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1. Introduction

Stereotactic biopsy is a well-established method in
neurosurgery. It is applied for the diagnosis of cere-
bral neoplasms if radiographic information is insuffi-
cient or for diagnostic confirmation and treatment
planning in case open resection is not possible [1].

Among the group of gliomas, which account for
about 80% of all primary malignant brain tumors,
glioblastoma multiforme represents the most preva-
lent and malignant tumor type [2, 3]. With a 5-year
survival rate of less than ~5% [3, 4], its prognosis is
very poor. Chemotherapy based on alkylating agents
such as temozolomide is a promising therapeutic op-
tion for patients with a methylated O°-methylgua-
nine-DNA methyltransferase (MGMT) gene promo-
ter [5]. Stereotactic biopsy may be used to assess this
MGMT status as well as further biomarkers that in-
fluence prognosis and enable personalized treatment
such as the proliferative index Ki-67, mutations on
the isocitrate dehydrogenase genes IDH1/2, and al-
terations of chromosome arms 1p and 19q [6-8].

The principle of stereotactic biopsy is illustrated
in Figure la. To obtain a tissue sample, a biopsy
needle is attached to the stereotactic frame and in-
serted into the brain along a predefined trajectory
until the distal needle end is positioned in an area of
vital tumor. Despite its broad application, stereotac-
tic biopsy is associated with significant risks. Mortal-
ity [1, 11-13] and serious morbidity [12-15] rates of
up to 3.8% and 12%, respectively, have been re-
ported. Most complications are caused by hemor-
rhages, which can lead to severe neurological deficits
or death. Malone et al. report on a biopsy-related
mortality of 13% in case a hemorrhage was observed
during biopsy, which was six-fold higher than for all
other patients [1]. In most studies, moderate occur-
rence rates of hemorrhages ranging from 0.3% to
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7% are indicated [1, 15-17], but Kulkarni et al. [11]
found an alarmingly high rate of silent hemorrhages
(54%), which occasionally lead to delayed neurologi-
cal deficits. Given these numbers, a stereotactic de-
vice would be desirable that is capable of detecting
larger blood vessels during intervention to avoid
rupture by the biopsy needle.

There have already been several approaches to
detect blood vessels during stereotactic biopsy or si-
milar neurosurgical interventions, including Doppler
sonography [18], laser Doppler flowmetry (LDF)
[19], Indocyanine Green (ICG) fluorescence [20],
and interstitial optical tomography (iOT) [21, 22].
Especially LDF, which seems to be the method with
the highest clinical potential, has already been tested
in surgical interventions [23, 24]. So far, however,
none of these attempts has been routinely imple-
mented in stereotactic biopsy, for some of these
methods probably due to the required sophisticated
probe.

In this paper, a comparatively simple technique is
presented that may be permanently integrated into a
side-cutting biopsy needle (cf. Figure 2c). It is con-
ceived for blood vessel detection within the tissue
volume contained inside the suction window where
the risk of vessel rupture is maximal, namely during
the step of tissue sampling. Due to the rounded dis-
tal end of the biopsy needle, blood vessels in front
of the needle that might get hit during needle inser-
tion are at considerably lower risk as they would
most probably be pushed aside and not be ruptured.
The method is based on the characteristic spectral
dependence of the absorption of hemoglobin (Fig-
ure 1b). The probed tissue is illuminated (e.g. with a
broadband light source) and the remitted light inten-
sity is recorded at two wavelengths with highly dif-
fering hemoglobin absorption (e.g. 578 nm and
650 nm). 578 nm was selected as first wavelength be-
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Figure 1 (a) Stereotactic biopsy of brain tumors. A biopsy needle is attached to the stereotactic frame and inserted into the
brain along a predefined trajectory (indicated by the arrow) until the distal needle end is positioned in an area of vital tumor
tissue. (Adapted with permission from Markwardt et al. [9].) (b) Molar extinction coefficients of oxygenated (HbO,) and
deoxygenated (Hb) hemoglobin. The wavelengths 578 nm and 650 nm are indicated by orange and dark red lines, respec-
tively. (Data taken from Prahl [10].)
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Figure 2 (a) Sketch of the setup used for phantom experiments. The liquid phantom was filled into a cylindrical container
(drawn in blue), which incorporated a blood-filled glass capillary simulating a blood vessel. For the tissue experiments, the
phantom container was replaced with a beaker containing the investigated tissue. The probe could be moved with a compu-
ter-controlled stepping motor. Light of a broadband LED was coupled into the emission fiber; the remission light was col-
lected with the detection fiber and guided to a spectrometer. (b) Bare-fiber probe consisting of polished crosscut fibers (core
diameter: 0.2 mm) fixed between two screwable plastic blocks (1: emission fiber, 2: detection fiber). (¢) Needle probe con-
sisting of a biopsy needle with integrated aluminum-coated (Al) side-view fibers (1: emission fiber, 2: detection fiber, core
diameter: 0.2 mm). (d) LED emission spectrum acquired with the bare-fiber probe via reflection from a white remission
standard, normalized to 1 at 650 nm. Blood vessel orientations used for experiments and simulations: (e) coplanar, (f) per-
pendicular, ahead of emission fiber, (g) perpendicular, ahead of detection fiber, (h) perpendicular, between fibers.

cause it is associated with a local absorption maxi-
mum of oxygenated hemoglobin (the global maxi-
mum slightly above 400 nm would have provided
even higher hemoglobin absorption, but also a tissue
penetration depth that would have been too low for
a reasonable blood vessel detection range resulting
from the combination of both wavelengths). The
choice of 650 nm as second wavelength was the re-
sult of a trade-off between the highest possible dif-
ference in hemoglobin absorption and technical

practicability (evaluation around 700 nm would have
provided even lower hemoglobin absorption, but
also very low remission intensity values due to the
emission characteristics of typical white light LEDs,
cf. e.g. Figure 2d). Phantom and tissue experiments
as well as ray tracing simulations were used to de-
monstrate the functionality of this technique.

www.biophotonics-journal.org
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2. Materials and methods
2.1 Experimental setup

2.1.1 Overview

The experiments conducted on optical phantoms are
described in detail in Section 2.2.1, the experiments
on biological tissue (taken from the slaughterhouse)
in Section 2.2.2. The setup for the phantom experi-
ments is shown in Figure 2a. A liquid phantom, mi-
micking tissue optical properties, was poured into a
plastic container whose inner walls were coated with
black paint to avoid reflections. To simulate a blood
vessel, a cylindrical glass capillary (inner diameter:
700 pm, wall thickness: 100 pm) was filled with fresh
heparinized blood, sealed with modeling clay, and
inserted into the container through two diametrically
opposed holes. In the following, the term fiber-to-ca-
pillary distance always refers to the distance of the
fiber tips from the inner surface of the capillary wall.

Remission measurements were performed with a
two-fiber probe (Section 2.1.2). Light from a broad-
band light emitting diode (LED) (APG2C3-NW,
Roithner Lasertechnik GmbH, Vienna, Austria)
with a total output power of 500 mW, measured with
a powermeter (thermal head LM-10, Coherent, Inc.,
Santa Clara, CA, USA), was coupled into the emis-
sion fiber. The light power that was coupled out of
the distal end of the emission fiber was 70 pW, yield-
ing a maximum irradiance (directly at the distal fiber
end) of about 2.2 kW/m?, which approximately cor-
responds to the maximum permissible exposure
(MPE) for the skin in the employed wavelength
range (2 kW/m?) [25]. A normalized emission spec-
trum of the LED is shown in Figure 2d; it was ac-
quired with the bare-fiber probe via reflection from
a white reflectance standard with a reflectivity of
99 +0.5% in the employed wavelength range (SG
3054/26, LOT-Oriel GmbH, Darmstadt, Germany)
and the same spectrometer as in the following ex-
periments. The remitted light was collected with the
detection fiber and guided to a spectrometer (AVS-
USB2000, Avantes, Inc., Broomfield, CO, USA),
which — in combination with the 200 pm detection fi-
ber (see Section 2.1.2) — provided a spectral resolu-
tion of 5 nm at both exploited wavelengths (578 nm
and 650 nm) and which was readout via OOIBase32
(Ocean Optics GmbH, Ostfildern, Germany). The
integration time was set to 75 ms, 300 ms and 900 ms
for investigating inter-fiber distances of 1 mm, 2 mm
and 3 mm, respectively. The use of a spectrometer
instead of, for instance, two detection channels with
narrowband filters and less expensive photodiodes
provided the possibility to obtain additional evi-
dence for the presence of blood in front of the fiber
probe beyond the ratio of the remitted intensities at

578 nm and 650 nm, i.e. the identification of the
characteristic absorption maxima of oxygenated he-
moglobin at around 540 nm and 580 nm in the remis-
sion spectra. A LabVIEW-controlled stepping motor
with 2.5 pm precision enabled accurate probe displa-
cements in z-direction. For the tissue experiments,
the same setup was employed; only the phantom
container with embedded glass capillary was re-
placed with a beaker containing porcine brain tissue
with naturally incorporated blood vessels.

2.1.2 Optical probes

Two different optical probes were used to deliver
light to or from the phantom or tissue sample: a
bare-fiber probe consisting of two crosscut optical fi-
bers (Figure 2b) and a needle probe consisting of a
biopsy needle with two integrated side-view fibers
(Figure 2c). In a first step (Section 3.1.1), the bare-
fiber probe was used for experimental simplicity and
accuracy to investigate in phantom experiments the
dependencies of the remission signal on different
parameters like inter-fiber distance, fiber-to-vessel
distance and relative vessel orientation. In a second
step, the functionality of the needle probe, as it is
intended to be applied clinically, was checked in
phantom (Section 3.2.1) and tissue (Section 3.2.2)
experiments. Both probes were based on polyimide-
coated silica fibers (UM22-200, Thorlabs GmbH,
Dachau, Germany) with a core diameter of 200 pm,
an outer diameter of 240 pm, and a numerical aper-
ture (NA) of 0.22.

For the bare-fiber probe, two polished crosscut
fibers were fixed, parallel to each other, to a special
fiber holder consisting of two screwable plastic
blocks. Grooves of 0.5 mm thickness and 1 mm se-
paration (center-to-center) were milled into one of
the blocks to guarantee a well-defined inter-fiber
distance, which was varied between 1 mm and 3 mm
(axis-to-axis). After fastening the fibers to the
holder, the actual distance between the distal fiber
ends was controlled with a high-precision ruler (un-
certainty: +0.2 mm); their separation from the fiber
holder along the fiber axis was several centimeters
to exclude signal falsification by light reflections.

The needle probe was constructed by gluing two
side-view fibers into the inner cannula (inner/outer
diameter: 1.1/1.4 mm, respectively) of a PAJUNK®
BrainPro biopsy cannula set (Pajunk GmbH, Geisin-
gen, Germany). This inner cannula can be turned re-
lative to an outer cannula (1.4/1.8 mm, not shown in
Figure 2c) to shear off tissue extending into the suc-
tion window. Side-view fibers were produced by
grinding the distal fiber ends at an inclination angle
of 45° and subsequently coating the ground surfaces
with aluminum in a high-vacuum vapor coating sys-

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Optical properties of the liquid phantom: aspired literature data for brain tumor tissue [26-28] and experi-
mentally achieved data measured with an integrating sphere (mean values + one standard deviation).

Wavelength [nm] Hg [mm] wy [mm-1]

aspired achieved aspired achieved
578 0.21 +0.09 0.22 +0.02 1.8+1.0 1.9+£02
650 0.068 + 0.038 0.074 + 0.007 1.6+0.9 1.7+02

tem. The distal ends of the fibers were placed within
the suction window adjacent to each other, with a
positional offset of (1.8 +0.2) mm parallel to the fi-
ber axes. The viewing directions of the side-view fi-
bers were aligned into the direction of the needle
opening with an estimated accuracy of +10°.

2.1.3 Liquid phantom

The liquid phantom was designed to mimic brain tu-
mor optical properties at the wavelengths 578 nm
and 650 nm. Lipovenos® (Fresenius Kabi GmbH,
Bad Homburg, Germany) as well as a mixture of ink
(“brilliant black 4001”) and India ink (“Tusche A”,
black, both from Pelikan GmbH, Hannover, Ger-
many) were used to reproduce reduced scattering
(1, = py - (1 — g), where y, and g denote scattering
coefficient and anisotropy) and absorption (u,) coef-
ficients, respectively. For this purpose, data pub-
lished by Gebhart et al. (glioma, determined in vitro
on n = 39 samples) [26], Yaroslavsky et al. (astrocy-
toma, in vitro, n = 4) [27] and Beck et al. (glioma, in
vivo, n = 12, only applied to 650 nm) [28] were com-
piled (see aspired literature data in Table 1). Two
different types of absorbers were required to tune g,
simultaneously for both wavelengths because the
spectral absorption characteristics of tissue and ink
diverge. However, a single scatterer, namely Lipove-
nos®, was sufficient to model 4, at both wavelengths.
Phantom ingredient concentrations (Table 2) have
been determined from literature data [29] (Lipove-
nos®) and by absorption spectroscopy (Lambda 40,
Perkin Elmer GmbH, Uberlingen, Germany) (ink,
India ink) and confirmed via integrating sphere
measurements (see experimentally achieved data in
Table 1).

Table 2 Concentrations of the phantom ingredients.

Phantom ingredient Concentration [% ]

Lipovenos® 1.1 (mass of soybean oil/vol)
ink (“brilliant black 4001”)  0.046 (vol/vol)
India ink (“Tusche A”) 0.003 (vol/vol)

2.2 Experiments
2.2.1 Phantom experiments

2.2.1.1 Bare-fiber probe

In the empty phantom container, the horizontally
mounted capillary was first positioned within the
plane spanned by the axes of the two vertically or-
iented fibers, in the following referred to as fiber
plane. Then the probe was moved downward until
the distal fiber ends were in contact with the capil-
lary surface (uncertainty: +10 pm) and thus 100 pm
away from the capillary lumen. Parts of the experi-
ments were conducted in this coplanar configuration
(Figure 2e); alternatively, after defining the vertical
probe position, the capillary was turned perpendicu-
lar to the fiber plane, then crossing the virtual exten-
sion of either the emission fiber (Figure 2f), the de-
tection fiber (Figure 2g), or the probe axis (Figure 2h),
i.e. the center line between the two fiber axes re-
presenting the main rotation axis of the probe as
shown in Figure 2b. The focus of experiments and
simulations was on the coplanar configuration, which
— due to geometry and functioning of the biopsy
needle — bears a higher risk of blood vessel rupture
than the perpendicular configurations. After align-
ment, the phantom liquid was carefully poured into
the container and the probe was moved upward by
1800 pm in increments of 100 pm. For each vertical
position, a spectrum was recorded. This alignment
and measurement procedure was conducted three
times for each configuration and inter-fiber distance.

2.2.1.2 Needle probe

In the phantom experiments performed with the
needle probe, the capillary was always positioned
perpendicular to the probe axis (cf. Figure 8a). The
capillary was initially placed about one millimeter
above the upper fiber end, at a varying fiber-to-ca-
pillary distance between 0.3 mm and 1.9 mm. After
adding the phantom liquid, the needle probe was
moved upward (in z-direction) by about 5 mm in
steps of 0.2 mm. For each z-position, one spectrum
was recorded.

www.biophotonics-journal.org
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2.2.2 Experiments on ex-vivo tissue

Ex-vivo measurements were performed with the
needle probe on fresh porcine brain tissue about 1-
2 h after slaughtering. The needle was inserted at
ten different locations that were obviously not or
very poorly perfused (“without blood vessel”) and at
further ten different locations that were obviously
well supplied with blood (“with blood vessel”). For
each needle position, one spectrum was recorded.

2.3 Ray tracing simulations

To support and extend the experimental results,
Monte Carlo-based ray tracing simulations were per-
formed for the wavelengths 578 nm and 650 nm using
TracePro (Version 4.1.7, Lambda Research Corpora-
tion, Littleton, MA, USA). The geometric model is il-
lustrated in Figure 3. The used optical parameter sets
are listed in Table 3; absorption and scattering coeffi-
cients are specified for 578 nm and 650 nm, the refrac-
tive index (n) is valid for both wavelengths.

Two different versions of the simulation model were
used: either a homogeneous blood-tumor phantom
without blood vessel, to which different blood volume
fractions (BVF) were applied (Section 2.3.1), or a tu-
mor phantom with blood vessel where diameter, posi-
tion and orientation (within (coplanar) or perpendicu-
lar to the fiber plane) of the blood vessel were varied
(Section 2.3.2). For each BVF or fiber-vessel configura-
tion, respectively, three independent simulations with
different random number seeds were performed.

2.3.1 Homogeneous blood-tumor phantom

The first version of the simulation model consisted
of identical emission and detection fibers, both em-
bedded into a cylindrical phantom that was infi-
nitely large as compared to the local light penetra-
tion depth (<1.7 mm). Depending on the applied
BVF, the optical properties of the phantom were
calculated as a linear superposition of tumor [26—
28] and blood [30] properties, assuming a BVF of 5%
to be already included in the optical properties of
pure tumor due to its capillary perfusion [31]. Venous
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Figure 3 Geometric model used for simulations in a tumor
phantom with blood vessel where diameter, position and
orientation (within (coplanar) or perpendicular to the fiber
plane) of the blood vessel were varied. For simulations in a
homogeneous blood-tumor phantom, the blood vessel was
removed and different blood volume fractions were attribu-
ted to the phantom.

and arterial blood with oxygen saturations of 75%
and >98%, respectively, were examined separately
[30]. The fibers, composed of non-absorbing and non-
scattering core (n = 1.46) and cladding (n = 1.44) and
of a perfectly absorbing and non-scattering coating
(n =1.66), were positioned parallel and symmetrical
to the z-axis with an axis-to-axis spacing of 2 mm. A
circular light source (diameter: 0.2 mm), which was
positioned in the core of the emission fiber 0.5 mm be-
low the proximal fiber end face (z = 0.5 mm), emitted
107 rays. The proximal end face of the detection fiber
core (z = 0) served as detector.

2.3.2 Tumor phantom with blood vessel

In the second version of the simulation model, a
blood-vessel mimicking cylinder was additionally in-

Table 3 Refractive index (n), absorption (x,) and reduced scattering (u,) coefficients of the simulation objects (BVF:

blood volume fraction).

Object/Entity n Ho [mm-1] W [mm]
578 nm/650 nm 578 nm 650 nm 578 nm 650 nm
pure tumor (5.0% BVF) 1.4 0.21 0.068 1.8 1.6
blood vessel (100% BVF) vein 1.3 251 0.57 21 1.5
artery 1.3 26.9 0.16 2.3 1.5

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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serted into the phantom at different orientations and calculated via Eq. (1), however without dark correc-
distances from the fibers. The cylinder diameter was tion, normalization and averaging. Gaussian error
varied between 100 pm and 1500 pm. Pure tumor propagation was used to calculate the uncertainty of
properties (5% BVF [26-28]) were assigned to the the remission ratio R. Exponential curve fitting (Le-
phantom, pure blood properties (100% BVF, either venberg-Marquardt algorithm), statistical signifi-

venous or arterial [30]) to the vessel-mimicking cylin- cance (unpaired two-tailed t-test, normality (Sha-
der. To corroborate the direct comparability with the piro-Wilk test) and equal variance of the two groups
experimental results, some simulations were per- had been tested beforehand) and correlation (Pear-
formed with a non-absorbing and non-scattering glass son product-moment correlation) testing were per-
wall (thickness: 100 pm, glass type: pure silica, formed via SigmaPlot.

n =1.46) around the vessel-mimicking cylinder. All
indicated fiber-to-vessel distances refer to the dis-
tance from the blood cylinder inside the glass.

3. Results

2.4 Data analysis 3.1 Experiments and simulations
with bare fibers
Data analysis including statistical evaluations was

performed with  MATLAB  (Version R2014b 3771 Experiments with blood-filled glass
(8.4.0.150421), The MathWorks, Inc., Natick, MA, Harv: D d fiber-to- il
USA) and SigmaPlot (Version 11.0, Systat Software qu wary: eP en enc}) on g er-lo-caputary
GmbH, Erkrath, Germany). The experimental raw  distance, capillary orientation,

spectra Iray (1) with intensity values given in counts  and inter-fiber distance

per ms integration time were corrected by the dark
spectra lguk (4) and subsequently divided by the cor-
rected LED emission spectrum I gp(4) — lgark(4)
shown in Figure 2d (normalization). Thereafter, the

normalized intensity values Ig¢™ (averaged over

6 pixels between 577nm and 579 nm) and Ig™
(averaged between 649 nm and 651 nm) were used

to calculate the remission ratio R:

The dependency of the experimentally determined
remission ratio R on the fiber-to-capillary distance is
displayed in Figure 4a for different fiber-probe ori-
entations (bare-fiber probe, inner capillary diameter:
700 pm, inter-fiber distance: 2 mm). In the coplanar
configuration, the remission ratio is zero when the
fibers are in direct contact with the capillary wall
(fiber-to-capillary distance: 100 pm). With increasing
<Ifaw(’1) _Idark(’l)> fiber-to-capillary distance, the ratio rises up to a
5™ \Lep(4) — Laark(4) / 577579 (1) saturation level of 0.44. In the perpendicular config-
g/ Taw(4) — Tgark(4) urations, the signal depends on the location of the
Tep(A) — Taak(2) / es0_651 capillary relative to the probe axis: When the capil-

lary crosses the probe axis (“perpendicular, between

In case of the simulations, the ratio of the de- fibers”), almost identical remission ratios as in the
tected fluxes at 578 nm and 650 nm was analogously ~ coplanar configuration are obtained for fiber-to-
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Figure 4 Experimental remission ratio R with the bare-fiber probe and a 700 pm capillary in dependency on the fiber-to-
capillary distance for (a) different capillary orientations at an inter-fiber distance of 2 mm and (b) different inter-fiber dis-
tances in the coplanar configuration. Error bars denote standard errors of the means obtained from three measurements
after renewed adjustment of the relative probe-capillary orientation.
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capillary distances above 1000 pm. Towards smaller
distances, the ratio decreases more slowly and
reaches a minimum value slightly below 0.2 at the
smallest possible fiber-to-capillary distance of
100 pm. When the capillary is positioned directly
ahead of the emission or detection fiber, however,
the ratio diminishes only slightly for distances down
to about 700 pm. Below this distance value, the ratio
is subject to a steep decrease and vanishes in the im-
mediate vicinity of the probe.

For the coplanar configuration, the dependency
on the fiber-to-capillary distance was additionally in-
vestigated by using inter-fiber distances of 1 mm and
3 mm (Figure 4b). In each case, the remission ratio
reaches zero for fiber-to-capillary distances of
100 pm. The smaller the inter-fiber distance, the fas-
ter the ratio increases with rising fiber-to-capillary
distance and the faster the respective saturation level
(0.71, 0.44, and 0.28 for 1 mm, 2 mm, and 3 mm in-
ter-fiber distance, respectively) is reached.

3.1.2 Simulations in homogeneous tumor
phantom: Dependency on blood volume
fraction

The remission ratio R derived from simulations in a
homogeneous blood-tumor phantom strongly de-
pends on the BVF (Figure 5a). In a pure tumor
phantom (5% BVF), the ratio is 0.48, as determined
in six independent simulations. In the following, this
result for a tumor without BVF enhancement will be
referred to as background level. With increasing
BVF, the ratio decreases and practically equals zero
for BVF values higher than about 10%. In good ap-
proximation, the obtained curves can be described
by an exponential fit

R=a-exp(—b-BVF[%)) 2)

0.6

A venous blood
Vv arterial blood
exp. fit venous blood
—— exp. fit arterial blood

o
3

I578/l650
La |

o
IS

o
w

Remission ratio R
o
N

0.1

0.0 T * *
5 6 78910 20 30 40 50 60 7080 100

Blood volume fraction [%]

(@

The resulting fit parameters are a =289 + 69 and
b=128+0.05 for venous and a=437+89 and
b=1.37+0.04 for arterial blood, respectively. In
Figure 5b, a double-logarithmic plot of the same
data reveals that venous blood leads to higher R val-
ues than arterial blood; this difference increases with
rising BVF.

3.1.3 Simulations in tumor phantom with
blood vessel: Dependency on fiber-to-vessel
distance, vessel diameter and oxygen
saturation

In Figure 6, the results of the simulations in the tu-
mor phantom with blood vessel (coplanar configura-
tion, without surrounding glass wall, inter-fiber dis-
tance: 2 mm) are shown. While the simulated remis-
sion ratios R for arteries with a diameter of 700 pm
(Figure 6a) match the experimental results in the
coplanar configuration (comparison shown in Fig-
ure 7a), the simulated remission ratios for veins are
systematically higher. The indicated background lev-
el of 0.48 was taken from Section 3.1.2. As shown in
Figure 6b for three exemplary fiber-to-vessel dis-
tances, the remission ratio is considerably higher for
a blood vessel diameter of 100 um than for larger
diameters (500-1500 pm) where it remains approxi-
mately constant. Again, veins lead to a higher remis-
sion ratio than arteries.

3.1.4 Consistency of experimental
and simulation results

Excellent accordance of the results obtained in ex-
periments and simulations with arteries was obtained

=»x A venous blood
Vv arterial blood
x

I578/l650

0.1

Remission ratio R

0.01

5 6 7 8 9 10

Blood volume fraction [%]

(b)

Figure 5 Simulated remission ratio R for the bare-fiber probe (2 mm inter-fiber distance) in dependency on the BVF in the
homogeneous blood-tumor phantom. (a) Semi-logarithmic plot. (b) Double-logarithmic plot. Error bars denote standard
errors of the means obtained from three simulations with different random number seeds.
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Figure 6 Simulated remission ratio R for the bare-fiber probe (2 mm inter-fiber distance) in dependency on (a) the fiber-to-
vessel distance for a blood vessel of 700 pm diameter and (b) the blood vessel diameter for three fiber-to-vessel distances.
Veins and arteries were considered separately. The blood vessel axis was always positioned within the fiber plane (coplanar
configuration) and the vessel was not surrounded by a glass wall. Error bars denote standard errors of the means obtained
from three simulations with different random number seeds.

for all orientations of the capillary or vessel, respec- 3.2 Experiments with the needle probe
tively, with regard to the bare-fiber probe (Figure 7);
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for the respective orientations varied between 0.981

and 0.999. In Figure 8b, remission ratio profiles obtained by
moving the needle probe along the z-direction are
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Figure 8 (a) Illustration of the ex-
periments with the needle probe on
the tumor phantom for three differ-
ent fiber-to-capillary  distances.
After adjusting the fiber-to-capillary
distance, the needle was moved in z-
direction. The capillary orientation
was perpendicular to the drawing

plane. (b) Experimental results. The
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marked in Figure 8b. The ordinate
values at 578 nm (indicated by the
vertical line) are equal to the remis-
sion ratios R.
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shown for three fiber-to-capillary distances (Fig-
ure 8a) representing the model cases “vessel inside
suction window (high risk)” (red), “vessel directly
outside suction window (borderline case)” (orange)
and “vessel outside needle’s coverage (no risk)”
(green). Representative normalized remission spec-
tra (one for each of these cases) are shown in Fig-
ure 8c. In the first case, the following blood-vessel
indicating signature is clearly visible: The remission
ratio R abruptly decreases from the background le-
vel 0.48 (representing homogeneous pure brain tu-
mor tissue) to about 0.15 when passing the capillary
with the end of the emission fiber (upper fiber in
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Figure 8a) at z~ 1800 pm. Afterwards, the ratio
stays almost constant as long as the capillary is lo-
cated between the two fiber ends (plateau), i.e. up
to z ~ 3600 pm, and then re-increases to the back-
ground level after passing the capillary with the end
of the detection fiber. The occurrence of the pla-
teau with a length slightly below 1.8 mm (distance
between fiber ends) is due to the selected fiber-to-
capillary distance of 0.3 mm — a value that is close
to the intersection point of the three curves in Fig-
ure 4a that represent the perpendicular configura-
tions. For direct fiber-capillary contact, one would
have expected two minima with a spacing of

1
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Figure 9 (a) Remission ratio R acquired with the needle probe on ex-vivo porcine brain tissue. The box plots display the
median (solid line) and the average (dashed line) as well as the 5%, the 25, the 75 and the 95 percentiles of the R values
obtained at ten different locations within the tissue. The signal difference between biopsy volumes with and without blood
vessel is statistically significant (p < 0.001). (b) Normalized remission spectra (intensity at 650 nm was set to 1), whose ordi-
nate values at 578 nm (indicated by the vertical line) are equal to the remission ratios R.
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1.8 mm. In the second case, the ratio only decreases
from 0.48 to 0.3 with a minimum between the two
fiber ends. Still, a blood vessel would be detectable
in this borderline case. In the third case, the ratio
does not deviate from the background level at any
z-position, i.e. a blood vessel at this distance, which
could not be sheared off during biopsy sampling,
would not show up in the optical signal and thus
not impair the biopsy procedure. All these findings
are in reasonable accordance with the bare-fiber re-
sults (Figure 4a).

3.2.2 Experiments on ex-vivo porcine brain
tissue: Dependency on needle position
with respect to tissue vasculature

In porcine brain tissue, regions with and without
blood vessel could well be distinguished with the
needle probe (Figure 9a). The remission ratio R was
significantly (p <0.001) lower when the probed tis-
sue volume contained one (or more) blood vessel(s)
(average values: 0.09 vs. 0.37). The normalized re-
mission spectra (Figure 9b) could also be clearly dis-
criminated with regard to the presence of blood ves-
sels; in most spectra obtained on tissue volumes with
blood vessel, the characteristic absorption maxima of
oxygenated hemoglobin at around 540nm and
580 nm were visible. The remission ratio in tissue re-
gions without blood vessel was subject to a moderate
absolute standard deviation (n = 10) of 0.04 (relative
standard deviation with respect to the average:
11%) and its average value 0.37 deviated by about
20% from the background level obtained in phan-
tom experiments and simulations, which ranged from
0.44 to 0.48. This accuracy is compatible with the
general accuracy limits of tissue optical properties.
The absolute standard deviation of the remission ra-
tio in tissue regions with blood vessel(s) was 0.05
(n = 10), the relative standard deviation was 52%.

4. Discussion

4.1 Validity of experiments and simulations

A priori, the experimental setting is best represented
by the simulations with glass wall around the blood
cylinder. Real blood vessels, however, are in princi-
ple better represented by the simulations without
glass wall, provided that distances are measured
from the inner surfaces of the vessel walls as it was
the case in all presented experiments and simula-
tions. This is due to the optical properties of vascular
walls, which differ significantly from those of glass,

but only moderately (20-60%) from those of brain
tissue [32] (aorta values taken as reference for vas-
cular walls, determined in vitro, n = 9). But as a con-
sequence of the displayed accordance of the results
from all three methods (Figure 7), experiments and
simulations with glass can be regarded as represent-
ing real blood vessels in tumor tissue equally well as
the simulations without glass.

4.2 Dependency of the remission ratio
on the investigated parameters

4.2.1 Impact of fiber-to-vessel distance
for different blood vessel orientations

The dependencies of the remission ratio R on blood
vessel orientation and fiber-to-vessel distance (Fig-
ure 4a) can be explained by the spatial distribution
of paths associated with photons that emanate from
the emission fiber and arrive at the detection fiber
as sketched in Figure 10. This distribution, which is
well-known in diffuse reflectance spectroscopy as
photon banana, can be derived from Monte Carlo si-
mulations [33, 34]. The flux line density, encoding
the density of the above-mentioned photon paths in
case no blood vessel is present, is a measure for the
sensitivity of the recorded remission spectra, and
thus the remission ratio R, to the local absorption.
To determine the impact of a blood vessel on the
detected remission ratio R, the local absorption,
weighted with the local line density, has to be inte-
grated over the entire vessel volume. In other words:
the higher the line density in a certain region, the
stronger the reduction of the detected remission ra-
tio if a blood vessel with given diameter is located in
that region.

—
—

(@) (b)

Figure 10 Flux line plot representing the stochastic spatial
distribution of paths associated with photons that were
emitted from one and detected with the other fiber (photon
banana). The line density encodes the density of photon
paths. Superimposed is a blood vessel (red) (a) within (co-
planar) or (b) perpendicular to the fiber plane (positioned
either directly ahead of the emission (1) or detection (2)
fiber or between the two fibers (3); dashed line: probe axis).
The arrow indicates the direction in which the fiber-probe
is moved to adjust the fiber-to-vessel distance.
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From Figure 10a, it can be discerned for the co-
planar configuration that with increasing distance
from the fiber tips, the line density decreases, so the
presence of a blood vessel has a weaker influence on
the recorded remission signal, which leads to an in-
crease of the remission ratio (cf. Figure 4a). In the
perpendicular configurations (Figure 10b), the sym-
metry with respect to the probe axis leads to an
identical influence on the remission signal, whether
the blood vessel is placed ahead of the emission (po-
sition 1) or detection (position 2) fiber: Starting at al-
most zero when the probe is in contact with the
blood vessel, the remission ratio R undergoes a
steep increase with rising fiber-to-vessel distance,
followed by a convergence to the background level
(cf. Figure 4a). When placed between the fibers (po-
sition 3), however, the blood vessel has a lower im-
pact in the vicinity of the probe (lower line density
than for positions 1 or 2), leading to a remission ra-
tio of about 0.2, which is followed by a relatively
shallow increase with rising fiber-to-vessel distance
as compared to positions 1 or 2 (weaker decrease of
line density than for positions 1 or 2). As a conse-
quence, the coplanar orientation of a blood vessel
leads to the best traceability. Up to a fiber-to-vessel
distance of about 300 pm, a perpendicularly orien-
tated blood vessel is better detectable directly ahead
of either the emission or the detection fiber than be-
tween the fibers; for fiber-to-vessel distances larger
than 300 pm, this relation is inverted.

4.2.2 Impact of blood vessel diameter

With increasing blood vessel diameter (and constant
fiber-to-vessel distance), a larger volume in front of
the fibers is covered with blood (Figure 10a). Conse-
quently, thicker vessels are better detectable. This
effect considerably decreases for blood vessel diam-
eters larger than 500 pm (cf. Figure 6b) when re-
gions with lower line densities are additionally cov-
ered by the vessel. Up to a fiber-to-vessel distance
of 900 pm (dotted curve, Figure 6b), which approxi-
mately corresponds to the depth of the needle win-
dow (cf. Figure 2c), blood vessels in the coplanar
configuration with a diameter down to at least
500 pm, possibly also 100 pm, should be discernible.

4.2.3 Impact of inter-fiber distance

With increasing inter-fiber distance, the background
level of the remission ratio R recorded at large fiber-
to-capillary distances decreases (Figure 4b). This is
due to the absorption in the phantom, which is much

higher at 578 nm than at 650 nm (cf. Table 1) so that
the shorter wavelength is more strongly suppressed
with rising inter-fiber distance. The phenomenon
that for a larger inter-fiber distance, the respective
background level of R is reached at larger fiber-to-
capillary distances (cf. Figure 4b) can also be ex-
plained with Figure 10a as an increasing inter-fiber
distance leads to a lower line density gradient in the
vicinity of the probe axis. As a consequence, probes
with larger inter-fiber distances exhibit a higher sen-
sitivity to distant blood vessels, albeit at the cost of
lower intensities since more absorption events occur
between the two fibers. With regard to the develop-
ment and optimization of a biopsy-needle device,
the suction window should not be considerably long-
er than the selected inter-fiber distance because the
vessel detectability to the respective outer sides of
both fiber tips rapidly decreases as shown in Fig-
ure 8b where the inter-fiber distance was 1.8 mm.

4.2.4 Impact of oxygen saturation

The simulations with blood vessel demonstrate that
an artery in the vicinity of the probe reduces the re-
mission ratio R more strongly than a vein (Figure 6).
Thereby, the relative deviation of the arterial R from
the venous R increases with decreasing fiber-to-ves-
sel distance, i.e. with rising impact of the blood ves-
sel on the detected remission spectra, from 6.4% at
a distance of 1800 pm to 29% at a distance of
300 pm. This result is not surprising as arterial blood
exhibits a higher absorption coefficient at 578 nm
and a lower absorption coefficient at 650 nm than
venous blood (cf. Table 3). Due to the definition of
the remission ratio R according to Eq. (1), both ef-
fects add up to a reduced R for arteries as compared
to veins, especially when the blood vessel is close to
the fiber probe. Thus, using this method, arteries
can be detected more easily than veins as they in-
duce a remission ratio R that deviates more strongly
from the background level of about 0.48. This might
even improve the safety of the technique as artery
ruptures are presumably more critical than vein rup-
tures.

In the homogeneous blood-tumor phantom, ar-
terial blood leads to a lower remission ratio R than
venous blood, too (Figure 5). In the semi-logarithmic
plot of Figure 5a, the different blood types can
hardly be discriminated because the remission ratios
already converge to zero for relatively small BVF
values around 10%. However, an increasing relative
deviation of R with rising BVF can be discerned
in the corresponding double-logarithmic plot (Fig-
ure 5b).

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.3 Reliability and limitations
of the technique

4.3.1 Variations of tissue optical properties
and decision threshold

By means of the presented technique, a blood vessel
is recognized by the reduction of the remission ratio
R from the far-distance background level that it in-
duces. This suggests determining a ratio threshold
above which biopsy sampling is deemed to be al-
lowed and below which the surgeon would be well
advised to better take the biopsy at a different site
because a blood vessel could otherwise be injured.
For safety purposes, this threshold should be chosen
as high as possible. On the other hand, it should be
sufficiently well below the background level to main-
tain the practicability of the technique. Furthermore,
the threshold has to be specifically calibrated for
each device as the background level depends on the
exact inter-fiber distance (Figure 4b).

The definition of a reasonable threshold for a
given probe requires assessing intra- and inter-indivi-
dual variations of tissue optical properties (compris-
ing the three tissue types tumor and — depending on
the measurement position — also white and gray mat-
ter) as shown by the following rough estimation of
the detected background level (and its uncertainty),
which refers to the situation where no blood vessel
is close enough to influence the remission ratio R:

For a time-independent point source, the solution
of the diffusion equation for the photon flux is pro-
portional to

1
D) -r

+eXP [~ et (4) - 1] (3)

where r is the source-detector distance and
D(2) =1/3 - (1a(4) + p5(2))) and  prere(4) =

ta(2)/D(1) represent diffusion and effective at-
tenuation coefficients at a given wavelength A, re-
spectively [35]. Substitution into Eq. (1) leads to a
remission ratio of

_ D(650 nm)

k= D(578 nm)

- exp(—Aptett 1) (4)

with  Aperr = pler (578 nm) — e (650 nm).  Since
we > p, (as assumed in the diffusion approximation),
the ratio of the diffusion coefficients can be approxi-
mated by the reciprocal ratio of the respective re-
duced scattering coefficients, which is almost con-
stant for all three tissue types, taking values between
1.1 and 1.2 [26, 27]. This can be explained by the
constant spectral scattering characteristics of cell and
organelle membranes, which are presumed to be re-

sponsible for light scattering in tissue [36]. Conse-
quently, the remission ratio R mainly depends on
the difference Ay

R o< exp (—Apefr 1) (5)

Based on the data reported for all three tissue
types (tumor, white and gray matter) [26, 27], the
standard deviation of Ay, amounts to about 50% of
its mean value. Assuming a background level of 0.48
for R as determined for an inter-fiber distance of
2 mm via simulation (Figure 6), a Au. variation of
50% would yield remission ratios of 0.4801-05 = (.69
and 0.48(1+05) = (.33, respectively. Hence, a thresh-
old around 0.3, which corresponds to a fiber-to-ves-
sel distance of about 800 pm in the coplanar config-
uration (cf. Figure 4a) and thus to the depth of the
needle window (cf. Figure 2¢), seems to be a reason-
able choice for a probe with 2 mm inter-fiber dis-
tance.

4.3.2 Discrimination between blood vessel
and blood in the interstitium

The differentiation between blood vessels and blood
in the interstitium leaking from an injured minor
blood vessel in the vicinity of the biopsy site remains
an issue of the technique in the presented form. This
could be problematic as even a small increase of the
BVF has a significant effect on the remission ratio
(Figure 5). Blood withdrawing by suction before tis-
sue excision or a time-dependent signal acquisition
might be possible solutions. The first measure could
be implemented with a suction tube integrated into
the biopsy needle; in the second case, one could
identify blood vessels by means of time-dependent
oscillations in the remission ratio due to the pulsed
blood flow and the thereby induced change in vessel
diameter. The principle of this photoplethysmo-
graphic measurement is already widely used in pulse
oximeters [37-39] and is potentially also applicable
to cerebral veins [37, 40, 41].

4.4 Clinical applicability

The presented remission spectrometric technique
was conceived as a simple and readily realizable al-
ternative to existing concepts regarding blood vessel
detection. It appears to have a high clinical potential
similar to LDF, which has already been tested clini-
cally for tissue discrimination and blood perfusion
mapping during deep brain stimulation. Based on
the presented results, it provides a sensitivity com-
parable to Doppler sonography (minimum blood
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vessel diameter: 100 pm/maximum distance: 1 mm)
[18], ICG (600 pm/1 mm) [20] or iOT (300 pm/1-
2 mm) [22].

In addition, the proposed technique offers sev-
eral practical advantages: Firstly, due to its integra-
tion into the biopsy needle, the fiber probe does not
have to be removed from the biopsy channel for tis-
sue sampling, which benefits the clinical workflow
and assures a maximal congruence of optically and
mechanically sampled volumes. In opposition to
LDF, no laser with high coherence length [42, 43],
but only a less expensive LED is required. Further-
more, data acquisition is possible within 1s, in oppo-
sition to LDF and iOT where several seconds [19]
and several minutes [22] are required, respectively.
Furthermore, compared to iOT, a much simpler
probe design is possible as only two instead of 24
fibers are needed [21, 22]. Finally, in contrast to the
ICG technique, no drug injection is necessary, which
would bear further risks and most importantly would
limit the time period during which blood vessel de-
tection is possible to only a few minutes as the reten-
tion time of ICG in the blood circulation is limited
[44].

The experimental details of the measurement
technique can of course still be modified if desired.
For instance, evaluation wavelengths other than
578 nm and 650 nm are conceivable: Using the isos-
bestic points in the hemoglobin absorption spectra
where the extinction coefficients of oxygenated and
deoxygenated hemoglobin are identical, i.e. approxi-
mately 580 nm and 800 nm (cf. Figure 1b), would
make the remission ratio independent of the oxygen
saturation of the blood vessel. Thereby, arteries and
veins could be detected with identical sensitivity and
statistical analyses of in-vivo data regarding param-
eters like e.g. the vessel diameter could be simpli-
fied. In any case, medical approval is still required
before the proposed technique can be brought to
clinical practice.

5. Conclusion

We suggest dual-wavelength remission spectrometry
by means of a two-fiber probe to detect blood ves-
sels during stereotactic biopsy and thus minimize the
risk of hemorrhages. Based on the presented results,
blood vessels of >100-500 pm diameter should be
well discernible, independently of their orientation,
up to a distance of about 800 pm, i.e. within the suc-
tion window of a conventional biopsy needle where
the risk of a rupture is present. For this sensing di-
rection, side-view fibers are needed. Beyond that,
blood vessels ahead of the biopsy needle might be
detected with an additional bare-fiber probe inte-
grated into the needle. Blood vessels more than

1500 pm away from the probe do not reduce the re-
mission ratio and will thus not lead to false-positive
results.

This simple and easily implementable method
shows the potential to significantly increase the
safety of stereotactic biopsy. Beyond this scope of
application, the measurement principle could also be
used for other surgical procedures. First experiments
on ex-vivo tissue have confirmed its functionality,
but further research (ideally in vivo) is still required
to optimize the technique.
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