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Compact medical fluorosensor for minimally invasive tissue characterization
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Department of Physics, Lund Institute of Technology P.O. Box 118, SE-221 00 Lund, Sweden

(Received 15 August 2002; accepted 22 December 2004; published online 2 Margh 2005

A compact fiber-optic point-measuring fluorosensor fully adapted to clinical studies is described.
The system can use two excitation wavelengths, 337 and 405 nm, obtained from a nitrogen laser
directly, or after dye laser conversion, respectively. The image intensifier used in the spectrometer
can be gated with a variable time delay, allowing also time-resolved spectra to be extracted, with a
time resolution of about 4 ns. Moreover, diffusely scattered white light can be spectrally recorded.
The system is fully computer controlled enabling short recording times in clinical application, which
are illustrated© 2005 American Institute of PhysicDOI: 10.1063/1.1867569

I. INTRODUCTION cence emission from tisste™’ Using violet diode lasers and
small spectrometers, it has become possible to construct very
Various optical spectroscopy techniques have been insmall fluorescence instrumentatibnThe studies performed
vestigated in recent years in the search for minimally or nonto date with this type of equipment have been very valuable
invasive methods to guide medical examinations. Amongo evaluate the potential of fluorescence as a diagnostic tool,
these techniques, fluorescence spectroscopy is presently oagd to identify applications, that could benefit from this
of the most studied and promising alternatives for identifyingtechnique.
premalignant and malignant tumors, but also atherosclerotic QOther studies have been aiming at developing fluores-
plaques. cence imaging systems to scan larger tissue surfaces to detect
The basis for fluorescence investigations is the excitatiogmall lesions of malignant growt]ﬁ.‘z“lmages are also much
of molecules and the subsequent examination of the reemikasier to interpret for the examining doctor than results
ted light. Measurable fluorescence properties useful for thgresented from selected positions. For some applications ex-
identification of molecules and their concentrations inC'Ud%genous substances providing h|gh fluorescence Signa|s
the excitation and emission spectra, and the excited staigan be utilized. One example is the local application of
lifetime. In tissue many fluorophores are present, and thesaminolevulinic acid(ALA), yielding the strongly fluores-
fluorescence signal will thus be a superposition of severagent protoporphyrin IXPpIX). This can be used to visualize

contributions. Tissue characterization ut|||Z|ng ﬂuorescenc%aiignant tumors in' for iristance, the urinary bladder during
techniques is based on differences in molecular contentsystoscopy?®

between different tissue types. Both excitation and emission A common problem for both point-monitoring and im-

uids, due to intermolecular interactions smoothening anyneasurements and white light examination. This can be

sharp structures. The possibilities to characterize tissue typgghieved if pulsed fluorescence excitation and synchronized
can in some applications be enhanced by the use of exogpted detection is performed.

enous fluorescent markers. The development of fluorescence Tissue characterization. based on time-resolved fluores-

techniques for tissue characterization was initiated in thegnce spectroscopy and imaging, has also been employed by
early 1960’s by the observation that malignant tumors could, fe\y group§.5‘28This is possible by using the capability of

be visualized by the red fluorescence emission following Vioyhe jmage intensified CCD cameras to be gated with a short
let light illumination, if a haematoporphyrin derivative was gate width. This technique utilizes another dimension in the
first given to the patiet.This observation was later em- analysis of tissue, the fluorescence lifetime. For further in-

ployed by Profio and Doiron developing t_hiiinstr_uments formation regarding tissue fluorescence studies performed,
efficiently detect the faint fluorescence emissidduring the  \,« (efer to a number of review papers covering this

last decade, many investigators have studied fluorescence tr6lpic.29‘37

evaluate its clinical potential. The aim of the present work was to utilize the long ex-

Many groups, including our own, have assembled SySyqience in our group dating back to the early 19%0re-

tems utilizing off-the-shelf research equipment, often InCIUd'garding fluorescence techniques for tissue characterization,

ing a laser to produce the excitation light and a spectrometgp develop a point-measuring fluorosensor fully adapted to
connected to a charge-coupled dew&D) camera for de-  (jinica| studies. Although imaging systems generally are su-

tection, for clinical point-wise investigations of the fluores- perior for many applications, compact point-measuring fluo-
rosensors will still be very useful, for instance for continued
¥Electronic mail: sune.svanberg@fysik.Ith.se evaluation in numerous clinical applications and as an aid in
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lenses(CVI) with focal lengths 27 and 19 mm, respectively.
Both lenses are antireflectiofar) coated for 337 and
405 nm. The light is again reflected 90 deg with a mirror
identical to the first one.

The beam now enters the optics mounted on a rotational
stage. The first component is a narrow band pass filter

~—===

““““ (-0 (ESCO Products, Oak Ridge, NJ, S903p@ansmitting the
;e,;:m g laser light while suppressing plasma emission lines from the
ki discharge in the laser cartridge. The center wavelength of the
Ll filter is 340 nm, its full width at half maximuniFWHM) is
el P 10 nm, and its transmission 35%. The filtered laser light will
0 Lens N0 box then pass through a broadband 50/50% beam splitter

(EKSMA), specified for wavelengths between 400 and
FIG. 1. () Schematic illustration of the design of the fluorosensor @nd 1000 nm separating the excitation and emission beam paths.
photograph of the system. We considered using a more light-efficient dichroic beam

splitter instead of the broadband unit chosen. The commer-
deciding where and whether biopsies should be collectecially available dichroic beam splitters have a steep transi-
The system should be flexible and extract the fluorescencgon between reflected and transmitted wavelengths but also
information in an optimal way. This has been realized byexhibit a nonflat transmission profile. In our experience, this
employing differences in fluorescence excitation as well asineven transmission profile is difficult to compensate for in a
emission and lifetime. Our system has been designed to heliable way, when analyzing recorded spectra. The laser
compact and fully computer controlled, enabling short re-light is then further collimated by a biconvex fused silica
cording times in clinical applications, which are illustrated. lens(f=60 mm,®=12.5 mm; CV).

A 600-um core diameter fused silica optical fib&iber-

1. SYSTEM DESCRIPTION guide Ind., Stirling, NJ, SFS600Ns used to guide the exci-

The fi has th ibility of ing ti tation light to the tissue under examination. The fiber is con-
¢ fluorosensor nas the PossIbIlity of Measuring times, o .o 1o the side of the system housing using a SMA-type
gated fluorescence spectra following excitation with two dif-

o . _ . ._connector attached to an adjustable fiber pOrttics for Re-
ferent excitation sources. It is designed to utilize also a thlr(g

. . . search(Caldwell, NJ, custom specific model PAF-XM-5-
beam path, providing the additional feature of employmgNUV_Z)] The focusing of the light is matched to the numeri-
scattered white light for tissue characterization. A unique fea- al apert.ure 0.22 of the optical fiber

turg .Of the system is its compactn_ess..The siz€ of.the optlce(fl The clear-cut, polished distal end of the fiber is used in
unit is 47X 40x 21 cn? and the weight is 19 kg. This corre- : . o
entle contact with the tissue. As the excitation light enters

sponds to a reduct|0n3|9n vollume by a factor of 20 compare he tissue, it is quickly attenuated and the penetration depth
to our earlier systerﬁ, while extending the performance .

o . . . .~ is of the order of a few hundred micrometers. A fraction of
greatly. A schematic illustration of the optical unit design is . : -
. . L the absorbed light will generate reemission of fluorescence
shown in Fig. 1a), while a photograph of the interior of the

system is shown in Fig.(b) light. The same optical fiber collects some of the fluores-
e cence and guides it back to the instrument. The lens used to
focus the excitation light into the fiber also collimates the
fluorescence light exiting the fiber. The broadband beam
The excitation light is provided by a small sealed-off splitter reflects about half of the fluorescence light toward the
nitrogen(N,) laser(Laser Science, Franklin, MA, VSL-337 spectrometer. A 2-mm-thick colored-glass filt¢Bchott
or a dye laser pumped by the,Naser (a modified Laser GG385 blocking any scattered laser light is mounted on the
Science DLM-110. The N, laser emits 3-ns-long light rotational stage next to the beam splitter. This high-pass filter
pulses at 337 nm. The pulse energy is approximatelyJ5 transmits 10%, 50%, and 90% at the wavelengths 375, 385,
and it runs at 15 Hz. The small dye laser does not have angnd 410 nm, respectively.
wavelength selective optical components and will thus lase  When the dye laser is used for excitation, the first mirror
at the peak emission wavelength of the dye. The wavelengtts flipped down. The distance between the out-coupling win-
can therefore be selected by the choice of dye only. Fredow of the N laser and a cylindrical lens focusing the light
quently, the dye 4,4diphenylstilbengExciton DPS emit-  onto the dye cuvette in the dye laser is 60 mm. This distance
ting at 405 nm is used for this system. This is of interest azannot be much longer, or the output of the dye laser will
porphyrins are optimally excited at this wavelength. The dyedrop drastically. A mirror inside the dye laser is repositioned
laser provides approximately 1@ pulses at 405 nm. to direct the beam toward the,Naser. Another high reflect-
When using the Blaser for fluorescence excitation, the ing multilayer mirror of the same type as above is directing
laser light is first redirected 90 deg using a multilayer coatedhe beam to the telescope, and further to the rotational stage.
mirror (Melles Griot, Rochester, N)Yin a motorized flip-in  Before using the dye laser, the rotational stage is rotated to
mount(New Focus, San Jose, CA, 8891LMhe beam is then exchange the optics to the set used for excitation at 405 nm.
transformed in a telescope to reach a diameter matching thEhe rotation is motorized and under computer control. The
optics. The telescope consists of two biconvex fused silicaet of optics is exchanged in less than one second. For this

A. Light sources
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wavelength, no band-pass filter is needed, and the filter sugpresently needed to deliver delayed gate pulses to the detec-
pressing scattered laser light is exchanged to one with #or. The triggering signal, generated in the multi-l1O box, now
longer cut-off wavelengtiSchott GG 43h This high-pass trigs the delay generator, which in turn controls the image
filter transmits 10%, 50%, and 90% at the wavelengths 420intensifier of the CCD camera. Since the delay generator has

435, and 465 nm, respectively. an intrinsic delay of approximately 85 ns, the system fiber is
now extended with a 15-m-long delay fiber. The delay gen-
B. Diffusely reflected white light erator may be replaced by a set of fixed delays.

The diffuse reflectance of continuous wave white light _
can also be investigated. For this purpose, the illuminatiorr- USer interface
and detection must be performed with different fibers. The  An application-specific software was developed to have
light from a small-sized tungsten halogen light sourcea fully computer controlled data acquisition. A simple
(Ocean Optics, Orlando, FL, LS-1-)] seen at the bottom graphical user interface was designed to allow use by non-
left part of the photograph in Fig(l), is guided to the tissue specialists. Much effort was spent on reducing the number of
by an optical fiber identical to the one described abovepser interactions with the system during routine measure-
which now serves for detection only. The two fibers arements. This work has simplified and speeded up such mea-
mounted together with a center-to-center distance of 1 mmsurements considerably. A graphical development environ-
A small fraction of the scattered light is collected by the ment, LabviEwW™ (National Instruments, Austin, T
detection fiber. The optics used in the detection system cadesigned for instrument control and data acquisition, was
be the same as for 337 nm excitation. If wavelengths belowutilized in this work. Software drivers supplied with the de-
the 385 nm color filter cutoff are also to be included, thetector, including functions controlling all aspects of the cam-
rotary stage can be turned to its third, filter-free position. era, were used in the programming. The instrument is con-
trolled by a panel-PGAdvantech PPC 150T)T The user-
C. Detection system interface can be operated via the touch screen of the

The fluorescence light is then focused onto thecomputer.

100-um-wide entrance slit of a small-sized spectrometer i

(Oriel, Darmstadt, Germany, MS1Résing a biconvex fused F Recording procedure

silica lens(f=30 mm,@=12.5 mm; CV). The wavelength In clinical recordings, both excitation wavelengths are
resolution of the spectrograph is 21 nm per mm with a 40Qusually utilized. Two fluorescence spectra are thus obtained
lines per mm grating blazed at 500 nm. The light is detectedrom each measuring site in a sequence fully controlled by
using an intensified charge-coupled devi€&CD) camera the computer software. At the beginning of a series of mea-
having 1024< 128 pixels (Andor Technology, Belfast, surements, two background spectra, one for each excitation
Northern Ireland, DH501-25U-01 The camera is thermo- wavelength, are recorded and stored. The fiber probe is then
electrically cooled and is usually operated at a temperature gfositioned in the air far from anything that could fluoresce.
1 °C. The photocathode is of type W, and the minimum gat-Once this is done, the fiber can be positioned in gentle con-
ing time is 1.8 ns. This detection system resulted in a spedact with the tissue, and the recordings start. Normally the
tral resolution FWHM of 2.2 nm and a detected wavelengthsignals from 20—60 laser pulses are accumulated and stored

range up to 805 nm. automatically. Such a set of recordings takes approximately
3-9 s, depending on the number of laser pulses being accu-
D. Equipment synchronization mulated. Both spectra will immediately be displayed on the

computer screen. After completion, the fiber can be moved to

The synchronization of & recording is slightly different ﬁnother position and a new pair of spectra can be recorded.

for time-integrated and time-gated measurements. In bot
cases the computer sends a pulse triggering the laser. Once
the laser is firing, some laser light is picked up by an opticaC- Calibration
fiber at the output window of the Naser. The fiber guides The wavelength scale of the spectrometer is calibrated
the light to a photodiode in a box of electronics used forusing the different peaks from a spectral calibration lamp or
synchronization purposes—the multi-lO box. For time-a fluorescent discharge lamp. After entering the correct
integrated measurements a 100-ns-long gate signal is genereminal wavelength numbers a linear regression yields the
ated in the multi-1O box. This signal is used to open the gatavavelength scale.
of the intensified CCD camera. Since the gate of the detector The sensitivity of the system is wavelength dependent,
is open only 100 ns for each laser pulse, the ambient light ibut stable in time. A sensitivity calibration must therefore
suppressed by more than a factor of,ldllowing the instru-  occasionally be made by recording the emission spectrum
ment to operate also in an environment with bright ambienfrom a National Institute of Standards and Technology-
light. The choice of a comparatively long gate time is moti- traceable blackbody radiator. By dividing the tabulated emis-
vated by making the system a little sensitive to the exacsion profile with the recorded one, a correction curve is ob-
gating in standard, time-integrated measurements. tained. All spectra recorded by the system are then multiplied
To make time-resolved measurements, one has to reaby this response curve before evaluation.
range the hardware slightly. A high precision delay generator  To allow comparisons of the intensity detected at differ-
(Stanford Research Systems, Sunnyvale, CA, DG585 ent occasions, the signal from a fluorescence reference is
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1.0 1.0

measured for both excitation wavelengths in connection with
all investigations. Our reference consists of an optically thick .
sample of 10 mg rhodamine 6(Rh6G dissolved in 60 ml
ethylene glycol in a quartz cuvette stored in the dark to avoid'§ 054
aging effects due to photobleaching. The overall sensitivity§
of the system might change slightly, due to contamination of§
the fiber tip and, if more than one probe fiber is used, differ-
ences in their transmission properties, as well as any insta 00 T . . |
bility of the excitation source or optics positioning. When Time (ns) Time (ns)
analyzing recorded spectra, they are normalized to the corre-

sponding fluorescence reference measurement. FIG. 2. Curves illustrating the time resolution of the system. The integrated
signal from Photofrin and rhodamine 6 G as a function of the gate width
(left pane), and the corresponding differentiated and normalized curves

(right pane).

—Photofrin
—Rh 6G

tensit

- Photofrin
—Rh 6G

Normalized intensity
o
(3]
|

g
=}

H. System characterization measurements

Several measurements have been performed in order {Y- RESULTS

characterize the performance of the system. The noise of the o ] . . ]
system was measured as the standard deviation over In the sensitivity studies using the fluorescence intensity

20 pixels when subtracting the curves obtained from two seStandard as a sample, we obtained fluorescence peak intensi-
quential recordings. We measured the noise in both the baciies of about 50 000 counts per laser pulse using gain setting
ground, i.e., the signal recorded while the fiber probe wa< Of the intensified CCD camera. Gain setting 2 means that
held in air, and in the signal itself. The background noisell.3 counts are recorded by the CCD per photoelectron gen-
mainly originated from statistical fluctuations in the detectorerated in the photocathode of the intensifier. This gain was
dark current and in weak signals induced in the optics itselfchosen for both excitation wavelengths to record a signal

while the noise in the signal mainly was due to photon staslightly below the level for detector saturation. The signal-
tistics. to-noise(S/N) ratio in the peak was about 100 for 337 nm

The sensitivity of the system was measured with refer€xcitation and 90 for 405 nm excitation. The measurements
ence to our internal fluorescence intensity standard merPf the skin using gain setting 615 counts per photoelec-
tioned above, and to normal Caucasian skin. Signal-to-nois#on) resulted in corresponding S/N ratios of 24 and 29. The
ratios were evaluated in both cases. noise in a typical background recording for a single readout

In order to evaluate the time resolution by the system, &t gain 6 was typically 150 counts, yielding a dynamic range
sequence of time-gated spectra was recorded from twef the system of approximately 500 for single-pulse mea-
samples: our rhodamine fluorescence intensity standard arsgirements.
photofrin dissolved in methanol, with a known lifetime of Curves illustrating the time-resolution of the system are
15 ns? The leading edge of the time gates for all the spectrsshown in the left part of Fig. 2. The upper curve for Rh6G,
was fixed in time so that the detector was opened well beforBaving a short lifetime, was obtained by measuring the fluo-
the laser excitation pulse. The trailing edge was moved stepeescence intensity as a function of gate width of the detector.
wise toward longer decay times for each subsequently refhe fluorescence intensity recorded from the Photofrin
corded spectrum. This yielded a sequence of spectra withample exhibiting a long fluorescence lifetime, increases
more and more of the fluorescence decay included. By intemuch slower than the curve obtained from Rh6G. This can
grating the signals under the peaks around 575 and 630 naiso be seen in the differentiated curybsth normalized to
for rhodamine and Photofrin, respectively, two integratedunity for clarity) presented in the right-hand part of Fig. 2.
fluorescence intensity curves could be plotted versus the dd+he rise time of both curves, illustrating the system response,
tector gate width. By differentiating these curves, the fluo-is about 4 ns, where the effects of trigger jitter are also in-

rescence decay curves were obtained. cluded.
1.4 337 nm excitation [\ ) 0.4+ 405 nm excitation [ o)
1.2 — Metaplasia — Metaplasia
S 1.0+ — High grade dysplasia 3 0.3+ — High grade dysplasia
A 8- 8
2 2
@ 0.6 %‘ 0.2
g 5
£ 0.4+ £ 011
0.2+
0.0- 0.0 T T T )
400 500 600 700 400 500 600 700
Wavelength (nm}) Wavelength (nm)

FIG. 3. Time-integrated fluorescence spectra from measurements of normal tissue, metaplasia, and high grade dysplasia in the colon follgevireg excita
337 nm(left pane) and 405 nm(right pane). The patient investigated in the panel to the right had received ALA at a dose of 5 mg/kg body weight.
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Basal cell carcinoma Normal skin

= 200 1| — Ealy light (0-5 ns) - 200 — Early light (0-5 ns)
S 150 - — Late light (5-100 ns) g 150 - — Late light (5-100 ns)
> )
% 100 g 100 -
E 50- £ 50

0 T T T O T T T

400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

FIG. 4. Time-resolved fluorescence spectra recorded in a basal cell carciledtmane) and the adjacent normal skiright pane) following 4 h topical
application of ALA.

A. Clinical evaluation having a short lifetime, is accordingly reduced in the late
The functionality of the system in clinical work has been 9ate. _
evaluated in investigations of lesioirs vivo in three differ- Figure 5 shows some sample spectra from diffusely scat-

ent clinical specialties. The first investigation was performedered white light, recorded with the system. The distance
to assess the potential of laser-induced fluorescence spectrdtween the source and the detection fibers was 1(cem-

copy to distinguish between hyperplastic and adenomatou§' to center. The curves have been normalized to the signal
polyps in the colorf! Time-integrated fluorescence Sloectrarecorded from a 99% reflectance stand@del Instruments,
excited at 337 nm from three locations in the colon of oneSRS-99-01f Measurements on locations with high blood
patient are shown to the left in Fig. 3. The curve with thePerfusion, such as the lip and the fingertip, show a clear
highest intensity is recorded from the normal colonic mu-Imprint of the absorption spectrum of oxy-hemoglobin. This
cosa, while the second most intense curve is measured froffn be seen as the two dips in the wavelength range between
a metaplastic polyp and the third curve originates from arp00 and 600 nm. On the lower arm, however, this spectral
adenomatous polyp with high-grade dysplasia. The reductiofiignature was not obvious.

in the intensity of blue fluorescence in abnormal tissue is a

common feature, very valuable for diagnostics. Similar time-V. DISCUSSION

integrated spectra excited at 405 nm from another patient,
who had received a low dose of 5 mg per kilogram bodyto d

weight ALA per oz prior to the examination, are shown to i
. o . should be fully computer controlled to enable rapid record-
the right-hand side in Fig. 3. The protoporphyrin (RpiX) ings and should have a user interface allowing the use by

ﬁégnn;:titisast:JZUIvSrﬁihnr;ggacgggshzsfr%rc?l:rcl:gsrgllljr; tfrl]li)rrT(:"lsrl__C)nspeciaIists. Compact parts, several _partly custom rede-
' signed, were chosen. Despite the requirements of a small
Cemlzr?.the second study, fluorescence spectroscopy was uss stem Wi.th a simple user ir?terface, the fluoros_,ensor hgs be-
o o . : %Bme flexible with a sophisticated spectroscopic potential. It
for characterizing cardiovascular lesions. Spectra excited atrovides time-gated emission spectra at two excitation wave-

337 nm recorded from a patient undergoing coronary bypasl%ngths in a rapid sequence of measurements, all fully com-
surgery were recorded. The spectra showed a sharp dip at

about 415 nm due to blood reabsorption. It has previouslygmer controlled. Another benefit of the compact design is the

. . hort light paths inside the system, resulting in minimal light
been shown that atherosclerotic plaque differs spectroscop||— ghtp y 9 9

. 0sses.
g’:g:cy zgubstantlally from normal vessel walsee, e.g. The use of two excitation wavelengths can be favorable

) .to optimize the potential for tissue characterization utilizin
Time-resolved spectra recorded from a basal cell carci- P P 9

noma in the skin next to the eye, as well as from the normal

surrounding skin, in a woman with Caucasian skin type are

shown in Fig. 4. ALA was administered topically in a cream 31

for a period of 4 h before the examination. This application ] Arm

resulted in a haem-cycle production of PplX. The

100-nm-long gate with fast switch on and off tim@ee Fig.

2, right panel was first placed early to only include the first

5 ns of the fluorescence decay. Then the gate was moved

forward so that the leading edge of the gate replaced the

earlier position of the trailing edge. Thus late fluorescence,

starting 5 ns after the fluorescence onset, was collected. The

PpIX molecules exhibit a long fluorescence lifetime, much 0
400

longer than the one for the tissue autofluorescence, and is

thus better pronounced in the spectra with the late gate. The

autofluorescence in the region between 450 and 600 nm, FIG. 5. Reflectance spectra of three types of human skin.

In the design of the system presented, the main goal was
evelop a very compact fluorosensor for clinical use that

N

Finger

—_
1

Intensity (a.u.)

Lip

500 600 700 800
Wavelength (nm)
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