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ABSTRACT the same principle as of a microscope, except for an additzmom

lens or lenses in the MACROsopef.(Fig. 1). This extra accessory
fo the optical system allows observation of large objectiieind
to image at relatively larger working distances, which nsegoing
deeper into tissues. By fixing the objective and changingztiten

In this paper, we model the point-spread function (PSF) ofia-fl
rescence MACROscope with a field aberration. The MACROscop
is an imaging arrangement that is designed to directly stml|
and large specimen preparations without physically seictgpthem.
However, due to the different optical components of the MAER
scope, it cannot achieve the condition of lateral spatiadriance for
all magnifications. For example, under low zoom settings, fibld
aberration becomes prominent, the PSF varies in the |dfietd]
and is proportional to the distance from the center of thd fiéin the
other hand, for larger zooms, these aberrations becomeajhadb-
sent. A computational approach to correct this aberratitamoelies
on an accurate knowledge of the PSF. The PSF can be defined eith
theoretically using a scalar diffraction model or empillicdy ac-
quiring a three-dimensional image of a fluorescent beachibyatox-
imates a point source. The experimental PSF is difficult taioland
can change with slight deviations from the physical condgi In
this paper, we model the PSF using the scalar diffractiomcgm,
and the pupil function is modeled by chopping it. By compguaur
modeled PSF with an experimentally obtained PSF, we validat
hypothesis that the spatial variance is caused by two hignibptical
apertures brought together on different conjugate planes.

Index Terms— fluorescence MACROscopy, point-spread func-
tion, pupil function, vignetting.

1. INTRODUCTION

In recent years, imaging techniques have emerged in al afdde
sciences in order to study basic cellular, biochemical sgitggical
and pathological processes. Innovative imaging techiesogye de-  Fig. 1. A commercial MACROscope, the Leica MacroFlib
ployed to produce images of biological systems at the @llorgan  715apP0O.

and whole body levels, either independently or in combamatiAl-

though, the last decade has seen a growth in new imagingisyste  positions, the system can work at a distance of aB6mim above
volving smaller samples (e.g. fluorescent microscopesjréicent  the specimen and provide2amm (diagonal diameter) field-of-view
MACROscopes [se&] were recently commercialized that combines (FOV).

the best of MACROscope and a microscope. This imaging system |t is primarily important to measure and accurately model th
collects emitted fluorescence from relatively large sasiflgp to a  point-spread function (PSF) of any optical system. Thisese can
couple of centimeters), in three-dimensioB<), and also can per- detect the different type of aberrations which can affeetithages,
form time-lapse imaging. A fluorescence MACROscope works orand eventually help in correction by either modifying theaage-
ment or computationally. To our best knowledge, this is th&t fi
(http://www-syscom.univ-mlv.fANRDIAMOND). The authors gratefully _tlme_ that the MACROSCOp.e PSF.IS Characte_rlzed or queledlt-)yt
acknowledge Dr. Philippe Herbomel (Institut Pasteur, Eeqrand Dr. Didier Ing 'r,]to .acco.unt the aSSOCIa.ted field aberrz.itlon. Th.e oriby p{ork
Hentsch (Imaging Centre, IGBMC, France) for letting us trtMACRO- N this f|eld_ is on comput_at_lonally correcting the field alagions
scopes and for the interesting discussions. We would dteatdi thank Dr.  that occur in consumer digital cameras [s2€3; 4]. These meth-
Mickael Lelek (Institut Pasteur, France) for preparing lead samples. ods either use a parametric model for the aberration anuatithe
*Email: {praveen,jcolivo}@pasteur.fr. parameters, or use a general smoothing term for the almerfatic-

This research was supported by the ANR DIAMOND project
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tion while restoring the image simultaneously. While thesmlels
and restoration techniques might be effective for two-disienal
(2-D) images, when it comes ®D fluorescence data, it is not ap-
plicable. This is because the problem of field aberratioroigoted
with the problem of out-of-focus blur, in the z-directioryedto the
diffraction-limited nature of the lens [sé&#.

This article is organized as follows. In secti®dnwe discuss the
field aberrations in general and more specifically optiéghetting
in photography and in a MACROscope. This is followed by a shor
section on the determination of the PSF empirically. An sialon
the extension of a scalar PSF model to fluorescence MACR®scop ] ) ] ) ) )
is discussed in sectidh3, followed by the numerical simulation and Fi9. 3. Left: Optical vignetting atf /2.8. Right: no vingetting at

experimental validation in sectidh

2. FIELD ABERRATIONS

In most lens systems, the finite length of the tube/barreivben
the entrance and the exit apertures causes the obliqueorgsdut
off gradually as the obliquity is increased. The obliquedgident
light is confronted with a smaller lens opening than the tlititat
is approaching the lens head-ar. Fig. 2). Eventually, for the ex-

Fig. 2. The vignetting of an oblique light beam in a lens. Reproduce
from [6]

treme oblique rays, the light is extinguished altogethégnetting
as this phenomenon is known in photography, is the denatatio
the gradual fading of the intensity of an image from the aeidr
wards the edge. As a result, an unintended darkening of thgem
corners might appear in a photographic image. While natmel
optical vignetting might be inherent to the optical lensteys de-
sign, mechanical vignetting is usually caused by due torpsains
that partially occlude the FOV7]. The difference between them is
that while natural and optical vignetting leads to a gradraaisition
from a brighter image center to darker corners, for meclahiie
gnetting, the fall-off is usually abrupt. In this paper, wélwnly
discuss optical vignetting as this is the primary field a#ton in a
MACROscope. An important remark is that the optical vigimett
should not be confused with tHeetzvalfield curvature, an optical
aberration, caused due to the inability of the lens to focflatab-
ject normal to the optical axis to a flat image plane.

In Fig. 3, we illustrate optical vignetting for the Pacific Grove
beach, CA, USA, taken using a Nikon COOLPIX@®0 camera,

f/3.5. (Photograph by Praveen Pankajakshan.)

off-axis points than for the on-axis points, and hence thegencor-
ners will be darker than the image center. At the setfifig.5, the
entrance pupil is much smaller and no longer shielded byehs |
barrel. Consequently, obliquely incident light sees thmesaperture
as normally incident light and there is no optical vignegtin

2.1. Cat's eye effect and aperture chopping

The consequences of optical vignetting for a subject thiat fiecus
is merely a reduced brightness towards the image cornersv- Ho
ever, optical vignetting can also have a pronounced effacthe
out-of-focus parts of the image. This is because, the shafieeo
out-of-focus highlight (OOFH) mimics the shape of the claper-
ture. For example, in Fig4, the bottom left section of the image
is the part which is in-focus, while the middle and the uppghtr
corners are the OOFH. From the enlarged rectangular insesee
that the OOFH shows distant point sources haviicgts eye effect
In photography, the quality of the picture can be judged ywiay
the lens renders the out-of-focus points of light. This ldubokeh
can have the shape of the aperture and can sometimes beantent
ally added for aesthetic reasons. In a MACROscope howehisrist
not desirable. With an increasing distance from the optga, the
shape of the OOFH progressively narrows and starts to rdeeanb
cat’s eye, hence the name. The larger the distance from thgeim
center, the narrower the cat’s eye becomes. By judging threwa
ness of the cat’s eye with an OOFH in the image corner, it isiptes
to estimate the amount of optical vignetting. This effecid®to be
stronger in wideangle and large aperture lenses, but tleetetan
be noticed in most photographic lenses. Zoom lenses ane séid-
dled with a fair amount of optical vignetting. Oversizedrftor rear
elements help to reduce this type of vignetting and are &atiy
applied in wideangle lens designs.

2.2. Empirically derived Point-Spread Function

Fig. 1 shows a MacroFIuB" zZ16APO from Leica. This MACRO-
scope is equipped with two objective lenses of magnificafien
and 5x. The zoom factor isl6, with positions selectable be-

atf/2.8 andf/3.5. Atthe full aperture setting, the image reveals atween(.57x-9.2x. Unlike a stereomicroscope, it is claimed that

‘hot spot’: a brighter center and a darkening towards thaewr (left
photograph). When the aperture is closed dowif £8.5, the light
fall-off has disappeared, and a relatively evenly illuniégthbeach
is revealed (right photograph). At the settifig2.8, the aperture
for off-axis is markedly reduced compared to the on-axi® @asthe
entrance pupil is partially shielded by the lens barrel. &pre-
cisely, the aperture is delimited by the rim surrounding fitoat
element. For a smaller aperture, the lens collects less fiigtthe

the vertical beam path of the MACROscope allows parallae fre
imaging while making z-series stacks. This MACROscope $® al
equipped with a motorized column for precise axial focust tha
can be controlled with the software MacroVie or by using the
SmartTouchM. It is fit with a highly sensitive cooled digital
color camera, CoolSNA®! HQ, and the operating mode could be
changed to take monochrome or multi-channel images as ge ca
maybe. Each of the experiment performed could be recorded in



Direct measurement of a widefield MACROscope PSF requires
the object size to be sub-resolution. Here, subresolugders to
an object whose dimensions are smaller than the diffraditioih of
the MACROscope objective. Fluorescent objects of this giekl
a weak signal that requires an extremely sensitive detectdiim-
its the axial range over which the PSF can be measured. We used
polystyrene latex microspheres from Tetrasg&thvith the manu-
facturer specified diameter of abdi0nm. These spheres have a
peak excitation/emission wavelengths5066/515nm (green). Due
to the enormous difference in the resolution between tteedhtind
the axial directions (a factor of abog}, the imaged microspheres
are relatively small along the axial direction.

There are several methods available in literature for exysar-
tally imaging sub-resolution microspheres; the notablesoare in
[9; 10]. In these, a series &F-D images of a sub-resolution object
with different amounts of defocus are taken. For our expenitywe
used a very simple imaging setup. Some fluorescent microsphe
are dried on to the bottom of a coverslip, and the coverslpeased
in the immersion medium. Fi& shows the schematic of the experi-
ment. The axial sampling was fixedlgtm and the radial sampling
Fig. 4. The cat’s eye effect. The rectangular area indicated by the
dotted white line is shown enlarged at the bottom. (Phofuytay !
Peter Boehmer.)

. i . o Objective Lens
separate journal file that permits the user to acquire imageser System

the same settings automatically without any need for finéntun
The coverslip is of typd.5, and has a thickness @70um and re- !
fractive index (RI) of1.522. i
The optical resolution of a MACROscope (widefield) in the lat i
eral and the axial direction should be calculated to knowsilze |
of the point source to be imaged. This resolution is givenhsy t :

Rayleigh criterion [seé8] as: Immersiq')n m———— v ]
i =
_ /\em : 3
Tateral = 0.61 NA ) Covesi slip Ng
A @] e
Faxial = 0.885 em @) MountmdI medium N

17
n; — (n? — NA?)?2 :
Point source
whereAen is the wavelength of the emitted light; is the RI of the
objective immersion medium (hete)0 for air), and NAis the effec- g 5 A schematic of the experimental set-up for imaging sub-
tive numerical aperture. If the distance between two clospaced  regolution microbeads for determining the PSF. For a MAGRDS,
point sources is lesser thageral in the lateral omaxial in the axial e medium between the lens and the cover slip is usuallgathe

direction, then they cannot be resolved. ; ;
’ . . RI, n; = 1.0, and the mounting medium Ris ~ n, = 1.518.
For small NA, (n? — NA2)1/2 can be approximated in the fol- i d s~ Mg
lowing way by using Binomial expansions: ) ) . ) ) )
varies with the zoom positions. Fig§.shows the maximum inten-

N Aem sity projection of the imaged beads along the lateral axig Zoom
Taxial ~ 0‘88571‘ 0 (1 S ) ’ is set at aboull.6x. For this zoom position, the radial sampling
! ! 2%} was998.3nm. We notice that the image obtained is different in the
_0.885 x 2 X n; X Aem different positions of the lateral field.
B NAZ ’
_ i X Aem 3 2.3. Scalar PSF model
‘ NAZ In order to understand the vignetting in a MACROscope, wé loo

Since the emission spectrum is in the green side, the emissict the scalar diffraction model of the magnitude P8, y,z),
peak wavelength idem = 520nm, when the excitation peak is at Where(x,y,z) € Qs are the spatial coordinates. From the Kirchhoff-
Aex = 488nm. As the maximum NA 9.5, the minimum possible Fraunhofer approximation [s&%, we can write the near-focus am-
resolvable structure is of siZ&63um along the lateral plane and Plitude PSF/ia(x,y,z), in terms of the inverse Fourier transform of
3.68um along the axial direction.
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Fig. 7. Overlap between two apertures for the pupil function cal-
culation. This overlap region between the two aperturekadight
permitting region.

Fig. 6. Variation of bead images with lateral position in the objec
field. The five different lateral positions are shown on thertal field
while the bead images are the maximum intensity projectboisg

) and more light is collected/permitted. In the limiting caséen
their lateral axes.

(rx,my) = (0,0), the entire light passes through. For light to pass
through, (12 + r3)!/2 < (rz + robj), Wherer; androp, are the radii

the2-D exit pupil function,P(ky, ky,z), at each defocusas: of the zoom and the objective apertures respectively. Orother
hand, wher(r? +r7)'/2 > (rz + robj), no light passes through.
ha(x,,2) :]"{S{P(kx,ky,Z)}, 4 The phasep(6;,6s,z), in Eq. 6), is the sum of the defocus

term ¢,(6;,z) and the aberration phage (6;,6;). If we ignore all
where(ky, ky, k) € Qf are the coordinates in the pupil domain. The other aberrations except vignetting, then the phase tepression
above expression states that the field distribution of atgaiarce in  is given by only the defect of focus as [sEH:
an image space is the inverse Fourier transform of the dveal-
plex field distribution of the wavefront, in the back pupiapk of the ¢q(0;,z;n;) = z(1 — cosb;) . )
optical system. We also notice that the inverse Fourieistoam of o o )
an unaberrated pupil, when considered as a circular disesghe N the widefield case, the emission amplitude F&fx; Aem), could
Airy disc pattern Bessefunction). If we represerttk., k, ) in the ra- be arl]ssu?ed to belcloze tort]he excn_atlgn amE“tLt’)de RSE; Aex),
dial coordinates; — arcsin((K2 + k2)1/2/k;) andk; = 27tm;/ dey. S0 o ey re related o the magnitude RSE), by

The pupil function of the objectivePop;(kx, ky,z), after including h(x) = |ha(xAex)|?. (8)
defocus, can be written as:
As the MACROscope works under a low NA, the effect of polariza

< NAgy tion can be neglected, and a scalar diffraction model isapjate.
nj

7

1
. o (KR+K2)2
Pobj(kx/kylz) = {eXP(]kO(P(Gizes/Z))/ if %

0, otherwise, 3. RESULTS AND DISCUSSION

©)

where NAy, is the numerical aperture of the objective lens, an
¢(0;,65,z) is the optical phase difference between the wavefron
emerging from the exit pupil and a reference wave. In the abov
expression, the amplitude of the pupil function is appratied to
be a constant.f; is the angle in the object plane relatedétoby
Snell's law asn;sinf; = ngsinfs. The overall pupil function of

the entire optical arangement is given in E), (where N/ is we notice that the far side out-of-focus slice has the sarapeshs

the numerical aperture of the zoom lens system. In this sgjos, - X .
the parameteréry,ry) gives the relative displacement between the.the aperture in Fig8. We compare this theoretically modeled PSF

two apertures as is shown in Fig. The aperture overlap region in Fig. 10, for an aperture overlap of abaf%, with an empirically

permits the light while the rest blocks it out. It can be selemt t obtained image of dum fluorescent microsphere. The zoom posi-

when(ry,r,) decreases, the displacement between them is reducé'c?n for this experimentally obtained imageli$ x and the image is

dIn Fig. 8, the chopped pupil is simulated by using the E&$.and
[56), for a Leica MacroFlub™ Z16APO. The colored region shows
he amount of light permitted and this corresponds to @ of
the maximum light flux. By modifying the amount of overlap, we
can model the PSF in the different positions along the |afeial.

If we look at the corresponding magnitude PSF in Righat is ob-
tained from the abové5% chopped pupil, by using Eqst)(and @),



1
((kx —72)% + (ky — ry)z) 2 - NA,
ki n;

(6)

P(kx,ky,z) = Pobj(kx,ky,z), if

0, otherwise

Fig. 8. Chopped pupil amplitude as a result of two aperture withFig. 10. Left: Axial intensity projection of a theoretically model

25% overlap. The overlap region shows the permitted light. PSF with a25% overlap. Right: Projection of dum fluorescent
bead on a log scaléjjlmaging Center, IGBMC, France.). The radial
Slice XY Slice X7 sampling is998.3nm and the axial sampling i€00nm. The beads

were imaged using a Leit¥ MacroFludMat a zoom of..6 x, along
the periphery of the field.

[3] Y. Zheng, S. Lin, C. Kambhamettu, J. Yu, and S. B. Kang,
“Single-Image Vignetting Correction/EEE Trans. on Pattern
Analysis and Machine Intelligenceol. 31, no. 12, pp. 2243—
2256, Dec. 20091

Fig. 9. Evidence of the resemblance between the OOFHs and thq4] S. Lyu, “Single image vignetting correction with natlirmage

aperture shape for a MACROscope. Left: The far side outoti$ statistics in derivative domains,” iRroc. IEEE International
lateral slice of the theoretically modeled PSF on a log scdd&ined Conference on Image Processji&ept. 2010, pp. 3529-3532.
from a75% chopped pupil of Fig8. Right: Position of the out-of- 1

focus slice along the optical axis. [5] P. Pankajakshan, Blind Deconvolution for Confocal Laser

Scanning MicroscopyPh.D. thesis, Université de Nice Sophia-

. . L Antipolis, Dec. 20092
cropped from the periphery of the field. Our observation & the ] o o
model is able to mimic very well the condition of lateral wrce  [6] R. Kingslake,Optics in PhotographySPIE Publications, June

of the PSF within the field. However, the lateral full width el 1992.2

maximum (FWHM) of the model is smaller than the experiméytal  [7] Sidney F. RayApplied Photographic Optics: Lens and Optical
obtained image’s lateral FWHM. This difference can be ergld Systems for Photographifocal Press, third edition, Apr. 2002.
by the fact that the size of the microsphere used is significiarge 2

to be considered as a point source. _ . .
Our future work is aimed at enhancing this initial PSF moded f L8] '\Ffr'eg(s)rqungi E. Wolf, Principles of Optics Cambridge U.

ther with newer acquisitions on different systems. Foltayvin this '

direction, the eventual goal is to correct this field abésratn the [9] S.F. Gibson and F. Lanni, “Diffraction by a circular apee

observed specimen images. Given the fact that the MACR@scop as a model for three-dimensional optical microscopy,Opt.

works under a variable zoom, in the absence of microspheages) Soc. Am. Avol. A6, pp. 1357-1367, 198&
the effective NA of the optical mount is unknown, and thishably [10] V. Hiraoka, J. W. Sedat, and D. A. Agard, “Determination
has to be estimated during restoration. of three-dimensional imaging properties of a light micayse
system,”Biophys. J.vol. 57, pp. 325-333, Feb. 1998.
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