Quantitative evaluation of systematic imaging error due to uncertainty
in tissue optical properties in high-density diffuse optical tomography
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ABSTRACT
In MRI-guided diffuse optical tomography of the human brain function, three-dimensional anatomical head model
consisting of up to five segmented tissue types can be specified. With disregard to misclassification between different
tissues, uncertainty in the optical properties of each tissue type becomes the dominant cause of systematic error in image
reconstruction. In this study we present a quantitative evaluation of image resolution dependence due to such uncertainty.
Our results show that given a head model which provides a realistic description of its tissue optical property distribution,
high-density diffuse optical tomography with cortically constrained image reconstruction are capable of detecting focal
activation up to 21.81 mm below the human scalp at an imaging quality better than or equal to 1.0 cm in localization
error and 1.0 cm3 in FVHM with a tolerance of uncertainty in tissue optical properties between +15% and -20%.
Keywords: medical imaging, diffuse optical tomography, tissue optical properties, image quality, optical neuroimaging

1. INTRODUCTION
Diffuse optical tomography (DOT) of the human brain is an emerging neuroimaging methodology that allows continuous
noninvasive imaging of human brain activity by taking near infrared (NIR) optical measurements using sources and
detectors placed on the human scalp. Despite having the advantage of low cost, portability and comprehensive
haemodynamic contrast capability, widespread acceptance of DOT in the neuroimaging community has been hampered
by low localization accuracy and spatial resolution. While most research studies in healthy adult subjects are conducted
with functional magnetic resonance imaging (fMRI), its relative high cost, fixed scanner locations, subject physical
constraints during imaging and inability to comprehensively provide or assess altered brain metabolism limit fMRI’s
translation as a bedside clinical tool. DOT is a novel and emerging non-invasive neuroimaging methodology that is
uniquely suited to this setting, as it is a mobile system utilizing a small, flexible imaging cap.1 Additionally, DOT can
measure absolute change in oxygenated (ΔHbO2), deoxygenated (ΔHbR), and total hemoglobin (ΔHbT), providing more
comprehensive images of the brain’s hemodynamics.2
DOT image reconstruction accuracy depends on multiple factors, such as system design, data collection and calibration,
and realistic physical modeling of the human head which has proven to be an important aspect for model based image
reconstruction. In magnetic resonance imaging (MRI)-guided DOT where both T1 and T2-weighted head images are
available, a three-dimensional (3D) anatomical head model consisting of up to five segmented tissue types, i.e. scalp,
skull, cerebrospinal fluid (CSF), white matter and grey matter, can be specified as the underlying physical model used
for image reconstruction. With disregard to either misclassification between different tissues, or the assumption that
perfect tissue segmentation is possible, uncertainty in tissue optical properties becomes the dominant cause of systematic
error in the predicted optical measurement sensitivity and the reconstructed image.
The principle and experimental procedure to obtain tissue optical properties are extremely similar to those of the DOT,
which interpret source-detector measurements into parameters based on a certain model for light transport. Consequently
there is an inherent degree of uncertainty in the numerical values derived from this routine, which are highly dependent
on model assumptions, measurement technique, experimental apparatus, calibration scheme, and the biological
heterogeneities.3 Moreover as most tissue optical properties in the literature are reported at three or four discrete
wavelengths, linear interpolation has often been used to approximate values at other NIR wavelengths for specific DOT
studies,4-5 which inevitably introduces another degree of uncertainty to the data. In this study we evaluate the effect of
such uncertainty up to ±25% of the baseline values on DOT imaging performance using a 3D finite element model
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(FEM) of an adult head generated from MRI-guided tissue segmentation, and up to 4th Nearest Neighbor (NN)
continuous-wave measurements in high-density diffuse optical tomography (HD-DOT) setup. Specifically we present a
baseline model which uses tissue optical values reported from previous literature along with ten hypothetical models
each incorporates a certain percentage of variation in the absorption coefficients of all tissue types with respect to the
baseline model. Two standard image metrics, namely localization error and full volume at half maximum (FVHM), are
also utilized to allow quantitative assessment and comparison of the imaging performance between the models.

2. METHODS
A 3D finite element model (FEM) of a cropped adult head was meshed in Mimics 6 and used for forward modeling of
light propagation. The model was composed of 1,087,223 nodes corresponding to 6,289,566 linear tetrahedral elements
specified into five head tissue types, i.e. scalp, skull, cerebrospinal fluid (CSF), grey matter and white matter, Figure 1
(a)-(b). Tissue segmentation was performed through the combination of in-house automatic algorithms and manual
correction using T1 and T2 MRI data set of a single subject acquired at Washington University School of Medicine. The
T1 data set had an in-plane resolution of 1.0 mm and slice thickness of 1.0 mm and the T2 data set had an in-plane
resolution of 1.0 mm and slice thickness of 4.0 mm. The high-density (HD) imaging array used in this work was
previously developed for retinotopic mapping of adult visual cortex,5 and consisted of 24 sources and 28 detectors which
were placed on the scalp over the visual cortex as shown in Figure 1 (c)-(d). Within the context of this HD optode
arrangement the first through fourth nearest neighbor measurements were defined based on source-detector separations.
In this study optical measurements up to fourth-nearest neighbors for each source were used, which gave rise to a total of
348 independent measurements. It was also assumed that only intensity data (as available from a Continuous Wave
system) as measured at 690 nm were used to provide maps of optical changes in absorption only.

Figure 1. (a) Posterior surface rendered view of the 3D FEM head model acquired from MRI and (b) an axial slice
through the model noted by the black solid line in (a), with the scalp, skull, cerebrospinal fluid, grey and white
matter indicated from dark to light in grayscale and (c) posterior and (d) lateral schematic view showing the
placement of the imaging array over the visual cortex of the head model with 24 sources (red squares) and 28
detectors (blue circles). The point spread function (PSF) analysis in this study is conducted in the region of interest
(ROI) defined by the volume enclosed within the black solid rectangle.

A set of baseline tissue optical properties for the five tissue types were described in Table 1 based on previously
published values at 690 nm.7-8 Additionally, ten hypothetical models were also specified whereby the absorption
coefficient of the tissues in each model incorporates either an increase or a decrease of its baseline values by 5%, 10%,
15%, 20% and 25%.
Table 1. Tissue optical properties at 690 nm used for the baseline model 7-8
-1

-1

(mm )/ ′ (mm )

Scalp

Skull

CSF

Grey and White Matter

0.0159/0.8

0.0101/1.0

0.0004/0.01

0.0178/1.25
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Finite element forward light modeling was performed using NIRFAST 9 which is a modeling and image reconstruction
toolbox based on the Diffusion Approximation, to generate the Jacobian J via the Adjoint theorem.10 The Jacobian (also
known as the sensitivity matrix), is a matrix that relates the rate of change of measured ‘boundary data’ due to a small
change in optical parameters, given an initial model. The forward problem can thus be expressed as

Δy = JΔx

(1)

where Δy is a change in boundary measurement (Δy = ypert – yref) between a reference measurement (yref) and a
perturbation measurement (ypert), and Δx is the optical parameter change due to a small spatial perturbation in the grey
matter (or cortex).
Based on equation (1) the inverse problem can be stated as

Δx = J −1Δy

(2)

which due to its ill-posed nature was solved using the Moore-Penrose generalized inverse

Δx = Jˆ T ( JˆJˆ T + λI ) −1 Δy
where

(3)

is the regularization factor and

Jˆ =

J
JJ T + β (max( diag ( JJ T ))

(4)

and is the spatial variant regularization. The optimal values chosen were =10-6 × the maximum of the diagonal of
matrix ĴĴT and =10-2 which were found to provide a good imaging resolution and recovery based on the values used
typically in our previous human 5, 11 and animal 12 DOT studies.
As J can be represented by separation based on a priori structural information into two parts Jc and Jnc, such that the
former contains the Jacobian values for all the nodes in the cortex and the latter includes the Jacobian values for the rest
of the non cortical nodes, a cortical constraint was implemented in the reconstruction step by using Jc instead of the full
J. Specifically, Equation (3) was reformulated using Jc to only recover Δx at all nodes within the cortex only.13 Using
this scheme, the a priori information regarding the structural information (the cortex) can be effectively used to constrain
the image recovery problem to only within the expected region.
2.1 Point-Spread Function Analysis
In order to provide a direct visualization of HD-DOT imaging response to single absorption perturbation (i.e. a localized
functional activation), which was assumed to come from a small focal hemodynamic visual response, point-spread
function (PSF) analysis was performed for each cortex (or grey matter) node in a defined region of interest (ROI) shown
as the volume enclosed within the black solid rectangle in Figure 1 (c)-(d). The simulated absorption perturbation,
Δ , was a vector of zeros except a value of one at the target node. Simulated measurements Δy were generated by
applying Equation (1) with Jbaseline, which represented the baseline data, and then used to reconstruct images of focal
changes, i.e. PSFs, with cortical constraint for the baseline and ten hypothetical models by applying Equation (3) with
their own Jacobians.
2.2 Metrics of Imaging Performance
In order to provide a quantitative measure of the imaging performance of the PSF, two standard metrics, namely
localization error and full volume at half maximum (FVHM), were utilized for every simulated and reconstructed focal
activation. The localization error was defined as the separation between the peak response in the reconstructed PSF and
the true location of the target node:

e = ( x peak − xtrue ) 2 + ( y peak − y true ) 2 + ( z peak − ztrue ) 2

(5)

The FVHM was specified as the volume that encloses the peak reconstructed response as well as all nodes having a value
above half of the peak response in the PSF.
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3. RESULTS AND DISCUSSION
Simulated focal activation data were modeled, as described above, assuming single node focal activations (one at a time)
occurring only within the cortex in the head model. Using the simulated boundary data from the baseline model, images
were reconstructed using Jacobian calculated from each hypothetical model with the use of cortical constraint. Figure 2
shows color-coded images of the spatial distribution of the calculated localization error and FVHM for the ‘Baseline’
model at three different axial slices within the region of interest (under detectors, under sources and also in between). It
can be seen that the majority of the cortex within the region of interest is occupied by the dark color, representing low
localization error and small FVHM, i.e. high image resolution. The figures have shown good comparability with
previous findings from Boas,13 indicating a significant advancement in terms of localization depth, which could be due to
the higher density of optode arrangement used in this work as well as an increase in the number of overlapping
measurements.

Figure 2. Localization error (in millimeters) and full volume at half maximum (in cubic millimeters) varies with depth
in the ‘Baseline’ model as shown in three axial slices (1, 2 and 3) with different positions relative to the sources
and detectors.

Figure 3-6 provide a statistical interpretation of the relationship between both image metrics and localization depth.
Since 1 cm imaging resolution is generally thought to be a reasonable objective within the field of neuroimaging that
allows the distinguishing of gyri and the ability to perform classical human brain mapping paradigm, we select 1 cm in
localization error and 1 cm3 in FVHM as an imaging performance benchmark in this study. For the ‘Baseline’ model
when taking the value of mean + standard deviation at a certain depth, i.e. the upper boundary of the ‘mean+/- standard
deviation window’, as the least standard of imaging performance at that depth, it shows that less or equal to 1 cm in
localization error corresponds to an imaging depth of 28.81 mm (Figure 3 or 4), and less or equal to 1 cm3 in FVHM
corresponds to an imaging depth of 21.81 mm (Figure 5 or 6).
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Figure 3. Plot of mean +/- standard deviation of localization error at 1 mm interval versus radial distance of the focal
activation within the cortex from the scalp surface for the Baseline/+5%/+10%/+15%/+20%/+25% model, and a
dashed line representing localization error of 1 cm.

Figure 4. Plot of mean +/- standard deviation of localization error at 1 mm interval versus radial distance of the focal
activation within the cortex from scalp surface for the Baseline/-5%/-10%/-15%/-20%/-25% model, and a dashed
line representing localization error of 1 cm.

Results from the ten hypothetical models are presented separately as two groups to be compared with the ‘Baseline’
model, based on whether the variation in tissue optical properties of the model is an increase (overestimation) or a
decrease (underestimation) with respect to the baseline. In the case of overestimation, it can be seen that both the mean
and the standard deviation of localization error rise dramatically as the percentage variation of tissue optical properties
increases, suggesting a larger degree of uncertainty results in more systematic imaging error in terms of localization
accuracy. Consequently the imaging depth to satisfy a maximum localization error of 1 cm for the hypothetical models
decreases as uncertainty grows, such that 28.81 mm for ‘Baseline+5%’, 26.81 mm for ‘Baseline+10%’, 22.81 mm for
‘Baseline+15%’, 18.81 mm for ‘Baseline+20%’ and 16.81 mm for ‘Baseline+25%’. On the other hand when tissue
absorptions are underestimated, similar observations can be made albeit at significantly reduced scale of effect.
Specifically the imaging depths to achieve a localization accuracy of 1 cm for the hypothetical models, listed in
descending order by variation (-5% ~ -25%), are 28.81mm, 28.81 mm, 27.81 mm, 27.81 mm and 20.81 mm respectively,
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indicating a greater tolerance to uncertainties in tissue absorptions compared with the overestimated cases. Most notably
the ‘Baseline-5%’ model outperforms the ‘Baseline’ model by a minor degree at a number of depths throughout the
imaging domain. The reason is that while variation in tissue optical properties brings inaccuracies in the Jacobian
(forward model) which inevitably causes systematic imaging error, overestimation in absorption reduces both the region
of high sensitivity and imaging depth, resulting double damage on the image performance. Underestimated models in
comparison provide a broader region of high sensitivity with an improved imaging depth, which in turn minimizes
localization error. This compensation effect allows a greater tolerance of imaging localization accuracy to
underestimation of tissue optical property than its overestimation.
In terms of FVHM, it is observed that variations in tissue optical properties reduce both mean and standard deviation of
this metric at all depth. For the same reasons as stated above, overestimation shows a greater scale of impact than
underestimation. This effect is quite obvious when comparing the case of Baseline +25% and -25%, where the mean
FVHM are 300.55 mm3 and 439.04 mm3 respectively at 21.81 mm in depth.

Figure 5. Plot of mean +/- standard deviation of FVHM at 1 mm interval versus radial distance from the scalp surface
for the Baseline/+5%/+10%/+15%/+20%/+25% model, and a dashed line representing FVHM of 1 cm3.

Figure 6. Plot of mean +/- standard deviation of FVHM at 1 mm interval versus radial distance from the scalp surface
for the Baseline/-5%/-10%/-15%/-20%/-25% model, and a dashed line representing FVHM of 1 cm3.
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To allow a better qualitative visualization of the results, a simulated focal activation X located at 21.04 mm below the
scalp surface and its corresponding PSF reconstructed in each model are shown in Figure 7. It can be seen that images
obtained from the baseline and underestimated models provide good indication of the location of the focal activation,
whereas in the overestimated scenario a gradual, leftward shift of the PSF is observed as the percentage variation in
tissue absorption rises, indicating increasingly noticeable location error, which agrees with our previous findings.

Figure 7. Focal activation X and its corresponding PSF shown in above half maximum for the Baseline and ten
hypothetical models.

4. CONCLUSION
In this study we investigate the effect of uncertainty in tissue optical properties on the imaging performance of highdensity diffuse optical tomography of the human brain function. Our results have shown that variation in the tissue
absorption other than a minor underestimation such as -5%, would causes systematic imaging errors in terms of
localization accuracy, and this downgrade on imaging performance becomes more severe as the absolute percentage of
the variation increases. Furthermore, overestimation of tissue absorption results significantly greater damage in
localization accuracy than underestimation by the same percentage. Results from the baseline model suggests that given
a head model which provides a realistic description of its tissue optical property distribution, cortically constrained HDDOT are capable of imaging focal activations up to 21.81 mm below the human scalp at an imaging quality better than or
equal to 1.0 cm in localization error and 1.0 cm3 in FVHM. In addition it can be concluded that a tolerance of
uncertainty in the tissue optical properties between +15% and -20% is required to maintain an imaging performance of
such standard.
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