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The concept of region of sensitivity is central to the ¯eld of di®use optics and is closely related to
the Jacobian matrix used to solve the inverse problem in imaging. It is well known that, in di®use
re°ectance, the region of sensitivity associated with a given source–detector pair is shaped as a
banana, and features maximal sensitivity to the portions of the sample that are closest to the
source and the detector. We have recently introduced a dual-slope (DS) method based on a
special arrangement of two sources and two detectors, which results in deeper and more localized
regions of sensitivity, resembling the shapes of di®erent kinds of nuts. Here, we report the regions
of sensitivity associated with a variety of source–detector arrangements for DS measurements of
intensity and phase with frequency-domain spectroscopy (modulation frequency: 140MHz) in a
medium with absorption and reduced scattering coe±cients of 0.1 and 12 cm�1, respectively. The
main result is that the depth of maximum sensitivity, considering only cases that use source-
detector separations of 25 and 35 mm, progressively increases as we consider single-distance
intensity (2.0mm), DS intensity (4.6mm), single-distance phase (7.5mm), and DS phase
(10.9mm). These results indicate the importance of DS measurements, and even more so of phase
measurements, when it is desirable to selectively probe deeper portions of a sample with di®use
optics. This is certainly the case in non-invasive optical studies of brain, muscle, and breast tissue,
which are located underneath the super¯cial tissue at variable depths.

Keywords: Near-infrared spectroscopy; tissue optics; di®use optical tomography; frequency
domain; dual slopes.

1. Introduction

The ¯eld of di®use optics, and more speci¯cally its
applications to noninvasive measurements of bio-
logical tissue, relies on the large optical penetration

depth (of the order of centimeters) of near-infrared

light into tissue. This property allows for noninva-

sive sensing of deep tissues, albeit with an intrinsi-

cally low spatial resolution of the order of 1 cm.
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Target tissues include the human brain,1 skeletal
muscle,2 and lobules and ducts in the human
breast,3 which must be interrogated through su-
per¯cial tissue layers: scalp and skull for the brain,
skin and subcutaneous lipid layer for muscle, skin
and fatty tissue for the breast. Any di®use optical
study of tissue needs to consider potential con-
founds from super¯cial tissue that may obscure
contributions to the optical signal from the target
tissue. While this is true for any noninvasive ap-
plication of di®use optics, the severity of the signal
contamination from super¯cial tissue can vary sig-
ni¯cantly depending on the target tissue, anatomi-
cal and physiological features, optical signal
measured, properties of the optical probe, re°ec-
tance versus transmittance mode, etc.

As one may expect, given the importance of this
problem, signi¯cant e®orts have been devoted to
separating the contributions to the measured opti-
cal signals that originate from super¯cial tissue and
from the deeper target tissue. This is especially true
in the case of noninvasive optical measurements
of the brain. A common approach is based on
direct measurements of the super¯cial tissue con-
tributions using \short" source–detector separa-
tions (5–10mm), and methods to remove these
contributions from the optical signals collected at
\large" source–detector separations (25–35mm),
which are sensitive to both brain and super¯cial
extracerebral tissue. While conceptually straight-
forward, this approach is not of trivial application
because it needs to either rely on a lack of correla-
tion between extracerebral and cerebral tissue con-
tributions, or quantify the extent to which the
extracerebral tissue contributes to the signal recor-
ded at large source–detector separation. Several
approaches have been proposed to combine signals
collected at short and long source–detector separa-
tions: a regression method based on a least square
algorithm,4 adaptive ¯ltering,5 state-space modeling,6

or independent component analysis.7 There is a
further complication related to spatially inhomo-
geneous optical changes in the super¯cial tissue,
which has been addressed by introducing two sets of
short-distance source–detector pairs.8 Finally, one
should consider that short source–detector separa-
tions, especially in the presence of hair, may lead to
the collection of stray light, i.e., light that has not
traveled through tissue but rather ¯nds its way
from the source to the detector via re°ection or
scattering externally to tissue. This is a further

practical complication of methods based on the
combination of short and long source–detector dis-
tances. More general solutions to this problem are
a®orded by layered reconstructions9,10 or full to-
mographic approaches,11 which aim to separately
reconstruct the optical changes in super¯cial and
deeper tissue from optical measurements obtained
with an array of sources and detectors on the tissue
surface.

In this paper, we consider a conceptually di®er-
ent approach to addressing the issue of potential
confounds from super¯cial tissue. Rather than try-
ing to characterize or measure the contributions
from super¯cial tissue, we propose to suppress the
sensitivity of the optical signals to them. The opti-
cal sensitivity of a signal collected with a source–
detector pair in di®use re°ectance is represented by
a banana-shaped region,12 the so-called \photon
banana," which narrows at the source and detector
locations and broadens as it extends into deeper
tissue regions. The optical sensitivity within this
banana-shaped region is not spatially uniform and is
maximal for super¯cial tissue that is close to the
source and the detector. In line with the approach
considered in this work, it was previously suggested
to use either one source and multiple detectors or
one detector and multiple sources to reduce the
sensitivity to a super¯cial tissue layer by consider-
ing slopes13,14 (what we call here \single slopes," as
de¯ned in Sec. 2.1) or by subtraction methods.15

Despite the e®ectiveness of these approaches in re-
ducing the sensitivity to thin, uniform super¯cial
layers, they still feature banana-shaped regions of
sensitivity (albeit asymmetrical and bimodal) with
maximal sensitivity close to the tissue surface for
localized inhomogeneities.16–18 In this paper, we
consider an extension of single-slope (SS) methods
that signi¯cantly improves upon them in terms of
depth sensitivity.

As an alternative to a single distance (SD) or a
SS arrangement, we have recently proposed to use a
special arrangement of two sources and two detec-
tors to collect signals in a dual-slope (DS) approach
that features a dramatically di®erent region of
sensitivity.16,17 Such region of sensitivity, rather
than extending all the way to the surface, is con-
¯ned to deeper tissue and resembles the shape of
nuts rather than bananas (hence the title of this
paper). The major outcome is that the region of
maximal sensitivity is not at or close to the tissue
surface (as in the case of the photon bananas), but is
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rather located deeper in the tissue. The depth of
maximal sensitivity depends on the SD arrange-
ment and is signi¯cantly greater for phase mea-
surements (in frequency-domain di®use optics) than
for intensity measurements (in continuous-wave
di®use optics). Similar SD arrangements have also
been considered to improve the depth sensitivity
associated with statistical moments of the photon
time-of-°ight distribution measured in the time
domain.18 Here, for the ¯rst time, we report the
shape of the region of sensitivity for a variety of DS
SD arrangements.

2. Methods

2.1. Source–detector arrangements for
dual slopes of intensity and phase

The most basic approach to di®use optical mea-
surements, especially in re°ectance mode, employs
a single SD pair, which obviously features a single
distance between source and detector. An extension
to this approach relies on the measurement of
slopes (or gradients) of optical signals versus
source–detector distance. This method requires
collecting data at multiple (at least two) source–
detector distances, which are typically realized
using either a single source and multiple detectors
or a single detector and multiple sources. We refer
to this method as a SS method. A third approach,
based on a concept originally introduced by Hueber
et al.19 and recently revisited and further developed
by us16,17 relies on averaging two paired slopes
obtained with a special arrangement of a minimum
of two sources and two detectors. We refer to this
method as a DS method. Here, we limit ourselves to
the case of exactly two sources and two detectors,
which is most practical and achieves the key
objectives of the DS method. The requirements for
an arrangement of two sources (S1, S2Þ and two
detectors (D1, D2Þ that is suitable for DS mea-
surements are as follows:

(i) The distances between each source and the two
detectors must be di®erent, so that the two sets
(S1, D1, D2Þ and (S2, D1, D2Þ realize two SS
measurements, which we label SS1 and SS2;

(ii) The source–detector distance di®erence in SS1
and SS2, which we identify with ��SS1 and
��SS2, respectively, must be the same
(��SS1 ¼ ��SS2Þ;

(iii) If the distance between S1 and D1 is the shorter
distance for SS1, then the distance between S2
and D1 must be the longer distance for SS2
(and vice versa). This condition and the one
above (condition ii), are required for cancella-
tion of unknown factors related to source
emission and detector sensitivity properties, as
well as unknown or variable e±ciency of optical
coupling between the optical probe and tissue;

(iv) The common value ��SS1 ¼ ��SS2 must be
limited to within a range; if�� is too small, the
di®erence in the optical signals at the two dis-
tances may not exceed the measurement noise,
whereas if �� is too large, the di®erence in the
optical signals at the two distances may exceed
the available dynamic range. In this paper, we
consider a range of values for �� of 10–20mm;

(v) The shorter source–detector distance in SS1
and SS2 must be greater than a minimum value
that guarantees a suitable optical penetration
beyond the super¯cial tissue layer. Such mini-
mum value depends on the speci¯c application.
In this paper, we consider a �min of 20mm;

(vi) The longer source–detector distance in SS1 and
SS2 must be less than a maximum value that
ful¯ls condition (iv) and that guarantees a
suitable signal-to-noise ratio (SNR) of the op-
tical signal. In this paper, we consider a �max of
40mm.

One may see points (i)–(iii) above as strict
requirements for the theoretical applicability of the
dual slope approach, whereas points (iv)–(vi) are
considerations for its practical applicability under
given experimental conditions.

One can appreciate that there are many source–
detector arrangements that satisfy the above
requirements. In this paper, we report a variety of
such arrangements, and for each of them we report
the associated regions of sensitivity, de¯ned
according to the sensitivity functions that are
introduced next.

2.2. Sensitivity functions

The sensitivity of a di®use optical signal to a given
tissue volume is related to the photon hitting
density, or partial optical pathlength, within that
volume.20 One can express the sensitivity of a par-
ticular optical signal (intensity, phase, moments of
the time-of-°ight distribution, etc.) to a local
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change in a given optical parameter in terms of
photon-measurement density functions.21 It is the
latter concept that is relevant here, and may be
expressed by the following sensitivity (SENS) of an
optical signal (SÞ to a point-like absorption per-
turbation at location r (��a;rÞ21,22:

SENSSðrÞ ¼ lim
��a!0

S½rSi; rDj; �a0 þ ��a;r; �
0
s0�

� S½rSi; rDj; �a0; �
0
s0�

��a;r

���������

���������
;

ð1Þ
where rSi and rDj are the position vectors of the
source(s) and detector(s), enumerated by the indi-
ces i and j, respectively, that are used to generate
the signal S, whereas �a0 and � 0

s0 are the back-
ground absorption and reduced scattering coe±-
cients, respectively. With its meaning of a ¯rst-
order partial derivative, Eq. (1) represents elements
of a Jacobian matrix.

In this paper, we adopt a related de¯nition of
sensitivity (SÞ, which is a dimensionless ratio where
the numerator is the apparent absorption change
(��aðS; rÞÞ obtained from signal S, and the de-
nominator is the actual value of the absorption
perturbation, ��a;r:

SSðrÞ ¼
��aðS; rÞ

��a;r

: ð2Þ

The apparent absorption change may be obtained
under the assumption of a spatially homogeneous
medium, even though the signal S results from a
localized absorption perturbation ��a;r. In the case
of frequency-domain spectroscopy performed with
one source and one detector, the signal S may rep-
resent the intensity (IÞ (either its average value,
direct current (DC) intensity, IDC, or the amplitude
of intensity oscillations, alternating current (AC)
amplitude, IACÞ or the phase (�Þ of the detected
photon-density wave. Because in this case the op-
tical data are collected at a single distance (SD)
between source and detector, we refer to such in-
tensity and phase signals as SDI and SD�, respec-
tively. Using a ¯rst-order perturbation approach in
di®usion theory, one can express the apparent ab-
sorption changes associated with SDI and SD� in
terms of partial (i.e., through the volume of the
absorption perturbation at r) and total (i.e., for
all detected photons) mean optical pathlengths as

follows23:

��aðSDI; rÞ ¼ hlSDIiðrS; rD; rÞ
hLSDIiðrS ; rDÞ

��a;r; ð3Þ

��aðSD�; rÞ ¼ hlSD�iðrS ; rD; rÞ
hLSD�iðrS ; rDÞ

��a;r; ð4Þ

where lower-case l and upper-case L indicate partial
and total mean pathlengths, respectively. Equation
(3), for the case of DC Intensity (IDCÞ, is related to
the well-known modi¯ed Beer–Lambert law,24,25

which translates measured changes in single-
distance intensity (�SDIDCÞ into apparent absorp-
tion changes. In the case of a homogeneous semi-
in¯nite medium, with source and detector placed on
the medium boundary at an inter-distance �, and
zero boundary conditions, one can write17:

��aðSDIDCÞ ¼ � 2ð1þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3�a0�

0
s0

p Þ
3�2� 0

s0

�SDIDC

SDIDC0

� �
;

ð5Þ
where SDIDC0 is the single-distance DC intensity
measured in the reference medium characterized by
and absorption coe±cient �a0 and a reduced scat-
tering coe±cient � 0

s0. Equation (4) involves gener-
alized mean pathlengths associated with SD�,
which are further discussed and explicitly derived
for a semi-in¯nite geometry using di®usion theory
and zero boundary conditions elsewhere.16,17 The
equation that translates changes in single-distance
phase (�SD�Þ into apparent absorption changes in
a homogeneous semi-in¯nite medium is as follows17:

��aðSD�Þ

¼ �
1þ

ffiffiffiffiffiffiffi
�þ1

p
��

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3�a0�
0
s0

q
þ 1

3�a0�
0
s0��

2

�
ffiffiffiffiffiffiffi
��1

p
2�

ffiffiffiffiffiffiffiffi
3� 0

s0

2�a0

q
0
B@

1
CA�SD�;

ð6Þ
where � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð !

cn�a0
Þ2

q
, with ! angular frequency

of intensity modulation and cn speed of light in the
medium. Equations (5) and (6) assume that the
reduced scattering coe±cient remains constant (at
the value � 0

s0Þ, as routinely done in the application
of the modi¯ed Beer–Lambert law. The application
of Eqs. (5) and (6) requires knowledge of the refer-
ence optical properties (�a0 and � 0

s0Þ, which typi-
cally refer to baseline conditions. One of the
advantages of the frequency-domain DS approach
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presented here is that it automatically a®ords ab-
solute measurements of baseline optical properties
by implementing the self-calibrating method.19

Therefore, in our DS approach, the values of �a0

and � 0
s0 are not assumed but actually measured.

In the case of two-source/two-detector arrange-
ments suitable for DS intensity and phase mea-
surements, which we indicate with DSI and DS�,
respectively, the expressions of Eqs. (3) and (4)
become16:

��aðDSI; rÞ
¼ 1

2

hlSDIið�2; rÞjSS1 � hlSDIið�1; rÞjSS1
hLSDIið�2ÞjSS1 � hLSDIið�1ÞjSS1

�

þ hlSDIið�2; rÞjSS2 � hlSDIið�1; rÞjSS2
hLSDIið�2ÞjSS2 � hLSDIið�1ÞjSS2

�
��a;r;

ð7Þ
��aðDS�; rÞ

¼ 1

2

hlSD�ið�2; rÞjSS1 � hlSD�ið�1; rÞjSS1
hLSD�ið�2ÞjSS1 � hLSD�ið�1ÞjSS1

�

þ hlSD�ið�2; rÞjSS2 � hlSD�ið�1; rÞjSS2
hLSD�ið�2ÞjSS2 � hLSD�ið�1ÞjSS2

�
��a;r;

ð8Þ
where SS1 and SS2 refer to the two paired single-
slopes considered in the DS approach. Each single
slope is based on two source–detector distances �1
and �2, which may be di®erent in SS1 and SS2, as
long as ð�2 � �1ÞjSS1 ¼ ð�2 � �1ÞjSS2. The measured
dual slopes of intensity (phase) is the average of the
paired single slopes of intensity (phase). For a semi-
in¯nite geometry using di®usion theory and zero
boundary conditions, the equation that translates
changes in DS DC intensity and phase (�DSIDC

and �DS�Þ into apparent absorption changes are
the following17:

��aðDSIDCÞ ¼ �2

ffiffiffiffiffiffiffiffiffiffi
�a0

3� 0
s0

r
�DSIDC; ð9Þ

��aðDS�Þ ¼ � 2�ffiffiffiffiffiffiffiffiffiffiffi
� � 1

p
ffiffiffiffiffiffiffiffiffiffi
2�a0

3� 0
s0

s
�DS�: ð10Þ

In this case of a semi-in¯nite geometry, the intensity
and phase slopes (DSs or single slopes) of linear
functions of � refer to speci¯c expressions for IDC

and �, respectively, which are sometimes approxi-
mated by ln½�2IDCð�Þ� and �ð�Þ.22 Similar to the
case of Eqs. (5) and (6), the scattering coe±cient is
assumed to stay constant at � 0

s0, and the reference

optical properties �a0 and � 0
s0 are measured at

baseline using the frequency-domain self-calibrating
method.19

In light of Eqs. (3), (4), (5), and (6), one can
appreciate that the sensitivity de¯nition of Eq. (2)
simply represents a combination of partial mean
pathlengths within the absorption perturbation and
total mean pathlengths (or generalized pathlengths
in the case of phase or slope measurements) asso-
ciated with the optical signal of interest.

2.3. Di®usion theory for a semi-in¯nite

medium containing an absorption
inhomogeneity

The regions of sensitivity for intensity and phase in
single-distance (SD) and DS con¯gurations were
obtained using di®usion theory in a semi-in¯nite
geometry. All light sources and optical detectors
were placed at the interface between the scattering
medium (tissue) and the outside nonscattering me-
dium (air), on the x-y plane at z ¼ 0 (with the
scattering medium occupying the half-space z > 0).
We have considered an intensity modulation fre-
quency of 140MHz. We introduced an e®ective
point-source located inside the medium, underneath
the actual light source, at a depth z ¼ 1=� 0

s and
considered extrapolated boundary conditions, with
the extrapolated boundary at z ¼ �2A=ð3� 0

sÞ,
where A is a re°ection factor that depends on the
refractive index mismatch at the interface.26 In our
case, for a tissue–air interface with a refractive
index ratio of �1.4, A ¼ 2:95. We considered a
medium with an absorption coe±cient �a ¼ 0:1 cm�1

and a reduced scattering coe±cient � 0
s ¼ 12 cm�1.

Consequently, the e®ective sources were at a depth of
0.8mm inside the medium, and the extrapolated
boundary was 1.6mm outside the medium.

The optical signals in the presence of a localized
absorption inhomogeneity were computed with
¯rst-order perturbation theory. The absorption
perturbation was set to have an absorption coe±-
cient 30% greater than the background
(��a ¼ 0:03 cm�1Þ, and a size of 10 mm� 10mm�
2 mm along x, y, and z, respectively. The rationale
for this choice is provided in Sec. 4. As this ab-
sorption perturbation was scanned within the me-
dium, the sensitivity obtained from Eqs. (3), (4),
(7), and (8) was assigned to its central location to
map the region of sensitivity.
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To take into account the di®erent noise level
of intensity and phase measurements with single-
distance and DS methods, we set a threshold for the
sensitivity values at a SNR of 1. In other words, we
gray out sensitivity values that are equal or less
than the noise level. To estimate such noise level, we
have considered an intensity noise of 0.4% and a
phase noise of 0.06�, which are propagated to yield
noise levels for various sensitivities that are
considered.

3. Results

The 13 ¯gures in this paper illustrate the regions of
sensitivity for a variety of source–detector con¯g-
urations. Figures 1 and 2 report single-distance
(SD) cases, whereas Figs. 3–13 report DS cases.
While there are many di®erent ways to arrange
two sources and two detectors to realize DS
measurements, in this paper, we report a set of

representative cases that embody a variety of cases,
including linear, square, rectangular, rhomboid, and
trapezoid arrangements. The objective of this paper
is to describe the regions of sensitivity of the various
arrangements, with the two-fold purpose of (1) il-
lustrating the DS approach, and (2) providing
indications of di®erent spatial sensitivity features
that may be achieved. These di®erent features can
inform the selection of the most suitable arrange-
ment(s) for speci¯c applications that may target
either point measurements or imaging.

In all ¯gures, panel (a) reports the arrangement
of sources (red squares) and detectors (blue circles)
on the x-y plane (at z ¼ 0), with an indication of
the relevant source–detector distances (� in the
single-distance case of Figs. 1 and 2; �SS1 and �SS2 in
the DS case of Figs. 3–13). Panels (b) and (c) report
a 3D rendition of the regions of sensitivity for in-
tensity and phase, respectively, with surfaces de-
¯ned by a SNR of 1, and color-coded signs of

(a) Arrangement � ¼ 25mm (b) Intensity SDI SNR ¼ 1 Surface (c) Phase SD� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) SDI, x-z Plane, y ¼ 0:0 mm (f) SD�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) SDI, y-z Plane, x ¼ 0:0mm (i) SD�, y-z Plane, x ¼ 0:0mm

Fig. 1. Single-distance (SD) case: � ¼ 25mm. (a) Source–detector arrangement in the x-y plane at z ¼ 0. 3D rendition of the
regions of sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane
of the regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this
plane of the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR
of 1. SDI: single-distance intensity; SD�: single-distance phase.
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sensitivity (red: positive; blue: negative). Panel (d)
shows the x-z plane (at y ¼ 0) for which the cross-
section of the regions of sensitivity of intensity and
phase are shown in panels (e) and (f), respectively.
Finally, panel (g) shows the y-z plane (at x ¼ 0) for

which the cross-section of the regions of sensitivity
of intensity and phase are shown in panels (h) and
(i), respectively.

Figures 1 and 2 show single-distance (SD) cases
at � ¼ 25mm (Fig. 1) and � ¼ 35mm (Fig. 2),

(a) Arrangement � ¼ 35mm (b) Intensity SDI SNR ¼ 1 Surface (c) Phase SD� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) SDI, x-z Plane, y ¼ 0:0 mm (f) SD�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) SDI, y-z Plane, x ¼ 0:0mm (i) SD�, y-z Plane, x ¼ 0:0mm

Fig. 2. SD case: � ¼ 35mm. (a) Source–detector arrangement in the x-y plane at z ¼ 0:3D rendition of the regions of sensitivity for
(b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the regions of
sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of the regions
of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1. SDI: single-
distance intensity; SD�: single-distance phase.

(a) Arrangement �SS1 ¼ [25, 35]mm, �SS2 ¼ [25, 35]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

Fig. 3. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 25, 35mm (�SS1Þ and 25, 35mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Linear: LIN). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity; SD�: single-distance phase.

Di®use optics: From bananas to nuts

1930013-7

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 3. (Continued)

(a) Arrangement �SS1 ¼ [20, 30]mm, �SS2 ¼ [30, 40]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 4. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 20, 30mm (�SS1Þ and 30, 40mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Linear: LIN). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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where one can appreciate the banana shaped region
of sensitivity for both intensity and phase in the
3D rendition ((b) and (d)) and in the x-z plane ((e)
and (f)). A comparison of Figs. 1 and 2 shows the
expected deepening of the overall regions of sensi-
tivity with increasing source–detector distance. A
comparison of panels (e) and (f), and panels (h) and
(i) in Figs. 1 and 2 shows the deeper sensitivity of
phase versus intensity data. This result is consistent
with the previous reports of regions of sensitivity in
the frequency domain,27 a deeper sensitivity of the
¯rst moment (essentially the phase), and even more
so of the second moment (variance), versus the ze-
roth moment (intensity) of the photon time-of-°ight
distribution measured in the time domain,28 and a
stronger sensitivity to brain tissue of phase versus
intensity measurements in noninvasive brain
studies.29,30

Figures 3–13 show the DS regions of sensitivity
for intensity (center panels) and phase (right
panels) for a variety of source–detector con¯gura-
tions that are suitable for DS measurements.
The source–detector distances are the same (25 and
35 mm) or comparable (20–40mm) to the single-
distances of Figs. 1 and 2, so that a comparison of
the depth of sensitivity is meaningful across all ¯g-
ures. Some of the DS arrangements are symmetrical
(Figs. 3, 5, 6, 9, 10–13) and some are asymmetrical
(Figs. 4, 7 and 8). We refer to the reported con¯g-
urations as linear (LIN) (Figs. 3 and 4), rhomboid
(RHO) (Figs. 5 and 6), quadrilateral (QDL)
(Fig. 7), irregular (IRR) (Fig. 8), rectangular
(RCT) (Figs. 9–11), square (SQR) (Fig. 12), trap-
ezoid (TPZ) (Fig. 13).

The cross-sections in the x-z plane of the
regions of sensitivity in Figs. 3–13 resemble, rather

(a) Arrangement �SS1 ¼ [25, 35]mm, �SS2 ¼ [25, 35]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 5. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 25, 35mm (�SS1Þ and 25, 35mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Rhomboid: RHO). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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than the bananas of Figs. 1 and 2, di®erent kinds of
nuts (hazelnuts, chestnuts, cashew nuts, etc.), and
one can even see a peanut in the y-z cross-sections
of Figs. 6(h) and 6(i). Most importantly, the

maximum value of the region of sensitivity occurs
deeper in the tissue for DS than for single-distance
and is always deeper for the phase than for the in-
tensity. In Table 1, we report the value and

(a) Arrangement �SS1 ¼ [25, 35]mm, �SS2 ¼ [25, 35]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 6. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 25, 35mm (�SS1Þ and 25, 35mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Rhomboid: RHO). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.

(a) Arrangement �SS1 ¼ [20, 30]mm, �SS2 ¼ [30, 40]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

Fig. 7. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 20, 30mm (�SS1Þ and 30, 40mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Quadrilateral: QDL). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 7. (Continued)

(a) Arrangement �SS1 ¼ [20, 30]mm, �SS2 ¼ [30, 40]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 8. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 20, 30mm (�SS1Þ and 30, 40mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Irregular: IRR). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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coordinates of the maximal sensitivity of intensity
and phase for all source–detector arrangements
considered in Figs. 1–13. From Table 1, one may

appreciate the trade-o® between depth of sensitivity
and level of sensitivity for intensity versus phase,
and for single-distance versus dual slope. In

(a) Arrangement �SS1 ¼ [30, 40]mm, �SS2 ¼ [30, 40]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 9. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 30, 40mm (�SS1Þ and 30, 40mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z = 0 (Rectangle: RCT). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x = 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.

(a) Arrangement �SS1 ¼ [20, 40]mm, �SS2 ¼ [20, 40]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

Fig. 10. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 20, 40mm (�SS1Þ and 20, 40mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Rectangle: RCT). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 10. (Continued)

(a) Arrangement �SS1 ¼ [25, 35]mm, �SS2 ¼ [25, 35]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 11. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 25, 35mm (�SS1Þ and 25, 35mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Rectangle: RCT). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y = 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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particular, considering only cases that use source–
detector separations of 25 and 35mm for a more
meaningful comparison, the depth of maximum
sensitivity progressively increases as we consider
single-distance intensity (2.0mm), DS intensity
(4.6mm), single-distance phase (7.5mm), and
DS phase (10.9mm). Correspondingly, the value
of maximum sensitivity for these cases is: single-
distance intensity (0.058), DS intensity (0.077),
single-distance phase (0.027), and DS phase (0.036).

It is important to point out that the sensitivity to
deeper tissue (say, at a ¯xed depth of � 10mm) is
comparable (� 0:03 under the conditions considered
in this work) for single distance and dual slope
measurements. However, the contrast-to-noise ratio
may be better for intensity measurements as they
typically feature lower noise than phase measure-
ments. In any case, DS data feature a sensitivity
to deep tissue that is comparable to that of

single-distance data, but without the confounding
e®ects of a greater sensitivity to shallower tissue.

We also point out that a negative sensitivity to
an absorption perturbation indicates a change in
the measured signal that is in the opposite direction
than expected from a homogenous absorption
perturbation. Equations (5), (6), (9), and (10) spe-
cify that a uniform increase in absorption
(��a > 0Þ results in a decrease in single-distance
intensity, single-distance phase, DS intensity (more
negative slope), and DS phase (less positive slope)
(i.e., �SDIDC < 0, �SD� < 0, �DSIDC < 0,
�DS� < 0Þ. By contrast, it can be possible that a
super¯cial and localized absorption increase may
result in a greater single-distance phase, dual-slope-
intensity, and/or DS phase (but never in a greater
single-distance intensity). Such signal increases in
response to a localized increase in absorption are
associated with a negative sensitivity.

(a) Arrangement �SS1 ¼ [25, 35]mm, �SS2 ¼ [25, 35]mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 12. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 25, 35mm (�SS1Þ and 25, 35mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Square: SQR). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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Table 1. Maximum sensitivity values and spatial coordinates of maximum sensitivity for intensity and phase measurements in the
single-distance (SD) and dual-slope (DS) arrangements reported in Figs. 1–13 (LIN: linear; RHO: rhomboid; QDL: quadrilateral;
IRR: irregular; RCT: rectangle; SQR: square; TPZ: trapezoid). The size of the optical inhomogeneity is 10� 10� 2mm3.

Intensity Phase

Mode Shape-Figure
Distances
(mm)

Maximum
sensitivity x (mm) y (mm) z (mm)

Maximum
sensitivity x (mm) y (mm) z (mm)

SD Fig. 1 25 0.069 � 9.0 0 2.0 0.033 � 7.5 0 7.5
Fig. 2 35 0.046 � 14.0 0 2.0 0.021 � 14.5 0 7.5

DS LIN - Fig. 3 25,35 0.105 0 0 3.5 0.043 0 0 9.5
LIN - Fig. 4 20,30,40 0.107 �0.5 0 3.5 0.044 �1.0 0 9.5
RHO - Fig. 5 25,35 0.075 0 0 4.0 0.038 0 0 10.0
RHO - Fig. 6 25,35 0.053 � 3.0 � 10.0 4.5 0.027 � 1.0 � 10.0 11.0
QDL - Fig. 7 20,30,40 0.084 �2.0 1.5 6.0 0.041 �2.5 2.0 12.0
IRR - Fig. 8 20,30,40 0.059 6.0 �5.5 4.0 0.030 3.0 �4.5 10.0
RCT - Fig. 9 30,40 0.073 0 0 7.0 0.037 0 0 13.5
RCT - Fig. 10 20,40 0.041 0 0 7.0 0.024 0 0 13.0
RCT - Fig. 11 25,35 0.048 � 8.5 � 13.0 5.0 0.026 0 � 12.5 12.0
SQR - Fig. 12 25,35 0.079 0 0 6.5 0.040 0 0 12.5
TPZ - Fig. 13 25,35 0.102 0 5.0 4.0 0.043 0 4.5 10.5

(a) Arrangement �SS1 ¼ ½25; 35�mm, �SS2 ¼ ½25; 35�mm (b) Intensity DSI SNR ¼ 1 Surface (c) Phase DS� SNR ¼ 1 Surface

(d) x-z Plane, y ¼ 0:0mm (e) DSI, x-z Plane, y ¼ 0:0 mm (f) DS�, x-z Plane, y ¼ 0:0mm

(g) y-z Plane, x ¼ 0:0mm (h) DSI, y-z Plane, x ¼ 0:0mm (i) DS�, y-z Plane, x ¼ 0:0mm

Fig. 13. DS case based on two single slopes (SS1 and SS2) that feature source–detector distance of 25, 35mm (�SS1Þ and 25, 35mm
(�SS2Þ, respectively. (a) Source–detector arrangement in the x-y plane at z ¼ 0 (Trapezoid: TPZ). 3D rendition of the regions of
sensitivity for (b) intensity and (c) phase. (d) Longitudinal x-z plane at y ¼ 0 (shaded), and cross-sections over this plane of the
regions of sensitivity for (e) intensity and (f) phase. (g) Transverse y-z plane at x ¼ 0 (shaded), and cross-sections over this plane of
the regions of sensitivity for (h) intensity and (i) phase. All regions of sensitivity are bounded by the surface or line at a SNR of 1.
SDI: single-distance intensity and SD�: single-distance phase.
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4. Discussion

The regions of sensitivity reported in this paper
show the dramatic di®erence between the sample
volumes probed by single-distance and DS optical
data. In particular, we point out how the banana-
shaped sensitivity regions of the single-distance case
(Figs. 1 and 2) extend to the most super¯cial tissue
underneath the source and the detector, which
contrasts with the nut-shaped sensitivity regions of
the DS cases (Figs. 3–13) that are more localized
within deeper tissue. It is important to comment on
the representation for regions of sensitivity used in
this paper. This representation is based on SNR
considerations, so that, in all ¯gures, the 3D rendi-
tions in panels (b) and (c) and the cross-sections of
panels (e), (f), (h), and (i) are bounded by SNR ¼ 1.
This requires a speci¯cation of the signal and the
noise considered. For the signal, i.e., the optical
perturbation caused by the absorption inhomoge-
neity, we have considered a rectangular region of
size 10mm� 10mm� 2mm (x, y, z dimensions)
that features an absorption coe±cient 30% greater
than the background. This choice is based on esti-
mates of the lateral size (� 10mm) of focal hemo-
dynamic changes in extracerebral and cerebral
tissue, the approximate thickness of scalp and ce-
rebral cortex (� 2mm), and the blood volume
change associated with brain activation (� 30%).31

For the noise, we have considered values of 0.4% for
the intensity and 0.06�, which we obtained from
phantom measurements using typical data acquisi-
tion parameters used for in vivo di®use optical
measurements. Of course, di®erent optical inhomo-
geneities will result in di®erent signals, and di®erent
instrumental con¯gurations will result in di®erent
noise levels. However, the key fact illustrated in
Figs. 1–13 is the relative level of sensitivity to deep
versus shallow tissue for a given optical perturba-
tion measured with intensity or phase using single-
distance or DS methods.

Another important point related to the discus-
sion of the previous paragraph is that the white
areas in the 3D renditions and the grey areas in the
cross-sections of the regions of sensitivity do not
represent a zero sensitivity, but rather a sensitivity
below the threshold of SNR ¼ 1. This means that a
local perturbation may still be detected outside the
depicted regions of sensitivity, provided it features a
large enough optical contrast. In other words, even
in the case of nut-shaped regions of sensitivity that

only appear deep in the tissue (such as the one
in Fig. 8(f)), it may still be the case that a high-
contrast super¯cial perturbation results in the same
signal as a low-contrast deep perturbation. Fur-
thermore, it is possible that multiple low-contrast
absorption perturbations, each associated with a
SNR < 1, may collectively result in a SNR > 1. The
quantitative description of sensitivity provided in
Eq. (2), in conjunction with Eqs. (3), (4), (7), and
(8), allows for the determination of the optical sig-
nal associated with perturbations of any size and
absorption contrast (at least within the case of ¯rst-
order perturbation theory considered here). It is
also worth pointing out that both intensity and
phase dual slopes feature negative sensitivities to
localized super¯cial tissue. Even though these neg-
ative sensitivities are typically weaker than the
deeper positive sensitivities and tend to be highly
localized, they may nevertheless result in misleading
results in the case of similarly localized super¯cial
perturbations with a relatively high optical con-
trast. In fact, they may yield contributions to the
apparent absorption changes that are opposite to
the actual ones.

An evident result of Figs. 1–13, further quanti-
¯ed in Table 1, is the deeper sensitivity of phase
data with respect to intensity data, regardless of the
approach (single-distance or dual-slope). This result
indicates that stand-alone phase data can play an
important role in di®use optics, beyond its more
common use in combination with intensity data to
quantify both absorption and scattering properties
of tissue. Such a role is to improve the sensitivity to
deeper tissue and enhance imaging applications of
di®use optics rather than performing absolute
measurements of optical properties of turbid media
and tissue.

Finally, we'd like to comment on the relevance of
illustrating a large variety of source–detector
arrangements for DS measurements. In fact, it is
true that some arrangements, most notably the
linear one of Fig. 3, may be optimal from a practical
point of view, and for its minimal sensitivity to in-
accuracies in the source–detector locations and to
deformations of the probe when conforming to a
curved tissue. However, there are at least two rea-
sons for considering a variety of DS source–detector
arrangements. The ¯rst reason is practical: spatial
constraints, tissue curvature, or other limiting fac-
tors may prevent the use of speci¯c source–detector
arrangements, and it is important to have
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alternative options to consider. The second reason is
more fundamental: imaging applications require the
collection of data with multiple DS con¯gurations
that cover the entirety of the tissue to be imaged,
ideally with overlapping regions of sensitivity. The
family of DS con¯gurations illustrated in Figs. 3–13,
with additional variants achieved by further dis-
placements of sources and/or detectors, gives a
sense of the °exibility that one has for combining
subsets of optodes in a source–detector grid for
dual-slope-based imaging applications. This is a
major next step for the approach presented here,
which we will further develop in our future work.

5. Conclusions

The ability of deepening and spatially con¯ning the
optical region of sensitivity can have a transfor-
mational e®ect on the ¯eld of di®use optics. First,
it can enhance the sensitivity to deeper tissues,
which is an important goal for a broad class of
noninvasive optical measurements of tissue, in-
cluding the human brain, skeletal muscle, and
breast. Second, it can enhance the spatial resolu-
tion in di®use optical imaging, enable novel image
reconstruction schemes, and achieve tissue sec-
tioning. The DS approach, reported here for a va-
riety of source–detector con¯gurations, features
regions of sensitivity that resemble nuts (compact,
round or oblong, mostly con¯ned within the tissue)
rather than the banana-shaped regions of sensitiv-
ity (curved regions that extend all the way to the
source and the detector) that are typical in di®use
optics. The most signi¯cant aspect of the nut-
shaped regions of sensitivity of the intensity and,
even more so, phase dual-slopes is the fact that
their maximal sensitivity occurs signi¯cantly dee-
per in the tissue than for single-distance intensity
and phase. This result points to the value of the
source–detector arrangements and the data pro-
cessing schemes of dual-slopes for a broad range of
applications in di®use optics, with a renewed em-
phasis on the importance of phase measurements in
frequency-domain spectroscopy.

Acknowledgment

This research was supported by NIH Grant No.
R01-NS095334.

References

1. V. Quaresima, M. Ferrari, \A mini-review on func-
tional near-infrared spectroscopy (fNIRS): Where
do we stand, and where should we go?" Photonics,
6, 87 (2019).

2. S. Jones, S. T. Chiesa, N. Chaturvedi, A. D. Hughes,
\Recent developments in near-infrared spectroscopy
(NIRS) for the assessment of local skeletal muscle
microvascular function and capacity to utilize oxy-
gen," Artery Res. 16, 25–33 (2016).

3. D. Grosenick, H. Rinneberg, R. Cubeddu, P. Taroni,
\Review of optical breast imaging and spectro-
scopy," J. Biomed. Opt. 21, 091311 (2016).

4. R. B. Saager, A. J. Berger, \Direct characterization
and removal of interfering absorption trends in
two-layer turbid media," J. Opt. Soc. Am. A 22,
1874–1882 (2005).

5. Q. Zhang, E. N. Brown, G. E. Strangman,
\Adaptive ¯ltering for global interference cancella-
tion and real-time recovery of evoked brain activity:
A Monte Carlo simulation study," J. Biomed. Opt.
12, 044014 (2007).

6. L. Gagnon, K. L. Perdue, D. N. Greve, D. Goldenholz,
G. Kaskhedikar, D. A. Boas, \Improved recovery
of the hemodynamic response in di®use optical
imaging using short optode separations and state-
space modeling," NeuroImage, 56, 1362–1371
(2011).

7. T. Funane, H. Atsumori, T. Katura, A. N. Obata,
H. Sato, Y. Tanikawa, E. Okada, M. Kiguchi,
\Quantitative evaluation of deep and shallow tissue
layers' contribution to fNIRS signal using multi-
distance optodes and independent component ana-
lysis," NeuroImage, 85, 150–165 (2014).

8. L. Gagnon, M. A. Yűcel, M. A. D. A. Boas, R. J.
Cooper, \Further improvement in reducing super¯-
cial contamination in NIRS using doubleshort sep-
aration measurements," NeuroImage, 85, 127–135
(2014).

9. J. Steinbrink, H. Wabnitz, H. Obrig, A. Villringer,
H. Rinneberg, \Determining changes in NIR ab-
sorption using a layered model of the human head,"
Phys. Med. Biol. 46, 879–896 (2001).

10. B. Hallacoglu, A. Sassaroli, S. Fantini, \Optical
characterization of two-layered turbid media for
non-invasive, absolute oximetry in cerebral
and extracerebral tissue," PLoS ONE 8, e64095
(2013).

11. N. M. Gregg, B. R. White, B. W. Ze®, A. J. Berger,
J. P. Culver, \Brain speci¯city of di®use optical
imaging: Improvements from super¯cial signal re-
gression and tomography," Front. Neuroenerg. 2,
14 (2010).

Di®use optics: From bananas to nuts

1930013-17

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



12. S. Feng, F. Zeng, B. Chance, \Photon migration in
the presence of a single defect: A perturbation ana-
lysis," Appl. Opt. 34, 3826–3837 (1995).

13. M. A. Franceschini, S. Fantini, L. A. Paunescu, J. S.
Maier, E. Gratton, \In°uence of a super¯cial layer in
the quantitative spectroscopic study of strongly
scattering media," Appl. Opt. 37, 7447–7458 (1998).

14. S. Suzuki, S. Takasaki, T. Ozaki, Y. Kobayashi, \A
tissue oxygenation monitor using NIR spatially re-
solved spectroscopy," Proc. SPIE 3597, 582–592
(1999).

15. D. Milej, A. Abdalmalak, P. McLachlan, M. Diop,
A. Liebert, K. St. Lawrence, \Subtraction-based
approach for enhancing the depth sensitivity
of time-resolved NIRS," Biomed. Opt. Exp. 7,
4514–4526 (2016).

16. A. Sassaroli, G. Blaney, S. Fantini, \Dual-slope
method for enhanced depth sensitivity in di®use
optical spectroscopy," J. Opt. Soc. Am. A 36, 1743–
1761 (2019).

17. G. Blaney, A. Sassaroli, T. Pham, C. Fernandez, S.
Fantini, \Phase dual-slopes in frequency-domain
near-infrared spectroscopy for enhanced sensitivity
to brain tissue: First applications to human sub-
jects," J. Biophoton. e201960018 (2019).

18. P. Sawosz, A. Liebert, \Method to improve the
depth sensitivity of di®use re°ectance measurements
to absorption changes in optically turbid medium,"
Biomed. Opt. Exp. 10, 5031–5041 (2019).

19. D. M. Hueber, S. Fantini, A. E. Cerussi, B. Barbieri,
\New optical probe designs for absolute (self-
calibrating) NIR tissue hemoglobin measurements,"
Proc. SPIE 3597, 618–631 (1999).

20. J. C. Schotland, J. C. Haselgrove, J. S. Leigh,
\Photon hitting density," Appl. Opt. 32, 448–453
(1993).

21. S. R. Arridge, \Photon-measurement density func-
tions. Part I: Analytical forms," Appl. Opt. 34,
7395–7409 (1995).

22. I. J. Bigio, S. Fantini, Quantitative Biomedical
Optics: Theory, Methods, and Applications, Cam-
bridge University Press, Cambridge, UK (2016).

23. A. Sassaroli, F. Martelli, S. Fantini, \Perturbation
theory for the di®usion equation by use of the
moments of the generalized temporal point-
spread function. I. Theory," J. Opt. Soc. Am. A 23,
2105–2118 (2006).

24. D. T. Delpy, M. Cope, P. van der Zee, S. Arridge,
S. Wray, J. Wyatt, \Estimation of optical path
length measurements on adult head, calf, and fore-
arm and the head of newborn infants using
phase resolved spectroscopy," Phys. Med. Biol. 40,
295–304 (1988).

25. A. Sassaroli, S. Fantini, \Comment on the modi¯ed
Beer-Lambert law for scattering media," Phys. Med.
Biol. 49, N255–N257 (2004).

26. D. Contini, F. Martelli, G. Zaccanti, \Photon mi-
gration through a turbid slab described by a model
based on di®usion approximation. I. Theory," Appl.
Opt. 36, 4587–4599 (1997).

27. S. Fantini, M. A. Franceschini, S. A. Walker, J. S.
Maier, E. Gratton, \Photon path distributions in
turbid media: Applications for imaging," Proc.
SPIE 2389, 340–349 (1995).

28. A. Liebert, H. Wabnitz, J. Steinbrink, H. Obrig, M.
M€oller, R. Macdonald, A. Villringer, H. Rinneberg,
\Time-resolved multidistance near-infrared spec-
troscopy of the adult head: Intracerebral and
extracerebral absorption changes from moments of
distribution of time of °ight of photons," Appl. Opt.
43, 3037–3047 (2004).

29. M. Doulgerakis, A. Eggebrecht, H. Dehghani,
\Information rich phase content of frequency do-
main functional near-infrared spectroscopy," Proc.
SPIE 10865, 108650C (2019).

30. G. Blaney, A. Sassaroli, T. Pham, N. Krishnamurthy,
S. Fantini, \Multi-distance frequency-domain optical
measurements of coherent cerebral hemodynamics,"
Photonics, 6, 83 (2019).

31. H. Gu, H. Lu, F. Q. Ye, E. A. Stein, Y. Yanga,
\Noninvasive quanti¯cation of cerebral blood vol-
ume in humans during functional activation,"
NeuroImage, 30, 377–387 (2006).

S. Fantini, G. Blaney & A. Sassaroli

1930013-18

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.


	Transformational change in the field of diffuse optics: From going bananas to going nuts
	1. Introduction
	2. Methods
	2.1. Source&ndash;detector arrangements for dual slopes of intensity and phase
	2.2. Sensitivity functions
	2.3. Diffusion theory for a semi-infinite medium containing an absorption inhomogeneity

	3. Results
	4. Discussion
	5. Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


