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1 | INTRODUCTION

Optical imaging techniques are ideally suited for clinical
use because they are noncontact, nonionising and noninva-
sive. They may be used for both diagnostic and therapeutic
indications. Commonly used optical imaging modalities for
diagnosis and surgical guidance include optical coherence
tomography (OCT) [1-4] and fluorescence-based imaging
techniques [5-7]. Emerging optical imaging techniques
such as Raman spectroscopy [8-10], second generation har-
monic (SGH) Imaging [11], diffuse reflectance spectroscopy
[12], fluorescence lifetime imaging (FLIM) [13, 14], spatial
frequency domain imaging (SFDI) [15, 16], photoacoustic
(PA) imaging [17] and hyperspectral imaging (HSI) [18, 19]
also have the potential to further transform the way sur-
gery is performed by providing real-time tissue characteri-
zation and surgical guidance.

As light propagates across biological tissue, it undergoes
multiple absorption and scattering events [20]. Optical
characteristics of tissues are determined by the type of tis-
sue and its constituents but may be altered by presence of
disease and by surgery [21]. Tissue absorption is deter-
mined by a tissue's molecular composition and can serve as
a spectral fingerprint for diagnostic purposes [22]. Tissue
components absorbing light are called chromophores and
may either be converted to heat or radiated in the form of
luminescence (bioluminescence), including fluorescence
and phosphorescence. Haemoglobin, lipid and water are
the commonest biological chromophores in neural tissue
although in cases of metastatic melanoma, melanin may
also be an active chromophore in the brain [23]. Scatter-
ing is principally caused by the heterogenous subcellular
composition of biological tissue but it also reflects a tis-
sue's structural variation due to its extracellular membra-
nous proteins. For tissue differentiation methods based
on optical imaging techniques, an accurate understand-
ing of the target tissue's optical properties can be critical
in order to maximize their accuracy and efficacy. How-
ever, these optical properties are not yet fully known.

Neurosurgery, particularly neuro-oncology surgery,
would especially benefit from detailed real-time
intraoperative tissue characterization in order to improve
the precision and efficacy of surgery. Protoporphyrin
IX (PpIX) fluorescence-based imaging using 5-

obtained optical spectrum compared to those of surrounding normal tissue.
These results underline the potential of optical imaging technologies for
intraoperative tissue characterization.

absorption, brain, brain tumour, optical properties, scattering, spectrophotmeter

aminolevulinic acid (5-ALA) is the current clinical stan-
dard for intraoperative real-time surgical guidance during
glioma surgery [7]. However, visualization of malignant tis-
sue boundaries using 5-ALA-PpIX fluorescence is unclear
due to infiltration in healthy tissue, is nonquantitative due
to the time-varying fluorescence effect, is associated with
side effects and can only be used for specific tumour types.
Several optical imaging methods are being investigated for
various neuro-oncology applications but all presently devel-
oped systems are limited by their inability to deliver real-
time intraoperative image analysis. This limitation may be
alleviated by a-priori knowledge of optical tissue type
properties.

Reliable determination of optical properties using
integrating sphere reflectance and transmittance mea-
surements is confounded by light escaped and lost out
through the edges of samples due to finite sample size
[24]. Consequently, the size of the available tissue sample
has been a major limiting factor dictating the type of tis-
sue that could be analysed in previous studies [25], mean-
ing that only tissue from a limited number of larger
tumours and large parenchymal brain regions have previ-
ously been characterized [26]. Furthermore, previous
studies have only characterized the optical properties of
brain tissue up to 1300 nm [25-27], whereas several opti-
cal imaging systems are capable of capturing spectral
data beyond the second near-infrared window, typically
up to 1800 nm [18].

In this study, we use of our adapted dual-beam inte-
grating sphere system [28] to perform spectroscopic mea-
surements of small biological, including human, tissue
samples, enabling us to reliably measure the optical prop-
erties of small tissue samples measuring 4 to 7 mm in
diameter. Building on our earlier preliminary results
[29], this is the first study to investigate the optical prop-
erties of pituitary adenoma, vestibular schwannoma and
parenchymal low-grade glioma, and healthy pituitary tis-
sue, cranial nerves and dura. It is also the first study to
provide data on the optical properties of human brain
and tumour tissue (irrespective of neural tissue type)
beyond 1300 nm, thus covering the second near-infrared
window for biomedical imaging. Additionally, this is the
first work to systematically examine whether there is a
difference between the optical properties of fresh and
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frozen human tissue samples and to correlate all samples
with their corresponding histological appearance and
nuclear density. To facilitate further work, the study's
complete numerical dataset is released for use by the
research community.

2 | METHODS

2.1 | Subjects

This study was approved by the NHS Health Research
Authority (18/L0O/1004). Patient tumour samples were
obtained from the Brain Tumour Resource at the Depart-
ment of Neuropathology, National Hospital for Neurol-
ogy and Neurosurgery (NHNN). All samples came from
adult patients who underwent surgery at the NHNN who
consented to their tissue being stored and used in future
research studies. Tissue samples were obtained from
17 different patients undergoing brain tumour surgery
including four meningioma, six pituitary adenoma, four
vestibular schwannoma, two high-grade glioma and one
low-grade glioma. All tumour specimens were obtained
fresh, processed within 20 min with optical measure-
ments commenced within 30 min of resection.

Cadaveric healthy brain tissue was obtained from a
single subject undergoing a post mortem examination at
the Department of Neuropathology, NHNN, who had a
valid consent form authorising the retention of tissue for
ethically approved research purposes. Tissue samples
from nine distinct anatomical regions including frontal
grey matter, frontal white matter, anterior pituitary, pitu-
itary stalk, pons, cranial nerve I, cranial nerve II, cranial
nerve III, cranial nerve V and dura.

2.2 | Integrating sphere-based
measurements

A dual-beam spectrophotometer (Lambda 750, Perkin
Elmer, USA) with a 100 mm integrating sphere was
adapted to measure the tissues' reflectance and transmit-
tance spectra in the wavelength ranging from 400 to
1800 nm (Figures 1 and S1). The standard sample reflec-
tance port dimensions are 17 mm X 22 mm and the trans-
mittance port dimensions are 11 mm x 24 mm. We
anticipated that a sample port size of 3 to 5 mm in diame-
ter would be required to analyse the size of pathology
specimens typically obtained at our institution. To meet
these requirements, we adapted the integrating sphere
using an adjustable light slit and a series of uncoated
plano-concave lenses to collimate and focus the light
appropriately thereby ensuring that the eventual beam size
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FIGURE 1
up. IS, integrating sphere; L, lens module; L, light source; LS, light
slit; S, diffuse reflance standard (Spectralon); TH, tissue holder;

Shaded areas represent additional components. (A) Transmittance

Schematic of experimental integrating sphere set

lens module comprised —150 and +60 lens. PMT settings: Gain:
Auto, Response time: 0.8 s, InGaAs settings: Gain: 5, Response time
0.8 s. 3 mm set up: Slit width: 5 mm; Resulting beam size at the
port: 1 x 1.5 mm. 5 mm set up: Slit width: No slit; Resulting beam
size at the port: 2 x 2 mm. (B) Reflectance lens module comprised
—150 and +200 lens. PMT settings: Gain: Auto, Response time:

0.8 s, InGaAs settings: Gain: 12, Response time 0.8 s. 3 mm set up:
Slit width: 3 mm; Resulting beam size at the port: 2 x 2 mm. 5 mm
set up: Slit width: 5 mm; Resulting beam size at the port:

2 X 3.5 mm

was smaller than the anticipated sample size. Bespoke
adapters with small-sized sample ports to hold the tissue
slides were 3D printed and tissue slides were manually
manufactured using 2 mm thick acrylic. The internal side
facing the integrating sphere consisted of a patch of PTFE
(Zenith Lite, Pro Lite, Cranfield, UK) that covered the
original port of the integrating sphere and matched its
internal material. The experimental setup was validated
with a standard tissue-mimicking optical phantom previ-
ously characterized with the same machine using standard
sample reflectance and transmittance ports [28].

2.3 | Sample preparation and analysis

All specimens were processed according to the study proto-
col. For each tumour specimen, four samples were
obtained; two for fresh analysis and two for analysis after
freezing. The maximum sized tissue was selected, and the
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specimen was placed in the chamber of a suitably sized
slide ensuring that the tissue completely covered the cen-
tral 3 or 5 mm hatched area. All specimens were cut by
hand to thickness of approximately 2 mm. Index matching
gel (Thorlabs, Cat no: G608N3) was used to secure the tis-
sue in place by filling the empty region within the chamber
at either end of the specimen. Two specimens were imme-
diately snap frozen using Frosbite rapid coolant spray
(Leica Microsystems [UK] Ltd). A small amount of Pertex
mounting medium was applied to the sides of the specimen
chamber and a coverslip was placed on top of the specimen
to seal the specimen within the central chamber. Frozen
specimens were stored at —80°C and analysed at least
7 days later, once thawed at room temperature for at least
30 min. Three reflectance and transmittance measure-
ments were obtained for each of the four samples.

In total, 174 paired total reflectance and total transmit-
tance measurements (R, T7) were performed (138 tumour
measurements and 36 cadaveric measurements). Once all
optical measurements had been completed, the tissue was
returned to the Department of Neuropathology on the
same day and the specimens were placed in formalin, sta-
ined with haemotoxylin and eosin (H&E) and prepared for
histopathological analysis. A formal diagnosis was pro-
vided for each tissue specimen, including a comment on
the sample’s cellular morphology and microstructure.
Using open-source QuPath software (QuPath v.0.2.0-m5,
Quantitative Pathology & Bioimage Analysis, University of
Edinburgh) [30], the number of nonneuronal nuclei per
sample were calculated, providing a quantifiable metric of
cellular density (nuclei per mm?).

2.4 | Data processing
An inverse adding-doubling (IAD) method developed by
Prahl et al. [31] as used to calculate the tissue's intrinsic
optical properties, absorption p, and reduced scattering
u's, from the integrating sphere measurement of the total
reflectance (Rr) and total transmission (T7) spectra for
each sample [31]. The IAD is a reverse procedure of the
numerical approach to the one-dimensional radiation
transport equation (RTE). The implementation of IAD by
Prahl et al. includes anisotropic scattering and internal
reflection at the sample boundaries, and validated correc-
tions for measurements made with integrating spheres
[31]. Thus, it is a preferable method for determining opti-
cal properties of excised biological samples that are
mounted between two glass slides in combination of inte-
grating sphere measurements, with an acceptable trade-
off between accuracy and computation speed.

The input parameters of the IAD were defined according
to the integrating sphere measurement setups, and a fixed

index of refraction of brain tissues was predetermined to be
1.40 for all brain tissue types [25]. Since only two integrating
sphere measurements (R; and T;) were obtained in this
study, a fixed anisotropy coefficient g = 0.85 was used in the
calculation for every wavelength and sample types, similar
to previous studies [25, 27]. Absorption and reduced scatter-
ing coefficients were computed for each specimen and used
to calculate mean and SD values for each tissue type. Data
points that did not converge for individual wavelenghts
using our specified constraints were excluded when calculat-
ing the wavelength-wise mean values. A total of 24 534
wavelength measurements were obtained in the study (174
samples x 141 measured wavelengths); 2437 (9.9%) individ-
ual single-wavelength measurements were excluded because
convergence criteria of the IAD algorithm were not met and
were thus considered unreliable. No samples were
completely excluded.

Albedos between 0.4 and 0.95 are considered interme-
diate values [24] and the IAD method is considered to be
ideally suited for such samples (A = u'[ua + p's] ™).
However, it has been acknowledged that inter-parameter
crosstalk effects exist at wavelengths where the absorp-
tion is much higher than the scattering, for example, at
the high haemoglobin and water absorption wavelengths.
At these wavelengths, the resulting low albedo value cre-
ates nonconformity peaks in the IAD-calculated reduced
scattering spectra and fails to conform to typical Mie scat-
tering theory whereby scattering monotonically decreases
with wavelength [25]. To mitigate the crosstalk artefact
in reduced scattering estimations, further model fitting
using equation (Equation 1) was applied to the IAD-cal-
culated reduced scattering.

/(ﬁ) s f i —4 + (1 _f ) i —buie
Fs —Hs Ray /Iref Ray /1ref

(1)

The Rayleigh scattering is expressed as afRay(/l//lref)%,
and the Mie scattering is denoted as a(l—fg,

() Aret) 2, where a = 4%, fray @nd 1—fy,, indicate
the fraction of Rayleigh scattering and Mie scattering,
respectively. The power factor 4 for Rayleigh scattering
was determined in previous studies, whilst byge is the
“scattering power” of Mie scattering'®. A second equation
(Equation 2) in which the Mie scattering is not separated
into Rayleigh and Mie scattering fractions is used to com-
pare with Equation (1). The three considerations for
using additional Equation (2) fitting are: (1) to compare
scattering power b with byie in Equation (1) for analysing
whether Rayleigh scattering has an effect; (2) to compare
the 4> and b with values from other reports; (3) to use

S
as constrain input for IAD to generate revised u, to
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mitigate the crosstalk effect. In both equations, wave-
length A is normalized by a reference wavelength,
Aref = 500nm, to yield a dimensionless value; and a scal-
ing factor y/ soo is applied. The reference wavelength and
scaling factor were chosen to enable us to directly com-
pare our results with the findings of Jacques [23] where a
simpler mathematical model was employed.

() =" (ﬁ) N (2)

For both models, we used nonlinear least square fitting
to find the fitting parameters to the IAD calculated /s
datasets. In order to avoid the aforementioned crosstalk
affected regions, we applied the fittings to /s spectra for
AE€[450,1300/nm to determine fg,.bmie and b using
Equation (1). In some biological tissues, cellular struc-
tures are the dominate scattering particles that interact
with the incident light. In these cases, the wavelength-
dependent reduced scattering presents a simple power
law that can be described with Equation (2), and the
“scattering power” b is related to the mean size of the cel-
lular structures which can potentially be used to charac-
terize tissue type [23, 32, 33]. However, in some
collagenous and fibrous tissues, the Rayleigh scattering is
more evident than in other tissues, speculatively due to
their sub-micron collagen structures. Hence, the fg,, and
bmie in Equation (1) could be indicative of the effect of
these sub-micron structures [23, 32, 33].

Gebhart et al. reported that the inter-parameter
crosstalk effect between the IAD calculated p, and p/'s
might be caused by nonlinearities in the integrating
sphere measurements of low reflectance levels. In order
to mitigate the crosstalk effect on p,, we utilized a two-
stage IAD workflow and validated it by Monte Carlo
(MC) simulation on computational simulated phantoms
(Table S1). A pair of primary x!AP and 4/ were calculated
from the input pair of reflectance and transmittance spec-
tra (R, Tr) by the first layer of IAD. Then, the x’; which
was affected by crosstalk was fitted by power law
according to Mie theory Equation (2), as in the previous
section. The fitted ,u’sﬁt together with the original mea-
surements of Ry and T were used as inputs for the sec-
ond layer of IAD to calculate a revised absorption

coefficient 5.

3 | RESULTS
3.1 | Integrating sphere measurements

The mean value of measured total reflectance spectra
R (Rp) and total transmittance spectra T (Tr7) of each
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tumour tissue type are presented in Figure 2. Results are
plotted alongside the optical properties of tissues com-
monly encountered during surgery for that particular
tumour. Higher scattering gives higher R value, and the
shape of the R spectra is affected by the tissue's absorp-
tion, with absorption peaks corresponding to dips in
the R spectra. The absorption peaks of oxygenated
haemoglobin (HbO,) at 415, 535 and 575 nm and deoxy-
genated haemoglobin (Hb) at 435 and 560 nm are promi-
nent in all tissue types. Dips in R spectra at 975, 1200,
and 1450 nm are noticeable in all tissue types and align
with the water absorption peaks. Lipid absorption peaks
at 1210 nm are most pronounced in pons, cranial nerves
and white matter, suggesting a relative high lipid concen-
tration in these tissues with additional lipid absorption
peaks at 1720 and 1760 nm also observed in pons and
white matter. In contrast to R, the transmittance spectra
T decrease with increased scattering. However, similar
to R, the spectral shape of T is dominated by absorption
spectra, with dips corresponding to haemoglobin (Hb,
HbO,), water and lipid absorption, respectively.
Figure S2 provides mean and SD values of total reflec-
tance (Rr) and total transmittance (T) of meningioma,
pituitary adenoma and schwannoma, and a comparison
between fresh and frozen samples is also illustrated in
this figure.

3.2 | Optical properties of brain and
tumour tissue

Figures 3-6 illustrate the revised mean absorption (uJ")
and reduced scattering (//];’ ") coefficient spectra of menin-
gioma (Figure 3), pituitary adenoma (Figure 4),
schwannoma (Figure 5) and glioma (Figure 6). Compara-
tive results for fresh and frozen samples are provided for
meningioma, pituitary adenoma and schwannoma (Fig-
ures 3-5). As detailed in the methods section, the revised

. . fit
absorption (uX") spectra was calculated with /" as an

N
input constraint of the two-stage IAD process that
addressed crosstalk between absorption and scattering
spectra.

Table S1 includes the revised mean absorption (u5")
reduced scattering and model-fitted u’git values for each
tissue type in 10 nm increments within the measured
wavelength spectra of 400 to 1800 nm with corresponding
values from the literature provided for comparison. All
tumour types shared qualitatively similar dependencies
of the optical properties on the wavelength (Figures 3-6).
The absorption spectra of all samples had a series of
peaks below 600 nm and above 900 nm, typically associ-
ated with the absorption bands of haemoglobin and

water, respectively [34]. Low absorption values were
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FIGURE 2
alongside the optical properties of tissues commonly encountered during surgery for that particular tumour. (A, B) Meningioma plotted
alongside dura, grey matter, white matter, anterior pituitary, cranial nerve I, II, and III/V; (C, D) Pituitary adenoma plotted alongside dura,
grey matter, white matter, anterior pituitary, pituitary stalk and cranial nerve II; (E, F) Schwannoma plotted alongside dura, pons and
cranial nerve III/V and (G, H) Glioma (including low- and high-grade glioma) plotted alongside dura, grey matter and white matter

Total reflectance and total transmittance spectra of brain tumour and associated healthy brain tissues. Results are plotted

'sdny) SUONIPUOD PUe WS | U1 885 *[£202/T0/0T] Uo Ateiqiauluo 3|1 ‘seainses Aiq1 1ON uopuo aBe|0D A1seAlun Aq 220001202 01q//Z00T OT/I0p/uod™A8 1M Aeiq1jeu|uo//Sdny woJs papeojumod ‘ ‘2202 ‘8vI0r98T

0311 A.

85UB0|7 SUOLUWIOD BAITER.D) B(qedljdde au Aq pausenoh 8@ S3IMe VO '8N JO'SaIn1 oy ARIqIT BUIIUO AB|IM UO (SUORIPUOD-PLE



SHAPEY ET AL.

OURNAL OF

Absorption

T T
——Meningioma-fresh
~——Meningioma-frozen

(A)1o '

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Absorption

T
Dura
Gray Matter
White Matter
——Anterior Pituitary
~——Cranial Nerve |
= =Cranial Nerve Il

—==Cranial Nerve llI/V
——Meningioma-frozen

< 10°

400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

FIGURE 3

model-fitted reduced scattering coefficient <//£”

frozen meningioma and related cadaveric tissues (dura, grey matter, white matter, anterior pituitary and cranial nerves I, II and III/V).
of all tissues are dominated by the absorption bands of haemoglobin (below 600 nm) and water (above 900 nm; A and C)]. u

decreased with increasing wavelength (B and D)

observed within the 600 to 900 nm wavelength range.
The absorption spectra of all five tumour types also dem-
onstrated peak absorption bands around 430 and 550 nm
characteristic of oxy- and deoxy-haemoglobin, respec-
tively (Figures 3-6) [35].

Reflectance measurements are characterized by
haemoglobin and lipid peaks with dips corresponding to
water absorption peaks. Transmittance measurements
are also dominated by absorption spectra with dips
corresponding to haemoglobin, water an lipid absorption.

The reduced scattering coefficient of all tumours gen-
erally decreased with increasing wavelength, consistent
with the Rayleigh limit of Mie scattering (Equation 1).
All tumour spectra contained two modest scattering
peaks at 430 and 550 nm consistent with the
corresponding haemoglobin absorption spectra but, most
strikingly, all five tumour types also exhibited a very
prominent peak in x;?¥ at 1450nm, corresponding to a
similarly pronounced water-related absorption peak at
the same wavelength. Values for the model-fitted /l/?t
spectra demonstrated a curve that conformed well to the
expected trend (as detailed below) and provided a robust

method to compare relative spectra (Figures 3-6).
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Tumours could be differentiated from associated normal
tissue by the strength and shape of their u’f‘t values. In
particular, low-grade glioma (LGG) demonstrated consis-
tently higher /' ft mean values compared to other tumour
tissue at any given wavelength and its reduced scattering
spectra were distinguishable from those of high-grade gli-
oma (HGG). Some of the calculated reduced scattering
spectra demonstrated high variability, especially that of
fresh pituitary tumour tissue (Figure 4). Within the wave-
length range of 700 to 1100 nm, the differentiating water
peaks seen in the absorption spectra of fresh tumour tis-
sue appeared less pronounced in the frozen samples and
generally returned higher ;" values. Absorption spectra
above 1200nm appeared largely similar. These results
suggest that the freezing process does affect the absorp-
tion and reduced scattering spectra of neural tissues, par-
ticularly within the 700 to 1100 nm wavelength range.
Healthy cadaveric brain tissue (Figures 3-6) displayed
similar absorption peaks related to the presence of
haemoglobin and water in addition to the expected low
absorption values within the wavelength range of 600 to
900 nm. The reduced scattering spectra of healthy brain

tissue also demonstrated typical decreasing values with
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(B) model-fitted reduced scattering coefficient (ﬂ s

for frozen pituitary adenoma and related cadaveric tissues (dura, anterior pituitary, pituitary stalk and cranial nerves II). u
are dominated by the absorption bands of haemoglobin (below 600 nm) and water (above 900 nm; A and C). y

increasing wavelength (B and D)

increasing wavelength and could be differentiated by
their respective reduced scattering spectra (Figures 3-6).
The relative levels of reduced scattering were highest for
white matter at all investigated wavelengths. However,
the peak at 1450 nm seen in other brain tissue types was
far less marked in white matter. Pons tissue demon-
strated a spectral curve between that of grey and white
matter and the reduced scattering spectra of cranial
nerves was lower than that of parenchymal brain tissue.

3.3 | Histological analysis and
measurement of cellularity

Each tissue sample was categorized by its morphological
appearance and the specimen’s nuclear density was cal-
culated from a digital image using the digital image anal-
ysis software QuPath (Table 1) [30]. Tumour tissue had a
higher nuclear density than normal tissue (Table 1 and
Figure 7). Pituitary adenoma had the highest nuclear
density of the reported tumour types with a mean nuclear
density of approximately 8100 nuclei/mm?, followed by
meningioma (~5200 nuclei/mm?), schwannoma (3900

for fresh and frozen pituitary adenoma samples. (C, D): Mean x¢¥ (C) and mean u

a
(it

a N

rev

=V of all tissues

/fit

¢ generally decreased with

nuclei/mm?) and glioma. HGG had a higher nuclear den-
sity compared to LGG (~3700 and ~800 nuclei/mm?,
respectively), with the nuclear density of LGG below that
of normal white matter (~1500 nuclei/mm?). The nuclear
density of tissue did not appear to be altered by the freez-
ing process (Figure 7).

3.4 | Correlation of optical scattering
coefficients and tissue morphology

The optical scattering property of tissue offers informa-
tion on the size, and concentration of the effective scat-
tering particles within the tissue. Figure 7A illustrates the
correlation between the ratio of byie/b and fy,, and, as
expected, the fraction of byie/b decreases when the Ray-
leigh scattering became predominate (an increase in
fray)- Furthermore, Figures 7B-D appear to demonstrate
the absence of a strong correlation between the nuclei
density and the features of scattering (scattering power b,
scattering power bye, and u's 500). Presumably, the
mean size of the contributing scatters is not significantly
reflected by the tissue's nuclei density.

85U8017 SUOLILLOD BA TR0 3|qeal|dde auy Aq peusenob afe sajoe O 88N JO SeinJ oy Akeiq18ul|UQ /8|1 UO (SUOIPLOD-PUR-SLLIBY/LIOD"AB | 1M AtRIq U1 |UO//SdNY) SUORIPUOD pue Swis | 3u} 89S *[£202/T0/0T] Uo ARiqiTauliuo A|1m ‘seoines Ariqi TON uopuoabe|jod AiseAluN Aq 220001202 01q(/200T 0T/I0pAW0D A8 | ARe.q i fpul|uo//sdny woiy papeojumod ‘v ‘2202 ‘8790798T



SHAPEY ET AL. OURNAL OF 9 0f 15
PHOTONICS
; Absorption Schwannoma Reduced Scattering
(A)10 : : . : : (B) s : : . . : :
——Schwannoma-fresh
. _
4 4
. 10° _
‘e ‘e 3 B
£ S
> a—
[ E a2 B
3
=10} 1
1
——Schwannoma-fresh
) ——Schwannoma-frozen
10 400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)
(C) ; Absorption (D) 12 Reduced Scattering
10 T T T T T . T T T : ; :
Dura Dura
——Pons ——Pons
——Cranial Nerve III/V 10 ~—Cranial Nerve I’V |
——Schwannoma-frozen ——Schwannoma-frozen
~ _ 8f
< ()
c 10 =
E S 6f
é © <2
EX 4 N
-1
10 2L
1 1 1 1 1 0 1 1 1 1 1 L
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)
FIGURE 5 Absorption and reduced scattering coefficient of schwannoma. (A, B) Mean and SD of (A) revised absorption (yff") and (B)

/fit

model-fitted reduced scattering coefficient <y s

schwannoma and related cadaveric tissues (dura, pons, and cranial nerves III/V).
(it

haemoglobin (below 600 nm) and water (above 900 nm; A and C). u

N

) for fresh and frozen schwannoma samples. (C, D) Mean u

rev /it
v (C) and mean 4y for frozen
rev

eV of all tissues are dominated by the absorption bands of

generally decreased with increasing wavelength (B and D)

; Absorption Glioma Reduced Scattering
( A) 10 T T (B) : T T T
14 ——HGG-fresh |-
——LGG-fresh
Dura
12 Gray Matter |7
White Matt
10°7 i’,\‘ E 10 =
'€ \“ 7 ; 4“/// TE
£ A2\ / é 8 -
> — / =
< 10 E \\_//:// HGG-fresh =
[— -fres|
vf"// ——LGG-fresh
Dura
Gray Matter
White Matter

-2 I I L L ! I
10 400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

FIGURE 6

(12 and (B) model-fitted reduced scattering coefficient (,u’ fit

N

0 1 1 1 L 1 1
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Absorption and reduced scattering coefficient of low- and high-grade glioma. (A, B): Mean and SD of (A) revised absorption
for fresh glioma and related cadaveric tissues (dura, grey matter and white

matter). Absorption spectra of all tissues are dominated by the absorption bands of haemoglobin (below 600 nm) and water (above 900 nm;

A). ,u’ft generally decreased with increasing wavelength (B)

4 | DISCUSSION

Optical imaging methods have the potential to transform
neurosurgery by providing a means for intraoperative tis-
sue differentiation. In-depth knowledge of target tissue
optical properties across the wide-wavelength spectra can

help inform the design of optical imaging and computa-
tional methods therefore enabling robust and interpret-
able tissue analysis which is critical for surgery. In this
study, we investigated the ex vivo optical properties of
five types of human brain tumour and nine different
types of healthy brain tissue across a wavelength
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TABLE 1 Representative histology and nuclear density of brain

and tumour tissue

Tissue type
Tumour tissue

Meningioma (p = 3, n = 36)

z

Low grade glioma (p =1, n = 6)

Healthy cadaveric tissue
Grey matter (frontal cortex)

White matter (frontal white
matter)

Grey and white matter (Pons)

Nuclear density
(nuclei/mm?)

5245.85
(IQR: 3879.466407.36)

8115.83
(IQR: 7203.218248.37)

Mean: 3930.65
(IQR: 2987.894967.87)

3660.71
(IQR: 2889.474257.74)

808.88

803.76
1477.77

451.96

TABLE 1 (Continued)

Nuclear density

Tissue type (nuclei/mm?)
Cranial nerve (olfactory nerve) 1212.43
Cranial nerve (optic nerve) 735.20
Cranial nerve (occulomotor/ 1653.36

trigeminal nerve)
Anterior pituitary 4630.44
Pituitary stalk 3056.35
Dura 5736.00

Note: Tissue type: an illustrative H&E image of each tumour type is provided
alongside the number of samples and measurements obtained (p, number of
patients; n, number of spectrophotometer measurements). Nuclear density:
Overall mean nuclear density values for each tissue type. Where applicable,
additional nuclear density values are provided according to the tissue's
morphological appearance.

spectrum of 400 to 1800 nm. We investigated the optical
properties of meningioma, pituitary adenoma,
schwannoma, low- and high-grade glioma and correlated
these with the absorption and reduced scattering spectra
of relevant anatomical tissues.

Measurements of absorption and reduced scattering
spectra of human brain and tumour tissue have previ-
ously been acquired using spatially resolved diffuse
reflectance measurements[25, 36] and frequency-domain
photon migration [36] methods, whereas ex vivo mea-
surements of freshly excised tissue have typically used
an integrating sphere [25, 27, 37]. Others have also used
an integrating sphere set-up to examine the optical prop-
erties of human brain and tumour tissue fixed in
ethanol [38].

Ex vivo examination allows for more reproducible
and more in-depth analysis of a tissue's optical properties
across a wide wavelength range. Using a controlled
experimental protocol, ex vivo analysis permits the
detailed measurement of both reflectance and transmit-
tance making the derivation of absorption and scattering
coefficients over a wide spectral band more reliable.
However, previous ex vivo studies have been significantly
limited by the size of available samples. Standard port
sizes on an integrating sphere typically measure
11 mm x 24 mm and 17 mm x 22 mm for transmittance
and reflectance, respectively, but using our experimental
setup it was possible to obtain reliable reflectance and
transmittance measurements using a sample port size of
3 to 5mm in diameter. It is worth noting that as dis-
cussed in Prahl's IAD manual and in the study of Mesradi
et al. [39], the distance (h) from the edge of the incident
beam on the sample to the edge of the integrating sample
port needs to be as large as practicable to ensure minimal
light loss from the lateral sides of the sample. A failure to
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do so would lead to an overestimated absorption of the
sample. In our study, the h value was 0.5 to 1.5 mm for
the 3 mm port and 0.75 to 1.5 mm for the 5 mm port
which satisfied the above constrain at most of the wave-
length regions. However, we also noticed that a high
1/(”a ) value, for example in the 700 to 1200 nm range,
resulted in a strong light loss which meant that the IAD
failed to converge. As described above in the methods
section, individual single-wavelength measurements that
did not converge were excluded.

By adapting our integrating sphere experimental
setup, we were able to significantly expand the types of
tissues that could be examined. Moreover, previous stud-
ies have only measured the optical properties of brain tis-
sues at a limited number of wavelengths (Table S1). We
used a standardized experimental setup to obtain the
absorption and reduced scattering spectra of various
human brain and tumour tissue at 10 nm increments
across a wide wavelength spectrum of 400 to 1800 nm
spanning the visible range to beyond the second near-

infrared window, thus providing a valuable reference tool
(Table S1) for the development of future optical brain
imaging technologies.

We observed that the spectral curves of every brain
tumour had a similar shape to that of normal cadaveric
human brain tissue (Figures 3-6). However, a tumour's
reduced scattering coefficient (i’ f“) may be used to differ-
entiate it from associated normal tissue (Figures 3-6;
,u’?t). For example, for gliomas that typically arise within
subcortical white matter, a difference was observed in the
reduced scattering of glioma compared to white matter
(Figure 6B). This could have significant implications for
the design of diagnostic and therapeutic optical brain
imaging devices. Similar to previous studies, the absorp-
tion spectra of all samples were dominated by the absorp-
tion bands of haemoglobin below 600nm and water
above 900 nm, with characteristic low absorption values
within the 600 to 900nm wavelength range [25, 27].
However, our results demonstrated a further striking

peak in p;?¥ at 1450nm, not previously reported, but
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consistent with the absorption spectra of water [40]. The
reduced scattering coefficient spectra of all tissues gener-
ally decreased with increasing wavelength, while the
values of reduced scattering were very different across all
tissue types. Tissue absorption appeared to decrease with
increasing nuclear density whereas a tissue's scattering
power was positively associated with nuclear density but
further work is required to determine the exact associa-
tion between these variables.

The optical scattering of soft tissue is a result of the
refractive index mismatch between lipid membranous
structures and surrounding substances, and can be mod-
elled as Mie scattering from spheres in the 0.2 to 2 pm
diameter range [41]. In the shorter wavelength range
(typically <500 nm), small-scale Rayleigh scatterers (size
< M) such as membranes of lipid and protein (0.1-0.2 pm
thickness), are attributed to the rapid drop of reduced
scattering as wavelength increases. This is particularly
apparent in tumour tissue, grey matter and white matter
(Figure 7A). In the longer wavelength (>500 nm) large-
scale Mie scatterers (size > A), such as cell nuclei (5-
10 pm in diameter) and mitochondria (1-2 pm in diame-
ter) are dominating [41, 42]. As expected, our results
demonstrated that densely cellular high grade glioma tis-
sue had similar scattering properties to grey matter which
consists primarily of neuronal cell bodies (Figures 3D
and 6B). However, gliomas typically arise from within
white matter. Given that other internal cytoplasmic struc-
tures contribute a significant portion of a tissue's scatter-
ing properties [43] it would be interesting for further
study to investigate the relative contribution of tumoural
vascular and collagen fibre density.

As noted in previous studies [25, 27], we also
observed inter-parameter crosstalk between the tissue's
relative absorption and reduced scattering coefficients in
wavelengths. In wavelength regions associated with chro-
mophore absorption peaks, the revised absorption coeffi-
cient has a higher value than the originally calculated
uMAP; presumably because the crosstalk created local max-
ima in the scattering spectra is compromized/smoothed
out with the ,u’sﬁt value (Figures 3 and 4 [Figures S3 and
S4]). Given that the highest absorption peak of water
occurred at 1450nm, it was not surprising that the
highest degree of crosstalk also occurred at this
wavelength.

This phenomenon was most pronounced in cortical
grey matter and pons tissue but was also seen in healthy
dura and pituitary tissue and to a lesser degree in the
tumour samples. This may be explained by the fact that
those tissues exhibiting this phenomenon are predomi-
nantly composed of cell bodies whereas white matter
consists predominantly of myelinated axons. To mitigate
for the crosstalk effect, we developed a two-stage IAD

method to revise the mua by using fitted mus as input
constrain of IAD (Figures 3-6). It could be further
improved by using Equation (1) fitted 4, including a sepa-
rately fitted short wavelength region (Rayleigh limit) and
longer wavelength region in order to address the
crosstalk created by haemoglobin and water, respectively.
It was also noticeable that some reduced scattering coeffi-
cient results were associated with a rather large SD, par-
ticularly fresh pituitary adenoma (Figure 4B) and HGG
(Figure 6B). Previous publications opted to present their
data using the mean and Standard Error of the Mean
(SEM) and consequently presented results with seem-
ingly much smaller error bars [25, 27]. Similar SEM were
obtained with our data (Table S1) but we felt that dis-
playing the SD reflected the inherent variability within
tissue types more effectively.

We investigated what effect the freezing process
might have on the tissues’ optical properties using
tumour samples. Roggan et al. and Mesradi et al. previ-
ously observed that snap-freezing porcine and rat tissue
produced significant changes in the tissues' absorption
and reduced scattering coefficients [39, 44]. However, fol-
lowing a quick comparison study, Gebhart et al. brief
concluded that “snap freezing, tissue storage and thawing
in saline had minimal effect on the measurement absorp-
tion and reduced scattering coefficients” [25]. In our
study, a systematic comparison of the optical properties
of two fresh and two frozen tumour samples taken from
each specimen suggested that the freezing process did
affect the sample's absorption coefficient, particularly
within the wavelength range of 700 to 1100 nm (Fig-
ures 3-5).

Various methods have been developed and applied to
determine the optical properties of brain tissue, including
different combinations of experimental methods for
obtaining measurements, and different numerical algo-
rithms to calculate the optical properties from the mea-
surements. There is a great variability in the determined
optical properties in different studies mainly due to the
theories that have been employed and possible tissue
preparation artefacts [26, 45]. In this study, we compared
our findings of the calculated absorption coefficient and
reduced scattering coefficient of various brain and
tumour tissues to the works of Bevilacque et al. [36],
Gebhart et al. [25] and Yaroslavsky et al. [27] as illus-
trated in Figure 8 and tabulated in Table S1. The study's
complete numerical dataset is published as part of the
study's supplementary material and may be re-used by
the research community. Despite the differences in tissue
preparation and calculation methods, the absorption
values from our study were consistent with other studies
in all available tissue types (Figure 8A-F). However, a
surprising and persistent offset in the magnitude of the
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reduced scattering was observed in all tissue types
(Figure 8G-L). The mean value of the derived model
fitting parameters b and by averaged from brain tissues
in this study were 1.30 and 0.58, respectively, which are
comparable to the values presented in the review work of
Jacques (b =1.611, by;e =0.315) [23].

We examined both fresh and frozen brain tumour tis-
sue as well as frozen healthy brain tissue obtained post-
mortem. In previous ex vivo studies using an integrating
sphere, studies analysed thawed frozen tissue [25, 27]. In
our study, we analysed freshly excised tumour tissue

within 30 min of removal. Some cellular change may
have occurred in the tissue during this interval but by
minimising the time from resection to analysis, we aimed
to obtain results that most closely resembled in vivo mea-
surements. Frozen tumour samples were also prepared
and stored within 30 min of removal. It was not feasible
for us to obtain freshly excised normal brain tissue, hence
we examined samples obtained postmortem. In this case,
the subject had died 6 days prior to their postmortem
examination which may have also induced some discrep-
ancies in results.
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A recognized limitation in the optical analysis of
ex vivo tissue is that the process of tissue excision may
produce changes in its optical properties in particular
due to blood drainage; however, these effects are predict-
able as a loss of absorption coefficient [46]. Despite these
changes, it has been shown that the differential pat-
hlength of light in tissue measured post mortem is similar
to that measured in vivo [47]. Nevertheless, the analysis
of ex vivo and post mortem tissue will never be able to
take into account in vivo variations in blood flow and
haemoglobin oxygenation saturation and these will
inherently undergo some change with time and the
method of tissue storage and transportation. We also
observed that a small number of samples demonstrated
cellular autolysis by the time histological analysis was
performed. The presence of cellular autolysis was not
reflective of the state of the tissue during optical evalu-
ation, rather the delay between optical and histological
review. Other limitations of this study include the
small number of subjects and the spread within numer-
ical estimations. Companion methodological work is
currently underway to validate the model fitting
described in this study beyond the simulation study
presented here.

This study provides a comprehensive evaluation of
the optical properties of various human brain tumour
and healthy brain tissues. Detailed knowledge of a tis-
sue's optical properties will greatly assist in the develop-
ment of modern intraoperative optical imaging methods
and could therefore facilitate the delivery of computa-
tional image analysis during surgery. For example, this
dataset may be used as ground truth data to model dif-
ferent intraoperative surgical scenarios to train, test
and validate new optically based machine learning
classifiers.

Comparison data from:

1. Gebhart et al., [25]: Grey matter, white matter and gli-
oma. Reported wavelengths: 450, 510, 630, 670, 850
and 1064 nm. Values calculated using Inverse Adding
Doubling (IAD) method.

2. Yaroslavsky et al., [27]: Grey matter and white matter.
Meningioma, astrocytoma (WHO grade II) and pons
also measured but specific values not reported.
Reported wavelengths: 450, 510, 630, 670, 850, 956
and 1064 nm. Values calculated using Inverse Monte
Carlo (IMC) method.

3. Bevilacqua et al., [36]: Normal frontal cortex, normal
optic nerve and optic nerve astrocytoma (presumed
pilocytic astrocytoma, WHO grade I but not specified).
Optic nerve astrocytoma compared with parenchymal
LGG measurements. Reported wavelengths: 674, 811,

849 and 956 nm. Values calculated using Inverse
Monte Carlo (IMC) method.

5 | CONCLUSION

We investigated the ex vivo optical properties of five types
of human brain tumour and nine different types of healthy
brain tissue across a wavelength spectrum of 400 to
1800 nm spanning the visible range to beyond the second
near-infrared window. All tissue types demonstrated similar
absorption spectra but the reduced scattering coefficients of
tumours were clearly different to those of surrounding nor-
mal tissue. These results have significant potential for the
development of intraoperative optical imaging technologies.
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