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1 Introduction mitochondria and DNA content versus small angle scatter to

|.huclei***and distinguishing normal versus cancerous cells

The confocal reflectance microscope images nuclear and ce ) T .
lular morphology in the epidermis, microcirculation and col- Pased on small differences in intracellular scattgrarclei,
lagen in the dermis and other architectural detail in living skin °rganelles sizes.” Saidi, Jacques, and Tittel identified
to depths of 200—35@m, with lateral resolution 0.5—1,am sources of scattering in skimainly dermal collagenbased
and section thicknes@xial resolution 25 xm.1~5 The opti- on Mie and Rayleigh modelinyf.Based on FDTD modeling,

cal sectioning with a confocal microscope is comparable to Dunn,. Drezek and. Richards-Kortum e.t .al' provide an undgr-
the physical 5um sectioning that is typically performed for standing of scattering from cells containing heterogenous size

o S 11
conventional histology. High-resolution confocal reflectance and refractive index distribution of organelfés. Pereleman

imaging is based on the detection of singly backscattered light e_t al. hav_e dfemonstra_ted Fhe ab'“ty to determ_lne denS|_ty and
from the optical section. The contrast is due to refractive in- size distribution of epithelial nuclel_by extracting t_he smgly
dex variations of organelles and microstructures such as imra_scattered component from the multiply scattered diffuse light

H ,19
nuclear chromatin, mitochondria, melanin-containing melano- that is detected

somes(pigment granules keratin (protein distribution and ditiu:di?]rvri(\e/al-tlrr?de, hlrgljh-resolurtlon C?nrfocril re;le;:ta;ns/iedcczﬂ-
collagen fibrils and bundles® The relative contribution of ons 0, éndogenous sources alone may not provide the

these sources of endogenous contrast to detected signal Ievel?'gh'.enOngh contrast specificity that may be required to dis-

T TS Inguish organelles, types of cells, microstructures and other
was analyzed by Dunn et al. and others using finite-difference components of tissue. For examole. two main Sources of con-
time-domain(FDTD) analysis’ ! P ' Pie,

Recent research work in light scattering spectroscopy hastraSt in skin are melanifin pigmented lesions such as mela-

focused on the characterization of scattered light signals from noma3 and keratin(in nonpigmented lesions such as basal

; .—_cell cancery often, keratinocytes contain both in complex
endogenous sources such as nuclei, organelles and micro: 5 Y P

structures within cells and tissues, based on Mie tH&ol intermixed spatial distributions. Both melanin and keratin ap-
and FDTD analys&™ and gonior,netric measurements of P&’ bright, grainy and indistinguishable in confocal reflec-

phase functions, reduced scattering coefficients and other pa_tance Images. Thus, exogenous contrast agents may be neces-

rameters. Hielscher, Mourant, and Bigio et al. have character- 52" to enable imaging at organelle- and microstructure-

ized parameters such as size distribution of the scatterers, cor> pecific levels. Examples of potentially useful contrast agents

A include liposomegused for drug delivery aluminum chlo-
relation of large angle scatter to small organelles such as . . . ; . )
ride and aluminum zirconate saltssed in topical skin treat-
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ments, intralipid and an evolving class of molecular particles
and nano-particles. Detection of exogenous contrast agents
vivo with high resolution and in real time will be challenging
for two reasons:(@) at a concentration that must be low
enough to be nontoxic to tissue, the very small confocal probe
volume may not contain sufficient number of contrast agent
particles or molecules to produce a strong backscattered sig-
nal, and(b) when imaging, the detector may not have long
enough integration time to allow each pixel to collect a suffi-
cient number of backscattered photons. Thus, an important
factor will be detectability: the detected singly backscattered
signal relative to the multiply-scattered background noise
(i.e., contrastand the signal relative to noigee., signal-to-
noise ratig as a function of the optical properties of both the
contrast agent and the tissue. A quantitative understanding of
detectability will provide the basis for the opto-biochemical
design and use of contrast agents as well as optimum design
of confocal instrumentation parameters. Gan and Shefbard
and Sheppard et &t have presented a detailed analysis of
detectability in terms of signal-to-noise ratio, taking into ac-
count all sources of noise such as quantum effects, optical
instrumentation and object background. In fact, they propose

incident, linearly polarized
———— plane wave,
illumination irradiance I,

v
® homogeneous sphere of
radius a, refractive index n;
0 (real or complex)
r

surrounding medium,
refractive index n, (real)

scattered, elliptically polarized
spherical wave,
scattered irradiance I

(a)

linearly s-polarized
illumination irradiance
incident on skin I;

objective lens of
numerical aperture NA
skin surface

epidermis or dermis
or blood flow,
refractive index n,

backscattered irradiance I
along optical axis (8 = 180°%)

detectability as a rigorous criterion for evaluating confocal
microscope performanc8.

In this paper, we present an analysis based on Mie scattering
theory to predict detectethackscatteredsignals from and
detectability of contrast agents within skin and microcircula-
tion in video-rate confocal reflectance images. The detectabil-
ity is determined in terms of signal-to-background rdfio-

illumination irradiance
/ 1=l e** atdepthz

Fig. 1 (a) Conditions for Mie theory: a homogeneous sphere of radius

age contrastand signal-to-noise ratiéimage quality. The a and refractive index n; is within a homogeneous medium of refrac-
' tive index n,, and illuminated with linearly polarized plane waves

analysis was experimentally verified by imaging and detection .~ . T . .

. . (irradiance 1), resulting in elliptically polarized spherical scattered
of exogenous _agents_ such as polystyrene microspheres in _tthaves (irradiance ). When the illumination is linearly s- or
dermal microcirculation of Sprague—Dawley rats and acetic p-polarized, the corresponding scattered irradiance is I or I, as de-
acid-induced compaction of chromatin within human epider- fined in Egs. (3) and (4); (b) geometry for confocal reflectance imag-
mal nuclei, as well as by measurement of endogenous signalsng: the incident linearly s-polarized irradiance on the skin surface is
from human epidermis(For the interested reader: a corre- I; s which decreases expgnentially to Io/{when itiIIuminates.a Coptrast
sponding analytical model and experimental tests for detect- agent at dept‘h z. The linearly s—pf)lar.lzed backﬁcattered irradiance

. L along the optical axis (at §=180°) is given by I, in Eq. (6).
ability of fluorescence contrast agernts vivo was recently
published??)

. . standing of relative(rather than absolutedetected signals

2 Analysis of Detected Signal may be obtained by applying Mie theory. Thus, we assume
In high-resolution confocal reflectance microscopy, the opti- the organelles to be spheres and the surrounding epidermis or
cal section within living skin has been experimentally mea- dermis to be homogeneous with uniform refractive index; by
sured to be 2—%um thick when using water immersion ob-  comparison, exogenous contrast agents such as polystyrene
jective lenses of numerical apertur@¢As) 0.7—1.2!° Since microspheres are, in fact, spherical, homogeneous and of uni-
the thickness of the optical section is much less than the meanfgrm refractive index.

path length(~20—100xm) for scattering and absorption in When a linearly polarized plane wave illuminates a homo-

the skin, the imaging is based on the detection of singly back- geneous metallic(absorbing or dielectric (nonabsorbing
scattered light. The contrast is provided by refractive index spherg[Fig. 1(a)], the scattered irradiance’ts

variations of organelles and microstructures that are typically
of size 0.1-1.Qum and refractive index 1.34—-1.70. F(6,¢)
I=—=zzlo (1)
2.1 Mie Theory

Mie’s theory is for a homogenous sphere of uniform refractive
index (ny) that is immersed within a homogeneous medium -~ 2 2
of uniform refractive index(n,). As such, Mie theory does F(0,4)=[S1(0)|sin” ¢+[S(0)|* cos’ ¢, 2

not apply to living tissues: scattering organelles and micro- wherel, is the incident irradiance;, is the radial distance
structures are neither spherical nor homogenous, and the suraway from the scattering spherg|s the azimuthal angle and
rounding epidermis or dermis is neither homogenous nor of k=27/\ is the wave numbef\ =\y/n,). S;(6) andS,(6)
uniform refractive index. Nevertheless, a quantitative under- define the angular distribution of the complex amplitudes of

in which
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the spherically diverging scattered waves that areor
p-polarized(i.e., perpendicular or parallel with respect to the
plane containing the incident and scattered beamespec-
tively.

Detectability of contrast agents . . .

depth is typical within human epidermis and for microcircu-
lation in the dermis of Sprague—Dawley rats in which experi-
mental tests were performed.

The detected signal is given by the integration of the back-

The scattered irradiance components that are polarized per-scattered irradiance over the solid angle defined by the NA of

pendicular(ls) or parallel(l,) with respect to the plane con-
taining the incident and scattered beams are

S1(0)|?
s:% 051 (3)

(0)]?
IDZBZWLIO,pi (4)

wherelqs andl g, represent thes- and p-polarized illumina-
tion irradiance, respectivelyS;(6)|? and|S,(6)|? are func-
tions of three variables, X, 6§ where(i) n=n/n, (refractive
index of the scattering sphere relative to that of the surround-
ing medium, (i) x=2mal\ [circumference of the sphefef
radiusa) relative to the illumination wavelengthin the sur-
rounding medium, wherk is actuallyy/n, for Ay being the
wavelength in vacuumy and (i) 6 is the angle between the

propagation directions of the scattered and incident waves as

shown in Fig. 1a). The functiongS,(6)|? and|S,(6)|? have
been extensively computed in the form of Legendre polyno-
mials and Bessel functions and their derivatives, and are
available in the literatur& =25 (In this analysis, available
computed values dfS,(6)|?> and|S,(6)|? were used which,

as explained in the following section, reasonably represent
actual confocal imaging conditions. Further detailed analysis
will, of course, require the use of computer code such as from
Bohren and HuffmaR’)

2.2 Backscattered Signal in Confocal Images of Skin

In a confocal microscope, the illumination from an objective
lens of high NA is a converging spherical wave and we often
use circular polarizatiofiFig. 1(b)], but we assume linearly
polarized plane wave illumination. Again, under such ap-
proximations, we perform Mie analysis to understand relative
(rather than absolutedetected signals from exogenous and
endogenous contrast agents within skifurther detailed
analysis must account for spherical waves and circular polar-
ization as a superposition of two orthogonal linear polariza-
tions,)

Within skin, we expect the illumination irradiance to de-
crease exponentially with deptBeer’s law, based on experi-

mental measurements of confocally detected signals in ex-

cised living skin samples. Therefore, when the nominal
linearly s-polarized illumination irradiance on the skin surface

is l; ¢, we expect the irradiance on a scattering particle at a
depthz to be

_ —uz
IO,s_li,se 1,

©)

where u is the extinction coefficient due to scattering and
absorption Fig. 1(b)]. The values fol reported in the litera-

the objective lens. For the useful range of water immersion
NAs of 0.7—1.2 for imaging skift? the solid angles are 0.94—
3.57 sr; we commonly use a NA of 0.9 that corresponds to
1.65 sr. Since we are interested in relative detected signals
from contrast agents, the detected signal was calculated as the
directly backscattered component along the optical éxés,
#=180°) integrated over 1 sr, using available computed scat-
tered irradiance valugé=2% (1 sr is a reasonable representa-
tion of the above mentioned useful range of solid angles and
NAs. Further detailed analysis will, of course, require integra-
tion of the detected irradiance over the full NA or full solid
angle of the objective lens.

The illumination wavelength in our near-infrared confocal
microscope is 1064 nm, for whidk=5.9, [um~1]. In the
close vicinity (say,r=1 um) of the scattering particle, Eq.

(3) gives the backscatteremdpolarized irradiance to be

| _|siaso0)p?

- ®)

0s
assuming illumination with perpendiculais) polarization
[Fig. 1(b)]. |S,(180°)|? represents the backscattered irradi-
ance integrated over 1 gfor illumination with parallel(p)
polarization, we would usgS,(180°)|? to determine the cor-
respondingp-polarized backscattered irradiance. e 1.5,
which is typical for both exogenous agents and organelles in
the epidermis, bothS,(6)|?> and |S,(6)|? are constant and
approximately equal to each other fér-180°+40° (i.e.,
~1.47 sr).

The backscattered light decreases exponentilyain,
transmission through the epidermis and dermis is 0.60 and
0.29, respectively, for 5gm depth before it is remitted, and
there is a further 50% loss in transmission through the confo-
cal optics.(The experimentally determined transmission of
50% in the laboratory prototype is low. Higher transmission
of up to 80% is possible, as determined in a more recent
commercial version that is optimally designed and uses better-
quality optics?) Under these conditions, the detected irradi-
ance through the confocal pinhole is

i,s

3|81(180°>|2|
2

2

| gets=5.1X 10

from the epidermis, and

@)

,151(180°)2
2

2

lgets=1.2<10" from the dermis.

®

For optimum sectioning, the pinhole diameter is matched
to the illumination spot diameter. At video rate, the detector
integration time(pixel time) is 100 ns, and at wavelength of

Ii,s

ture vary widely, and hence we chose representative values of1064 nm, there ar6.3x 10'® photons/J Thus, for video-rate

10 mm ! for the epidermis an@5 mm * for the dermis?®2°
Thus, 15,=0.60; ¢ within the epidermis an®.29;  within
the dermis, assuming a depth of p@n in either layer. This

high-resolution near-infrared confocal imaging in skirnvivo
using objective lens NA of 0.7solid angle=1 sr), the de-
tected signal in photons per pixel is

Journal of Biomedical Optics * March/April 2004 * Vol. 9 No. 2 325



Rajadhyaksha, Gonzalez, and Zavislan

S,(1809)|?

S photons/pixe]=2.7x 10° X 1;  Watts]

nz
from the epidermis, and (9)
. S,(180°)
S photons/pixe]= 6.4x 10° 2 X1;  Watts]
2
from the dermis, (10

where the illumination powefl; ) that is incident on the skin
must be defined in Watts.

3 Background Noise

Underlying this detected signal is background ngBgfrom

the tissue due to the small amount of multiply scattered light
from the out-of-focus regions that is collected by the pinhole.
Additionally, there may be a small amount of back reflections
from the microscope optics. Gan and Shepfaehd Shep-
pard et aP* have reported a quantitative model for back-
ground noise from both the object and the instrument in their
analysis of detectability.

The background noise depends on the site and depth within

skin being imaged. In our video-rate confocal microscope, we
experimentally measured the maximum background to be
100-500 photon§l—5 nw) when imaging deep in the dermis
from where no signals are detected, using 10 mW of illumi-
nation power at 1064 nm on the sKirVisually, 100-500
photons produce a faint, diffuse background on the video
monitor, observed when imaging at depths exceeding 200—
350 um from where we do not detect any signal.

4 Detectability

A contrast agent is detectable if the backscattered sighas
higher than the backgroun®): detectability is thus quantita-
tively defined in terms of S/B ratio or contraSt3*The con-
trast must exceed 1 at minimum and, for practical purposes,
be significantly higher. Moreover, when detectable, the image
quality and information content from the contrast agent de-
pend on the signal-to-noiseS/N) ratio°~32 Our video-rate

Subcommittee on Research and Animal Cd&®RAO-
approved protocol for animal imaging and an Institutional
Regulary Board(IRB)-approved protocol for human skin
studies at Massachusetts General Hospital.

5.1 Polystyrene Microsphere-Enhanced
Microcirculation in Rat Dermis in vivo

The Sprague—Dawley rat is an excellent animal model for
testing detectability of contrast agents in microcirculation.
The microvasculature consists of very thum-sized blood
vessels and is well hidden within the dense collagen in the
dermis, such that the microcirculation is not visualized in real-
time confocal image$Fig. 2(@), controll. The blood flow in
the microvessels does not have any contrast relative to the
surrounding dermis. When injected intravenously, the polysty-
rene microspheres enhance the brightness and contrast of the
microcirculation, making the blood flow easy to detect and
visualize. For polystyrene microspheres of diameters 0.1-1.0
um and refractive index 1.57 in blood flow at depth of &,
the predicted detected signalli§’—10° photons/pixelTable
1). These predicted values are somewhat underestimated since
we did not integrate over the full NA of the objective lens or
account for the illumination being circularly polarized. Based
on the contrast{S/B ratio in Table 1, we expect to detect
polystyrene microspheres of diameter larger thangorl

The experiments were carried out on Sprague—Dawley rats
(weight 300—400 g, blood volume 70 mL/kg, total blood vol-
ume 21-28 ml. The ear was a convenient site to image
because we could keep the tissue still during imaging with a
mechanical tissue-to-objective lens contact device; details of
this device have been reported earfigiThe device consists
of a ring-and-hole template that was attached to the ear of the
rat with surgical adhesivéMastisol, Ferndale Laboratories,
M), such that the same site could be imaged befcoatrol)
and after injection of polystyrene microspheres. The rat was
anesthetized with an intramuscular injection of ketarffe
100 mg/kg/xylazind4—-5 mg/kg, and the contrast agent in-
jected into the femoral vein. Polystyrene microspheres of di-
ameters 0.1, 0.2, 0.5 and 1.0n and of refractive index 1.57
in distilled water(Molecular Probes, catalog No. F8888ere

confocal imaging of skin, oral and other tissues is quantum injected and tested for contrast enhancement and detectability.
noise limited, for which the root-mean-square S/N ratio is Each microsphere size was tested on two rats. Each suspen-
given by the square root of the number of photoelectrons sion of microspheres was briefly sonicated, and the injected
emitted by the detector photocathdd@uantitatively, the S/IN  dosage was adjusted depending on the vendor-specified con-
ratio is 7S/\/7(S+B) where 7 is the quantum efficiency of ~ centration, such that we expected only a single microsphere in
the detecto( »=0.16at 1064 nm for the avalanche photodi- the illuminated confocal probe volume at a time. We used a
ode in our confocal microscopeThe detected signal from a 60X, 0.9 NA water immersion lens and Nd:yttrium—

contrast agent will thus be useful if the S/N ratio exceeds 1 at @luminum—garnet wavelength of 1064 nm, for which the con-
minimum but, in practice, must be much higher. focal probe volume is estimated to B 10”2 mL, based on

a previously reported analysi$For the range of concentra-
. . tions of 3.6x 10'°-5.3x 10* microspheres/mL the dosage

5 Experimental Detectability of Exogenous was either 1 or 0.1 mL, such that there would be no more than
Contrast Agents one microsphere in the probe volume. The illumination on the
The detectability predicted by the above analysis was experi- skin was 10 mW. We imaged the dermis and microcirculation
mentally tested in two application§) using polystyrene mi- before injection(contro) and for up to 1 h after. The images
crospheres to enhance the brightness and contrast of microcirwere both videotaped in real time as well as captured as single
culation in Sprague—Dawley rais vivo and (ii) acetic acid- frames with a frame grabber; further instrumentation details
induced compaction of chromatin to enhance the brightnessare available elsewhefé.At the end of each experiment, the
and contrast of nuclear morphology in freshly excised skin rat was euthanized with an intra-cardiac injection of pentabar-
specimengx viva The experiments were performed under a bitol (100 mg/kg.
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R

control

Fig. 2 Confocal reflectance images of Sprague-Dawley rat dermis in vivo showing (a) no detectability of microcirculation under normal conditions
(control). Blood flow is not detected in the real-time images due to lack of signal and contrast; (b, ¢, d) detectability of microcirculation (arrows)
following intravenous injection of polystyrene microspheres of diameters 0.2, 0.5, and 1.0 um. The blood flow in microvessels appears as a
continuous stream of pixels (arrows) that is easily and convincingly seen in the real-time images but, unfortunately, difficult to fully appreciate in
these still images. Objective lens 60X, 0.9 NA water, scale bar 25 um.

In the dermis of all rats, under normal conditions, we consis- ever, the injection of microspheres of diameter u2 and
tently observed the microvasculature to be well hidden within larger resulted in the microcirculation being easily and con-
the dense collagen, and the microcirculation was not visual- sistently detected at typical measured depths oft80in the
ized in real-time confocal imagd#&ig. 2(a), controll. How- dermis [Figs. 2b), 2(c), and Zd)]. The blood flow in the
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Fig. 2 (Continued.)

microvessels is obvious in the real-time images but, unfortu- 5.2 Acetic Acid-Enhanced Nuclei in Human

nately, not easy to appreciate in these still images. The micro- Epjdermis

circulation with 0.1gum-diameter microspheres could not be ) . .

detected. The microspheres are seen in the images as eithefne analytical model for detectability provides an understand-
one or two pixels, each pixel being equivalent to the lateral ing for the appearance of nuclei as either dark or bright in

resolution (~0.5m) in size. These experimental results confocal reflectance images of living tissues. Nuclei in cervi-

confirm the analytical predictions in Table 1. cal and skin tissues consistently appear dark, but the topical
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Table 1 Predicted detected signals from polystyrene microspheres in blood flow at a depth of 50 um in
the dermis of Sprague-Dawley rats, for incident illumination power (/;)) 10 mW (5.3
% 10° photons/pixel) on the skin. The assumed refractive indices are: n;=1.57 for the polystyrene mi-
crospheres and n,=1.40—1.33 for blood at 1064 nm such that n=1.12—1.18. The contrast (S/B ratio)
and quality (S/N ratio) are estimated assuming background (B) of 500 photons/pixel and specified quan-
tum efficiency () of 0.16 at 1064 nm for the silicon avalanche photodiode in our confocal microscope.
The values of S, S/B and S/N are somewhat underestimated due to the approximations in the analysis.

lger,s [nanowatts] S [photons/pixel] Contrast Quality
Diameter a x  (forn=1.12-1.18) (for n=1.12-1.18) (S/B ratio)  (S/N ratio)
0.1 um 0.05um 0.4 0.1-0.8 50-400 0.1-0.8 0.9-5.3
0.5 um 025 um 2.0 5-20 2.6x10%-10* 5.2-20.0 18.7-39.0
1.0 um 0.50 um 4.0 345-640 1.7x10°=3.1x10° 340-620 164.7-222.5

application of 1%-5% acetic acid causes them to appearfects of acetic acid on chromatin in a small field of view of
bright53334 This is the well-known aceto-whitening effect 0.15 mm, with illumination at 1064 nm.

that causes a differential brightening of dysplastic tissue rela-  In the epidermis, the nuclei normally appear dark in con-
tive to normal tissue, and is used for clinical screening of focal reflectance image$ig. 3(@)]. After washing the skin
skin, cervical and other epithelial disorders. The brightening specimens with 5% acetic acid for three minutes, the nuclei
of nuclei enhances the contrast and significantly improves de-appear brighfFig. 3(b)]. We determined the nuclear bright-
tectability of nuclear morphology in basal cell cancers, and is ening to be due to the compaction of chromatin, as seen in the
potentially useful for detecting these cancers to guide Mohs high-resolution confocal images and further verified by the
micrographic surger$.

The brightening of the nuclei is explained by the Mie ana-
lytical prediction of the backscattered detected signal. Under
normal conditions, the nucleus contains a diffuse network of
thin chromatin filaments that are typically 30—100 nm in di-
ameter and occupy a small volume witii#¢ We assume the
refractive index of the chromatin to be 1.39 on the basis of
reported refractive indices for nuclei and intra-nuclear com-
ponents such as nucleoli, nucleoplasm and chromosdfies.
The surrounding epidermis is of bulk refractive index 1334.
From chromatin filaments of 100 nm size, E§) predicts the
backscattered signal to be 300 photons/pixel from nuclei that
are a depth of 5Qum in the epidermis. This signal is within
the background ~100-500 photorjssuch that the contrast
(S/B ratig is less than 1 in video-rate images of skin, and thus
the nuclei appear daflEig. 3(a)]. The acetic acid causes com-
paction of the chromatin into thick fibers that are 1% in
diameter; the compacted chromatin fills a large fraction of the
intra-nuclear volumé&.From compacted chromatin fibers of 1
um size, EQ.(9) predicts the backscattered signal to &ée
x 10* photons/pixel, and the resulting contrast is 80 and
signal-to-noise ratio is 8Qrelative to background of 500
photons/pixel. The nuclei thus appear brigfEig. 3(b)].

Excised thick specimens of human skin were obtained
from Mohs surgeriegof basal cell cancefperformed in the
Dermatology Surgery Unit at Massachusetts General Hospital.
This is skin that remaingand is otherwise discardeafter
Mohs surgery; thus, the experiments did not interfere with the
routine Mohs surgical procedures and patient care. The skin
excisions were rinsed with Dulbecco’s phosphate buffered so-
lution (DPBS), washed with 5% acetic acid for 3 min, and
then imaged with the confocal microscope. The control im- X . )

. - . showing (a) nuclei that normally appear dark (arrows); (b) compacted
ages We':e Of_Skm that was rinsed in DPBS but not W‘jiShed chromatin (arrows) that fills the intra-nuclear volume and makes the
with acetic acid. We used a 100X, 1.2 NAeasured section  nyclei appear bright, after washing with 5% acetic acid. Objective
thickness 2um) for very high-resolution imaging of the ef-  lens 100X, 1.2 NA water, scale bar 10 um.

Fig. 3 Confocal reflectance images of human epidermis ex vivo,
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Table 2 Predicted detected signals from organelles at a depth of 50 um in human epidermis, for incident illumination power (/; ;) 10 mW (5.3

% 107 photons/pixel) on the skin. The assumed refractive indices are: n;=1.

34—1.45 for the organelles (Refs. 37 and 41-43), 1.40 for mitochondria

(Ref. 44) and 1.70 for melanosomes (Ref. 45), and n,=1.34 for epidermis (Ref. 39) at 1064 nm such that n=1.00—1.08 for the organelles (for the
calculations, we choose n=1.05), 1.05 for the mitochondria and 1.27 for melanosomes. The contrast (S/B ratio) and quality (S/N ratio) are
estimated assuming background (B) of 500 photons/pixel and specified quantum efficiency () of 0.16 at 1064 nm for the silicon avalanche
photodiode in our confocal microscope. The values of S, S/B and S/N are somewhat underestimated due to the approximations in the analysis.

S Contrast Quality
Diameter a X n Lger s [photons/pixel] (S/B ratio) (S/N ratio)
Organelles 0.05-0.5 um 0.4-4.0 ~1.05 0.03-0.37 nW 15-2x10* 0.03-40.0 0.3-55.9
0.1-1.0 um
Mitochondria 0.5 um 4.0 1.05 42.7 "W 2.1x104 42.0 57.3
1.0 um
Melanosome ~0.5 um 4.0 1.27 4.9 uW 2.4x10° 4800.0 619.6

0.6-1.2 um

corresponding histology. Further details of these experimentsin humans will require a fundamental analysis of detectability

and results are available elsewhére.

6 Detectability of Endogenous Contrast Agents

In addition to detectability of exogenous contrast agents, Eqgs
(9) and (10) also provide a basis to predict detected signals
from endogenous sources of contrast within gkinany other

versus toxicity that would lead to instrumentation develop-

ment and clinical applications. Eventually, an understanding
of the detected signals and contrast from microstructural com-
ponents of tissue may prove useful for potential clinical

"screening or diagnostic applications.

tissug. The sources of contrast in the epidermis are organelles Acknowledgments

and microstructures that are typically of 0.1—Lf sizé®*!
and refractive index 1.34—1.78-%° For example, mitochon-
dria are of~1 um size and refractive index 1.40.The pig-
ment melanin is a major source of contrast in skimd is
present in the form of melanosomes of 0.6—u® and re-
fractive index 1.7d° The bulk refractive index of human epi-
dermis is 1.34, as experimentally determined by optical co-
herence tomograpfy (as expected, this is close to the
refractive index of water, given that the epidermis contains
60%-70% water by volume The detectability of these or-
ganelles, as predicted by E(), is shown in Table 2. De-

tected signal levels from the epidermis in an excised specimen

of normal skin were measured to be in the range of
10°—10* photons/pixef when illuminated with 10 mw at

1064 nm. This experimentally observed range is in general

agreement with the predicted range in Table 2, taking into
consideration that exciseflypically, Caucasian types I-)I

skin specimens that are obtained from Mohs surgeries tend to

be lightly pigmented and with low levels of melanin.

7 Summary and Conclusions

This work was performed at Wellman Laboratories of Pho-
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Nycomed-Amersham and Unilever. The authors thank Dr.
Robert H. Webb, Dr. R. Rox Anderson and Dr. Charles A.
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