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ABSTRACT

Continuous monitoring of brain perfusion at the $idd in neurointensive care is desirable. Currenfigd imaging
modalities are not suited for frequent monitorimgl @ften require the transport of the patient. Neasive near infrared
spectroscopy (NIRS) in combination with an injectiof a safe dye (indocyanine green, ICG) could sy a quasi-
continuous brain perfusion monitor. In this worke wvaluate prerequisites for the development ofaintperfusion
monitor using continuous wave (cw) NIRS techniqWide present results from a high-resolution diffuggtical
tomography (HR-DOT) experiment in humans demorisgathe separation of signals from skin from thaiir This
technique can help to monitor neurointensive catépts on a regular basis, detecting changesriicabperfusion in
time.

Keywords: near infrared spectroscopy, diffuse optical torapgy, brain perfusion, humans, ICG

1. INTRODUCTION

In neurointensive care units, brain perfusion carbe monitored easily. Existing imaging modalitesch as X-ray
computed tomography, magnet resonance imaging (MRIpositron emission tomography are not alwaythiwia

timely reach to the intensive care unit (ICU) amd aot suited for constant monitoring of the brdhurthermore,
imaging facilities may be remote from the ICU arduire undesirable intensive-care patient trans@iter established
neurological monitoring techniques like intracrdnfmessure assessment, microdialysis and transdéréamppler

ultrasonography cannot monitor perfusion of tharbparenchyma. However, bedside monitoring of bparfusion or

perfusion based therapies is desirable to evalimgtepatient’s pathologic state and to guide treatmiear infrared
spectroscopy (NIRS) is portable, noninvasive amdlmused at the bedside. In combination with alednjection of a
safe dye (ICG) it could serve as a quasi-continloyam perfusion monitor.

The widely used topographical NIRS approach raieslata from neighboring source-detecto-pairs aithnter-optode
distance of ~ 3 cm (Fig. 1a). Previous topograpMiiRS studies of brain perfusion using indocyanimeeg (ICG)
focused on the measurement of cerebral blood fl6®H) and cerebral blood volume (CBV) [1, 2] or diffnces of
bolus kinetics in affected and unaffected hemisghén stroke patients [3, 4]. This approach hasroapr limitation:
the signal of the contrast agent in superficiaktay like skin, dominates the measured absorpti@mge signals from
the brain. This lack of depth resolution interfevdth the goal of monitoring cortical perfusion. 8flefore, methods are
needed which differentiate perfusion signals oatjiimg from the brain from extracerebral contribnto

Depth resolving NIRS methods such as time-domaib) (&nd frequency-domain (FD) techniques overcome th
drawbacks of topographical NIRS by relying on theasurement of phase and modulation of the traresitiht, or by
measuring the distribution of photon time-of-fliglixperiments using these techniques have showpabksage of an
ICG bolus in the brain [5-7]. Consistently, it wlasind that the ICG bolus was detected first in éedayers (brain) and
a few seconds later in the superficial layers (gs&in). A higher absorption was longer seen iresfigial layers. Due to
the high perfusion of brain tissue, the ICG is veashut faster in deeper layers. This specific bbkisavior (see Fig 1c
for a schematic) allows the separation of intrad artracerebral fractions of the signal. While R & D results are
promising, we believe that the introduction intdniclal use would benefit greatly from the applicatiof cw DOT,
which is more economic and technically much lessataing.

In this study, we used a cw HR-DOT system with asgeoptical fiber set-up (inter-optode distancecm)lto measure
absorption changes caused by an injected ICG b8I@S is based on acquiring NIRS signals from déferinter-



optode distances (Fig 1b), which facilitates theasueement of overlapping photon paths [8, 9] aedethy provides an
enhanced lateral and an additional depth resol{i1io+12].
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Fig. 1 (a) Schematic of a topographical NIRS meanmarg. Inter-optode distances of 3-4 cm allow meament of
concentration changes of different chromophorethécortex but the signal is contaminated with aigrfrom the
scalp and skin. A separation of different layerhasdly possible. (b) Tomographical NIRS approacbksudifferent
inter-optode distances and a dense grid of coddcaptical fibers (inter-optode distance <1 cm)efapping photon
paths from different source-detector combinatiohewaa reconstruction of absorption changes inedéht tissue
depths. (c) Schematic of the bolus behavior intthman head. (1) Few seconds after injection ofableis (1) ICG
arrives first in the brain due to a better perfasimd (Ill) some seconds later in the scalp. (I8glis washed out of the
brain and remains in the skin.

In this work we present results from amvivo experiment of absorption change measurements dae t€G injection
using a cw HR-DOT system in humans. We visualize @ékpected bolus kinetics in the several comparisnehthe
head and demonstrate the separation of intra-atoexebral tissue in a three-dimensional view.attdition we
investigate prerequisites for using an even lesspbex and more compact imaging system by mimickiguse of less
optical data channels. We find that the use ofomated optical fibers is not mandatory for achigvingood separation

of layers. These results are encouraging for adurtevelopment of a low-cost and portable bedbidin perfusion
monitor.

2. METHODS

We investigated three healthy, voluntary subje2tsn@le, mean age 38 years). All subjects were asitbthis work.
We diluted 50 mg indocyanine green (ICG-PULSION,LBWDN Medical Systems, Germany) in 30 edua ad
injectabilia. Different amount of ICG was injected into the itabvein of the right arm of each subject. Subj&ct
received two boli (9 mg ICG as the first bolus,§ as the second bolus) with a 10 min delay. Stlgjeand 3 were
administered one bolus of 12.5 mg ICG each.



ICG is a non-toxic fluorescent dye [13, 14] thatds tightly to serum proteins and has been fredpeised in clinical
routine. ICG absorbs light in the near infraredcsppan with an absorption and emission maximum & 8® in plasma
solution [15]. In experimental stroke models, itsashown that a disturbance of the blood-brain-ba(BBB) together
with an ICG injection and the exposure to nearardd light does not lead to photo toxicity [16].i9ts important since
stroke patients often suffer from a disruptionted BBB.

We measured absorption changes with the DYNOT toapdy imager (NIRx Medizintechnik GmbH, Berlin,
Germany), which applies light of two wavelengths{60 nm &A= 830 nm) to the subject’'s head. Thirty co-located
optical fibers (serving as source and detectorevpéaced over C4 in a 5 x 6 optical fiber grid auvg ~12 cr of the
right hemisphere (inter-optode separation: 7.5 1fifig 2 a, b) thereby achieving 900 overlapping aadtdata channels.
To fixate the optical fibers on the head surfac# @nensure stable optical contact, we used an spegifolding structure
and individually spring-loaded fibers. This desigifows easy access of the fiber tips for partingtef hair before
placing an optode.

We obtained images of hemodynamic changes usingnthmalized difference method [17]. Differenceswimsn
predicted and measured surface data are relatezhdnges of interior optical properties (e.g. abson) of the
investigated medium compared to a reference medperiurbation approach). Instead of recovering kitsosalues,
which causes difficulties when an arbitrary targegdium is imaged with diffuse light, the algorithmconstructs
relative changes of interior optical properties dnerefore only considers relative variations ie ttetector readings.
One main limitation of perturbation methods is ttiety can produce incorrect solutions if the refeeemedium which
is used to produce the initial guess differs comsillly from the real background optical properti@econstructing
relative changes rather than absolute values gredigves the demands on the accuracy of thalmgtiess [17, 18] . By
using the perturbation approach, the image recaetstn is reduced to an inversion problem of thégive(sensitivity)
matrix W, which is calculated by performing a trated singular value decomposition using all singukues that
explain 98% of the data.

The weight matrix W was determined using BrainMedgNIRx Medical Technology, LLC, NY) which providea
library of subvolumes from a MRI-scan based firdtement (FE) mesh with precalculated inverse patenmdor all
possible source and detector combinations on theotume’s boundary (see, Fig 2 c¢). Each of thedev@umes
contains precalculated forward solutions of thetphdiffusion equation and reference detector \aldese forward
solutions are computed based on the simplifiedraptian of homogenous interior optical propertips=(0.06 cnit, p=
10 cni'). We used the same FE mesh for image reconstruftiicall three subjects. This mesh contains 33&&e8 with
a resolution of ~4 mm and has the dimension of 82%8 mm (height x width x depth).
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Fig. 2. Imaging setup. (a) Absorption changes weeasured with a DOT imaging system (DYNOT, NIRx Méutiechnik
GmbH, Berlin, Germany) (b) A 5x6 fiber grid with 80-located sources and detectors was placed pertgrover
the right hemisphere. (¢) Location of the finitereent mesh that was used for image reconstruofioelative
absorption changes.

All data were low-pass filtered to reduce high-freqcy noise before further processingudf = 0.3 Hz). We
reconstructed the time courses of relative absammathanges for every node of the finite elementmvesich resulted in
an array of 3332 time courses. For visualizingltbkis kinetics in different compartments of thewng, we determined
the time (in s after bolus injection) of the ICGieal for each node (defined as the time point wh@86 of the
maximum value was reached). In combination withgpatial coordinates of each node we finally cotadethe result in



a 3D volume. Results were comparable in all thrdgests. Interestingly, no quantitative differeneesre observed due
to different amount of injected ICG. Therefore widl veport detailed results for one subject only.

3. RESULTS

The first column of Fig. 3 shows the reconstrugtslits obtained on a single subject, consideriing08 data channels.
The first row illustrates the FE mesh with the de@l position of the 30 co-located sources and tee®n the
boundary. The second and third row depict the tifnarrival of the bolus in each voxel, seen froiffiedent angles. We
clearly observe an early increase in absorptiateieper layers (~ 12mm depth) and a later increasegerficial layers.
This is confirmed when defining two separate regiofinterest (ROI, indicated) for skin and braimdaaveraging all
time courses within each of these (last row). Apeexed, the absorption dynamic in the brain regibows an early
increase, followed by rapid decay. In contrastfiwé a delayed increase and a slower decline iedigrl voxels.

The center column of Fig. 3 shows reconstructedlteérom the same experiment; however, here wg oohsidered

data from those 225 optical channels that one wolbtdin using a dense grid of 30 optodes, of whiskare sources and
15 are detectors (i.e., no collocated positionserEthough the spatial resolution decreases to s@nt, this setup
would be sufficient to separate both layers andmstruct the different bolus kinetics in the twoIRO

The right column presents the reconstructed resllime with data from 9 optical data channels. Tugesponds to a
topographical NIRS setup which contains only neggirtg optodes and does not afford any overlappilegsurement
channels. The so reduced setup is not capablestihgliishing between different layers, and the iapa¢solution is

greatly diminuished. The location of regions withesific arrival times is greatly distorted in comigan to the cases
shown in the left and center columns. The timeivar absorption from ROI in the skin and brain laghow no clear
separation in flooding or washout dynamics.

4. DISCUSSION

An optical monitoring of cerebral perfusion at thedside is highly desirable and some groups worikirtgat field [3, 4,
6, 16, 19-25]. A tool that enables the regular rwirig at short intervals at the bedside using fa sge would be
helpful, also because many patients cannot easityamsported.

In this work we demonstrated the potential of cw-BIRT as a cerebral perfusion monitoring. We shothedsufficient
separation of brain and scalp signals and obsettvedexpected bolus behavior in different compartneBy using
three-dimensional tomography instead of the plaopographic approach, cw NIRS can overcome the lolalks and
could serve as an economic and noninvasive mon@er. NIRS is much less demanding than time-domaid an
frequency-domain devices. Volumetric images of gison changes could be calculated in time whilaning the
measurement.

The used wavelengtha£760 nm &A= 830 nm) are close to the maximal absorption spetof ICG in plasma. There
are three chromophores that mainly contribute tonfeasured signal: oxygenated hemoglobin (HbO)xytgmated
hemoglobin (HbR) and ICG. The impact of changedi® and HbR concentration (which can be seen ctdhations of
the baseline) is relatively small and stable oiraetcompared to the high amplitude changes in Egtenuation caused
by the ICG. For example, referring the measuremétit \=760 nm we found in subject 1 in the intracere®a@l an
almost 10-fold increased amplitude of the ICG reseo(1.1*10 mol/l) compared to the standard deviation of agi&s
bolus baseline (1.2*10mol/l). ForA=830 nm in the same measurement we found a mone2tvold increase.

Nevertheless, hemodynamics can be observed isighal; especially within the 830 nm time courgesyhich HbO is
the predominantly contributing hemoglobin species,see oscillations that are part of systemic $igfe®]. For further
studies, we consider the implementation of a thiedelength, allowing for a better separation of slgmals. However,
the typical bolus kinetics with different bolusiaal times within the different compartments and thst decline of the
signal within cerebral tissue and can clearly kensgsing a single wavelength. The distinct bordethe early arrived
bolus at 12 mm tissue depth indicates the cer&owahdary.

Although mostly clustered, we observer some heteigies in the location of the voxels showing #aliest bolus
arrival.. We attribute this behavior to the preseaad irregular distribution of larger vasculaustures in brain and
skin. For further investigations of the effect dbdd vessels on our signal, we consider the usetledr imaging
modalities, which may be used to correlate ouroaptperfusion data with anatomical images. Furtlieenwe will



investigate the distribution of intrinsic hemodynarfeatures such as the cardiac pulse and low éecp oscillations
within theoptical images. Changes of the patterthese hemodynamic features within the investigatddme may
allow conclusions about changes in brain perfusidiis may potentially avoid the need for an exogemintrast agent
and to develop a truly continuous monitor.

300 optical data channels 225 optical data channels 9 optical data channels
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Fig. 3 Results for one subject. The first row shehesfiber location on the FE-mesh, the second hind tows present the
reconstructed volume with the voxels color-codethhie time of arrival of ICG (defined as the times after
injection when 50% of the maximum value was realfé@ bottom row shows the reconstructed time @suos brain
and skin region. Left column: Results using datanfedl 900 optical data channels (including zerdadise
measurements).. Center column: Results considesapset of data corresponding to a fiber-setup usépgrate
sources and detectors.. Right column: Results comisgdenly fibers at topographic distances



Additionally, this work showed that, even thougtemse grid of optical fibers is needed to obtadtepth resolution, no
co-located optical fibers are mandatory to sepasasdp from skin. This is encouraging for furthevedlopment and
testing of a compact tomography device. As an outl&ig. 4 depicts the DYNOT tomography imager viahicas used
for this study in comparison to the compact andledsansportable NIRScoutX 3232 (both NIRx Medi&ohnik
GmbH, Berlin, Germany) which will be tested for &pation of contrast enhanced DOT in the closertitu

(1]
(2]

(3]

(4]
(5]
(6]
[7]

(8]
9]

Fig. 4 Comparison of optical tomography imagingtegss (both: 32 sources x 32 detectors, 2 Wavelshgti) DYNOT-
232 (WxHxD: 1016 mm x 1003mm x 137mm, 200kg) (bRStoutX-3232 (WxHxD: 364mm x 203mm x 330mm,
10kg)
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