebral edema.2 Morphologically, in
photochemically induced stroke model, the edema
(shadow), is more focused and has clear boundary
(Fig. 1), whereas edema induced by ET-1 is rela-
tively di®use, and the shape is more irregular
(Fig. 2). Furthermore, the edema induced by irra-
diation sustained during the monitoring period (0–
7 h) (Fig. 1), whereas the ET-1 induced edema was
transient and faded with time (Fig. 2). Interest-
ingly, although the majority part of edema is re-
covered at certain degrees, a small region (arrow)
within the edema had no sign of recovery and went
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Fig. 2. En face OAC images taken after ET-1 injection. The shaded area indicates the formation of cerebral edema. The dotted line
marked the boundary of the edema area at each time point, and the yellow arrow (in last picture) indicates the unrecovered region.

Fig. 1. En face OAC images after photochemical induction of thrombus. The shaded area indicates the formation of cerebral
edema.
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even worse, indicating by the OAC value reducing
all the way until monitoring was terminated
(Fig. 2).

3.2. Edema sizes

Edema sizes indicated by the sizes of the shade were
measured from OAC data and are shown in Fig. 3.
When focal ischemic stroke was induced photo-
chemically, edema size progression was steady and
reached the plateau at � 6 h and sustained (Fig. 3
(a)). The lasting presence of edema is consistent
with the permanent blockage of the blood °ow
during monitoring time window.

In contrast, ET-1 induced edema area peaks
at � 45min after stimuli injection, and gradually
decreased over time. At the last time point
(180min) of monitoring, the size of the edema re-
duced to � 60% of the peak size (Fig. 3(b)). The
e®ect of ET-1 on vessel constriction is transient and
cerebral blood °ow reperfusion occurs over several
hours,25,26 which may contribute to the gradual
reduction of edema size observed after 45min of ET-
1 application (Fig. 3(b)).

3.3. Edema indexes

Edema indexes were re°ected by the OAC signal
intensities. We have previously reported that the
severity of edema is reversely related to OAC
value.2,24 In this study, the OAC values at each
time point in both models are shown in Fig. 4.
When ischemia was induced photochemically, the
average OAC value of the shaded area, which
represents edema formation, decreased gradually

with time where the slope became shallow after 3 h
(Fig. 4(c)). Since the severity of edema was re-
versely related to OAC value, the edema index was
represented by the percentage of OAC value de-
crease and plotted against each time points up to
7 h. As we can see in Fig. 4(e), edema was getting
more condensed overtime until end of monitor. This
is conceivable since the ischemia becomes more and
more severe after blood vessel is blocked by the
thrombus formed after irradiation. Comparatively,
ET-1 induced condition was more complex. The
shaded area progression was not uniform. In gen-
eral, OAC value decreased rapidly until 30min after
vessel constrictor injection and gradually recovered
thereafter (Fig. 4(d) red line). When edema index
was considered, the value was increased quickly and
then reduced (Fig. 4(f) red line), consistent with the
blood °ow reperfusion. Interestingly, although a
major part of edema gradually recovered in ET-1
induced stroke rat brain, there is a small region
(Fig. 3 arrow) with OAC value decreased all the
way until the end of monitoring (Fig. 4(d) blue
line), which indicates that edema index of this part
is enhanced (Fig. 4(f) red line) despite of the general
recovery of major part of the edema.

4. Discussion

Cerebral edema is one of the serious complications
of ischemic stroke and accounts for the major causes
of mortality after stroke onset. Nonetheless, once
diagnosed, the treatment methods were limited.
Therefore, early detection and evaluation of edema
are essential. In this study, a transient and a per-
manent stroke models were used to induce edema of

(a) (b)

Fig. 3. Edema sizes generated with time progression from two ischemic models in rats. Values were expressed as % means� SEM
(n ¼ 4).
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which characteristics were assessed and compared
using SS-OCT technique.

The photochemical stroke model is established in
1985 by Watson et al.27 by which cortical infarcts
can be introduced in rats. Laser illumination is ap-
plied after a photosensitive dye is introduced into
blood circulation. Peroxidative damage is caused by
singlet oxygen generation at the site of endothelial
cells on vessel wall. This leads to haemostasis pro-
cess like vasoconstriction and platelet adhesion and
aggregation, results in white thrombus formation
and vessel occlusion, and thereby ultimately leads
to distal territory ischemia. ET-1 works as a potent
vasoconstrictor with long lasting e®ect. Stereotaxic

injection of ET-1 induces a temporal ischemia in
cerebral cortex. The blood °ow reduction is rapid
but not immediate26 and reperfusion occurs over
several hours.28 This pro¯le is more representative
of human stroke than the immediate reduction and
reperfusion seen with more traditional mechanical
ischemic stroke model using intraluminal ¯lament
or clips, yet it is easier to handle and less invasive.21

OCT is a noninvasive real-time imaging tech-
nique that allows detecting of biological tissues with
high resolution and high speeds.29,30 OAC derived
from OCT signals allows researchers to distinguish
tissues under physiological and pathological sta-
tus.2,31 In this study, we focused on observing the

Fig. 4. Edema indexes generated with time progression from two ischemic models in rats. OAC values were calculated from three
240� 240�m2 regions as indicated in picture (a) and (b), using green, red and blue boxes, respectively. (c) and (d): Data were
represented by OAC value over time (c): photochemical model, corresponding to green boxes in ¯gure (a); (d): ET-1 model,
corresponding to red and blue boxes in ¯gure (b)) Values were expressed asmeans� SEM (n ¼ 4). E & F: Data were represented by
the percentage of the OAC value decrease over time (e): photochemical model, corresponding to green boxes in Fig. (a); (f): ET-1
model, corresponding to red and blue boxes in ¯gure (b)).
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edema formation and progression in cerebral cortex
based on OAC values, which was monitored real
time by SS-OCT system. This system has greater
spectral resolution19 and higher penetration depth32

than traditional spectral domain OCT. Cerebral
edema can be generated shortly after ischemia is
introduced, due to the greater water content within
cerebral cells after extensive water penetration into
the brain. The subsequent accumulation of acidic
substances leads to cerebral cell membrane hyper-
permeability within the a®ected cells.10 The trans-
mittance of infrared light increases with the water
content of brain tissue, featured by the decrease of
OAC value, and thereby, edema can be distin-
guished from normal tissue.2,8

Through monitoring with OCT, we found dif-
ferences between the photochemical and ET-1
models. The edema formed by photochemically il-
lumination had a steady increase in both size and
index within the monitoring time (7 h). This is
conceivable since the vessel after irradiation was
completely blocked which generate permanent is-
chemia in cerebral tissue.33 Interestingly, it was also
noticed that at early stage of edema formation, i.e.,
at 30min, the edema was merely detected as a ring
shape, where the inner part has a lower degree of
severity (higher OAC signal). The reason of this
phenomenon is not clear, but one study has also
observed the vasogenic edema as a shape of a \thin
rim" in amyloid angiopathy.3 As vasogenic edema
was featured as the leakage of blood-brain barrier, it
might indicate that the laser illumination-induced
ischemia in our study has led to the blood-brain
barrier hyperpermeability, which in turn caused the
formation of a vasogenic edema from outside
inwardly.

Comparatively, when ET-1, a vasoconstrictor,
was used, blood vessels constricted to a certain de-
gree that caused ischemia and generate edema,
when the reperfusion occurred, most part of the
edema recovered to some extent, nonetheless, there
was a region where the damage to the cells was not
recovered and even further deteriorated, indicated
by OAC value kept decreasing. This is predictable
as reperfusion injury is often observed clinically
when a patient had blood reperfusion either after a
transient ischemia stroke or after recanalization
operations.34 It was interesting to note that the
edema underwent di®erent pathophysiological pro-
cesses after blood reperfusion. Although it is still
debating whether reperfusion can augment or

attenuate edema since con°icting results were
obtained.35–40 Our ¯ndings showed that blood re-
perfusion could have both e®ects on edema, pre-
sumably depending on the severity of the tissue
damage during ischemia.

Intracranial pressure (ICP) and brain water
content (BWC) are often used to estimate the de-
gree of edema in brain, and these parameters only
detect the global conditions of edema but would be
much more di±cult to apply to focal models of
edema. Yet our results using SS-OCT showed that
the optical properties can vary heterogeneously
throughout the cerebral tissue relative to the site of
injury. It is therefore speculated that focal detection
of tissue conditions is essential to guide diagnosis
and predict prognosis after stroke onset. This ex-
periment provided preliminary evidence that re-
perfusion after reversible focal ischemia may trigger
biological responses leading to the augmentation of
cerebral damage established during ischemia (oc-
clusion),41 consistent with our ¯nding that when
certain tissue damage was caused that cannot be
restored in transient stroke although the majority of
edema was recovered at degrees.

It is noted that OAC reduction maybe caused by
more than one factor. Studies have shown that cell
necrosis also reduces OAC value.42 We have com-
pared with the T2-weighted and DWI sequence of
MRI. The DWI signal in the shaded area changed
signi¯cantly, but the T2-weighted signal had no
obvious change. Therefore, it indicates that the
shaded area is edema, not infarction. In addition, we
also found that vessels surrounding the shaded area
were compressed. Then, in mice undergo cranioto-
my, this phenomenon was not present. These
observations are consistent with the pathological
features of edema, suggesting the shaded area is
edema area.

In summary, our study had utilized SS-OCT to
noninvasively, spatially and temporally monitor
cerebral edema development of two ischemic stroke
models. Edema can be detected as early as 15min
after onset of stroke with high resolution. Photo-
chemically induced permanent ischemic stroke leads
to an edema with a gradual increase in both edema
size and edema index. When transient ischemia was
introduced with ET-1, the size and index of the
edema increased rapidly and then decreased, con-
sistent with blood reperfusion after short period of
vessel constriction. It is noted that although major
part of the edema is partially recovered, a certain
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region of the brain tissue is not recovered by the end
of monitoring, re°ected by the persistent decrease of
OAC value. This may indicate the development of
cell membrane hyperpermeability, probably result-
ing in the permanent neuro cells damage. The
results manifest that a global assessment of edema
might not be applicable to represent the severity of
the disease and the optical properties of focal con-
ditions should be obtained and evaluated individu-
ally when treatment and prognosis are pursued. Our
study highlights the potential of OCT for three-di-
mensional spatial monitoring of cerebral edema.
The study extended the use of OCT to monitor the
focal tissue conditions during edema progression
with high resolutions.
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