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INTRODUCTION
The measurement of tissue optical properties is often required for proper

design of therapeutic or diagnostic uses of light in medicine. The ability of light to
spread into a tissue and the rate of light absorption by the tissue are two related but
distinct processes. The two independent optical parameters which affect these
processes are absorption and scattering. To understand light propagation, two
independent optical measurements must be made. In this paper, we discuss the
measurements of total diffuse reflectance and lateral spread of light in response to a
point source of irradiance. In this paper, we call this technique "video reflectometry ".

The video reflectometry technique is a noncontact measurement. Therefore, it
can be used with living tissues with their in situ water balance and blood content. The
technique includes two measurements: (1) a photodiode measurement of total diffuse
reflectance, Rd, and (2) a video camera measurement of the lateral spread of light in the
tissue which is expressed as the local diffuse reflectance, R(r). Although it is possible to
obtain the value of Rd from the integration of the video R(r) data, the independent
photodiode measurement of Rd is more reliable and more easily calibrated. Therefore,
we employ the two methods in video reflectometry.

Criteria for successful use of video reflectometry is that the tissue is
(1) homogeneous and (2) semi -infinite in thickness. Often both these conditions are
met. Depending on the wavelength, light may penetrate only 0.1 -10 mm into a tissue.
For example, yellow light will not fully penetrate the 2 -4 -mm -thick dermis and
therefore the dermis is optically a semi -infinite tissue at that wavelength.

THEORY
The diffusion of light

The diffusion of light from a point source is described by the fluence rate, 0, in
cm -2. If the point source delivers 1 W of power, the fluence rate is expressed in
W /cm2.
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The video reflectometry technique is a noncontact measurement. Therefore, it 
can be used with living tissues with their in situ water balance and blood content. The 
technique includes two measurements: (1) a photodiode measurement of total diffuse 
reflectance, Rj, and (2) a video camera measurement of the lateral spread of light in the 
tissue which is expressed as the local diffuse reflectance, R(r). Although it is possible to 
obtain the value of Rj from the integration of the video R(r) data, the independent 
photodiode measurement of Rj is more reliable and more easily calibrated. Therefore, 
we employ the two methods in video reflectometry.

Criteria for successful use of video reflectometry is that the tissue is 
(1) homogeneous and (2) semi-infinite in thickness. Often both these conditions are 
met. Depending on the wavelength, light may penetrate only 0.1-10 mm into a tissue. 
For example, yellow light will not fully penetrate the 2-4-mm-thick dermis and 
therefore the dermis is optically a semi-infinite tissue at that wavelength.

THEORY
The diffusion of light

The diffusion of light from a point source is described by the fluence rate, (j), in 
cm'2. If the point source delivers 1 W of power, the fluence rate is expressed in 
W/cm2.
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where r is the distance from the point source in a homogenous medium which can be
expressed in either Cartesian coordinates or, for this paper, in cylindrical coordinates:

r = Vx2 +y2 +z2 = Vr2 +z2

where r and z are the radial and axial positions relative to the source.

[2]

The term D is the optical diffusion length in cm. The term S is the optical
penetration depth, and is the propagation distance in cm which causes 1/e attenuation
of the fluence rate of light due to both absorption and scattering. The relationship
between D and S is given:

[3]

where µa is the absorption coefficient in cm-1. The rate of energy deposition is given
by the product µai. If one integrates the product J.ta4 over the entire tissue volume,
the total integral equals unity, which satisfies the need for conservation of energy:

00

f1101)(r) 4Ttr2dr = 1
0

Table 1: Summary of definitions
µa cm-1 absorption coefficient

Ils' cm -1 reduced scattering coefficient = µs(1 -g)
µs cm -1 scattering coefficient
g - -- anisotropy = <cosO>
O rad deflection angle of scattering event
D cm optical diffusion coefficient
S cm optical penetration depth

CO cm -2 fluence rate
r cm distance from point source

R(r) cm -2 local diffuse reflectance
r cm radial distance from point source
zo cm depth of point source below surface
Rd total diffuse reflectance

[4]

Reflectance
Reflectance is the flux of light escaping at a tissue surface. For a moment

consider a purely mathematical surface at constant z = zo within an infinite medium.
The outward flux across the surface is equal to minus the diffusion coefficient, D, times
the gradient of the flux normal to the surface:

outward flux across surface = -D 4(r)
az at surface

[5]

212 / Medical Optical Tomocraphy

where r is the distance from the point source in a homogenous medium which can be 
expressed in either Cartesian coordinates or, for this paper, in cylindrical coordinates:

r = Vx 2 + y2 + z2 = Vr2 + Z2 [2]

where r and z are the radial and axial positions relative to the source.

The term D is the optical diffusion length in cm. The term 8 is the optical 
penetration depth, and is the propagation distance in cm which causes 1/e attenuation 
of the fluence rate of light due to both absorption and scattering. The relationship 
between D and 8 is given:

8 =

D]

where (la is the absorption coefficient in cm'^. The rate of energy deposition is given 
by the product |la(j). If one integrates the product |Ia(|) over the entire tissue volume, 
the total integral equals unity, which satisfies the need for conservation of energy:

oo [4]
| |ia<|>(r) 4Jtr2dr = 1 

0

Table 1: Summary of definitions
cm'l absorption coefficient

H*' cm'l reduced scattering coefficient = |ls(l-g)
(IS cm-1 scattering coefficient
g — anisotropy = <cos0>
0 rad deflection angle of scattering event
D cm optical diffusion coefficient
8 cm optical penetration depth

<t>(r) _2 cm ^ fluence rate

r cm distance from point source
R(r) .2 cm ^ local diffuse reflectance

r cm radial distance from point source
zo cm depth of point source below surface
Rd — total diffuse reflectance

Reflectance
Reflectance is the flux of light escaping at a tissue surface. For a moment 

consider a purely mathematical surface at constant z = zQ within an infinite medium. 
The outward flux across the surface is equal to minus the diffusion coefficient, D, times 
the gradient of the flux normal to the surface:

outward flux across surface D d<Mr)
3z at surface

D]
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Consider two comments on Eq. 5:
(1) Future discussion will be easier if the coordinate system is redefined such

that the tissue surface is located at z = 0 and the point source is located at a depth zo
below the surface. In such a coordinate system, the flux across the surface is +Da4 /az
rather than - Dao /az.

(2) When discussing reflectance, the tissue is usually a semi -infinite medium,
not an infinite medium. There is no backward diffusion into tissue from regions
outside the tissue. Therefore, Eq. 1 which describes a single point source within an
infinite medium is inappropriate for discussion of a semi -infinite tissue. Farrel et al.,
1992.1 applied the concept of a dipole source consisting of two point sources within an
infinite homogeneous tissue; one source is positive and located below the true tissue
surface (z = zo) and the other source is negative and located above the true tissue
surface (in the region z < 0). The positive source pushes light out of the tissue and the
negative source pulls light out of the tissue. There is a surface midway between the two
point sources where the fluence rate, 0, equals zero. Let us call this surface the zero -
value surface. Because the problem is asymmetrical (tissue on one side of the zero -value
surface, no tissue on the other side), the zero -value surface is not located at the true
tissue surface but rather is located slightly outside or above the true tissue surface. The
reflectance is simply the flux that is driven toward the zero -value surface by the
gradient of a4 /az within the tissue, evaluated at the tissue surface:

R(r) = +D ac(r) [6]
az atz =0

The boundary condition at the tissue surface requires that no light diffuses
back into the tissue because once light escapes the tissue it is assumed to be lost
forever. For the case of a matched boundary condition, the fluence rate at the surface
must be related to the outward flux at the surface. Fluence rate indicates the light
incident from all directions which crosses an incremental path, dL. In contrast, the
outward flux or reflectance indicates the light passing normal to the surface which
crosses an incremental path dz per incremental dL. The relation between dL and dz is:

dz = cose dL [7]

and when integrated over all the angles of incidence from the hemisphere of diffuse
light that strikes the tissue surface from within the tissue, the ratio dL /dz is specified:

7c/2

j 27CSinede
dL 0 27í

dz it/2 7t

j cose 27tsinede
o

[8]

Therefore, there is a factor of 2 when converting from fluence rate to outward flux.
The boundary condition can be stated:

$(r) = 2R(r) = 2D a43(r)

az atz =0
[9]
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Consider two comments on Eq. 5:
(1) Future discussion will be easier if the coordinate system is redefined such 

that the tissue surface is located at z = 0 and the point source is located at a depth zG 
below the surface. In such a coordinate system, the flux across the surface is +D9<|)/9z 
rather than -D9(|)/9z.

(2) When discussing reflectance, the tissue is usually a semi-infinite medium, 
not an infinite medium. There is no backward diffusion into tissue from regions 
outside the tissue. Therefore, Eq. 1 which describes a single point source within an 
infinite medium is inappropriate for discussion of a semi-infinite tissue. Farrel et ah, 
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infinite homogeneous tissue; one source is positive and located below the true tissue 
surface (z = zQ) and the other source is negative and located above the true tissue 
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point sources where the fluence rate, <)>, equals zero. Let us call this surface the zero- 
value surface. Because the problem is asymmetrical (tissue on one side of the zero-value 
surface, no tissue on the other side), the zero-value surface is not located at the true 
tissue surface but rather is located slightly outside or above the true tissue surface. The 
reflectance is simply the flux that is driven toward the zero-value surface by the 
gradient of 9(|>/9z within the tissue, evaluated at the tissue surface:

R(r) = +D
90(r)

9z at z = 0
[6]

The boundary condition at the tissue surface requires that no light diffuses 
back into the tissue because once light escapes the tissue it is assumed to be lost 
forever. For the case of a matched boundary condition, the fluence rate at the surface 
must be related to the outward flux at the surface. Fluence rate indicates the light 
incident from all directions which crosses an incremental path, dL. In contrast, the 
outward flux or reflectance indicates the light passing normal to the surface which 
crosses an incremental path dz per incremental dL. The relation between dL and dz is:

dz = cos0 dL [7 ]

and when integrated over all the angles of incidence from the hemisphere of diffuse 
light that strikes the tissue surface from within the tissue, the ratio dL/dz is specified:

n/2
| 27tsin0d0

dL _ _02n _ 
dz n/2 n

| cos0 2jtsin0d0
0

Therefore, there is a factor of 2 when converting from fluence rate to outward flux. 
The boundary condition can be stated:

<t>(r) = 2R(r) = 2D ^
9z at z = 0

[9]
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or
a(1)(r)

az 2D

If the gradient between the dipole point sources is approximately linear in the region
between the zero -value surface and the true tissue surface, then a simple trick is
possible. If the zero -value surface is located at z = -2D then the gradient at the true
tissue surface will be tp(r, z = 0) /2D. Therefore, by placing the dipole's negative point
source at a position z = -zo - 4D, one can establish the proper boundary condition of
Eq. 9 at the true tissue surface (see Fig. 1).

For the case of a mismatched boundary condition, the surface presents a
mismatch in refractive index, eg., nrel = ntissue /vair 1.37, and this mismatched
boundary internally reflects about half of the light that reaches the surface. Under such
conditions, the boundary condition is given:

4(r) = 2AD a4)(r)
[10]

az atz =0
where

A
1+ri
1 - ri

where ri is the internal reflectance. Groenhuis et al.2 offer an approximate expression
for ri as a function of nrel based on application of Fresnel reflectance at a mismatched

boundary integrated over the hemisphere of diffusely incident light striking the
boundary:

ri = 0.668 + 0.0636n + 0.710/n - 1.440/n2 [12]

Jacques3 has pointed out that ri is closely but not accurately described by such a
calculation. Photons which obliquely strike the surface are internally reflected but
photons which orthogonally the surface escape as observable reflectance, therefore the
surface itself alters the radiance near the surface such that the radiance is no longer
purely diffuse. Oblique photons tend to concentrate near the surface, which slightly

increases ri. Using Monte Carlo simulations for the case of nrel = 1.37 and a plane

wave of incident irradiance, Jacques plotted (0(z = 0) - 1) /Rd and found that the value
of 2A is 7.1 (ri = 0.560) rather than 6.35 (ri = 0.521) as predicted by diffusion theory.

Fig. 1 summarizes the geometry of the dipole model. The positive point source
is at z = zo and the negative point source is at z = -zo - 4AD. Superposition of the
point source solution, Eq. 1, applied to these two point sources in an infinite medium
will mimic the behavior for a single point source at zo in a semi -infinite medium.
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or d(j>(r) _ JL
dz 2D

If the gradient between the dipole point sources is approximately linear in the region 
between the zero-value surface and the true tissue surface, then a simple trick is 
possible If the zero-value surface is located at z = -2D then the gradient at the true 
tissue surface will be (j)(r, z = 0)/2D. Therefore, by placing the dipole's negative point 
source at a position z = -zG - 4D, one can establish the proper boundary condition of 
Eq. 9 at the true tissue surface (see Fig. 1).

For the case of a mismatched boundary condition, the surface presents a 
mismatch in refractive index, eg., nrel = ntissue/nair ~ 1-37, and this mismatched 
boundary internally reflects about half of the light that reaches the surface. Under such 
conditions, the boundary condition is given:

where rj is the internal reflectance. Groenhuis et al.2 offer an approximate expression 
for ri as a function of nrel based on application of Fresnel reflectance at a mismatched 
boundary integrated over the hemisphere of diffusely incident light striking the 
boundary:

Jacques3 has pointed out that rj is closely but not accurately described by such a 
calculation. Photons which obliquely strike the surface are internally reflected but 
photons which orthogonally the surface escape as observable reflectance, therefore the 
surface itself alters the radiance near the surface such that the radiance is no longer 
purely diffuse. Oblique photons tend to concentrate near the surface, which slightly 
increases rj. Using Monte Carlo simulations for the case of nrel = 1.37 and a plane 
wave of incident irradiance, Jacques plotted (<|>(z = 0) - 1)/Rd and found that the value 
of 2A is 7.1 (rj = 0.560) rather than 6.35 (rj = 0.521) as predicted by diffusion theory.

Fig. 1 summarizes the geometry of the dipole model. The positive point source 
is at z = z0 and the negative point source is at z = -zG - 4AD. Superposition of the 
point source solution, Eq. 1, applied to these two point sources in an infinite medium 
will mimic the behavior for a single point source at zQ in a semi-infinite medium.

<|)(r) = 2AD dz at z = 0
[10]

where
[11]

q = 0.668 + 0.0636n + 0.710/n - 1.440/n2 [12]

Proc. of SPIE Vol. 10311  103110D-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/20/2017 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



JACQUES E7 AL. / 215
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semi -infinite tissue
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air

zero -value surface

4
true surface

source

4 tissue
,.././..//,/ A.

infinite tissue
dipole source

image
source

rr
AarG source

Fig. 1: The dipole model (Farrel et al.1) mimics a semi -infinite tissue. A negative
image source at position z = -zo - 4AD establishes a zero -value surface at position
z = -2AD, which asserts the correct boundary condition (Eq. 9) at the true tissue
surface, z = 0. There is an assumption that the gradient of fluence rate for the dipole
model is linear in the range -2AD S z <_ 0.

R(r), Farrel et al.
The above approach toward reflectance from a semi -infinite medium was

proposed by Farrel et al. 19921 and the reader is referred to that careful presentation.
Their derivation consists of applying Eq. 1 to the two point sources described above
and adding the two contributions to yield the solution for tp(r, z = 0). The first step is
to define the r of Eq. 1 as ri and 12 for each of the two point sources. Then R(r) equals
Daq /az at z = 0, as in Eq. 6, which yields the following expression for the local
reflectance, R(r):

where

R(r) - 4n zo(S + r
)exp(- /S)

+ (zo + 4AD)( + r )exp(- /S) [13]

[ 1 rl 2 r2 ]

ri = 0.668 + 0.0636n + 0.710/n - 1.440/n2

A
l+ri
1 - ri

ri = V zo + r2

r2 = 'N/ (zo + 4AD)2 + r2

Jacques ej al. / 2/5

semi-infinite tissue infinite tissue
point source dipole source

image
source

zero-value surface
-4 AD

surface!-2AD—► mzgzzzzzzio—►

sourcesource

/ tissue

Fig. 1: The dipole model (Farrel et aid) mimics a semi-infinite tissue. A negative 
image source at position z = -zQ - 4AD establishes a zero-value surface at position 
z = -2AD, which asserts the correct boundary condition (Eq. 9) at the true tissue 
surface, z = 0. There is an assumption that the gradient of fluence rate for the dipole 
model is linear in the range -2AD < z < 0.

R(r). Farrel et al.
The above approach toward reflectance from a semi-infinite medium was 

proposed by Farrel et al. 1992 ^ and the reader is referred to that careful presentation. 
Their derivation consists of applying Eq. 1 to the two point sources described above 
and adding the two contributions to yield the solution for (j)(r, z = 0). The first step is 
to define the r of Eq. 1 as ri and r2 for each of the two point sources. Then R(r) equals 
Dd()>/dz at z = 0, as in Eq. 6, which yields the following expression for the local 
reflectance, R(r):

R(r) X 
4 n

1 exp(-r]/8) 
rf n2 + (zG + 4AD)(g +

1 exp(-r2/S) 
r2 r22

where
ri = 0.668 + 0.0636n + 0.710/n - 1.440/n2

[13]

A
1 + rj
1 - ri

n = + r2

n
V (z0 + 4AD)2 + r2
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The value of D is known from diffusion theory:

1
D

3(1-ta + µsi)

which specifies the value of 6 via Eq. 3:

[14]

_
D 1

[15]
-6

ta 311a(µa

In addition, Farrel et al. made a choice for the placement of the point sources by
specifying zo:

1 [16]

zO µa + µs -
3D

This choice for zo has been shown to be sufficiently deep that the boundary condition
does not affect the accuracy of the diffusion theory description of R(r).4,5 This value
for zo is sometimes called the transport mean free path, or mfp'.

The expression for the total diffuse reflectance is given:

Rd = JR(r) 27trdr
0

which by inserting Eq. 13 yields:

Rd = exp(-z0/6)(1 + exp(-4AD/6))

[17]

[18]

Comparison with Monte Carlo
Let us compare the above analytic descriptions of R(r) and Rd with the data

generated by a Monte Carlo simulation.6 For this simulation, the optical properties of

a turbid aqueous solution are chosen such that n = 1.33, µa = 0.5 cm -1, µs = 100 cm -1,
and g = 0.9. For such a medium, the Monte Carlo simulation (100,000 photons) yields
a specular reflectance of 0.020, a diffuse reflectance of 0.386, and the fraction of
incident energy which is absorbed by the tissue is 0.594.

First compare the calculations of Rd. Monte Carlo yielded 0.386. Eq. 18
yields 0.427 which is 10% larger than the Monte Carlo result.

Now compare the calculations of R(r). Fig. 2 compares the results of the
Monte Carlo simulation (circles) with the analytic Eq. 13 (lines). R(r) is plotted vs the
dimensionless radial position, r /6. Fig. 2A looks at the behavior relatively close to the
source. There is disagreement between the Monte Carlo data and Eq. 13 near the
dipole source within r/6 < 0.7. Fig. 2B shows the behavior far from the source. In this
case, Eq. 13 shows agreement with the Monte Carlo data distant from the dipole
source.

216 / Medical Optical Tomography

The value of D is known from diffusion theory:

3(fla + Hs')
[14]

which specifies the value of 8 via Eq. 3:

5 = 1
V 3pa(M-a + Ms')

[15]

In addition, Farrel et al. made a choice for the placement of the point sources by 
specifying z0:

zo =
1

Ha + Hs' 3D [16]

This choice for zQ has been shown to be sufficiently deep that the boundary condition 
does not affect the accuracy of the diffusion theory description of R(r).4>5 This value 
for zQ is sometimes called the transport mean free path, or mfp1.

The expression for the total diffuse reflectance is given:

Rj = J R(r) 2ttrdr 0

[17]

which by inserting Eq. 13 yields:

Rd = ^exp(-z0/8)(l + exp(-4AD/S))

Comparison with Monte Carlo
Let us compare the above analytic descriptions of R(r) and Rj with the data 

generated by a Monte Carlo simulation.^ For this simulation, the optical properties of 
a turbid aqueous solution are chosen such that n = 1.33, pa = 0-5 cm'1, ps = 100 cm"1, 
and g = 0.9. For such a medium, the Monte Carlo simulation (100,000 photons) yields 
a specular reflectance of 0.020, a diffuse reflectance of 0.386, and the fraction of 
incident energy which is absorbed by the tissue is 0.594.

First compare the calculations of Rj. Monte Carlo yielded 0.386. Eq. 18 
yields 0.427 which is 10% larger than the Monte Carlo result.

Now compare the calculations of R(r). Fig. 2 compares the results of the 
Monte Carlo simulation (circles) with the analytic Eq. 13 (lines). R(r) is plotted vs the 
dimensionless radial position, r/8. Fig. 2A looks at the behavior relatively close to the 
source. There is disagreement between the Monte Carlo data and Eq. 13 near the 
dipole source within r/8 < 0.7. Fig. 2B shows the behavior far from the source. In this 
case, Eq. 13 shows agreement with the Monte Carlo data distant from the dipole 
source.
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Figure 2: (on previous page)
Comparison of analytic curves for the local reflectance, R(r), and a Monte Carlo
simulation (optical properties: .ta = 0.5 cm -1, µs = 100 cm -1, g = 0.9, n = 1.33.) The
solid lines indicate the dipole diffusion theory of Farrel et al.3 (Eq. 13). The circles
indicate a Monte Carlo simulation using 100,000 photon trajectories.

(A) R(r) is plotted vs the dimensionless radial position, r /8. Near the point source,
the diffusion theory fits for r/8 > 0.7.

(B) Far from the source, Eq. 13 fits well for all the data.

(C) The total reflectance escaping within an incremental annular ring with width Ar
at position r/8 is plotted. This reflectance per incremental annular ring equals
R(r)27trAr, where Ar = 100 µm which was the resolution employed in the Monte
Carlo simulation. Most of the energy is confined to r/8 <_ 4.

Fig. 2C plots the integrated R(r) in each incremental annular ring of width
Ar = 100 µm (the resolution used in the Monte Carlo simulation), which equals
R(r)27trAr. Most of the energy is confined to r/8 < 4. In summary, Eq. 13 offers a
relatively good description of R(r) for r/8 > 0.7 and most of the available signal energy
occurs within r/8 < 4.

In practical video reflectometry, the behavior of R(r) near a point source is not
always so well behaved. It is not always true that the laser beam is sufficiently narrow
to be considered a point source when the 8 for tissue is small. Moreover, the behavior
of R(r) distant from the source is more strongly affected by the tissue optical properties.
Therefore, Eq. 13 offers an effective description of R(r) measured experimentally,
especially when video camera senstivity allows the R(r) signal distant from the source to
be measured reliably and the tissue thickness is sufficient to satisfy the assumption of a
semi -infinite tissue. But the data near the source is not expected to exactly match
Eq. 13, and should not be included in data analysis.

In the following experimental studies, we have used Eqs. 13 and 18 for the
analysis. Farrell et al. have recently reported progress in the use of neural networks to
analyze R(r) data.7

EXPERIMENTAL METHOD
The experimental measurement of a tissue or phantom tissue using video

reflectometry is illustrated in Fig. 3. A narrow laser beam is directed vertically down
onto the medium by a mirror. An attenuation filter can be placed at the output of the
laser. A distant calibrated photodiode is positioned above the sample to collect a
portion of the diffuse reflectance. A video camera is positioned to measure the pattern
of local reflectance. Digitization of the video image yields R(r) data in arbitrary pixel
units.

Both the probe and video camera are positioned slightly off -axis such that they
will not collect the specular reflectance from the air /tissue boundary, which is a
condition easily satisfied for a smooth surface but more difficult for a rough surface.
Nishioka et al.8 reported that the specular reflectance from human esophagus behaves
as a Henyey- Greenstein function with an average cos() value or g value of -0.7. A thin
fluid or glass layer on top of the tissue can smooth the tissue surface, however such a
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Figure 2: (on previous page)
Comparison of analytic curves for the local reflectance, R(r), and a Monte Carlo 
simulation (optical properties: |Xa = 0.5 cm'l, ps = 100 cm^, g = 0.9, n = 1.33.) The
solid lines indicate the dipole diffusion theory of Farrel et al7 (Eq. 13). The circles 
indicate a Monte Carlo simulation using 100,000 photon trajectories.

(A) R(r) is plotted vs the dimensionless radial position, r/8. Near the point source, 
the diffusion theory fits for r/8 > 0.7.

(B) Far from the source, Eq. 13 fits well for all the data.

(C) The total reflectance escaping within an incremental annular ring with width Ar
at position r/8 is plotted. This reflectance per incremental annular ring equals 
R(r)27trAr, where Ar = 100 pm which was the resolution employed in the Monte 
Carlo simulation. Most of the energy is confined to r/8 < 4._______________________

Fig. 2C plots the integrated R(r) in each incremental annular ring of width 
Ar = 100 pm (the resolution used in the Monte Carlo simulation), which equals 
R(r)27trAr. Most of the energy is confined to r/8 < 4. In summary, Eq. 13 offers a 
relatively good description of R(r) for r/8 > 0.7 and most of the available signal energy 
occurs within r/8 < 4.

In practical video reflectometry, the behavior of R(r) near a point source is not 
always so well behaved. It is not always true that the laser beam is sufficiently narrow 
to be considered a point source when the 8 for tissue is small. Moreover, the behavior 
of R(r) distant from the source is more strongly affected by the tissue optical properties. 
Therefore, Eq. 13 offers an effective description of R(r) measured experimentally, 
especially when video camera senstivity allows the R(r) signal distant from the source to 
be measured reliably and the tissue thickness is sufficient to satisfy the assumption of a 
semi-infinite tissue. But the data near the source is not expected to exactly match 
Eq. 13, and should not be included in data analysis.

In the following experimental studies, we have used Eqs. 13 and 18 for the 
analysis. Farrell et al. have recently reported progress in the use of neural networks to 
analyze R(r) data7

EXPERIMENTAL METHOD
The experimental measurement of a tissue or phantom tissue using video 

reflectometry is illustrated in Fig. 3. A narrow laser beam is directed vertically down 
onto the medium by a mirror. An attenuation filter can be placed at the output of the 
laser. A distant calibrated photodiode is positioned above the sample to collect a 
portion of the diffuse reflectance. A video camera is positioned to measure the pattern 
of local reflectance. Digitization of the video image yields R(r) data in arbitrary pixel 
units.

Both the probe and video camera are positioned slightly off-axis such that they 
will not collect the specular reflectance from the air/tissue boundary, which is a 
condition easily satisfied for a smooth surface but more difficult for a rough surface. 
Nishioka et al. reported that the specular reflectance from human esophagus behaves 
as a Henyey-Greenstein function with an average cos0 value or g value of ~0.7. A thin 
fluid or glass layer on top of the tissue can smooth the tissue surface, however such a
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Figure 3: Video reflectometry measurement. (A) Experimental setup. A laser beam is
directed down onto a tissue or phantom. Attenuation filters at the laser output control
the incident laser energy. A photodiode observes a portion of the total diffuse
reflectance, Rd. A video camera measures the spatial distribution of local reflectance,
R(r). (B) A typical video image captured by the camera. The test object in this case is a
fish tank filled with an Intralipid /trypan blue solution.
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Figure 3: Video reflectometry measurement. (A) Experimental setup. A laser beam is 
directed down onto a tissue or phantom. Attenuation filters at the laser output control 
the incident laser energy. A photodiode observes a portion of the total diffuse 
reflectance, R<J. A video camera measures the spatial distribution of local reflectance, 
R(r). (B) A typical video image captured by the camera. The test object in this case is a 
fish tank filled with an Intralipid/trypan blue solution.
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layer will artificially broaden the pattern of lateral photon migration. Specular
reflectance is an issue in video reflectometry for data collected from the area where the
source irradiates the tissue. If the analysis neglects this central data, specular
reflectance is no longer a problem.

Total diffuse reflectance
The measurement of total diffuse reflectance is accomplished with a

photodiode placed at a fixed position distant from the tissue. The distance is
sufficiently large such that the angle of collection from one edge or the opposite edge of
the glowball of escaping reflectance is not significantly different, therefore the
collection is not influenced by any cosO dependence of escaping reflectance. Two
measurements are made, one of a reflectance standard, Mstd, and one of the unknown
test medium, Mtest. Their ratio specifies Rd:

Mtest SDCRd Rd [13]

Mstd SDCRstd Rstd

where S is the light source, D is the detector response, and C is the collection efficiency
of the photodiode which depends on the geometry of the setup. The Rd is calculated:

Rd - Mtest
Rstd

Mstd

[14]

Video camera measurement
The video camera measurement is repeated several times with different

attenuation filters at the laser output. The dynamic range of the video camera will not
accomodate more than 2 orders of magnitude of intensity. With no filter, the central
portion of the video field will be saturated but good data at the periphery of the field
will be acquired. With the strongest attenuation filter, the central portion of the field
will yield good data but the periphery of the field will appear dark. We routinely
acquire 5 frames using 5 attenuation filters: OD = 3, OD = 2, OD = 1, OD = 0.5, and
OD = 0 (no filter), where transmission, T, equals 10 -0D

The camera gain and offset controls were set such that the signal measured
with the laser light blocked (no light) was at least 5 pixel units due to background
lighting and the strong central signal when the OD5 filter attenuated the laser beam
was only 250 pixel units. The camera must have a linear response for these
experiments. If the camera has a nonlinear response, then a separate calibration curve
must be generated to convert signals to a linear response. We have successfully worked
with a nonlinear camera, but the calibration is bothersome. We currently use a camera
with a linear response which is far more convenient, and all data in this paper involve a
linear camera response.

To account for the baseline corresponding to no light, the baseline value
(5 pixel units) is subtracted from the data. Then each video frame is multiplied by the
inverse attenuation factor, 100D, to yield a numeric value corresponding to the R(r)
signal that would be observed if the laser had not been attenuated by any filters.
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portion of the video field will be saturated but good data at the periphery of the field 
will be acquired. With the strongest attenuation filter, the central portion of the field 
will yield good data but the periphery of the field will appear dark. We routinely 
acquire 5 frames using 5 attenuation filters: OD = 3, OD = 2, OD = 1, OD = 0.5, and 
OD = 0 (no filter), where transmission, T, equals 10'*-®

The camera gain and offset controls were set such that the signal measured 
with the laser light blocked (no light) was at least 5 pixel units due to background 
lighting and the strong central signal when the OD5 filter attenuated the laser beam 
was only 250 pixel units. The camera must have a linear response for these 
experiments. If the camera has a nonlinear response, then a separate calibration curve 
must be generated to convert signals to a linear response. We have successfully worked 
with a nonlinear camera, but the calibration is bothersome. We currently use a camera 
with a linear response which is far more convenient, and all data in this paper involve a 
linear camera response.

To account for the baseline corresponding to no light, the baseline value 
(5 pixel units) is subtracted from the data. Then each video frame is multiplied by the 
inverse attenuation factor, 10*-®, to yield a numeric value corresponding to the R(r) 
signal that would be observed if the laser had not been attenuated by any filters.
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Figure 4: Video reflectometry data digitized by computer. (A) The raw data shows the
R(r) data taken with a set of attenuation filters (filter transmission = 10 -0D). The data
falls between 5 and 255 pixel units. The baseline pixel value for no light was about 5
pixel units. (B) The data after subtracting the no -light baseline and multiplying by the
inverse attenuation factor, 100D. The data now span over 4 orders of magnitude.
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Figure 4: Video reflectometry data digitized by computer. (A) The raw data shows the 
R(r) data taken with a set of attenuation filters (filter transmission = 10'OD). The data 
falls between 5 and 255 pixel units. The baseline pixel value for no light was about 5 
pixel units. (B) The data after subtracting the no-light baseline and multiplying by the 
inverse attenuation factor, 10^®. The data now span over 4 orders of magnitude.
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Figure 4A illustrates the raw data taken with the 5 filters. The data acquisition
utilizes the 5 -255 range of pixel units, but data exceeding 250 pixel units is rejected to
avoid any data by a saturated camera element. Figure 4B indicates the corrected data
after subtracting the no -light baseline and scaling the raw data by the inverse
attenuation factor. The data now extends over 4 orders of magnitude. If the pixel
value of the no -light baseline is not carefully measured and appropriately subtracted,
the lower intensity signals of each data set will strongly deviate from the data derived
from stronger signals. Careful subtraction of the no -light baseline is therefore checked
by observing smoothness of the final corrected curve.

Phantom experiments
To test the accuracy and reproducibility of the method, phantom tissues were

created using Intralipid as the scatterer and trypan blue as the absorber. Three
phantoms were prepared with different optical properties. We used the photodiode
measurement of Rd and the video camera measurement of R(r) (data too close to the
point source was not included in the analysis). Fig. 5 indicates a typical experimental
result and the corresponding theoretical fit using Eqs. 13 and 18. The results are
summarized in Table 2. The video reflectometry was able to deduce the optical
properties with a relative error of less than 10 %.

Table 2: Video reflectometry of tissue phantoms
Mixture 1 Mixture 2 Mixture 3

µa (cm -1) 0.134 0.263 0.516

µa fit 0.139 0.271 0.494

relative error
(µa fit - µa) /µa

3.7% 2.7% 4.3%

µs' (cm -1) 10.2 15.0 20.9

µ' fit 9.65 14.0 18.9

relative error
(µs fit - µs) /µs

5.7% 6.5% 9.5%
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Figure 4A illustrates the raw data taken with the 5 filters. The data acquisition 
utilizes the 5-255 range of pixel units, but data exceeding 250 pixel units is rejected to 
avoid any data by a saturated camera element. Figure 4B indicates the corrected data 
after subtracting the no-light baseline and scaling the raw data by the inverse 
attenuation factor. The data now extends over 4 orders of magnitude. If the pixel 
value of the no-light baseline is not carefully measured and appropriately subtracted, 
the lower intensity signals of each data set will strongly deviate from the data derived 
from stronger signals. Careful subtraction of the no-light baseline is therefore checked 
by observing smoothness of the final corrected curve.

Phantom experiments
To test the accuracy and reproducibility of the method, phantom tissues were 

created using Intralipid as the scatterer and trypan blue as the absorber. Three 
phantoms were prepared with different optical properties. We used the photodiode 
measurement of Rj and the video camera measurement of R(r) (data too close to the 
point source was not included in the analysis). Fig. 5 indicates a typical experimental 
result and the corresponding theoretical fit using Eqs. 13 and 18. The results are 
summarized in Table 2. The video reflectometry was able to deduce the optical 
properties with a relative error of less than 10%.

Table 2: Video reflectometry of tissue phantoms
Mixture 1 Mixture 2 Mixture 3

pa (cm-1) 0.134 0.263 0.516
Pa fit 0.139 0.271 0.494
relative error 
(Pa fit - Fa)/Fa

3.7% 2.7% 4.3%

ps' (cm'1) 10.2 15.0 20.9
ps' fit 9.65 14.0 18.9
relative error 
(Ps fh - Rs)/ps

5.7% 6.5% 9.5%
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Figure 5: (Legend next page)
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Figure 5: (on previous page)
Typical phantom experiment. The phantom used Intralipid as scatterer and trypan
blue as absorber (µa = 0.134 cm-1, µs' = 10.2 cm -1, g 0.7). Separate experiments
not discussed here specified the scattering and absorption properties of the stock
solutions used for the constructing the phantoms. The digitized data from the video
camera after correction for the attenuation filters are shown. The analytic fit using
Eqs. 13 and 18 is also shown. The experimental R(r) data was normalized to ensure
that Eq. 17, which relates R(r) measured by the camera and Rd measured by the
photodiode, was satisfied. In this figure, R(r) is expressed as mm-2.

Tissue experiments
Three experiments were attempted. One measured the combined mucosal

and muscle layers of pig stomach in an ex vivo sample. The second measured the skin
of a human forearm in vivo. The third measured the exposed leg muscle of an
anesthetized rat in vivo. The measurements and analytical fit are shown in Figs. 6, 7,
and 8. The optical properties from these three experiments are summarized in Table 3.
Note that the absorption coefficients cited in Table 3 are rather low compared to
previously cited optical properties. We believe that video reflectometry is yielding
more accurate measurements of µa than other methods such as integrating spheres
where unaccounted losses can yield overestimates for µa.

Figure 8 shows the result for the rat muscle. The data shows a marked
deviation at a radial distance of about 2 mm from the source. The thickness of this
muscle was only a few mm. Such behavior is probably due to the underlying tissue
having different optical properties than the muscle itself. Analysis of such results can
yield the thickness of the muscle layer and the optical properties of the underlying
layer, although we do not attempt such an exercise in this paper.

Table 3: Opticalproperties measured by video reflectometry.
X (nm) µa(cm -1) µs' (cm -1) S (cm)

pig stomach (ex vivo) 805 0.16 20 0.321
human skin (in vivo) 805 0.085 29 0.367
rat muscle (in vivo) 633 0.36 11 0.285

SUMMARY
Video reflectometry offers a noncontact method of measuring optical

properties. The accuracy appears to be within 10% error. The ability to
nondestructively measure in vivo tissue sites allows measurements of tissues with their
natural water balance and blood content.
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blue as absorber (pa = 0.134 cm'1, ps' = 10.2 cm'1, g = 0.7). Separate experiments 
not discussed here specified the scattering and absorption properties of the stock 
solutions used for the constructing the phantoms. The digitized data from the video 
camera after correction for the attenuation filters are shown. The analytic fit using 
Eqs. 13 and 18 is also shown. The experimental R(r) data was normalized to ensure 
that Eq. 17, which relates R(r) measured by the camera and R<J measured by the 
photodiode, was satisfied. In this figure, R(r) is expressed as mm^._______________

Tissue experiments
Three experiments were attempted. One measured the combined mucosal 

and muscle layers of pig stomach in an ex vivo sample. The second measured the skin 
of a human forearm in vivo. The third measured the exposed leg muscle of an 
anesthetized rat in vivo. The measurements and analytical fit are shown in Figs. 6, 7, 
and 8. The optical properties from these three experiments are summarized in Table 3. 
Note that the absorption coefficients cited in Table 3 are rather low compared to 
previously cited optical properties. We believe that video reflectometry is yielding 
more accurate measurements of pa than other methods such as integrating spheres 
where unaccounted losses can yield overestimates for pa.

Figure 8 shows the result for the rat muscle. The data shows a marked 
deviation at a radial distance of about 2 mm from the source. The thickness of this 
muscle was only a few mm. Such behavior is probably due to the underlying tissue 
having different optical properties than the muscle itself. Analysis of such results can 
yield the thickness of the muscle layer and the optical properties of the underlying 
layer, although we do not attempt such an exercise in this paper.

Table 3: Optical properties measured by video reflectometry.
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pig stomach (ex vivo) 805 0.16 20 0.321
human skin (in vivo) 805 0.085 29 0.367
rat muscle (in vivo) 633 0.36 11 0.285

SUMMARY
Video reflectometry offers a noncontact method of measuring optical 

properties. The accuracy appears to be within 10% error. The ability to 
nondestructively measure in vivo tissue sites allows measurements of tissues with their 
natural water balance and blood content.
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Figure 6: Video reflectometry of ex vivo pig stomach, combined mucosa and muscle
layers (805 nm wavelength from a diode laser, [ta = 0.16 cm-1, !is' = 20 cm-1).
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Figure 8: Video reflectometry of in vivo rat leg muscle (633 nm wavelength from
HeNe laser, µa = 0.36 cm-1, µs' = 11 cm -1). The deviation at r > 2 mm is probably
due to the influence of the underlying tissue layer because the leg muscle was only a
few mm thick.
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