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Abstract: We present an endomicroscope apparatus that utilizes
structured illumination to produce high resolution .6um) optically
sectioned fluorescence images over a field of view of abouu240rhe
endomicroscope is based on the use of a flexible imaging filoedle with

a miniaturized objective. We also present a strategy toelgrguppress
structured illumination artifacts that arise when imagimghick tissue that
exhibits significant out-of-focus background. To estdblise potential of

our endomicroscope for preclinical or clinical applicago we provide
images of fluorescein-labeled rat colonic mucosa.
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OCI S codes: (180.1790) Microscopy : Confocal microscopy; (180.2520¢dscopy : Fluo-
rescence microscopy; (180.6900) Microscopy : Three-dino@asimicroscopy.
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1. Introduction

While confocal fluorescence microscopy provides exquisitecellular resolution, it remains
limited essentially to surface imaging. To enable acces#é¢onalized in-vivo tissue structures
in their natural environment, considerable research has Hevoted to the implementation of
confocal fluorescence microscopy in an endoscopy configataindeed, confocal endomi-
croscopy promises to become an essential tool for biomkidieaying, both for basic research
and in the clinic.

To date, several strategies have been adopted to perforfncabr@ndomicroscopy, which
may be separated into two basic categories [1]. In the fifsgeay, a single light conduit
(typically an optical fiber) delivers illumination to theesgimen, and confocal scanning is per-
formed at the distal (specimen) end of the conduit using skim# micromechanical device
[2, 3, 4, 5, 6, 7, 8]. Alternatively, in the second categognfocal scanning is performed at
the proximal end of the light conduit. In various implemeiaias of this second category, the
light conduit has been a rigid gradient-index (GRIN) lensl[9, 11] or a flexible imaging fiber
bundle [12, 13, 14, 15, 16, 17]. The advantage of proximahisicey is that it obviates the need
for precision moving parts at the distal end of the condaitjlitating miniaturization and ro-
bustness. The advantage of using an imaging fiber bundlelifgintaconduit is that it is flexible
and can be quite long, making it particularly amenable toicdil endoscopy applications.

In this paper, we present an implementation of fluorescendereicroscopy with a flexible
fiber bundle that makes use of an imaging technique calledtsiied illumination microscopy
(SIM) [18], which is well known to provide confocal-like owif-focus background rejection
without the need for beam scanning. SIM is conceptually Bmipighly robust, and can be
readily implemented in any widefield imaging device. SIM laready been employed in a
rigid Hopkins-type endoscope configuration [19], but to knowledge a flexible fiber optic
version has not yet been demonstrated. In this paper, wergréiber optic version of SIM
endomicroscopy, as well as a discussion of imaging arifant a strategy to mitigate these
artifacts. The purpose of this paper is to establish thenpiaieof SIM endomicroscopy for
future intravital imaging. To this end we specifically demtvate imaging of mouse colonic



mucosa.

2. Endomicroscope setup

Structured illumination microscopy [18] is based on therlination of a sample with a periodic

light pattern, in our case, a one-dimensional grid patt&éhree fluorescence images of the
sample are taken at three different grid positions, ea@rdHy translated a third of the grid

period. A final optically-sectioned imadgu(x) is then generated by the simple algorithm

sma0) = 5721/ (100 ~1200)7+ (1200 =130 + (50 ~1(9)%. (1)
wherel1(x), I2(X) andlz(x) are the three raw images, ards a 2D coordinate in the imaging

plane.

The basic idea in constructing a SIM endomicroscope is toemee of an imaging fiber
bundle to serve as a relay that guides both the illuminati@hgattern to the specimen and the
resulting fluorescence distribution back to a CCD camerah&matic of our setup is illustrated
in Fig. 1.
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Fig. 1. Endoscope setup. A grid pattern is produced by a spatigitigidulator (SLM) and projected
onto a sample via an imaging fiber bundle equipped with a mingdrobjective (Q). The fluores-
cence generated from the sample is then imaged through thidiibdle onto CCD camera. Notation:
lenses (L), spatial light modulator (SLM), polarizing begpfitser (PBS), dichroic (D), objectives (O),
sample (S), filter (F).

Various strategies have been implemented for the apmicatnd translation of a grid pat-
tern [21, 20, 22]. In our case, we generate a grid pattern witiguid crystal spatial light
modulator (SLM: Holoeye LC-R 768). The beam from a solidestdiode laser (Cobolt Ca-
lypso,A = 491nm) is expanded and projected onto the SLM and reflecteddh a polarizing
beamsplitter, allowing the SLM to be operated in an ampétuatbdulation mode. In this man-
ner, an arbitrary amplitude pattern can by imparted on tlaebgrofile by computer control of
the SLM. In our case, this is a rectangular grid pattern of-deéined period and phase, con-
trolled by Labview software. The pattern is then imaged dh&proximal end of the imaging
fiber bundle by way of a lens and microscope objective (Olysn@0@x, NA = 0.4) producing
a net demaghnification of 23 The main advantage of an SLM is that it allows us to very con-
veniently vary our grid period and phase. It is limited insgghowever, providing a maximum
effective refresh rate of about 10 Hz, and ultimately legdima net SIM frame rate of about 2
Hz.



The imaging fiber bundle itself consists of 30,000 coresheae approximately.@um in
diameter separated by an average distance3jif8. The total useful diameter of the fiber
bundle is 60@im. A water-immersion miniaturized objective (Mauna Kealremlogies) was
optically cemented onto the distal end of the fiber, projgcan image of this distal end into
the sample with a demagnification of about2,%ielding a field of view of about 240m. The
working distance of this miniaturized objective isf8f and the NA is about.8.

Finally, the fluorescence from the sample is guided backe@tbximal end of the fiber bun-
dle and then imaged onto a CCD camera (QImaging Retiga XR)awhagnification of 13.

A dichroic (Chroma Z488RDC) and emission filter (Chroma B&&m) are used to spectrally
isolate the fluorescence.

(a)

Fig. 2. (a) Raw image of a thin uniform fluorescent sample illuminatetth &irectangular grid pat-
tern. (b) Corresponding Fourier transform of this raw imdgg brightness scale). The outer ring of
frequencies stems from the quasi-periodic distributiorheffiber cores. The inner dashed line is the
effective cutoff frequency according to the Nyquist thenréc) Blowup of the Fourier transform about
the origin. The characteristic harmonics of the grid pateemapparent.

Figure 2 depicts a raw image of a thin, uniform fluorescenh@ldluminated with a grid
pattern, as well as 2D Fourier transforms of this image. Twaorfeatures are of note in Fig. 2b.
The diffuse ring is the result of the quasi-periodic spacifidpe cores in the fiber bundle and the
inner feature centered about the origin (dc frequency)esponds to the fluorescence pattern
produced by the sample. A blow-up of this feature is illugttain the Fig. 2¢ to highlight both
a strong dc component and sidebands. The strongest sidelmanndiately to the left and
right of dc correspond to the grid fundamental frequency adiditional sidebands correspond
to higher harmonics that arise from our use of a rectanguidmpattern.

Fluorescence imaging in our endomicroscope is performedidnsteps, a first step from
the object plane in the distal fiber bundle plane, and a sestem from the proximal fiber
bundle plane to the CCD camera. The first step is found to benthe limiting in terms of
optical resolution, and from a calculation based on the Nthefdistal miniobjective one might
expect an optical resolution of abou8fim. However, such a resolution cannot be attained with
our system because the fluorescence image is sampled by énhedites. The quasi-periodic
sampling frequency of these cores is clearly apparent afuseliring in Fig 2b. In effect, this
sampling frequency restricts the imaging bandwidth of audcenicroscope to an associated
Nyquist frequency equal to half this sampling frequencydegicted by the dashed circle in
Fig 2b. Frequency components in our raw images that lie kebjfua Nyquist cutoff contain no
information about the sample (at least none that can belyeadiloited), and we remove these
by systematically applying a Gaussian low-pass filter tamat raw images of approximately
the same bandwidth as the Nyquist cutoff. That is, we remaweapparent discretization of our
images due to the fiber core spacing.



3. SIM imaging

Fig. 3. (a and b) Widefield and SIM image of lens-cleaning paper labaligh a drop of fluores-
cein solution. (c and d) Widefield and SIM image of an exteziedirat colonic mucosa labeled with
BCECF-AM dye. Artifacts at the grid period (&) are apparent in both SIM images.

To test our SIM endomicroscope, we imaged a simple sampl@isimg lens paper labeled
with a small drop of fluorescein solution. The resulting irea@re illustrated in Fig. 3a. What
is referred to as a widefield image is the average of the ttm@emageds, I> andls, roughly
corresponding to the non-sectioned fluorescence imagevinat be occasioned without the
use of SIM. A reduction in fluorescence background is mathfegpparent when the images
are processed by the SIM algorithm (Eg. 3). In acquiringehemges, a grid frequency of 12%
of the Nyquist frequency was used, corresponding to a gridgef 21um at the sample. This
frequency is considerably lower than that prescribed fooptimal sectioning strength [22],
however higher grid frequencies proved difficult to faithfuproject into the sample because
of their greater susceptibility to inaccuracies due to fitwre discretization. Based on the the-
oretical analysis provided in Ref. [18], the FWHM of our axgaktioning profile with this grid
period is estimated to be about/d.

A second biologically relevant example is presented in Biglouse colonic mucosa was
exteriorized, following mouse sedation and non-survigghlrotomy. The colonic mucosa was
stretched and loaded luminally with g™ BCECF-AM dye (Invitrogen) for 10 minutes at
room temperature. Endomicroscope imaging was then peeidmvithout (Fig. 3c) and with
(Fig. 3d) the use of SIM. In the latter case, the out-of-fdeaskground is significantly reduced



and tissue features including surface cells, goblet catid,dye along the long axis of the crypts
become readily apparent.

However Figs. 3b and 3d underscore a common drawback of SiMatticular, residual
grid patterns remain clearly visible in the SIM images. Fraum experience, such residual grid
patterns can be particularly severe when imaging thickesdat) samples or when imaging with
high grid pattern frequencies. We turn our attention toehesifacts as well as some possible
strategies to mitigate them.

4. Artifact reduction

The problem of residual grid patterns in SIM microscopy hesrbwell appreciated [23, 24].
In particular, several causes have been identified for theffacts, including non-sinusoidal
pattern illumination and inaccurate phase shifting. Ottarses can be temporal fluctuations
in the illumination power or in the fluorescence responsg. @s a result of photobleaching).
In either case, spurious variations between raw imagesatieatot related to the grid pattern.
These are not properly rejected by Eq. 3 and ultimately leattfacts in the final SIM image.
A partial solution to this problem of temporal power flucioas was proposed in Ref. [23]
which consists in normalizing each raw image to its meanrgdgrocessing with Eg. 3. An
alternative approach was introduced in Ref. [24] based emtimimization of artifacts by an
optimization of several parameters including correctimriumination power fluctuations and
inaccurate phase shifting. This optimization approachkydwer, is computationally intensive
and slow (at least in our hands). Moreover, we have foundttbah lead to artifacts of its own.
We present yet another alternative strategy for removisglual grid patterns based on our
observation that the residual patterns are more prevaleemmaging thick scattering samples.
To understand this strategy, it is useful to revisit Eq. 3yéeer this time in the Fourier domain.
To begin, it is well known that Eq. 3 is mathematically eqleéve to the algorithm [18]

1 om -
lsm(3) = 5 1200 + 1208 ¥ +15(0¢¥ @)
This may be recast in the form
Isim(X) = ’FTil [f(p(k)] | (3)
where FT1 corresponds to an inverse Fourier transform and
1 om -
Tok) =3 (fl(k) + Ak F +j3(k)e'%) )

where .7 (k), .#2(k) and.#3(k) correspond to the Fourier transformslofx), 12(x) andlz(X)
respectively. We refer to Eq. 4 as a phase stepping algarittote the absence of an absolute
value in Eq. 4 indicating tha¥,(k) is complex in general.

Let us first imagine a fluorescent sample that is thin and ptyfen focus. When imaging
such a sample with SIM, theh(x), 12(x) andl3(x) are raw fluorescence images that each
exhibit an intensity modulation at the grid-pattern fregeye though phase-shifted between
images. Because the sample here is defined to be in focusptiteast of this modulation
can be assumed to be reasonably high (provided the grideraylky is much smaller than
the cutoff frequency of the system optical transfer funct{®TF)). As a result, if the grid
pattern is sinusoidal, thewr; (k), #2(k) and .#3(k) each contain three components. The first
component is the Fourier transform of the unmodulated saustplicture centered abdut= 0
(dc). The second and third components are the same Fowesform of the sample structure
but centered about the sideband frequenkiestky and somewhat attenuated by the OTF. The
principle of SIM relies on isolating the sample structureaisingle sideband. This isolation



cannot be achieved by simple one-sided filtering becaudeeodterlap of the sidebands with
themselves and with the unmodulated sample structure. YHowlais isolation can be achieved
by phase stepping. That is, the effect of the phase stepjgogtam (Eg. 4) is to remove both
the unmodulated (dc) component and a single sideband canpamhile preserving the other
sideband component.

Let us now imagine that this same thin fluorescent samplesiglatied far out of focus.
Because the OTF severely attenuates high spatial freqegertbien#; (k), #>(k) and .#3(k)
exhibit only narrow frequency components centered aketlD, regardless of the grid pattern
modulation. That is, the grid pattern is so blurred as to playole. In this case, the effect of
applying a phase stepping algorithm, since it removes unitatetl sample structure, is to force
Zp(K) to vanish. This is the well-known principle of SIM that leadsout-of-focus background
rejection. It should be noted, however, that if the phasepste is inaccurate in any way, then
the unmodulated sample structure is not fully rejected.
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Fig. 4.(a) Schematic illustration of in-focus (red) and out-ofdecblue dashed) contributions to the
intensity spectrum of a widefield image. (b) In-focus and a@futecus contributions to the intensity
of a raw image with grid pattern illuminatiom.£7(k)|). Note: only the in-focus contribution becomes
modulated. (c) Phase steppid%(k) }) suppresses both the unmodulated contributions (in-foeds a
out-of-focus) as well as a single sideband of the modulatettiboitions (here, left sideband). Imper-
fect phase stepping leaves behind a residual peak &beud (blue dashed) that arises dominantly
from the out-of-focus background. (d) Experimental resdésved from the sample in Fig. 3d. The
intensity spectrum (magnitude) of a single raw image with gattern illumination (blue dashed) is
plotted alongside the intensity spectrum after phase Btgped). In the latter case, a residual peak
aboutk = 0 is readily apparent. This peak can be rejected with the fisehigh pass filter (black
dotted).

In practice, when imaging a thick sample, thef(k), .#>(k) and.#3(k) contain both in-
focus and out-of-focus frequency components. These assaically illustrated before (Fig.
4a) and after (Fig. 4b) the application of grid illuminatiomhere, again, only the in-focus
component is observed to be spatially modulated in therlatise. Figure 4c illustrates the
result of phase stepping, where we have introduced a stighturacy that leads to an imperfect
rejection of the out-of-focus background, and hence to aapsipeak id J(p(k)] in the vicinity
of k= 0. Our hypothesis of inaccurate phase stepping is bornaexperiment (Fig. 4d) where
|.#1(K)| is illustrated before phase stepping 40@,(k)| is illustrated after phase stepping. A
spurious peak abowt = 0 is readily apparent if.7y(k)|. As a result of this spurious peak,
the application of Eq. 3 to7,(k) leads to a residual grid pattern in the final SIM image (as is
manifested in Figs. 3b and 3d).



Having isolated a cause of the residual grid pattern, aegtyab remove this pattern becomes
clear. In particular, a high-pass filter can be applied/gk) prior to the application of Eq. 3.
The cutoff frequency of this high-pass filter should be higlowgh to eliminate most of the
spurious peak abokt= 0 while being low enough to perturb the remaindergf(k) as little
as possible. It should be noted that the strategy presemfgd]iof normalizing each raw image
11(x), 12(x) andl3(x) to its respective mean achieves a similar result, thouginibves only the
component of7,(k) at exactlyk = 0 while retaining residual components in the vicinitykef
0. In other words, the removal of the spurious peak by nomatén is incomplete. Examples
of the results of narrow, sharp high-pass filtering wherey dhé .7,(k = 0) component is
removed versus broader high-pass filtering adjusted to tdeéhwf the spurious peak about
k= 0 are illustrated in Fig. 5. The residual grid pattern id siparent in Fig. 5a (although
improved with respect to Fig. 3d), while it is manifestlyrelnated from Fig. 5b. Moreover, the
contrast, background rejection, and overall appearanEgobb have been visibly improved.

Some comments are in order. First, the question arises asiygohase stepping applied
to out-of-focus background might be inaccurate in the fitat@. Many possibilities can ac-
count for this. For example, phase stepping is inaccuratteeifout-of-focus backgrounds in
imagesl1(x), 12(x) andlz(x) exhibit local inhomogeneities in fluorescence brightnbas vary
between raw images. This can be caused by grid-phase-daptevatiations in the local il-
lumination power delivered to the out-of-focus caused byomogeneities in the fiber core
density or by sample-induced scattering or aberrationgerza preponderance of out-of-focus
background when imaging thick tissue samples, such vanisitieed only be slight to provoke
visible artifacts. Moreover, because our illuminationmaus coherent, we further expect that
the in-focus grid pattern becomes deteriorated out of facusmore closely resembles speckle
[25, 26, 27], in turn exacerbating the problem of randormiliation inhomogeneities. In prin-
ciple, the problem of out-of-focus speckle can be mitigatéth the use of a rotating diffuser
in the illumination path, however it cannot be removed atbgr without considerable time
averaging. It should also be be mentioned that a portioneo$flurious peak a#,(k ~ 0) can
also arise from inaccurate phase stepping of the in-fogis (s opposed to the out-of-focus
light), again possibility due to inaccurate grid perioticcaused by inhomogeneities in the
fiber-bundle core distributions or sample-induced abemat However given the dominance
of out-of-focus background over in-focus signal in the ravages apparent in Fig. 4d, this last
possibility is likely to play a lesser role. In any event, ey point of applying a high-pass
filter to .7,(K) is to remove the effect of inaccurate phase-stepping réggsof its source.

As a second comment, the application of a high-pass filte#§(k) is tantamount to cor-
recting for intensity variations between the raw imagesillyaather than globally. When this
high-pass filter is combined with the low-pass filter desadlilabove to eliminate spatial fre-
guency components beyond the Nyquist cutoff, the net resalbandpass filter very similar to
what was referred to as wavelet prefiltering, which was jasly applied to dynamic speckle
illumination microscopy [28].

Finally, it should be cautioned that the strategy of apgyarhigh-pass filter to7, (k) should
be used with care. This strategy is particularly effectiveew applied to thick tissue imaging
which exhibits significant out-of-focus background. It bews less effective, however, when
applied to thin samples, particularly samples that exlsipitial frequencies much higher than
the grid frequency. In this last case, our strategy runsigtkeof introducing spurious ringing in
the proximity of sharp edges in the sample. In practice, we liaund that it is best to adjust
the cutoff frequency of our high-pass filter depending onstii@ple in question.



Fig. 5. (a) SIM image of rat colonic mucosa (same sample as in Fig. 3c-énvelach raw image
is normalized to its respective mean. Note: this techniqug pattially suppresses the residual grid
pattern in Fig. 3d. (b) SIM image using the technique of higsfiltering of.7,(k ~ 0) to minimize
the effects of imperfect phase stepping. Image quality is reathyfimproved.

5. Conclusion

In conclusion, we have demonstrated the implementatioridfy@th a flexible imaging fiber
bundle appropriate for fluorescence endomicroscopy. Qalrifilage resolution is on the order
of 2.6um, limited by the Nyquist frequency associated with the gpasiodic core separation
in the fiber bundle, over a field of view of about 24®. In addition, we have described a
strategy to largely suppress artifacts that result froncéneate phase stepping. This strategy
is found to be particularly beneficial when imaging thick gdes that exhibit significant out-
of-focus background. Such samples are of the type likelyeterticountered when performing
endomicroscopy in vivo. To our knowledge, our results repne the first demonstration of en-
domicrosopy with SIM, which we hope will have a broad impadtie biomedical community.
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