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Abstract

This article reports the evolution of scanning spectral imaging techniques using scattered light for
minimally invasive detection of early cancerous changes in tissue and cell biology applications.
Optical spectroscopic techniques have shown promising results in the diagnosis of disease on a
cellular scale. They do not require tissue removal, can be performed /n vivo, and allow for real
time diagnoses. Fluorescence and Raman spectroscopy are most effective in revealing molecular
properties of tissue. Light scattering spectroscopy (LSS) relates the spectroscopic properties of
light elastically scattered by small particles, such as epithelial cell nuclei and organelles, to their
size, shape and refractive index. It is capable of characterizing the structural properties of tissue on
cellular and sub-cellular scales. However, in order to be useful in the detection of early cancerous
changes which are otherwise not visible to the naked eye, it must rapidly survey a comparatively
large area while simultaneously detecting these cellular changes. Both goals are achieved by
combining LSS with spatial scanning imaging. Two examples are described in this article. The
first reviews a clinical system for screening patients with Barrett’s esophagus. The second presents
a novel advancement in confocal light absorption and scattering spectroscopic (CLASS)
microscopy.

Index Terms
Optics; spectroscopy; imaging; scanning; light scattering; cancer; cellular scale

l. INTRODUCTION

Light is now used in biomedical applications, both for diagnostic [1,2] and therapeutic
purposes [3-5]. Especially promising results in the detection of diseases on cellular and sub-
cellular scales have been accomplished using optical spectroscopy. This technique does not
require tissue removal, can be performed /in vivo, can rapidly interrogate large tissue
surfaces, and permits the diagnosis to be made in real time. While fluorescence and Raman
spectroscopy are effective in revealing the molecular properties of tissue, light scattering
spectroscopy (LSS) [6-11] and elastic scattering spectroscopy (ESS) [12,13] are capable of
characterizing the structural properties of tissue on a cellular and sub-cellular scale. LSS and
ESS connect the spectroscopic properties of light elastically scattered by small particles to
their size, refractive index and shape. Light scattering in biological tissues originates from
tissue inhomogeneities such as cellular organelles, the extracellular matrix, blood vessels,
etc. This often translates into unique angular, polarization, and spectroscopic features of
scattered light emerging from tissue and therefore information about the tissue macroscopic
and microscopic structure can be obtained from these characteristics.

Several successful examples of implementing these noninvasive optical techniques have
emerged in recent years. The first successful demonstration of LSS was demonstrated in an
application where the technique is used for non-invasive optical biopsy in Barrett’s
esophagus patients [10]. Similarly, the ESS technique was also successfully utilized for the
optical biopsy [13]. More recently, a preliminary clinical study has shown that angle-
resolved Low-Coherence Interferometry (a/LClI) can depth-selectively diagnose dysplasia in
Barrett’s esophagus patients with a contact probe measurement [14].

At the same time for a technique to have a profound impact on either the detection of early
cancer in a clinical settings, or the sub-cellular sensing in cell biology applications, it must
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rapidly survey a comparatively large area while simultaneously detecting abnormalities on a
cellular or sub-cellular scale. In other words, the technique should retain sub-cellular sensing
capabilities but also become an imaging technique. Both goals can be achieved by
combining LSS with scanning. Here LSS provides information about structural properties on
a sub-cellular scale and spatial scanning provides imaging.

In this article, we review two systems that utilize LSS imaging on two very different size
scales. The first instrument is applied to the early detection of dysplasia by imaging large
areas of Barrett’s esophagus /n vivoand is called endoscopic polarized scanning
spectroscopy (EPSS) [15]. The second technique is used for microscopic imaging of internal
cell structure and is called confocal light absorption and scattering spectroscopic (CLASS)
microscopy [16,17]. EPSS allows for rapid optical biopsy of large areas of endoscopy-
accessible tissue and CLASS microscopy avoids the use of contrast agents, common to
standard optical microscopy, which may affect cell function. This article reviews the
application of EPSS for diagnosing dysplasia in Barrett’s esophagus during routine clinical
procedures, reviews the principles of CLASS microscopy and reports a new form of CLASS
microscopy called Coherent CLASS microscopy or C-CLASS.

Il. Imaging Early Pre-Cancerous Lesions with LSS

LSS-based detection of dysplasia in Barrett’s esophagus (BE) has been demonstrated
successfully using a simple proof-of-principle single-point instrument [6,7]. This instrument
was capable of collecting data at randomly selected sites by manually positioning the probe.
The sites were then biopsied, the data were processed off-line, and a comparison with biopsy
results was made when the pathology information became available. The high correlation
between spectroscopic results and pathology was sufficiently promising to justify the
development of the clinical device, which is reviewed herein.

The clinical EPSS instrument [15] is compatible with existing endoscopes (Fig. 1). It scans
large areas of the esophagus chosen by the physician, and has the software and algorithms
necessary to obtain quantitative, objective data about tissue structure and composition,
which can be translated into diagnostic information in real time. This enables the physician
to take confirming biopsies at suspicious sites and minimize the number of biopsies taken at
non-dysplastic sites.

The instrument detects polarized light coming primarily from the epithelial layer. Although
principally using the polarization technique to extract diagnostic information about
dysplasia, the EPSS instrument can also sum the two polarizations to permit the use of
diffuse reflectance spectroscopy, which also can provide information about early stages of
adenocarcinoma [18].

The EPSS instrument is a significant advance over the single-point fiber-optic instrument in
that: (1) it scans the esophagus and has the software and algorithms necessary to obtain
quantitative, objective data about tissue structure and composition, which can be translated
into diagnostic information and guide biopsy in real time; (2) it employs collimated
illumination and collection optics, which enables the instrument to generate maps of
epithelial tissue not affected by the distance between the probe tip and the mucosal surface,
making it dramatically less sensitive to peristaltic motion; (3) it incorporates both the
polarization technique for removing the unwanted background in the LSS signal, and single
backscattering in the diffuse reflectance spectroscopy signal; (4) it integrates the data
analysis software with the instrument in order to provide the physician with real time
diagnostic information; (5) it combines LSS information with diffuse reflectance
spectroscopy information measured by the same instrument, thereby improving the
diagnostic assessment capability.
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The instrument makes use of commercially available gastroscopes and video processors. A
standard PC is adapted to control the system. Commercially available spectrometers are also
employed.

For use during endoscopy, the polarized scanning fiber optic probe is inserted into the
working channel of a standard gastroendoscope (e.g., Olympus GIF-H180 used in the
procedures reported below) and the gastroenterologist introduces the endoscope through the
mouth. Spectroscopy of the entire Barrett’s segment is performed by scanning adjacent
sections, 2 cm in length, with the polarized scanning probe as follows. The endoscope tip is
positioned and the probe is extended 2 cm beyond the endoscope tip, placing it at the distal
boundary of a BE region chosen for examination. One complete rotary scan of the
esophageal wall is completed. The probe is withdrawn linearly 2 mm back into the
endoscope tip and another rotary scan is completed. This is repeated for 10 rotary scans, so
that an entire 2 cm length of BE is scanned; then, the endoscope tip is withdrawn 2 cm and
the next length of BE is examined. Currently the instrument collects 30 data points for each
rotary scan and performs ten steps during a linear scan (2 mm per step), collecting 300 data
points in 2 minutes for each 2 cm segment of BE. We estimate that the scanning time can be
reduced to as little as 20 sec by utilizing a more efficient scanning mechanism.

We checked the performance of the EPSS instrument in experiments using freshly resected
bovine esophagi. An intact bovine esophagus was mounted vertically and an Olympus GIF-
H180 clinical endoscope was inserted. The esophagus was scanned point-by-point and the
data were recorded. We then performed histological examination of the sites where the
PLSS data were collected (see supplementary section of [15] for more detailed methods).
Comparing nuclear sizes in the H&E image with the PLSS result, we observed reasonable
agreement (Fig. 2).

We performed /in vivo measurements using EPSS during 10 routine clinical endoscopic
procedures for patients with suspected dysplasia at the Interventional Endoscopy Center
(IEC) at Beth Israel Deaconess Medical Center (BIDMC). Patients reporting to the IEC at
BIDMC had undergone initial screening at other institutions and were referred with
confirmed BE and suspicion of dysplasia. Our protocols were reviewed and approved by the
BIDMC Institutional Review Board.

Patients reporting for routine screening of Barrett’s esophagus who had consented to
participate in our study were examined. The EPSS polarized fiber optic probe was inserted
into the working channel of the gastroendoscope and the gastroenterologist introduced the
endoscope through the mouth. The EPSS instrument performed optical scanning of each
complete, continuous region of the luminal esophageal wall chosen for examination by the
gastroenterologist. Data from the optical scans were recorded for each linear and angular
position of the probe tip as parallel and perpendicular polarization reflectance spectra,
corrected for light source intensity and lineshape. The backscattering spectrum at each
individual spatial location was extracted by subtracting perpendicular from parallel
polarized reflectance spectra. The backscattering spectra were then normalized to remove
amplitude variations due to peristalsis. The mean of the normalized spectra was calculated.
The difference from the mean for each site was calculated, squared, and summed over all
spectral points. A site was considered likely to be dysplastic if this parameter was greater
than 10% of the summed mean squared. No data points are needed for calibration of this
simple diagnostic rule. This analysis is straightforward and can be done in real time. By
extracting the nuclear size distributions from the backscattering spectra for each individual
spatial location we found that this simple rule is approximately equivalent to a contribution
of greater than 25% from enlarged nuclei over 10 microns in diameter (Fig. 3).
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Two observations support the clinical feasibility of this method. First, spectroscopic data
collected during clinical procedures confirm that the polarization technique is very effective
in removing unwanted background signals. Second, the issue of peristaltic motion is
addressed in the EPSS instrument. During a procedure, it is difficult to maintain a fixed
distance between the optical probe head and the esophageal surface, due to peristaltic
motion and other factors. Therefore, an important feature of the EPSS instrument is its
ability to collect spectra of epithelial tissue that are not affected by the orientation or
distance of the distal probe tip to the mucosal surface. This is achieved with collimated
illumination and collection optics. Analysis of parallel polarization spectra collected at ten
BE locations during a standard clinical procedure showed that although amplitudes of the
spectra differ from point to point, the spectral shape is practically unchanged and, more
importantly, the oscillatory structure containing diagnostically significant information is
intact.

During the initial stage of the project we collected a total of 22,800 EPSS spectra in 10
clinical procedures, covering the entire scanned regions of the esophagus. We validated the
capabilities of the clinical method by comparing EPSS data with subsequent pathology at
each location where biopsies were taken. For the first two patients, pathology was reported
per quadrant not per biopsy. For the other patients, 95 biopsies were collected at EPSS
locations given by their distances from the mouthpiece of the endoscope and their angles
relative to the start of the EPSS scan. Pathological examination revealed a total of 13
dysplastic sites out of which 9 were high grade dysplasia (HGD). The rest of the sites were
diagnosed as non-dysplastic BE.

The diagnostic parameters for each EPSS location were extracted from the backscattering
spectra, i.e., the residuals of the parallel and perpendicular spectral components collected by
the EPSS instrument. The results are presented in the form of pseudo-color maps. Double
blind comparison of the EPSS maps with the biopsy reports revealed 11 true positive (TP)
sites, 3 false positive (FP) sites, 80 true negative (TN) sites, and 1 false negative (FN) site.
Thus EPSS measurements are characterized by sensitivity of 92% and specificity of 96%.

Several BE patient enrolled in our study who underwent routine endoscopy and biopsy with
EPSS, pathology revealed no dysplasia and the patients were dismissed. However, in some
of these patients the EPSS scan indicated probable sites of focal dysplasia, which were
located in regions where biopsies had not been taken. One of the patients was recalled and
biopsies were taken at the three sites indicated by EPSS in addition to the standard-of-care
protocol. Pathology confirmed HGD in all three EPSS directed biopsies and one more HGD
at a point located between two EPSS indicated sites (Fig. 4). The latter site, considered to be
a false negative, is very close to the sites indicated by EPSS and may arise from imperfect
correspondence of actual biopsy site with EPSS mapped site (a problem which will be
addressed in future instrument and algorithm development). The patient now has been given
radio frequency ablation (RFA) treatment.

These focal dysplasias, which were missed by standard-of-care procedures, which blindly
biopsy a tiny fraction of esophageal tissue according to a prescribed protocol, but were
caught and confirmed by the capability of EPSS to examine the entire esophageal epithelium
millimeter-by-millimeter and detect dysplastic cells — enabling early treatment and in all
likelihood saving patients’ esophagi, and perhaps their lives.

The frequency of dysplasia in our patient sample is consistent with that of the pre-screened
patient population referred to the BIDMC IEC for confirmation and treatment but is higher
than would be expected in the general BE patient population. In fact, the rarity of HGD
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detection in the general population of BE patients underscores the importance of having a
more comprehensive and effective method for gastroesophageal cancer screening.

lll. Coherent CLASS Microscopy

As discussed in the Introduction, combing LSS with optical scanning can also be used for
the microscopic imaging of internal cell structure. Indeed, by combining LSS with scanning
confocal microscopy we recently developed confocal light absorption and scattering
spectroscopic (CLASS) microscopy [16,17]. CLASS can measure internal cell structures
much smaller than the diffraction limit without damaging the cell or requiring contrast
agents, which are common to conventional microscopy and which may affect cell function.

However, what happens with the LSS spectrum when it is collected not just in a
backscattering geometry, but with a realistic lens over a finite range of collection angles has
not thoroughly been investigated until now. Moreover, LSS is now often used in microscopy
where the averaging over a large range of angles usually results in a significant reduction or
even disappearance of the structure in the light scattering spectrum.

We found that, in the case of large NA optics, pertinent for high resolution microscopic
imaging, a coherent CLASS spectrum exhibits very clear oscillations even when the
incoherent CLASS spectrum becomes virtually structure-free. This finding inspired us to
extend the concept of CLASS microscopy such that, by using a supercontinuum laser light
source in combination with a single mode fiber to preserve the source coherence, we could
exploit this important effect. A new coherent CLASS microscope provides dramatically
higher spectral contrast compared to the existing incoherent CLASS microscope.

A. Theory of Coherent CLASS Microscopy

To calculate the CLASS spectrum produced with a coherent light source, i.e., the C-CLASS
spectrum of a single scatterer /-we use a scalar wave model similar to the one developed by
Weise et al. [19] and Aguilar et a/. [20]. In this model the incident and scattered waves are
expanded into a set of plane waves with directions limited by the numerical aperture of the
objective.

The amplitude of the signal from a single scatterer is,

AR)= ffff ) P(K) exp(l—R(N ”))( K)dkdk,

where R is a position vector of the scatterer relative to the focus, A is the wavelength of both
the incident and the scattered light (since only elastic scattering is considered), K is a unit
vector in the direction of propagation of the incident light, k” is a unit vector in the direction
of propagation of the scattered light, AK) is the objective pupil function (the same pupil
function is used twice to describe light delivery and collection), and F(&/A, n, K, K’) is the
far field scattering amplitude of the wave scattered in direction k" created by the incident
wave coming from the direction K, Q is the solid angle subtended by the objective, and is
related to its numerical aperture, NA, &is the particle diameter and n is its relative refractive
index. We use Mie theory to calculate the amplitude (&1, n, k, K”).

The calculations can be simplified by considering a particle at the center of the focus, i.e.
when R = 0. Then the phase term in Eq. (1) is unity and we obtain
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To compare with the measured C-CLASS spectrum of a single scatterer, we calculate the
scattering intensity, which is the square of the amplitude. This gives the following spectral
dependence of the C-CLASS signal:

I, (5.7, NA) =IA(0)P 2

‘{zf ] P(R)P(K ) £(3.n KK )dkdk
‘{! I RpRyRR|

©)]

However, if the source is incoherent (for example an arc lamp) or when a coherent
supercontinum laser is used in combination with a multimode fiber, the illumination light at
the focal point loses its phase properties and the incoherent intensity /,becomes

©

TP P ©) (1 B
I,(}”,NA)= ffffP(—E)P@')dEdE'

For the limiting case of backscattering, when the NA is close to 0, we get /= |f(K, K)|2 for
both coherent and incoherent CLASS. However, angular averaging for coherent and
incoherent CLASS becomes quite different for a larger NA.

Figure 5 provides a comparison of coherent and incoherent CLASS spectra calculated using
Egs. (3) and (4) for the case of a backscattering geometry (NA = 0) and for a large angle
objective (NA =0.98). All spectra are calculated for a spherical particle with a relative
refractive index of 1.06 surrounded by a medium refractive index of 1.36. Those parameters
approximate an organelle surrounded by cytoplasm. Spectra are plotted with the inverse size
parameter 1/x = A/(r6) on a log-log scale. Coherent and incoherent CLASS spectra are
virtually identical for backscatter geometry (NA = 0 objective, black line and dots).
However, while the incoherent CLASS spectrum for the large angle objective (NA = 0.98) is
virtually structureless (gray dots, red online), the coherent CLASS spectrum preserves the
majority of the structure and thus information (gray line, red online).

The C-CLASS spectrum from the large angle objective, though red shifted, oscillates with
the same frequency as the backscattering spectrum (NA = 0). What is even more important
is that the informative AC component of the C-CLASS spectrum is significantly larger than
the DC component. That is opposite to the case of the I-CLASS spectrum where the AC
component is gradually getting smaller than the DC component for large NA optics, and in
the case of NA = 0.98 is only several percent of the DC component. As a result, the SNR of
C-CLASS is significantly higher than that of I-CLASS.

The presented theory has approximated light as being fully coherent or fully incoherent. In
reality light at the focal plane of a microscope is always partially coherent. The degree of
coherence depends on a number of factors such as the coherence of the light source, the
pinhole size, and the properties of the optical components along the light path. By using a
supercontinuum laser as a light source and by coupling it with the rest of the system using a
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single mode optical fiber, we can increase the degree of coherence of the system. This
allows the CLASS microscope to employ a large NA objective needed for (a) high
resolution imaging, (b) reduction of unwanted interference from out-of-focus objects, and
(c) increase in power, which is proportional to the fourth power of the objective NA.

B. Experimental Setup

The design of the prototype coherent CLASS scanning microscope is shown in Fig. 6. The
system utilizes an Olympus FluoView 1000 scanning unit and an Olympus 1X81 inverted
microscope frame.

Coherent light from the broadband supercontinuum laser (Fianium SC-450-4) passes
through a motorized filter wheel and a fast 1x2 MEMS fiber optic switch (Thorlabs
OSW12-633E) before it is partially reflected by the 20/80 beamsplitter, mounted on a 45°
primary filter wheel, to the sample. The reflected portion of the beam is rapidly scanned
with an X-Y galvanometer scanning mirror. After being expanded by a scan lens and
collimated with a tube lens the beam fills the back aperture of an achromatic high NA (1.4)
microscope objective (Olympus UPLSAPO 60XW) with very small chromatic aberration
(focus position varies within 0.25 wm from 400 nm to 900 nm). The light focused on the
sample by the objective is backscattered and is collected by the same objective. After being
descanned by the same X-Y galvanometer scanning mirror, scattered light is transmitted
through the 20/80 beamsplitter toward the collection pinhole. The collection pinhole blocks
most of the light coming from regions above and below the focal plane, allowing only the
light scattered from a small focal volume to pass through. The light that passes through the
pinhole, is collected by an optical fiber for delivery to an imaging spectrograph (Princeton
Instruments Acton SP-2300i) with a thermo-electrically-cooled CCD detector (Andor
iXonEM 885 EMCCD), which is coupled to a computer.

The instrument is capable of scanning intact live cells and tissues with a broadband coherent
beam, detecting light scattered by various small regions of the target and relating
spectroscopic scattering signature of the regions with various organelles present in that
region. The wavelength of the supercontinuum laser source, the quantum efficiency of the
CCD and the bandwidth of the spectrograph set the spectral range of the microscope to be
from 450 nm to 900 nm.

Our estimates show that the spatial resolution of the instrument will be 0.2 wm in the lateral
direction and 1 pm in the axial direction at a 600 nm wavelength. Collecting a single C-
CLASS pixel spectrum takes approximately 5 ms. This allows obtaining a 128 x 128 image
in less than 90 seconds. Although the X-Y galvanometer scanning mirror can scan at a much
faster rate, the time is limited by the speed of the 35 MHz Andor iXonEM 885 EMCCD used
to detect spectra at every spatial location. Our analysis of the energy budget of the
instrument (see Table 1) shows that we have enough signal to operate in the shot noise
regime and achieve a SNR greater than 60.

The spectral resolution of the instrument is mainly defined by the characteristics of the
spectrograph and the width of the entrance slit (pixels of the imaging CCD serve as the exit
slits and are much smaller than the entrance slit). Then, for the first order spectrum, the
spectrometer bandpass resolution is BP= WIFnwhere Wis the entrance slit width, 7is the
groove density and Fis the focal length. For our system W= 80 um, n=50 mm™1, and F=
300 mm. This gives BP= 5 nm. Since one pixel of the CCD is approximately (900 nm — 450
nm)1000 = 0.45 nm, we bin every ten pixels to increase the SNR while preserving the
spectral resolution of the microscope.
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C. SNR Analysis for C-CLASS and I-CLASS

To compare the effect of SNR on particle sizing in both I-CLASS and C-CLASS approaches
we first need to evaluate SNR. As can be seen from the previous section, the collected signal
in both I-CLASS and C-CLASS can be presented in the form of a sum of the AC and DC
components of the intensity. Both the oscillatory AC component and the background DC
component contribute to the noise; however, only the oscillatory AC component carries
information about the size of the scatterers. Therefore, we write the SNR as the ratio of the
AC component to the overall measured noise:

I t
SNR= T ac

)
Ve tornaen?

where g is the product of the quantum efficiency of the CCD detector and the efficiency of
the spectrograph, /ac is the AC part of the collected signal (photons/spot/second), tis the
integration time per spot, /pc is the DC part of the signal, Ay is the dark current of the
detector (electrons/spot/second), and A is the read noise (electrons RMS/spot). To minimize
the effect of the C-CLASS and I-CLASS detectors we have chosen characteristics of a
standard, high-end CCD camera: Ny =0.01 electrons/spot/sec, A} = 10 electrons RMS/spot
and in combination with a good imaging spectrograph, ¢= 0.5. In the case of I-CLASS
detection, /ac K /Ipc which significantly reduces the efficiency of the I-CLASS technique,
however in the case of C-CLASS /ac > Ipc.

We should emphasize here that when large imaging areas are scanned rapidly the SNR for
individual wavelengths may not be particularly high. However, CLASS spectroscopic
measurements consist of approximately 75 measurements at different wavelengths (500 nm
to 800 nm spectral range with 4 nm spectral resolution). Such multiple measurements
greatly improve statistical accuracy compared with a single measurement and allow accurate
particle size reconstruction even for a relatively low SNR. A rigorous analysis which
includes correlations between wavelengths does not change this conclusion.

To calculate SNR for C-CLASS and compare it with I-CLASS we first experimentally
measured the energy budget for the existing I-CLASS instrument and estimated the energy
budget for the proposed C-CLASS instrument. The energy budget estimate for the C-
CLASS instrument is provided in Table 1. This estimate also appears to be in good
agreement with the new experimental demonstration of the C-CLASS concept provided in
the next section.

Based on those measurements and estimates we conclude that both systems are shot-noise
limited. Using Eq. (5) we calculated SNR for different sizes of the scatterers for both C-
CLASS and I-CLASS approaches. The results of these calculations are presented in Fig. 7

D. Particle Sizing in C-CLASS and I-CLASS

To establish the effect of SNR on particle sizing in both I-CLASS and C-CLASS approaches
we performed numerical simulations.

To better approximate realistic experimental conditions, in addition to the spectral and size
dependence of the signal, we also need to take into account possible displacement of the
particle from the center of the focus. We should note that it is always possible to find the
point in the image with Ar~ 0 and thus the lateral displacement contribution to the phase
term in Eqg. (1) can be neglected. To take into account A zdisplacement of the scatterer from
the focal plain along the vertical axis we modified Egs. (3) and (4), retaining Az
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contribution to the phase terms. This gives the following spectral and vertical displacement
dependence for the C-CLASS and I-CLASS spectra

079055 50 i

3 . )
(<) P (K) dicdi

()

PR PR )0 ) (R R
()0 @) |

To evaluate the accuracy of the size reconstruction for C-CLASS and I-CLASS we
performed the following numerical experiment for a & = 1 p/m diameter particle. We first

™

60 i do i . .
calculated 106 spectra /¢ (7, Al )) and 10° spectra /; (79 AZl )) with random axial
displacements of the scatterer in the range of —1000nm < Az < 1000nm. For each axial

. Ao (L x®
displacement, we calculated random positions 2% ~<20| 5
X is a random number between 0 and 1.

where Az =1 umand

60 i
We then added shot noise to the C-CLASS and I-CLASS spectra /¢, (77 A7 )) using Eq. (5)
and calculated 108 simulated experimental spectra of each type

D)y 60
1 we=t, (

= A(z)) ! \/ (6_ sz))err (X®), @®)

SNR A

For each of these noisy simulated experimental spectra, particle diameter & and axial
displacement A A% can be reconstructed by minimizing the following expression:

2
Z[ ~(l)(/l) (— Az(’))} — min, (9)

where Ifi (4) are simulated experimental C-CLASS orl-CLASS spectra from Eq. (8) and
0
I, (57 AZ) are modeled C-CLASS or I-CLASS spectra described by Eqgs. (6) and (7).

Minimization of the expression in Eq. (9) is performed by: (a) compiling 2D look-up tables

I, ( AZ) with & changing from 500 nm to 1500 nm in 1 nm steps and Az changing from
-1000 nm to 1000 nm in 10 nm steps, and (b) finding combination of 6 and Azwhich gives
the smallest value of the expression. We then calculated distributions of reconstructed
scatterer’s sizes & and plotted the standard deviation A6 for 1 um scatterer as a function of
SNR for both I-CLASS and C-CLASS (see Fig. 8). It is easy to see that C-CLASS gives
dramatically more accurate results for the same values of SNR.
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IV. Experimental Demonstration of C-CLASS Concept

We devised an experiment which approximates a C-CLASS measurement using our existing
I-CLASS system, thus providing a preliminary proof of concept of C-CLASS. To achieve
this, we replaced the multimode illumination fiber with a single mode fiber and removed the
illumination confocal pinhole. We also replaced the achromatic reflective objective (NA =
0.5, 36X magnification; Ealing 25-0522) with an achromatic high NA (1.4) refractive
objective (Olympus UPLSAPO 60XW) with very small chromatic aberration (focus position
varies within 0.25 wm from 400 nm to 900 nm). We also selected an iris diaphragm to match
the acceptance angle of the new objective. Though this setup approximates only some basic
features of the proposed C-CLASS system, such as particle sizing and SNR, it nevertheless
enables us to demonstrate in principle the improvements that can be expected using C-
CLASS.

Using this “C-CLASS Concept” setup we performed experiments with polystyrene beads in
glycerol to compare the accuracy of particle sizing for C-CLASS vs. I-CLASS techniques.
This I-CLASS measurement is performed with the same high NA objective used in the “C-
CLASS Concept” to achieve the same spatial resolution with both systems.

Figure 9a presents a typical C-CLASS spectrum collected with the concept setup and I-
CLASS spectrum collected with an existing CLASS microscope. Both experimental spectra
are for 1053 nm = 10 nm manufacturers’ nominal diameter polystyrene microspheres in
glycerol. Model fits are based on Eqgs. (6) and (7) and depend not only on the diameter of the
scatterers but also on the relative axial position and refractive indices of both scatterers and
surrounding media. The typical fit for C-CLASS is very good and the extracted diameter of
1052 nm is very close to the manufacturers” nominal diameter. What is even more
encouraging is the precision of the reconstructed refractive indices. Reconstructed refractive
index of the microspheres is 1.59 and of the surrounding media is 1.44, which are exactly
the corresponding refractive indices of polystyrene and glycerol aqueous solution used in the
experiments. The I-CLASS extracted diameter of 1029 nm is significantly less accurate.

We also compared the accuracy of particle sizing for the C-CLASS vs. I-CLASS techniques
using measurements on 16 polystyrene microspheres with manufacturers’ nominal diameter
of 1053 nm £ 10 nm (Fig. 10). Diameters extracted from I-CLASS measurements produce
average size is 1046 nm with standard deviation is 99 nm. Increase in standard deviation
over older I-CLASS measurements is due to the much larger NA objective used here.
However, even with this very large NA objective (which allows significantly improve
spatial resolution of the microscope and reduces the illumination volume by more than an
order of magnitude) C-CLASS measurements yielded average diameter of 1058 nm with
standard deviation of 5 nm, an extremely accurate results taking into account manufacturers’
uncertainty and the crudeness of the experimental system.

We also compared this experimental accuracy of particle sizing for both I-CLASS and C-
CLASS techniques with the theoretical predications from Fig. 8. The new accuracy vs. SNR
curves, with experimental points present, are provided in Fig. 9b and show reasonable
agreement demonstrating that expected significant increase in the accuracy of C-CLASS
technique vs. I-CLASS is not only an experimental reality but is also well understood.

V. Discussion and Conclusion

There is a significant need for tools that can detect changes on submicrometer scale in live
cells without damaging them or using exogenous markers which could affect cell function.
Because light can be nondestructive, optical techniques appear to be good candidates to
fulfill this need both for clinical diagnosis and for cell biology applications. However,
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optical techniques often lack contrast in cells and thus require the introduction of
fluorophores or other exogenous compounds (staining). Also, they are diffraction limited
and cannot resolve objects much smaller than a wavelength without complex subdiffraction
microscopy approaches. The scanning spectral imaging techniques described here employ
LSS as a native optical marker and are capable of rapid imaging of cells and tissues at the
same time. These techniques posses significant promise for the non-invasive detection of
early cancerous changes in tissue and improvement in contrast and resolution of cell
biology.

The clinical endoscopic technique reviewed in this article, EPSS, can rapidly survey large
areas of tissue to discover invisible dysplasia, which is a major advantage over single point
approaches not suitable for guiding biopsy in realistic clinical settings. This endoscopic
scanning LSS-based technique offers great promise for the early detection of dysplasia in
various gastrointestinal organs.

A similar idea is employed in the novel Coherent Confocal Light Absorption and Scattering
Spectroscopic (C-CLASS) scanning technique described in this article. It can be used for
non-invasive dynamic monitoring of subcellular structure without the need for exogenous
imaging agents and can provide a valuable tool for use in multiple areas of biomedical
research. The instrument scans biological cells with a coherent broadband supercontinuum
focused laser beam and collects elastically scattered light using a confocal arrangement.
Collected light, elastically scattered by various subcellular organelles and structures,
provides real time information about the morphological, biochemical and physical properties
of various regions of the living cell and their function.

Since entirely non-invasive devices capable of probing cellular composition on a sub-
cellular scale, both for structure and function, are rather scarce, these new tools will provide
unique capabilities to study functions of viable cells, which are beyond the capabilities of
other techniques.
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Fig. 1.

Clinical EPSS instrument. The EPSS instrument is shown in the endoscopy suite before the
clinical procedure, with the scanning probe inserted into the working channel of an
endoscope. The insets show details of the scanning probe tip and the control box.
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Fig. 2.

Bovine lower-portion esophagus epithelium. (a) H&E staining. (b) Comparison of the
nuclear size distributions extracted from the EPSS instrument measurements on intact
epithelium (solid curve) and histological examination of the corresponding H&E stained
sections (dots).

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2012 October 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Qiu et al.

0.007; //\K\ ’ |‘(
A
s

10 12 38cm

Fig. 3.

Page 19

-90
- 180

-270

- 360
30cm

Nuclear size distributions for one high grade dysplasia site and one non-dysplastic site in BE
of one of the patients. Dark (red and pink online) regions of the map indicate areas
suspicious for dysplasia based on nuclear size distributions extracted from the backscattering
spectra for each individual spatial location. Non-dysplastic BE sites had nuclear size
distributions centered about 5-6 pm diameter while sites marked as suspicious for dysplasia
have nuclear size distributions with a main peak centered from 9 to 15 um. The arrows
indicate the specific locations on the esophageal surface from which the size distributions

extracted from the polarized LSS data.

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2012 October 18.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Qiu et al. Page 20

Follow up Location with invisible HGD

(34 cm, 360°)

11 ¥

EPSS-guided biopsies

Fig. 4.

Biopsies taken during the initial and follow-up endoscopy procedures for patient A, overlaid
on the EPSS map acquired during the initial procedure (left panel). Three follow-up biopsies
were guided by the EPSS map and pathology confirmed HGD for each (indicated at 360°).
High-resolution endoscopic (HRE) image of a location with invisible HGD (right panel)
with narrow band imaging (NBI) enabled. Video capture was acquired in subject A at one of
the locations where invisible dysplasia was missed by visual examination by HRE with NBI,
but located by EPSS, and later confirmed by pathology. The site is marked by an arrow.
Note that the site is visually indistinguishable from the surrounding nondysplastic BE tissue.
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Fig. 5.

Incoherent (dotted lines, color online) and coherent (solid lines, color online) CLASS
spectra versus inverse size parameter 1/x = A/(rzé) plotted on a log-log scale. Coherent and
incoherent CLASS spectra are virtually identical for backscattering geometry or NA =0
objectives. However, while 1-CLASS spectrum for the large angle objective (NA = 0.98) is
virtually structureless, C-CLASS spectrum preserves the majority of the structure and thus
information.
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Schematic of the coherent CLASS scanning microscope.
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Calculated SNR for different size scatterers.

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2012 October 18.

1500

Page 23



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Qiu et al. Page 24

1000
100 i\\"x
% - -CLASS
: ~
< 10 ! -
<] * - -
LN e
1 T ~e
T® —~ o |
C-CLASS i e
0.1 |
0 10 20 30 40 50
SNR

Fig. 8.
Numerical simulation of particle sizing accuracy for I-CLASS and C-CLASS as a function
of the measurement SNR. Dotted lines are provided to guide the eye.

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2012 October 18.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Qiu et al.

Page 25

2.0

C-CLASS

1.5

/

05 I-CLASS

0.0
550 600 650 700
A, nm
(a)
1000
100 t“l“\
*, 'Y I-CLASS
s [V LY
< 1014 &
<] - -
N Se
1 Pl = ~e 4
ST
- - _
c-CLASS R T S
0.1 *
0 10 20 30 40 50
SNR
(b)

Fig. 9.

Experimental results. (a) Typical experimental CLASS spectra (dots) and model fits (solid
curves) for a polystyrene microsphere in glycerol. Manufacturer’s nominal diameter for
microsphere is 1053 nm + 10 nm. Model fit for I-CLASS data gives 1029 nm diameter;
model fit for “C-CLASS Concept” data gives 1052 nm diameter. Refractive indices of
microsphere and surrounding medium reconstructed from “C-CLASS Concept” data are
1.59 and 1.44, which agree with the known refractive indices of polystyrene and aqueous
glycerol solution. (b) Experimental values of particle sizing accuracy (squares) overlaid on
calculated values from Fig. 8.
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Diameters of 16 polystyrene microspheres with manufacturers’ nominal diameter of 1053
nm + 10 nm, extracted from I-CLASS and C-CLASS measurements. (a) I-CLASS
measurements: average size is 1046 nm, standard deviation is 99 nm; (b) C-CLASS
measurements: average diameter is 1058 nm, standard deviation is 5 nm. Dashed line is
provided to guide the eye and is at the manufacturers’ nominal diameter of 1053 nm.
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Instrument Energy Budget

TABLE |

Subsystem Component Energy Reduction  Passed Energy
Delivery Supercontinuum laser 40 mW (visible range)
50/50 beamsplitter 0.5
20/80 beamsplitter 0.2 5mwW
Scanning head and target ~ Scanning mirror 0.9 1mw
Lens 0.8
Objective 0.7
Scatter 1076 141077
20/80 beamsplitter 0.8
Collection Confocal pinhole 0.8
Collection fiber 0.8
Grating efficiency 0.7
Per CCD pixel 1073
CCD quantum efficiency  0.25
Collection time (5 msec) ~ 0.005 241078 mw
800 photons/5 ms
CCD gain 0.5 400 counts/5 ms
Pixel binning 10 4,000 counts/5 ms

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2012 October 18.

Page 27



