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ABSTRACT

A well established navigation method is one of the key conditions for successful brain surgery: It should be accurate,
safe and online operable. Recent research shows that Optical Coherence Tomography is a potential solution for this
application by providing a high resolution and small probe dimension. In this study a fiber Spectral-Domain OCT system
with a super luminescent diode with the center wavelength of 840 nm providing 13.6 pm axial resolution was used. A
single mode fiber (@ 125 um) was employed as the detecting probe. The information acquired by OCT was reconstructed
into grayscale images by vertically aligning several A-scans from the same trajectory with different depth, i.e. forward
scanning. For scans of typical white matter, the images showed a higher reflection of light intensity with lower
penetration depth as well as a steeper attenuation rate compared to the scans typical for grey matter. Since the axial
resolution of this OCT system is very high, some microstructures lying on the striatum, hippocampus and thalamic
nucleus were visible in these images. The research explored the potential of OCT to be integrated into a stereotactic
surgical robot as a multi-modal navigation method.
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1. INTRODUCTION

Thanks to new techniques the human brain has over the last decades lost a lot of its complexity driven mystery and is
thus now another organ to be subjected to surgical procedures and interventions. Prominent examples for these
interventions are treatments for mental diseases and movement disorders which are based on electrical deep brain
stimulation (DBS) [1, 2, 3, 4], stem cell therapy [5] or even micro lesioning [6, 7, 8]. As soon as the pathophysiological
foundations of movement disorders such as Parkinson's disease were better understood, it was recognized that
malfunctioning basal ganglia contribute to this syndrome, which made these deep brain structures one of the major
targets for nowadays minimal invasive brain surgery. DBS in particular has been proven to be one of the most successful
neurotherapies since its first application against Parkinson's symptoms and essential tremor in the 1990s [9].

One of the main parameters defining positive outcome of a stereotactic brain surgery is to precisely localize the target.
MRT and CT are considered the standard image guidance systems for DBS [10, 11], but they do have disadvantages.
Pre-operative images are obtained before the surgery and used for registration and navigation during the operation.
Although the stereotactic frame and markers are placed on the skull to assist registration, errors can occur due to brain
shift, lowering the accuracy of the planned trajectory and target. One solution is to use interventional MRI (iMRI) [12] to
acquire real-time images and navigate during the surgery. However usual metal tools can't be used in iMRT guided
surgery because of the high magnetic field (1.5 T) employed with the purpose of visualizing small targets; besides, an
iMRI equipped operation room might not be an option for a research group due to high cost and space requirements. Our
interest is to develop a real-time, low cost, portable navigation system for deep brain surgery, which is able to identify
brain landmarks and compensate brain shift.
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Since the optical coherence tomography technology was demonstrated in 1991 by Huang et al. [13], it has developed
rapidly in biomedical field. In general, OCT technology utilizes a low coherence interferometry to collect backscattered
light from the object and obtain high resolution (up to 2 um) [14, 15, 16, 17] volumetric tissue image in real time.
Although the task of OCT imaging in high optically tissue is a challenge, there are many reports reveal its capability of
imaging skin and vascular [18, 19]. One of the recent research highlight is OCT application in neural system, which
includes visualizing architectural morphology of neural tissue and diagnosing neural disorders [20, 21, 22, 23]. The
limitation of using OCT in brain imaging is that sufficient image contrast can be not easy to obtain, and speckle noise is
proportional to tissue signal [24]. The penetration depth of OCT image rests with factors such as system sensitivity as
well as tissue optical properties (absorption coefficient p, and scattering coefficient ). By taking the advantage of high
sensitivity OCT system [25, 26], the image penetration depth around 0.5 to 1 mm in mammalian brain tissue [27, 28] and
up to 2 to 3 mm in other tissue [29, 30] can be achieved. In particular, OCT can be combined with fiber optical
technology to generate an endoscopic device with small dimensional flexible fiber based probe for intracavity or
minimal-invasive imaging. Thus OCT has the potential to become an on-line navigation method for deep brain surgery
[28, 31, 32, 33]

Current aim of our research is to develop a novel multi-modal navigation method using an integrated system [34] that
includes OCT imaging and electrophysiology recording/navigation. In that context, we investigated whether fiber OCT
could be used to differentiate brain gray matter from white matter and to identify characteristic brain structures as land
marks. A new approach was invented to reduce speckle noise in the image, which consequently enhanced image contrast.

2. MATERIALS AND METHODS
2.1 Spherical Assistant for Stereotactic SUrgery (SASSU)

We used a commercial stereotactic surgical navigation frame (SASSU, pro-medTEC GmbH, Liibeck), which provides
5DOF (degrees of freedom) to place tools up to 200g of weight at any desired orientation within a planed position. Each
of the five independent axes are individually equipped with a stepper motor (Nanote Electronic GmbH, Germany),
providing a step motion resolution approximate to 1 um [35]. In order to improve location precision, each joint is
integrated with an optical encoder. The whole system has a mechanical accuracy of ca. 30 um [35] and is run by a
JAVA-based operation software. The software framework can adapt to most of the experimental strategies as it is
complemented with several modules for planning, registration, and programmable surgical tool motion.

2.2 Optical Coherence Tomography System

The image acquisition system (Figure 1) which is employed throughout our study is a commercially available spectral
radar OCT system (‘Callisto’, Thorlabs HL AG, Luebeck, Germany). A superluminescent diode (SLD) centered at 840
nm with a full-width-half-maximum of 44 nm is used as a light source. The axial and transversal resolutions are 13.6 pm
and 2.67 pum in air, and the output power is 1.5 mW. In addition, the system has very high sensitivity at 100 dB and
maximum SNR 80 dB. For the purpose of meeting varying refractive index of different tissue, we has developed a
catheter accompany with an adjustable compensative reference setup. The light from the system is split into the sample
arm and reference arm. In the reference arm, the light pass through a prism of which optical length is corresponded to the
length of catheter then is reflected by a movable mirror. In the sample arm, the light passes through a fiber catheter and
incident on the sample.

reference
light-source (SLD) ‘
| fiber-coupler
grating
probe with
GRIN lens
OCT system setup spectrometer

sample

Figure 1. Schematic drawing of OCT system and the sketch of attached catheter probe.

The glass fiber catheter consists of a single-mode fiber running the length of the catheter and an optical focusing element
at the end. The single-mode fiber is fused to a gradient-index (GRIN) lens. The quarter-wavelength pitch GRIN lens with
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NA 0.2 is chosen to yield a required confocal parameter and spot size so that the penetrating depth is optimized when the
catheter is inside of tissue. The full range of the A-scan is fixed at 2.7 mm optical depth with 512 pixels.

2.3 Surgical procedure

All experimental procedures performed were approved by the Ministry of Agriculture, Environment and Rural in
Schleswig-Holstein State, and were consistent with the guidelines of the University of Luebeck Animal Welfare Office.
The animals were fed regularly and housed in the University of Luebeck Animal Facility. All the experimental animals
were adult Wistar rats (Centre d'élevage R. Janvier, Le Genest-St-Isle, France) weighed 350g-400g.

The rats were initially anesthetized by cocktail of 100mg/kg ketamine and 5mg/kg xylazine, administered by
intraperitoneal injection, and given Acepromazin prior to the operation for pain management. The body temperature was
maintained by a circulating water-bath heating pad which temperature was kept at 40°C. The rat was fixed onto a
holding frame with a pair of ear pins and a tooth bar. The whole holding frame can be hooked to the SASSU platform
(Figure 2). The hair was removed and the scalp was opened along the sagittal suture, the lesion was extended and
fastened to the frame by suture threads. The rat was registered to the SASSU by using the explored skull landmarks
Bregma, Lambda and sagittal suture. The skull target coordinate was marked by robotic assistant, and a small hole (O
Imm) was drilled by a hand-held electric drill. The drilling was stopped before destroying the dura. During the whole
experiment, the rat was given by 30% of the initial anesthesia dose when the rat showed toe-twitch reflex. Physiological
saline was injected by subcutan administration in order to supplement body fluid.

Figure 2. The surgical platform which is used in the experiment. The OCT probe is attached to the SASSU adaptor. The
animal holding frame is fixed in the SASSU stage.

2.4 Measurement procedure

The optical fiber of the OCT was fixed to an adaptor mounted on the SASSU’s semiarc arm. Prior to any measurement,
the OCT system was calibrated to achieve the optimum contrast in the signal. The fiber probe was robotized positioned
on top of the planed coordinate. The dura tissue was removed by fine tipped tweezer, before the fiber probe was inserted
into the brain. The insertion procedure was monitored by OCT system, and the probe was manually triggered to step
down until the brain surface was shown by the OCT signal to be in contact. With help of Thorlab’s A-mode data
streaming software and programmable SASSU motion, continuous probe insertion was synchronized with the data-
stream of A-scans. The z-axis velocity of SASSU was set to 0.25 mm/s, with an initial acceleration at 3 mm/s2. The
probe was manually stopped when the bottom of skull became visible in the data stream.

2.5 Tissue histology

Immediately after the experiment the rat was euthanized by carbon dioxide and the brain was removed from the skull.
The tissue was fixated in 4% paraformaldehyde solution for about 24 hrs, and was then stored in 70% Ethanol. After
fixation the brain was embedded in paraffin. The brain was sliced by a microtome with the tissue thickness set at around
8 um..
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3. RESULTS AND DISCUSSIONS

Results shown originate from a trajectory starting on the rat skull at 4.1 mm posterior and 2.8 mm lateral to bregma
(Figure 3). The information acquired by OCT system was reconstructed to be gray images by aligning vertical A-scans
from the same trajectory with different depth. The scale of the gray value in the image indicated the intensity of
backscattering light detected by the OCT system. A data streaming window with the A-scan sampling rate of 1.25 kHz
was displayed online, which defined each A-scan column be acquired in 0.8 ms. While the fiber probe was inserted
continuously at an axial speed of 0.25 mm/s, consecutive columns of the A-scan were taken 0.2 um deeper. The
horizontal and vertical axis scales of the image were not geometric proportional. According to the OCT program settings
each row of the data stands for 5.27 um depth.

The trajectory started from the brain surface and passed through the cortex (ctx), corpus callosum (cc) hippocampus
(hipp), thalamic nucleus (th), and finally reached hypothalamic nucleus (hypo-th). Figure 3.left shows a coronal plane
[36] of the rat brain section which were labeled by important structures, where the probe was inserted through. Figure
3.right shows the corresponding brain histology slice, the arrow indicates the initial entrance point of the trajectory.

Figure 67

Figure3. Right shows the trajectory location, the markers show the recording data images which show in the next figure.
Left is the histological slice of the trajectory region.

In imaging, we primarily related precisely measured location of the probe within the brain with structures found in a rat
brain‘s atlas, which corresponded itself to the stained brain slices. The brain tissue can be generally separated into grey
matter and white matter. Grey matter consists of neuronal cell bodies, neuropil, and glia cells, which is in contrast to
white matter which contains mainly myelinated axon tracts. Grey matter is distributed in the outer part of cortex
(neocortex) and deep nucleus; while the white matter is wrapped at the inner part of cortex and between the different
deep nucleuses. Figure 4 shows the OCT images recorded during the probe insertion at different depth. The brain surface
contact is shown in figure 4.a with a low penetrating depth. This is in contrast to the expected high penetration depth in
the cortex, but can be explained by pronounced backscattering at the air / pia mater interface.

Neocortex is the outer part of cortex which consists of different dimension of the pyramidal cells and forms a six-layer
structure. The cluster cell bodies contribute as the non-uniformities medium to a strong scattering of incident light, not
only backscattering happens. Consequently the OCT signal in this region expresses a low intensity of backscattering
light but a high penetrating depth (figure 4.b).

Corpus callosum(cc) is a thin layer around 0.3 mm thick between neocortex and hippocampus. It is the largest white
matter structure in the brain, containing millions of axonal projections. The axon bundles are parallel aligned at Medial-
Lateral direction, which is perpendicular to the OCT fiber trajectory. The axon is covered by a dense tissue called myelin
sheath which is wrapped up in several layers. Aligned axon bundle together with myelin sheath contribute to strong
backscattering tissue of light in near-IR spectrum (840 nm). Figure 4.c shows the ahead information when the probe was
at the position 1.8 mm deep in the middle of corpus callosum layer. There is a distinct boundary which separates corpus
callosum and the oriens layer of hippocampus. The high intensity block in the image is caused by the strong reflector
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tissue axonal bundle in corpus callosum, while the weak intensity block in the image corresponds to the cell bodies layer
in the hippocampus. The clearly visible border could be a landmark on entering hippocampus from the corpus callosum

structure.
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Figure 4. a) shows the brain surface when the probe was approaching the rat brain; b), c), d) are the images recorded in
probe depth 0.8 mm (cortex),1.8mm (corpus callosum) and 2.8mm (hippocampus), the plots indicates that the
penetrating depth and the intensity are different in these regions; e), f) are the images obtained from thalamus and
hypothalamus; g) shows the skull structure when the probe reached the bottom of the brain
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Hippocampus is a piece of cortex folded onto itself in a peculiar shape. Many studies are focusing on understanding the
mechanism of how it plays an important role in memory, emotion, and learning. Thus it is an important target in many
brain surgeries and experiments. Figure 4.d shows the information from depth 2.8 mm in the hippocampus. The image
performs a moderate level of light intensity and large penetration depth. When the probe was moved out of the
hippocampus to the thalamus nucleus, a pair of highly contrasted structures appeared in the image.

Thalamic nuclei consist of a mixture of grey matter and white matter. The trajectory passed through lateral posterior
thalamic nucleus (LPMR) and posterior thalamic nucleus (Po). The axon bundle direction in this region is not medial-
lateral but dorsal-ventral. There is no clear difference or borders in these nucleus capsules, but the signal has the
characters of low light intensity with low penetration depth, which is different in pure grey matter or white matter
(Figure 4.e). This can be explained by containing axonal tracts among the bulk of cell bodies. In particular, the vertically
aligned axon tracts do not contribute to high backscattered light, but disperse the incident light to the side. Thus it
reduces the penetration depth compared to what is in pure grey matter.

Hypothalamus contains more than ten nuclei which play a role in neurosecretion. The OCT image (Figure 4.f) in this
region shows a similar result as in the thalamus with no clear border among those nuclei capsules. The signal has an
average light intensity of 70.21 and penetration depth at 0.45 mm. Anatomically, the hypothalamus is also a structure of
mixed grey and white matter, resulting in no notable landmark between it and the thalamus. Different from the thalamus,
the axonal tracts in hypothalamic nucleus have a varying orientations, most of which run in the caudal-rostral direction.
For this reason, the incident light might be reflected by these myelinated axons so that appear a high intensity in the
image.

We have made quantitative comparison of penetration depth and maximum light intensity between each homogeneous
region of interests (ROI) in the OCT images. Results are shown in Table.1. They illustrate a strong difference in
penetrating depth of brain structures, while the maximum backscattering intensity is of similar range.

Tablel. Penetrating depth and maximum intensity in brain structures

Brain structures Penetrating depth Maximum intensity
Cortex 0.50 mm 87.43
Corpus callosum 0.25 mm 90.72
Hippocampus 0.80 mm 81.95
Thalamus 0.30 mm 82.21
Hypothalamus 0.35 mm 84.46

Figure 5 shows a two-layer structure ahead. In Figure 5.left the second layer is displayed 0.65 mm in front of the probe,
whereas the first layer is ahead (see arrows). The signal contrast is high enough to indentify two layers ahead of the
probe seperated. This clearly shows the potential of the fibre OCT to find and display even small anatomical structures
ahead of the probe.
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Figure 5. Color plots of two-layer structure, the interval of these two layers is 0.3 mm, and the thickness of each is 50 um.
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4. CONCLUSION

Our OCT system has its advantages in 1) high axial and transversal resolutions; 2) high sensitivity and good SNR; 3)
small dimension of glass fiber catheter probe which can be used in minimum invasive surgery and 4) real time image
acquisition algorithm.

In this study, we were able to differentiate main brain structures such as corpus callosum and hippocampus in living
animal experiments on-line. Micro structures such as capsule boundaries and blood vessels are detectable in our system.
We have demonstrated that fiber spectral OCT system may become an effective navigation modality to identify targets
and localize surgical tools for brain interventions.

Since we had, besides the high precision control of the probe and an atlas, only post-mortem evidence for the anatomical
area we took pictures in, we are working on an integrated system to obtain both OCT images and electrophysiology
recordings during brain surgery [37]. This will enable us to determine our position by functional characteristic of the
area, augmenting the knowledge of its position [38].
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