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ABSTRACT

Accurate estimation of brain haemodynamics parameters such as cerebral blood flow and volume as well as oxygen
consumption i.e. metabolic rate of oxygen, with funcional near infrared spectroscopy (fNIRS) requires precise
characterization of light propagation through head tissues. An anatomically realistic forward model of the human
adult head with unprecedented detailed specification of the 5 scalp sublayers to account for blood irrigation in the
connective tissue layer is introduced. The full model consists of 9 layers, accounts for optical properties ranging
from 750nm to 950nm and has a voxel size of 0.5mm. The whole model is validated comparing the predicted
remitted spectra, using Monte Carlo simulations of radiation propagation with 108 photons, against continuous
wave (CW) broadband fNIRS experimental data. As the true oxy- and deoxy-hemoglobin concentrations during
acquisition are unknown, a genetic algorithm searched for the vector of parameters that generates a modelled
spectrum that optimally fits the experimental spectrum. Differences between experimental and model predicted
spectra was quantified using the Root mean square error (RMSE). RMSE was 0.071 £ 0.004, 0.108 £+ 0.018 and
0.2354+0.015 at 1, 2 and 3cm interoptode distance respectively. The parameter vector of absolute concentrations
of haemoglobin species in scalp and cortex retrieved with the genetic algorithm was within histologically plausible
ranges. The new model capability to estimate the contribution of the scalp blood flow shall permit incorporating
this information to the regularization of the inverse problem for a cleaner reconstruction of brain hemodynamics.
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1. INTRODUCTION

Continuous wave functional Near Infrared Spectroscopy (fNIRS) non invasively interrogates local changes in
brain hemodynamics. It irradiates the subject’s scalp with a continuous pulse of infrared light and collects
backscattered light after it has migrated through and interacted with the tissue; a physical process known
as image formation. Light interaction with chromophores and scatterers present in the head tissues leaves a
spectroscopic attenuation signature in the exiting radiation from where the concentration of the chromophores
can be estimated; a mathematical effort known as image reconstruction. Formation and reconstruction go hand
in hand, with the latter involving the inverse problem of unravelling what nature entangled. Like in many other
inverse problems, a forward model hypothesizes how the image formation occurs.

Forward models in f{NIRS are approximations to the process of radiation transport. One of the most pop-
ular forward models in continuous wave fNIRS due to its utter simplicity is the modified Beer-Lambert law
(MBLL).* Although the MBLL is most times sufficient for grossly monitoring brain hemodynamics, of course,
the human head largely violates the assumption of homogeneity. For stricter reconstructions demands, or better
understanding of the image formation process, more elaborated forward models are employed. These forward
models, complement the expression of radiation transport with more realistic descriptions of the head anatomy
(anatomical model) and a more detailed characterization of the optical properties across the different tissues
(optical model). Often the tern of the radiation transport model, the anatomical model and the optical model
are simply collectively referred to as the forward model.
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Scalp blood flow contamination is one of the most pressing issues affecting fNIRS reconstruction. The scalp
comes first in the optical path and it is visited twice during the photon migration. The fNIRS community has
therefore put forward a number of solutions to account for this undesired contribution including instrumental
incorporation of short-distance channels and algorithmic filtering.

We, here, report a new forward model for the estimation of the diffuse reflectance in the adult human head.
Previous work has consider only 4 layers scalp, skull, CSF, grey and white matter; here we consider 9 layers. The
new model emphasizes the detail considered for the scalp’s sublayers, so that attenuation due to scalp blood flow
can be characterized for latter incorporation to the reconstruction algorithm (not part of this communication).
Radiation transport is solved through Monte Carlo (MC) stochastic modelling. The anatomical description
comprises 9 layers including the 5 sub-layers from the scalp. Optical properties are taken from literature reported
values, and contributions of hemoglobin species to scalp and gray matter are explicitly modelled. Model’s face
validity is established here by comparing optimally found modelled remitted spectra against continuous wave
broadband fNIRS data, whilst generative parameter vector remains confined to histologically plausible ranges.

2. RELATED WORK: FORWARD MODELLING OF THE HUMAN HEAD

A number of forward models of the human head have been proposed with varying degree of faithfulness depending
on their purpose. Purposes varied from assessing the effect of thickness and scattering of certain layer e.g.,? or
appreciating the fast optical signal e.g.® among others. According to their geometrical description of the anatomy,
these can be coarsely classified in flat layers models,,>*° MRI segmented structures® and mesh based models.®
These models often only consider 4 or 5 main tissue layers: scalp, skull, cerebrospinal fluid (CSF), gray matter
(GM) and white matter (WM). Diffusion theory e.g,” and MC simulations e.g.>% have been popular choices for
modelling radiation transport.

3. FORWARD MODEL OF THE HUMAN HEAD

This section describes the three elements of the forward model of the human head proposed in this work.

Radiation transport model Light propagation was simulated using the MC approach. Standard negative
exponential distribution was used to determine the free path length, and the Henyey-Greenstein phase
function for calculating the direction of the photon following an scattering event.

Anatomical model The proposed anatomical model departs from the mesh model in® comprising four tissues:
Scalp-Skull, CSF, Gray matter and White matter. This model was refined with iso2mesh” to deal with the
thicknesses of the scalp sub-layers. Tetrahedrons of the refined mesh associated to the scalp were labelled
according to the scalp 5 sub-layers by measuring the distance from the scalp surface to interior of the head
based on literature reported averaged thicknesses.® A section of the final anatomical description is shown
in Fig. 1.
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Figure 1. A section of the anatomical model of the human head with the scalp segmented in its five sub-layers; skin,
connective tissue, aponeurosis, loose areolar connective tissue and periosteum.
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Optical model Each tissue is optically characterized by four parameters, namely; refraction index (n())),
absorption coefficient (uq(\)), scattering coefficient (us(A)) and anisotropy factor (g(A)). Each parameter
was defined for wavelengths between 700 nm to 1000 nm. Optical properties for main human head tissues
have been reported in literature: skin,” skull,'® CSF,%!! gray matter'?!3 and white matter.'? '3 Linear
interpolation was used to compute values at missing wavelengths. We are not aware that optical properties
for individual scalp sub-layers has been reported. For these layers, p, and ps were modelled as a function
of their histo-physiological compounds. The optical properties incorporated into the model are summarised
in Appendix A.

The final model is understood in terms of the four parameters corresponding to the concentrations of oxi-
genated and reduced hemoglobin at the scalp and gray matter layers. The model’s parameter vector is therefore
described by Eq. 1:

T =< Hb02,scalp7 HbRscalp7 HbOZ,braina HbRbrain > (1)

4. MODEL VALIDATION

Face validity of the forward model was established by generating spectra that optimally matches raw experimental
broadband measurements from human subjects. The process involves finding the optimal parameters vector for
which the model generated spectrum matches a experimental spectrum.

4.1 Experimental spectra

Experimental data used for validation are a subset of those collected by'* where data from 17 subjects was
collected using the continuous wave broadband NIRS system!® and includes spectra from resting and brain
activation states. Measurements were acquired from the pre-frontal cortex at 1, 2 and 3 cm source-detector
separation while a memory task was carried out. Following an initial baseline recording of 30 seconds, the
stimulus train contained 4 blocks of 30s task stimulus followed by 30s rest period for a total of 9 subperiods.
Sensed wavelengths ranged from 770nm to 906nm at Inm intervals. A full description of the data collection
protocol and the instrumentation can be found in the original works.'*

Spectra collected from several of the subjects was affected by detector saturation thus leading to a flat
recording. Following visual inspection for data integrity, data from 3 subjects was pick for validation of our
forward model (those with qualitatively the cleaner acquired signals). For each subperiod an average spectrum
was computed and used as representative spectrum of such subperiod, whether rest or stimulus. These serve
as the ground truth for validation. A total of 81 spectra were used (3 subjects x 9 subperiods x 3 channels).
Figure 2 schematically depicts the samples, the associated stimulus train and the representative spectra.
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Figure 2. Every point in the sampled data corresponds to a spectrum. The intensity measured in each spectrum is
associated to the brain state in function of the experimental stimulus train. The average of spectra in each block is used
as ground truth for validation.
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4.2 Simulated data

With the described forward model, predicted remitted spectra were generated in MCX® by defining the concen-
tration of the four parameters of interest: HbO, and HbR both in the scalp and in the brain. The respective
concentrations alter the absorption properties of the corresponding layer and hence affecting the remitted spectra
at the surface. The broadband experimental dataset contains information at 136 wavelengths. MC is computa-
tionally expensive and thus simulations were carried out at wavelengths 784, 800, 818, 835, 851, 868, 881 and
894 nm chosen according to.'® Synthetic detectors were defined at 1, 2 and 3 cm (euclidean distance) to measure
the exiting light mimicking the experimental setup. The synthetic detectors were 1 mm wide and were assumed
to accept incoming photon with the same efficiency from all directions. For a more realistic image acquisition
simulation, model predicted remitted spectra were convolved with the quantum efficiency of the real sensor.'®
The mesh model was voxelized to be able to run simulations in MCX.!” MC simulations of 108 photons were
carried out in 4 GPU’s - one GeForce Titan Black, two Tesla M2090 and one Geforce GTX 950.

4.3 Spectra matching optimization

Optimal matching between experimental and simulated diffuse reflectance spectra was found using a genetic al-
gorithm (GA). Individuals were genetically described by the parameter vector in Eq. 1 using a real representation
and bounded by physiological ranges derived from'® (measured in the forehead of 5 subjects) and summarised
in Table 1.

Table 1. Absolute Concentration of HbO; and HbR in the scalp and brain reported by.'® Three standard deviations from
the mean were used to define the bounds of each parameter in the genetic algorithm.

Parameter  H0O2 cq1p  HORscarp  HUO2prain HORprain
pto [pM] 1264897 7.29+4.83 31.0+8.32 19.9+3.67

Population size was set to 15 individuals and initialized randomly. A maximum number of 10 generations
was allowed. Mutation rate was set to 0.05 and affected one parameter at a time. Cross-over rate was set to
0.6 and the off-spring maintained half of the genetic code of each parent randomly selected. The top 50% of the
population survived to the next generation each time. Fitting was determined by means of the root mean square
error defined in Eq. 2:

L 2 1/2
RMSE — NZ(qﬁ - ¢°) 1 (2)

i=1

where ¢° is the simulated data, ¢€ is the experimental data and N the number of wavelengths used to simulate
the spectra. A good approximation between simulated and measured spectra will support the validity of the
model. Note that the physiological parameters used in simulations should be confined to plausible ranges.

5. RESULTS

During the optimization process, a total of 6473 spectra were simulated. The total GA simulation time amounted
to 431.5 hours. The percentage of detected photons at each detector in each simulation (from the total injected)
corresponds to 0.2%, 0.02% and 0.007% at 1, 2 and 3cm respectively. Figure 3 visually compares the normalised
experimental measurement and the optimally selected model generated spectrum. A good correspondence be-
tween the curves can be appreciated at all distances.

The final RMSE achieved after optimization was: 0.071 £0.004, 0.108 £0.018 and 0.235+ 0.015 at the three
source-detector separations respectively. Fig. 4 reports the progression of the RMSFE across the generations of
the GA for the different interoptode distances (mean and std. dev. for all the subjects and blocks). Three
considerations can be made from Fig. 4:

1. Convergence to optimal solution found happens at different rates. While the bottom curve (spectra at

lem) shows to converge around 7th generation, the fitting for spectra at 2 and 3cm decrease even at the
last generation.

Proc. of SPIE Vol. 10572 1057206-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/11/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Spectra at 1cm Spectra at 2cm Spectra at 3cm

1
~Experimental ~Experimental ~Experimental
~Simulated ~Simulated ~Simulated

208} >08f 2081

k7] 7] @

c c c

2 L 2

206 HbO, €06 06!

o o o

.g HbRscalp 8.37 .g .g

g 0.4 HboZ,bvain 40.80 E 0.4 g 0.4

5 | HOR =17.13 5 orain=25- 5 | HbR  =2483

Zo.2} Zo2 Zo0.2}

0 . 0 " . " " 0 " .
780 800 820 840 860 880 900 780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavelengths [nm] Wavelengths [nm] Wavelengths [nm]

Figure 3. Normalised experimental (blue) and simulated (red) spectra at 1cm, 2cm and 3 cm.

2. A different level for each curve can be appreciated which can be partially attributed to the dominance of
the scalp parameters at shorter distance (almost making the model be dominated by only 2 instead of 4
parameters in practice), and

3. The standard deviation increases with SD separation. These situations are an effect associated to the
number of photons detected at each distance. Despite the severely constraint hyper-parameterization of
the GA, and the lack of effort to improve convergence, the fitting achieved yields acceptable spectra.

Fig. 5 shows the distributions of the absolute concentrations recovered for each parameter at the three source-
detector separation for the resting and activation states. The values for parameters HbO2 scaip, HbRscarp and
HbO3 prain remained in the plausible histological ranges. Unfortunately, some values of the parameter HbRcaip
reached negative values due to the range allowed in the genetic algorithm. One interesting result can be observed
for parameter HbO3 prqin, Where the median show an small increase going from resting to activation states at
the 3 cm S-D separations, and the HbRp,q;n show a decrease in agreement with the expected signature of the
brain haemodynamics as observed with NIRS in the presence of brain activity. These findings are indicators of
the expected behavior of the hemodynamics of functional activation.

2 4 6 8 10
Generations

Figure 4. Evolution of the RMSE across the generations of the genetic algorithm for the different interoptode distances:
1, 2 and 3cm [bottom to top]

6. CONCLUSIONS

We have presented and validated a new forward model for the estimation of the diffuse reflectance on the adult
human head. The distinctive feature of the new model is its greater attention to the scalp layers as compared
to other models reported in literature (see Sect. 2), permitting a good description of the blood content in this
outermost tissue. The model generated spectra exhibit a good matching with experimental measurements across
different source-detector separations. The model is limited in several ways; for instance blood in the arachnoid
is not considered, the optical properties of the skin don’t consider the melanin pigment, which is an important
absorber of light. Validation can be further improved in several ways; comparisons may be carried out against
spectra collected from optical phantoms for which the ground truth is known, spectra correspondence can be
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Figure 5. Parameters recovered after optimization at 1, 2 and 3 cm for all the validated spectra. Green lines indicates the
minimum and maximum values for each parameter (according to values in table 1).

enhanced through simulations with a larger number of photons and permitting the GA greater exploration of the
search space. The developed model will be useful to estimate the diffuse reflectance in function of the hemoglobin
changes in the scalp and use this as a priori information in the regularization of the reconstruction process. On
the other hand, the realistic anatomical structure and optical model improves the estimated reflectance and may
reduce the convergence rates in based-model reconstruction methods.

Future work splits in two major branches. First, enriching the model for considering the cytochrome-c-
oxydase. Second, by using the forward model for addressing the confounding effect of scalp blood flow contribu-
tion during the image reconstruction stage.
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APPENDIX A. OPTICAL PROPERTIES OF THE TISSUE LAYERS

Table 2. Definition of the optical parameters of the model layers

Layer Parameters Values (Source)
Skin N 1371
ta(N) Simpson et al.”
ps(N) Simpson et al.”
g(\) Ranging from 0.7 to 0.9
d 1668 pm?®
Connective tissue n 1.3711
fra(N) pa(X) = pg"(A) + Crvo, * pi*%* +
Crrmp * plHY
frs(A) ts(A) = Ceoliagen * Ngouagm(/\)
g(N\) 0.9%°
d 1801 pum?®
Aponeurosis n(\) 1.371
pa(N) Fixed to value reported by?!
fs(A) 115 (A) = Ceottagen * 9™ (N)
g(N) 0.9%°
d 1000um®
Loose areolar CT n(A) 1.371
ta(A) Fixed to value reported in?!
Ms()\) Ms(A) = Ccollagen * ugollagen
g(N) 0.9%°
d 500 pum
Periosteum n(A) Fixed to 1.37
ta(X) Fixed to value reported by?!
MS(A) Ms(>\) = Ccollagen * u;’ollagen
g(N) 0.920
d 500 um
Skull n 1.4211
ta () Range [0.012 - 0.028 mm 1]
ts(A) Range [5.71 - 9.19 mm~1]*?
g\ Range [0.702 - 0.96]23
d According to the anatomical model®
CSF n(A) 1.371
fa(N) Range [4e-4 - 2e-4 mm~1]'0
ts(A) Range [0.01-1.855 mm~1]1°
g(N) Range [0.9 - 0.92]*°
d According to the anatomical model®*
Gray matter n(\) 1.3711
Ha(\) Model of Correia et al.”
ts(A) Range [6.63 - 8.81 mm~1]?3
g(A) Range [0.89 - 0.9]%
d According to the anatomical model?*
White matter n(A) 1.3811
o () Range [0.07 - 0.1084 mm~1]*3
ps(N) Range [33.9 - 41.64 mm~1]?3
g(\) Range [0.84 - 0.88]*
d According to the anatomical model?*
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