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Introduction

Abstract. A one-axis charge-coupled device camera-based goniometer setup was developed to measure the
three-dimensional radiance profile (longitudinal, azimuthal, and polar) of cylindrical light diffusers in air and
water. An algorithm was programmed to project the two-dimensional camera data onto the diffuser coordinates.
The optical system was designed to achieve a spatial resolution on the diffuser surface in the submillimeter
range. The detection threshold of the detector was well below the values of measured radiance. The radiance
profiles of an exemplary cylindrical diffuser measured in air showed local deviations in radiance below 10% for
wavelengths at 635 and 671 nm. At 808 nm, deviations in radiance became larger, up to 45%, most probable due
to the manufacturing process of the diffuser. Radiance profiles measured in water were less Lambertian than in
air due to the refractive index matching privileging the radial decoupling of photons from the optical fiber. © 2017
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.22.3.035004]
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is rarely given in the specifications. This situation is usually

Cylindrical light diffusers are devices used for the administra-
tion of light doses in clinical procedures, such as photodynamic
therapy (PDT) and interstitial laser photocoagulation (ILP).
They combine the efficiency and flexibility of an optical
fiber with a compact light delivery system that can easily be
inserted in a catheter, a cannula, or the biopsy channel of an
endoscope. Cylindrical light diffusers are used in particular dur-
ing PDT to illuminate hollow organs, such as the bronchus, tra-
chea, esophagus, coronary arteries or endometrium,'™ or
interstitially in the prostate.’> These devices are also used to
increase the volume of necrosis induced by ILP%’ and in non-
clinical fields, e.g., in light dosimetry® and for the measurement
of tissue optical properties.’

A primary concern of these applications is the accuracy and
precision to deliver the light dose to the target tissue. Significant
variations in the irradiance can lead to localized hot and cold
spots resulting in undesirable irradiation effects. The usage of
“long” wavelengths, above 700 nm, to excite photosensitizers,
such as those developed for prostate cancer and bronchial
PDT,'™"? further enhances the impact of a heterogeneous illu-
mination, e.g., unanticipated necrosis geometries, due to the
increased penetration depth. Paradoxically, manufacturers often
supply only a radial light emission measurement as proof of
quality. The measurement of the light distribution along the
length of the diffuser can be constant and may give the impres-
sion that the diffuser has a good performance. However, this
procedure fails to measure in other directions that may have
a different distribution and magnitude of emitted power. The
radiance, which is the key directional radiometric parameter,
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unproblematic for the interstitial usage of these diffusers. The
light distribution becomes isotropic in the tissue at a depth of
a few pu/~! from the diffuser’s surface, where u/ is the reduced
scattering coefficient and in the order of 1 mm~' for most soft
tissues between 630 and 950 nm.'* However, the picture is quite
different when the light diffuser is inserted in a large hollow
organ. In such a situation, a forward-peaked emission of the
light may result in a “translation” of the illumination spot rel-
ative to the light diffuser, as described by Farina et al.'"* Even
when accurate specifications are supplied by the manufacturer,
they can sometimes be of limited use as they are based on mea-
surements performed in air. When the diffuser is surrounded by
a media with a different refractive index than that of air, e.g., soft
tissue, light decoupling will differ from these specifications.'®

Several techniques were reported for measuring more accu-
rately the light distribution of cylindrical diffusers. Common
methods involve simple photographs taken from the emitting
diffuser,'® measurements of longitudinal and circumferential
profiles with cleaved fibers,'” isotropic probes,'*!"! detectors
with pinholes,?** or integrating spheres.'** Murrer et al.?® pro-
posed a setup where a head mounted with five detectors at differ-
ent angles (30 deg, 60 deg, 90 deg, 120 deg, and 150 deg) is
measuring the longitudinal and azimuthal radiance profile.
By rotating the diffuser, also the polar radiance profile can
be measured, which eventually permits a full three-dimensional
description of the diffuser radiance profile. This setup is, how-
ever, limited to a low spatial resolution in the azimuthal direc-
tion. In general, the setups to determine the circumferential
profiles consist either of a stationary detector or charge-coupled
device (CCD) camera measuring the polar profile of a rotating
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fiber,%?4%627 or of a goniometer setup, where the diffuser is fixed
in the rotation center of the movable detector system,zl’”’28
which measures the polar and/or azimuthal profile.

Most of the techniques measure the absolute or normalized
light intensity, irradiance, or emittance in air, which are all of
limited use when Monte-Carlo methods are employed to simu-
late the light propagation in organs.®!* In that case, the radiance
profile of the diffuser is needed to correctly compute the fluence
distribution in tissue. Measurements of the fluence rate in
Intralipid/Lipovenos solutions (6% to 20%)'4*>2%28 or fluores-
cence dyes'®?’ are suited for interstitial applications, but are of
limited use for treatments of hollow organs. Especially fluores-
cence imaging techniques have drawbacks related to the avail-
ability of suitable fluorescence dyes and the appropriate filters
for the wavelength of interest. Intralipid or Lipovends solutions
simulate the light scattering of the tissue in the vicinity of the
diffuser, yet a single lipid concentration is only usable for the
specific scattering coefficient of the solution. To our knowledge,
there is no general approach to measure the three-dimensional
radiance profile of a cylindrical diffuser in a solution with a
refractive index close to that of tissue, which can eventually
be used as input for a Monte-Carlo model.

The main objective of this project was to propose a setup of a
one-axis goniometer to measure the radiance at the surface of
cylindrical light diffusers. This setup, which is based on the
use of a CCD camera, allows characterization of the three-
dimensional radiance with help of an in-house developed image-
data processing software. The measurement can be performed in
air or a liquid with a specific refractive index. The setup is abso-
lutely calibrated with the help of an integrating sphere. We also
fully characterized a commercially available and exemplary type
of cylindrical diffuser as validation of our setup.

2 Materials and Methods

2.1 Radiometric Definitions

For the sake of clarity, some definitions of radiometric quantities
are summarized in the following. A more general overview on
radiometry can be found in text books.*’

The irradiance E (Wm™2) is the radiant flux (power) received
by a surface per unit area. The power radiated by the surface of
a body per unit area is called emittance M (Wm™2) and has the
same unit as the irradiance. The defining equation is M =
d®/dA, where d® is an element of radiant flux and dA is an
element of an area. Irradiance and emittance are functions of
position on the specified surface. Thus, they are important quan-
tities when describing radiation incident or leaving a surface
when it is not essential to describe the angular or directional
distribution of this radiation in detail. The radiant intensity
I (Wsr™!) is the radiant flux per unit solid angle incident on,
passing through, or emerging from a surface and propagating
in a specified direction. The defining equation is I = d®/dQ.
The radiant intensity is usually a function of the direction.
The radiance L (Wm~2 sr™!) is the radiant flux per unit projected
area and per unit solid angle incident on, passing through, or
emerging in a specified direction from a specified point in a
specified surface. The defining equation is

d’® d’®

L= = ,
dAdQ dA,dQ cos 8

6]

where dA = dA cos @ is called the projected area, i.e., the area
of the projection of an elemental area dA in the plane containing
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the point at which the radiance is being defined and that is
perpendicular to the direction specified by L. dQ is an element
of solid angle in this direction and 6 is the angle between this
direction and the normal to the surface at the specified point.
The radiance is a function of the position and the direction
of the emitted light ray; therefore, it is the most general quantity
for describing the propagation of radiation.

For a Lambertian surface, the intensity /4 at a point on a sur-
face varies with direction. It is proportional to the cosine of the
angle defined between the viewing direction and the normal to
the emitting surface (I, = I cos #). Unlike intensity, the radi-
ance is constant for different values of @, since the term “cos 6”
is canceled by the same term appearing in the definition of the
projected area dA.

2.2 Experimental Setup
2.2.1 Goniometer setup

The developed one-axis CCD camera-based goniometer setup
enables the measurement of the radiance of a light source
located in the goniometer rotation center. The radiance can be
measured in all dimensions (longitudinal, azimuthal, and polar)
and in air or liquid. The measurements reported here were per-
formed by recording images of a cylindrical light diffuser. The
light diffuser was positioned, parallel, or perpendicular to the
axis in the center of a rotating platform, on which a mechanical
arm holding a CCD camera was fixed (Fig. 1). Each image was
mapped onto the two-dimensional geometry of the diffuser sur-
face. Cylindrical coordinates (p = const., ¢, z) were used to re-
present a position on the diffuser.

Positioning the diffuser horizontally allowed the measure-
ment of the radiance as function of the azimuthal angle 6
[Fig. 2(a)], (x, z)-plane, for a range in poloidal angle of ¢ from
—60 deg to 60 deg. An image (xccp, Ycoep) taken by the detec-
tor array at a given angle 6 allowed for the reconstruction of the
radiance as function of z and ¢ with the coordinate transforma-
tion xccp — z and yccp — ¢. It was assumed that the radiance
was symmetric in ¢ [Fig. 2(b)], so that measurements at differ-
ent yccp could be attributed to a single surface element. It is
important to note that an azimuthal angle 6 close to 0 deg
and 180 deg was inaccessible to the line of sight of the camera

Laser

AN
\

Rotating
platform

Zoom lens
& ND-filter

Fig.1 Goniometer setup: rotating platform, mechanical arm with CDD
camera, neutral density filter, and diffuser holder.
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(a) (b)
z

X

Fig. 2 Diffuser alignment: (a) horizontally allowing for the measure-
ment of L(0,¢,z) and (b) vertically for the measurement of L(¢, z).
The CCD detector xccp, Yocp (column, row) images the coordinates
(¢, 2) of the diffuser surface in configuration (a) and (z,¢) in (b).

due to the diffuser fixation blocking off the view. The loss of
spatial resolution close to these angles is important, such that
the absolute position of a surface element becomes inaccurate.
The measurements were hence restricted to angles of 6 from 30
to 150 and from 210 deg to 330 deg. For the same reason, the
spatial resolution was also strongly reduced at large polar
angles, i.e., ¢ > 60 deg When fixing the diffuser vertically,
the camera turned around the rotation axis of the diffuser, ¢
[Fig. 2(b)]. This configuration allowed for the measurement
of the radiance as function of ¢ between ~5 deg and 355 deg
and z with the coordinate transformation of xccp — ¢ and
Yccp — z while 8 was fixed to 90 deg. This configuration
was used to verify our assumption of radiance symmetry in ¢.

For the radiance measurements in water, a glass container
with a light absorbing black-out coating was placed on a rotating
platform in the middle of the goniometer setup (Fig. 1). The
coating was necessary to avoid multiple reflections on the con-
tainer wall. The container was filled with distilled water and the
diffuser was submerged. The radiance measurements were car-
ried out through a fraction of the glass container that was left out
from the coating. Since the recipient was rotating together with
the camera, always the same fraction of the container glass was
imaged, regardless of the azimuthal angle.

2.2.2 Light source

One exemplary light diffuser (RD40, Medlight SA, Ecublens,
Switzerland) of 40-mm length and with an outer diameter of
the diffusive region of 0.98 mm was tested to validate the func-
tionality of our setup. The fiber has a flexible plastic core of
500-um diameter with a teflon cladding, an NA of 0.48, and
an overall length of 2.5 m from the SMA 905 connector to
the diffusive tip. The manufacturer indicates a fiber transmission
of 70%/85%/75% at 630/652/690 nm.?! The diffuser was con-
nected to the laser diodes emitting at 635 nm (Ceralas PDT,
635/4W /400 ym, CeramOptec GmbH, Bonn, Germany),
671 nm (RLTMRL-671-1W, Roithner Lasertechnik GmbH,
Vienna, Austria), and 808 nm (RLTMDL-808-5W, Roithner
Lasertechnik GmbH, Vienna, Austria). The variation in the
power output of each laser diodes was indicated by the manu-
facturers to be smaller than 10%. The power output of each laser
was calibrated by a frontal light diffuser (FD1, Medlight SA,
Ecublens, Switzerland) illuminating a power-meter (detector
818P-010-12, driver 1918-R, Spectra-Physics Newport Corp.,
Irvine, California) before and after the measurements. The
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frontal light diffuser FD1 produces a circular spot light with
a uniformity of +15%.%> The aperture angle of the FDI is
34.7 deg, the fiber transmission >85%, the fiber overall diam-
eter 2 mm, and the fiber length 4 m. The laser power was
adjusted such that the output of the FD1 was ~80 to
120 mW, mainly to avoid overheating of the SMA connector
during long-term use. The power output of each cylindrical dif-
fuser (RD40) was determined by an integrating sphere with
Spectraflect coating (20 in., Labsphere, North Sutton, New
Hampshire) and a nonfiltered silicon detector assembly (SC-
5500, Labsphere, North Sutton, New Hampshire). The integrat-
ing sphere was cross calibrated to the power-meter with the help
of the FDI.

2.2.3 CCD camera and optics

The optical imaging system was composed of an EM-CCD cam-
era (Hamamatsu C9100-12, Hamamatsu, Bridgewater, New
Jersey), a zoom lens (Fujinon TV zoom lens H6 X 12.5R MD3,
Fujinon Corporation, Saitama City, Saitama, Japan), a 1.5Xx
C-mount extender with fixed focal point (Edmund Optics,
Barrington, New Jersey), a 5-mm brass spacer ring (Edmund
Optics, Barrington, New Jersey), and a neutral density transmis-
sion filter of 7 = 0.1% (3.0 OD 50 mm Dia, absorptive ND fil-
ter, Edmund Optics, Barrington, New Jersey) in order to
suppress parasite light from reflection. The spacer ring was
added to reduce the minimum working distance of the zoom
lens from 1 to 0.7 m. The standard distance between camera
detector and diffuser center was 0.725 m. The transmission filter
was chosen such that the camera did not saturate at exposure
times of 50 ms or below. The camera has a detector array of
512 x 512 pixels with a pixel size of 16 X 16 ym?.

Prior to experiments, absolute calibration of the optical sys-
tem, i.e., including the camera, the zoom lens, and the ND filter,
was performed yielding a value of radiance as function of
gray value. For this purpose, a diffuse reflectance standard
(SRS99020, Labsphere Spectralon, North Sutton, New
Hampshire) with a reflectance of >99% was irradiated by an
FD1 at an angle of 6; between 10 deg and 20 deg with respect
to the Spectralon surface normal and camera viewing line. The
irradiation angle was chosen to be nonzero to avoid specular
reflections. This choice lead to an underestimation of the
Spectralon emittance of ~2% at 635 nm. The irradiance of
the Spectralon, typically E = 1 — 20 mW /cm?, was calculated
by E = P/(zr?), where P is the beam power (100 mW), d is the
distance between FD1 and Spectralon (35 cm), « is the full aper-
ture angle of the FD1 (34.7 deg), and r = d tan(a/2) the beam
radius of the FD1 spot (10.9 cm) at the Spectralon distance. The
emittance and radiance were computed by M = RE and
L =M/n, where R=99% is the Spectralon reflectance.
Imaging the Spectralon with a known radiance yields the direct
relation between radiance and gray values. The radiance of the
Spectralon was found to be weakly depending on |6; —6,|,
where 6, is the angle between the Spectralon normal and the
viewing direction of the camera (-2.2%/ —4.4%/ — 6.3% at
|0; —0,] = 15/30/45 deg). The total radiant flux of the dif-
fuser was measured by the integrating sphere before and
after the radiance measurements. This allowed for a cross
verification of the absolute system calibration with the measured
radiance integrated over all diffuser surface elements dA and
angles dw
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2.2.4 Data analysis

The image processing software was programmed in MATLAB
(R2013a, The MathWorks Inc., Natick, Massachusetts) contain-
ing modules to (1) average a stack of several images, (2) analyze
the pixel noise, (3) subtract the pixel background using a
background noise image, (4) remove the pixel crosstalk by sig-
nal deconvolution, (5) segment the diffuser on the image using
a Canny edge detection algorithm (MATLAB and Image
Processing Toolbox R2013a), (6) map the two-dimensional
gray values on the corresponding diffuser geometry, (7) visualize
intensity and radiance as function of (z, 6, ¢), and (8) compute
the total radiant flux.

3 Results

3.1 System Performances
3.1.1 Spatial resolution of the goniometer setup

The total magnification of the optical system was determined by
imaging a reference grid pattern (1951 USAF Hi-Resolution tar-
get, Edmund Scientific, North Sutton, New Hampshire). The
typical spatial resolution of the longitudinal coordinate was
Az~ 100 — 140 ym for an azimuthal and polar angles of 8 =
90 deg and ¢ = 0 deg. The spatial resolution at the diffuser
surface is given by Az(0) = Az(0 =0)/sin 6 and A¢(¢) =
Agp(¢p =0)/cos ¢, such that typical values of Az~ 175—
245 ym for € =30 deg and Az=385—-540 ym for ¢ =
75 deg could be achieved.

3.1.2 Linearity of the imaging system

The linear response of the camera was verified by imaging a
graded linear filter (EIA linear gray scale 20:1, Edmund
Scientific, North Sutton, New Hampshire) illuminated by a
white light source. The camera response was found to be
approximately linear for an incident radiant flux @© above
50% of the cameras dynamic range [Fig. 3(a)]. Therefore,
experiments were carried out within 50% — 60% of the dynamic
range with a relative signal uncertainty of u(S)/S < 2% (k = 1).

3.1.3 Pixel crosstalk of the CCD camera detector

The pixel crosstalk of the CCD camera detector was investigated
in the range of 5% — 90% of the maximal detector count. A pin-
hole with a diameter of 0.1 mm was homogeneously back-illu-
minated by an FD1 at 635 nm and imaged by the camera at a
distance of 5 m, such that the pinhole was projected on a single
pixel in the center of the detector. The image background, an
average of a stack of 10 images taken before illumination of
the pinhole, was subtracted from the individual images taken
at different light intensities.

The signal of the pixels in the vicinity of the illuminated pixel
was found to be proportional to the imaged pinhole intensity.
The pixel response at different signal levels showed the same
blooming behavior, such that all response profiles were normal-
ized to their maximum value and then averaged. The averaged
response profiles for the pixel rows (xccp) and columns (yeep)
are shown in Figs. 3(b) and 3(c), together with the standard
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Fig. 3 (a) Deviation of the camera signal S with respect to the ideal
linear response S,;. S; and S, denote the signal range used for
radiometric measurements. (b) and (c) Normalized pixel signal
(rows and columns), when imaging a pinhole.

deviation (k = 2). The overall pixel crosstalk was found to
be less than 5%. Close to the illuminated pixel, the pixels in
the same row showed a higher cross talk, up to 60%, which
may be due to the charge shifting in the pixel row during the
detector readout. The maximal standard deviation of the aver-
aging procedure was 9% (k = 1). The point spread functions
were used as input for the deconvolution of the data as function

of Xcep and Ycep-

3.1.4 Detection limit of the imaging system

The radiance is given by
L=f.fafi(S—So), 3)

where § (gray value, gv) is the detector signal, Sy (gv) is the
detector background signal, f. (mW cm™2sr~! gv~!) is the cal-
ibration factor, f, is the correction factor from the signal decon-
volution, and f is the correction factor from the signal linearity.
The characteristic limits of the imaging system were com-
puted according to ISO 11929:2010. The ISO standard defines
the decision threshold L* and detection limit L# as follows:

March 2017 « Vol. 22(3)



Pitzschke et al.: Determination of the radiance of cylindrical light diffusers: design of a one-axis charge-coupled device...

L* = k,u(0). @)

L* = L* + k,u(L*), 5

where k,, and k, are the quantiles of the standard normal dis-
tribution for the probabilities p =1 —a and ¢ =1 — . The
probability of the error of the first and second kinds in Egs. (4)
and (5) was set to a=p=5%, such that k, =k, =
1.65. The physical effect is assumed to be absent below the deci-
sion threshold. For values between decision threshold and
detection limit, the effect is assumed to be present, but not quan-
tifiable. Above the detection threshold, the physical effect is
quantifiable. By substituting the correction factors with
w = f.faf 1, the uncertainty of the radiance u(L) is given by

u(L) =\ w22 () + u(So)] + L2y (w), ©)
U2y (w) = [ug;iC)]2 + [”5;’;“)}2 + {”%’)]2. (7)

Typical values and their relative standard uncertainties
(k = 1) used for the computation of the decision threshold and
the detection limit can be found in Table 1. The relative uncer-
tainty in the radiance u(L)/L is derived from Eq. (6), u(S)/S
and u(Sy)/S, correspond to the standard deviation of the signal
normal distribution normalized by the detector signal in the
presence and the absence of an illuminating light, u(f.)/f.
is the standard deviation of the calibration factors from ~100 X
100 pixels normalized by their mean value, u(fy)/fq is the
maximum standard deviation of the point-spread-function of
the detector pixels within the range of 0.2 to 0.9 of the maximum
detector signal (16,384 counts) [Figs. 3(b) and 3(c)], and
u(f;)/f; is the maximum deviation of the detector signal
from the ideal response within the range of signal used for
the measurements [Fig. 3(a)].

The decision threshold was found to be L*=
15 uWem=2sr~!. By solving Eq. (5) iteratively, a detection
limit of L* =75 yWem™2sr™! was computed. The detection
limit compared with a signal-to-noise ratio of S/N =~ 8. The rel-
atively high detection threshold is due to the nonlinearity of the
camera as presented in Fig. 3(a). By suppressing the ND filter,

Table 1 Characteristic quantities of the imaging system and their rel-
ative uncertainties.

the detection threshold may decrease, yet parasite light will
become more prominent. The measured values of radiance, pre-
sented in the following, were always well above the detection
limit (by a factor of 10 or more).

3.2 Radiometric Measurements
3.21 Measurements at different wavelengths

In the following, data of an exemplary RD40 diffuser are shown.
Figure 4 shows an example of the normalized radiance of the
RD40 measured in air. Measurements were carried out at wave-
lengths of 635, 671, and 808 nm. Points represent individual
detector pixels with a spatial resolution of (Az, Af, A¢g) =
(124 pm, 15 deg, 13 deg). Lines represent the spline interpola-
tion of the experimental data on a grid with a resolution of
(Az, AO, Ad)piine = (200 um, 4 deg,4 deg). The interpolant
grid was chosen to be a compromise of good spatial resolution
in z at different angles 6 and a sufficiently high resampling of the
experimental data in @ and ¢ in order to increase the precision of
the total radiant flux calculation by integrating Eq. (2) over all
coordinates.

Figures 4(a)-4(c) show the normalized radiance as function
of the diffuser length z and the angles 6 and ¢, respectively.
Profiles in z are shown for 8 =90 deg and ¢ = 0 deg. The
proximal and distal ends of the diffuser are at approximately z =
—22 mm and z = 22 mm, respectively. The normalized radi-
ance as function of 6 is shown for ¢y = 0 deg and z = 0 mm,
i.e., at the center of the diffuser. The normalized radiance as a
function of ¢ is shown for = 90 deg and z = 0 mm. A gen-
eral tendency was that inhomogeneities in the radiance became
larger when the wavelength increased. Table 2 summarizes the
standard deviation in radiance ¢(L) and the maximal variation
in radiance &,y (L) as function of the individual coordinates.
Both quantities were computed from the profiles defined by
—20<z<20 mm, 30 deg <6 <150 deg, 210 deg<6<
330 deg, and —60 deg < ¢ <60 deg [Figs. 4(a)—4(c)]. As a
simplification, data are only given for sets of (z,0,¢) of
major interest, i.e., 6[L(z)] for (6, ¢) = (0 deg,0 deg), 6[L(0)]
for (z,¢) = (0 mm,0 deg), and o[L(¢)] for (z,0)=
(0 mm, 0 deg). Identical conditions were chosen for evaluating
Smax (L)- The standard deviation and maximum variation in radi-
ance were only computed for a semisphere, i.e., 0=
[0, 180] deg, to avoid a systematic bias of the absolute or nor-
malized value of radiance due to misalignment of the RD40 with
respect to the goniometer center. As in Figs. 4(a)—4(c), the stan-
dard deviation of L increased with increasing wavelength and
Smax (L) was observed to be largest at 808 nm. At wavelengths
of 635 and 671 nm, o(L) was comparable, whereas 6., (L) was

Relati;/te.s:d. slightly higher at 671 compared to 635 nm.

. unceo anty Integrating the spline-fitted radiance over the azimuthal and

Quantity Symbol Value (%) . .
polar angles as well as all surface elements yields the total radi-
Radiance L 3.46 mWcm—=2sr! 3.1 ant flux, summarized in Table 3. The relative uncertainty of the
) integrating sphere calibration, which was estimated by linear
Detector signal S 9000 gv 22 regression of the detector signal as function of the input
Detector background S, 504 gv 15 power, was 1.5% (k = .1). The results showed that the measgred
signal and computed total radiant flux agreed well. The value obtained
from integration consistently underestimated the measured flux,
Calibration factor fo 041 yWem=2sr ' gv! 1.1 which may be attributed to an imperfect representation of radi-
' ' ance at azimuthal angles close to 0 deg and 180 deg. For the
Signal deconvolution  fq Otot 9.0 wavelength of 808 nm, it remained unclear why the total radiant
Linearity correction f, 1 20 ﬂux.d)CCD gnderestlmated by up to 15% the value measured by

the integrating sphere @gppere.
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Fig. 4 Profiles of the normalized radiance as a function of (a) z (9 =90 deg, ¢ =0 deg), (b) &
(z=0mm, ¢ =0 deg), and (c) ¢ (z=0 mm, § =90 deg) for wavelengths at 635,671, and 808 nm.
Dots show the raw data and the solid lines show the spline-fitted data. The proximal and distal ends
of the diffuser are at (z,60) = (—20 mm, 180 deg) and (20 mm, 0 deg), respectively. The maximum radi-
ance was 5.1/4.4/3.8 mWcm=2sr-! for a laser output measured by the FD1 of 100/100/380 mW at

635/671/808 nm.

3.2.2 Measurements in water

The radiance profile as function of the diffuser length was mea-
sured in air, in air with glass container, and in water with glass
container for 635 nm (Fig. 5). Absolute values of radiance
decreased by ~12% when adding the glass container (w/o
water) due to the Fresnel reflections at the two glass interfaces.
By adding water to the container, the radiance decreased further

Table 2 Standard deviation of the normalized radiance ¢(L) and the
maximum variation §max (L) = min{L} — 1 as function of z, 6, ¢, and
the wavelength 4.

by ~5%. Figures 6(a)-6(c) show the normalized radiance in air
with the glass container in place and in water for a wavelength of
635 nm. The radiance as a function of z in water was reduced by
up to 12% at the proximal end (z < 0 mm) and increased by up
to 6% at the distal end (z > 0 mm) with respect to the values
obtained in air. The radiance as a function of the azimuthal
and polar angles was more radially peaked. The standard
deviation of the normalized radiance ¢(L) and the maximum

Table 3 The total radiant flux measured by the integrating sphere
Dgnere @nd the integral of the radiance measured by the CCD cam-
era-based goniometer setup ®ccp as function of the wavelength 4.
dccp Was computed with Eq. (2).

(L) Smax (L)
Am)z(%)  6(R)  p(%)  z(%) 6% $(%)  i(nm) Dgpnere (MW) Decp (MW) Pon/Psphere
635 5 5 5 -15 -10 -10 635 87+3 83 0.95
671 5 5 5 -20 -15 -10 671 120+ 4 112 0.93
808 10 15 10 -30 —45 -20 808 117+ 4 101 0.86
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Fig. 5 Normalized radiance in air, in air with the glass container, and in
water. The proximal and distal ends of the diffuser are at z < 0 mm and
z >0 mm, respectively. The maximum radiance inairwas 5.1 mW cm~2
sr~! for a laser output measured by the FD1 of 100 mW at 635 nm.

Table 4 Standard deviation of the normalized radiance (L) and the
maximum variation §yqx(L) = min{L} — 1 for the two media, air and
water.

o(L) Smax(L)
Medium 7 (%) 0(%) ¢ (%) z(%) 0(%) ¢ (%)
Air 5 5 5 -15 -30 -20
Water 5 10 10 -35 -40 -35

variation 8y, (L) = min{L} — 1 is summarized in Table 4 for
air and water. The values were computed according to the inter-
vals used for obtaining the data listed in Table 2.

4 Discussion

Most CCD detectors are made of silicon, which can detect
electromagnetic radiation over a wavelength range of 350 to
1100 nm. This range of operation is particularly useful, because
it covers the wavelengths used for PDT (630 to 675 nm) and ILP

0.9

4
0.6 I

~

If
0.5 1

0.4+ f

Normalized radiance

0.3 |

0.2

0.1}

Water, meas.
—— Water, spline

Air, meas. 4
— Air, spline
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180[--

210\

270
0 (deg)

(c)

Fig. 6 Profiles of the normalized radiance as a function of (a) z, (b) 4, and (c) ¢ in air and water at 635 nm.
Dots show the raw data and the solid lines show the spline-fitted data. The proximal and distal ends of the
diffuserare at (z,0) = (—20 mm, 180 deg) and (20 mm, 0 deg), respectively. The maximum radiance in air
and water was 5.1 and 4.4 mW cm=2 sr~', respectively, for a laser output measured by the FD1 of 100 mW

at 635 nm.
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(800 to 1064 nm). The combination of such a CCD detector with
the rotational mount allows for the measurement of the radiance
along the diffuser as well as all angular components by perform-
ing a single scan along the azimuthal angle. The developed data
processing algorithm enable us to reconstruct a highly resolved
three-dimensional distribution of the radiance with a spatial res-
olution in the submillimeter range. The imaging system has a
high performance that can reliably detect radiance values
down to 0.1 mW cm™2 sr~!' and most likely below when meas-
uring without the neutral density filter. The longitudinal and
angular profiles measured in air and water give an indication
of the quantitative data produced by this technique. The results
from the longitudinal data compare favorably with the manufac-
turer’s data sheet.

The longitudinal profiles at the wavelengths of 635, 671, and
808 nm are very homogeneous with a standard deviation of the
normalized radiance being usually below 10%. The increase in
the standard deviation with increasing wavelength may be attrib-
uted to the manufacturing process of the diffuser, which is opti-
mized for PDT applications, i.e., in the range of 630 to 690 nm.>!
Especially above 700 nm, light absorption in plastic fibers
largely increases with increasing wavelength due to the excita-
tion of higher vibrational states of the phenyl group,* which
may result in larger profile inhomogeneities. At 808 nm, relative
variations in the profile are maximal, which may become an
issue depending on the application. Variations in the irradiance
of the tissue, which are significantly different from the average,
produce localized hot and cold spots in the light distribution.
The occurrence of hot spots can lead to photobleaching® of
the photosensitizing drug and/or hyperthermia."* These effects
are undesirable and can lead to ineffective tumor cell kill and
hence local recurrence of the disease. When applied in photo-
biomodulation,® inhomogeneities in tissue irradiance may trig-
ger unpredictable cellular responses.

No pronounced forward-directed emission was detected, in
contrary to what was reported for diffusers from several other
independent manufacturers.”!>**"? The azimuthal profile is
nearly Lambertian at 635 nm, only at increasing wavelength,
inhomogeneities become more prominent. Light transmission
in these plastic fibers was observed to be significantly lower
in the NIR than in the visible range, by a factor of 3 to 4,
when compared to the silica fiber of the frontal diffuser FD1.
Although the exact fiber composition of the RD40 is unknown,
this result is in accordance with the higher light attenuation of
plastic fibers in the NIR.*

The measured azimuthal and polar radiance profiles of the
RDA40 in water are less Lambertian. This effect can be attributed
to the change in the refractive index when measuring in air or
water. Snell’s law predicts a more isotropic emission of light
when the refractive index outside the diffuser increases (from
Nair = 1 t0 Ry, = 1.33). For a fixed entrance angle of the
light ray inside the diffuser, the exiting ray will be deflected
more toward the surface normal (nggrer = 1.5 — 1.6 at
635 nm), resulting in a more peaked profile.® Furthermore, in
water, the maximum in the longitudinal radiance profile of the
RD40 moves forward, i.e., toward the distal end of the diffuser.
As the difference between the refractive indices of the diffuser
and the surrounding media drops, the light will exit the diffuser
on average after fewer reflections and therefore fewer scattering
events, resulting in an increase in radiance at the distal end.
However, the azimuthal profile is only little affected and no
prominent forward peaking occurs. The overall reduction of
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the longitudinal radiance when measuring in water is due to
specular reflections at the surfaces where the refractive index
changes. The transition from water over borosilicate glass
(Mglass = 1.48) to air leads to a light reduction of ~4%.% How-
ever, the radiance profiles of the RD40 measured in water are
adequate for an interstitial use of the diffuser. The light becomes
quickly isotropic after propagating for a few x/~! in the tissue. In
contrary, in the region close to the tissue surface and known as
the build-up region, the fluence rate can reach values several
times greater than the nonscattered fluence rate,'* which may
lead to issues with the hot spots observed on the longitudinal
radiance profile of the RD40 at 808 nm.

The results obtained by this specific goniometer setup dem-
onstrate its usability for the quality control between a few dif-
fuser units. For the analysis of a large number of fibers, other
methods may have to be considered if a more rapid means of
assessment are required. The setting up of the experiment
requires a fair degree of skill, which is nontrivial, and measuring
the full three-dimensional radiance distribution is time consum-
ing. This may be all together inconvenient for industrial use;
however, this test method is of particular interest when design-
ing or optimizing diffuser parameters. Especially, the knowledge
of the angular radiance components and the overall performance
of a diffuser in a media other than air are highly important for
developing the new diffuser types. Finally, the full description of
the three-dimensional radiance distribution is also of great inter-
est when the light propagation in soft tissues is simulated by
Monte-Carlo methods.®!*?® A radiance distribution measured
in water can tremendously simplify the modeling of the light
source in such simulations.

5 Conclusions

Light-based treatments of diseases depend, among other aspects,
on how and to what extent the light is distributed in biological
material. Thus, the knowledge of the characteristics of the light
source is crucial. The objective of this study was to develop light
detector setup able to measure the three-dimensional radiance
distribution of a cylindrical light diffuser in air and liquid.

A CCD-camera-based goniometer setup was developed for
the measurement of the radiance of a cylindrical light diffuser.
The radiance along the diffuser length and all its angular com-
ponents was measured by performing a single scan along the
azimuthal angle. Then, the three-dimensional radiance distribu-
tion was reconstructed by a dedicated data processing algorithm.
The spatial resolution was in the submillimeter range, the lowest
detectable value of radiance 0.1 mW cm™2sr™!.

The longitudinal and angular profiles of the RD40 diffuser
measured in air and water were very homogeneous at wave-
lengths of 635, 671, and 808 nm. At 808 nm, relative variations
in the profile were maximal, most likely due to the manufactur-
ing process of the diffuser that is optimized for wavelengths in
the range of 630 to 690 nm. In water, profiles were less
Lambertian than in air. An increased refractive index was found
to increase radial light emission due to better index matching. In
air and water, no pronounced forward-directed emission was
detected, in contrary to what was reported for diffusers from sev-
eral other independent manufacturers.
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