Scanning mirror microscope with optical sectioning

characteristics:

Charles J. Koester

applications in ophthalmology

Optical sectioning is the simultaneous illumination and viewing of only a thin region of a specimen. An illu-
minated slit is imaged at the plane of interest and is swept laterally by the action of an oscillating mirror.
The light returning from the specimen reflects from a second facet of the oscillating mirror and forms a sta-
tionary image of the illuminated slit. At this stationary image a second slit is placed, which passes light from
the desired plane and rejects scattered light from other depths within the specimen. Light passing through
the second slit is reflected from the third facet of the oscillating mirror and is focused to the final image
plane. The image is reconstructed as the image of the second slit sweeps across the image plane. An impor-
tant ophthalmological application is the examination of the endothelial cell layer of the cornea, either by
contact or noncontact techniques. Optimization for image illuminance and resolution is discussed.

I. Introduction

In a number of biological and medical applications
there is a need to examine detail within a semitrans-
parent or scattering medium using incident light mi-
croscopy. The problem is to prevent light scattered in
regions above and below the plane of interest from
contributing stray light to the image.

An example is the corneal endothelial cell layer, a
monolayer of cells on the inside surface of the cornea
(see Fig. 1). While the entire cornea is normally
transparent, it is important to examine the endothelial
cells in cases of corneal disease, which is often accom-
panied by scattering in the central region of the cornea,
the stroma. In addition, reflection can occur from the
cornea surface (T in Fig. 1), which further increases the
possibility of stray light in the image. The endothelial
cells themselves are not strongly scattering and are
therefore difficult to see. As early as 1920 it was shown
by Vogt! that endothelial cells could be seen by specular
reflection using the narrow beam illumination provided
by a biomicroscope (a slit lamp). The specular reflec-
tion occurs at the relatively flat interface between the
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cells and the aqueous, located posterior to the endo-
thelium. An important advance was made by Maurice,?
who found that the endothelial cells could be viewed at
high magnification by illuminating through half of a
microscope objective and forming the image using the
other half of the objective (Fig. 2). The illuminated
area was in the form of a slit, typically 100 by 500 um.
Because of the narrow illuminated region and the
oblique incidence, stray light from regions above the
endothelium was minimized. This concept was de-
veloped to clinically useful instruments by Laing et al.3
and by Bourne and Kaufman.*

To record a larger field and achieve an optical section,
Maurice developed a scanning slit microscope.® In this
design the specimen was moved past a stationary illu-
minated slit image, while the film was moved synchro-
nously behind a stationary slit in the image plane. This
system gave detailed photomicrographs of the endo-
thelium and of structure within the stroma. However,
it did not permit direct viewing of the image, and it was
not adaptable to clinical situations.

Another approach to wide field incident light mi-
croscopy was patented by Baer.” To our knowledge it
has not been applied to the problem of endothelial cell
visualization.

For the problem of visualizing cellular detail within
living tissue, Davidovits and Egger® built a scanning
laser microscope in which the microscope objective was
scanned raster fashion over the specimen. In an earlier
paper, Petran et al.? used a rotating scanning disk
(Nipkow wheel) for synchronous scanning of illumina-
tion and imaging apertures across the specimen. These
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Fig. 1. Cross section of the cornea, not to scale: 7', tear film; Ep,
epithelial cell layer; B, Bowman’s membrane; S, stroma; D, Des-
cemet’s membrane; En, endothelial cell layer; A, aqueous.

approaches produced optical sections as thin as ~20 um.
Optical quality of the images was limited by the pres-
ence of prominent scan lines.

The objective of the present study was to develop a
wide field specular microscope primarily for endothelial
cell visualization and photography. The optical sec-
tioning possibilities for the microscope were also ex-
plored.

Il. Scanning Mirror Microscope

Figure 3 is a schematic optical diagram of the system.
Illuminated slit S1 is imaged on the endothelial surface
through half of objective L3. The illuminated region
of the specimen is reimaged through the other half of
objective L3 to asecond slit S2. The function of slit S2
is to pass only light that has come from the illuminated
‘glit area in the specimen.

Mirror M1 oscillates about an axis normal to the di-
agram. The excursion is about +2°, giving a total scan
of 8° in the reflected beam. The illuminated slit image
is thereby scanned in a direction perpendicular to the
axis of objective L3. However, the slit image formed
by the rays returning from the specimen is stationary
at slit S2 because of the second reflection from the os-
cillating mirror. Lens L2 serves to collimate the light
from slit S1 for an infinity corrected objective L3. Lens
L4 brings the parallel bundle from the objective to a
focus at slit S2.  For an objective with finite tube length
correction, different lenses L2 and L4 can be se-
lected.

The light that is passed by slit S2 reflects from the
mirror directly behind the slit and then propagates to
the third facet of the oscillating mirror. Lens L5 is a
field lens selected to image the second facet of mirror
M1 onto the third facet of M1.

After the third reflection from the oscillating mirror
the light passes through lens L6, which forms an image
of slit S2 in the final image plane F. The image of S2
is scanned across plane F by the oscillating mirror.
This action essentially lays down the final image, strip
by strip.

The mirror oscillates at 500 Hz, so that the image
appears continuous to the eye or the camera. With this
system the field of view is limited, not by the width of
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the slit but by the angular field of view of the optics. In .
particular the microscope objective is typically limited
to ~7° full field.

The system can be refined by using a relay system
between oscillating mirror M1 and objective L3. The
purpose is to image the apex of the mirror onto the ap-
erture plane of the objective, so that as the mirror os-
cillates there is a minimum of vignetting.

Scanning mirror M1 is a 1-cm cube with four faces
polished and high reflection coated. Itis mounted on
a resonant torsion rod that is magnetically driven.10
The amplitude of the oscillation angle is adjustable.
The scanning velocity is sinusoidal with time, which
leads to a nonuniformity of image illuminance. In
practice, however, only the turnaround at the end of the
scan produces a change in illuminance that is noticeable
photographically. The scan amplitude is normally
adjusted so that the turnaround is just outside the field.
Then the increase in illuminance toward the end of the
scan partially compensates for the normal vignetting

of the optical system and yields a satisfactorily uniform
field. :
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Fig. 2. Divided aperture objective as used by Maurice.?
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The arrangement of slit S2, mirror M2, and field lens
L5 can be modified. For example, a concave mirror of
appropriate radius can be used to perform the functions
of mirror M2 and field lens L5. This mirrer can be
masked to form slit S2.

Il. Optical Sectioning

In Fig. 4, S is the image of the illuminated slit. S is
also conjugate to slit S2 (see Fig. 3). Illumination rays
fill the region between the downward-pointing arrows.
Image-forming rays occupy the region between the
upward-pointing double arrows. Any scattering centers
or reflecting surfaces lying within the overlap (cross-
hatched) region can contribute stray light to the image.
Conversely, any scattering or reflecting materials lying
outside the crosshatched region such as at plane A
cannot cause illumination light to be redirected and
superimposed on the image-forming rays. When the
scanning mirror is employed, the illuminated region
scans back and forth in the x direction, creating an op-
tical section within the specimen.

The thickness of the optical section can be deter-
mined directly from the geometry as shown in Fig. 4.
Angle 0, is the minimum angle in the illumination ray
bundle, and w is the width of the illuminated slit image.
Total thickness 2h of the optical section is given by

2h = w/tand,. 1

The effective optical section thickness is often less
than that calculated by Eq. (1). If one considers plane

Fig.3. Schematic diagram of scanning mirror mi-
croscope: L1, condenser; S1, first slit; L2, collima-
tor; A, rectangular aperture; M1, oscillating mirror;
L3, microscope objective; C, cornea; L4, telescope
lens having the same focal length as L2; L5, field
lens; S2, second slit; M2, stationary mirror; L6,
image-forming lens; F, film plane or eyepiece image
plane.

M2
{

Fig. 4. Ray diagram illustrating optical sectioning characteristics:
0., angle of the illumination ray with the minimum inclination; S,
image of slit S1 (the width of the slit image at S is w); 2h, thickness
of the optical section; A, a plane outside the optical section; B’ and
B, planes at the boundary of the optical section; C, a plane within the
optical section. Downward-pointing arrows indicate illumination
rays; upward-pointing double arrows indicate image-forming rays.
The rays shown are at the edges of the illumination and image-forming
bundles. The crosshatched area indicates the region of the specimen
in which any light scattered in the direction of the imaging aperture
can pass through slit S2 and reach the image.
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Fig. 5. Image illuminance as a function of focus. 20X objective,
water immersed to a specularly reflecting surface, no central aperture
stop.
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Fig.6. Partial diagram of scanning mirror microscope with opaque
central aperture stop. Symbols are the same as in Fig. 3.

C, the illumination light bundle and imaging ray bundle
overlap only partially, so that scattering material in this
plane will not contribute as much light to the image as
will similar material at the focal plane. The experi-
mentally determined change in illuminance, for a case
in which 0,, = 0, is shown in Fig. 5.

An effective method for establishing a minimum
angle 0, is illustrated in Fig. 6. At the rear focal plane
of objective L3 an opaque central aperture stop is
placed. It has the form of a strip of width 2u, as illus-
trated. The minimum angle 8,, is then given by

u/r = Yn/v: = (n sindn)/vz, @

where v, is the N.A. of objective L3, n is the index of
refraction of the object, r is the radius of the aperture
of the objective, and v, is defined as vy, = n sinf,.
Selection of the optimum value for u is discussed in Sec.
V.

An important application of the optical sectioning
principle is the elimination of the strong reflection from
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the anterior surface of the cornea. The reflection
coefficient for the air—cornea interface at normal inci-
dence is 0.025. The cornea—aqueous interface (the
endothelial cell layer) has a reflection coefficient of
0.00022, 2 orders of magnitude less. Liquid contact to
the cornea using an immersion objective is a widely used
technique. However, for situations in which it is de-
sired not to touch the cornea, the optical sectioning
principle can be used to exclude the reflection from the
air—cornea interface as illustrated in Fig. 7. Assuming
that the endothelial cell layer is the plane of interest, the
requirement is simply that

h<t, 3)

where ¢ is the thickness of the cornea, and h is the
half-thickness of the optical section given by Eq. (1).
Because the exact thickness of the cornea cannot be

“predicted in advance, it is generally best to select a value

of h somewhat less than the nominal value of ¢, say h =
0.7¢. Since both w and 8,, in Eq. (1) are under the
control of the designer, a given value of h can be ob-
tained over a range of values of either parameter. Op-
timizing the selection is discussed in Sec. V.

IV. Results

A photomicrograph obtained with the Nikon 20X
dipping cone objective is shown in Fig. 8. The dimen-
sions of this particular field are 0.95 X 0.6 mm. This

Fig.7. Optical sectioning effect in the case of noncontact endothélial

microscopy. Optical section half-thickness h is made less than the

thickness of the cornea so that the air/tear layer surface is outside the
optical section.



Fig. 8. Rabbit endotheli_um photographed with the scanning mirror microscope using a 20X Nikon dipping cone objective. Slit width of
~60 pm at the specimen; slit direction horizontal; scan direction vertical. The image dimensions are ~950 X 600 um, an area of 0.57 mm?.

represents a fourteen times increase in area compared

with the 0.4 X 0.1-mm image in a conventional specular

microscope, an example of which is shown in Fig. 9.
Furthermore, the image from the scanning mirror mi-
croscope is more uniform in contrast. The conventional
image suffers loss of contrast at one side of the slit
image, since more illuminated scattering volume over-
lies that portion of the image. In Fig. 7, this would
correspond to the left side of the slit image. In the
scanning mirror system any such residual stray light is
spread uniformly over the image, making interpretation
of images somewhat easier. Furthermore, the slit in the
scanning mirror microscope can be narrower than that
usually employed in specular microscopes, thus de-
creasing the quantity of stray light.

The optical sectioning capability is illustrated in Fig.
10. The serial photomicrographs were taken with a 40X
water immersion objective.

For noncontact applications a 20X N.A. 0.32 objective
with a 6.9-mm working distance was used. The value

Fig. 9. Endothelial image obtained with a conventional specular
microscope. Size of field of cells is ~130 X 370 um.
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of h was selected to be 0.25 mm, ~0.7 times the thick-
ness of the rabbit cornea, which is nominally 0.35 mm.
An opaque central.stop of width 2u = 2.8 mm gave a
minimum angle 8, of 5.6°. Slit image width w = 0.048
mm.

Figure 11 illustrates the images obtained with the
noncontact arrangement. As the instrument is aligned
relative to the eye, the first image seen is generally that
of the anterior surface of the cornea, as in Fig. 11(a).
This image aids in centering the system with respect to
the apex of the cornea. As the microscope is focused
toward the posterior, the strong reflection from the
anterior surface disappears, and the endothelial cell
layer appears as in Fig. 11(b).

It is obvious that a noncontact instrument has sub-
stantial advantages of convenience and freedom from
cross-contamination and/or trauma over one that re-
quires contact with the cornea, particularly in a clinical

(@)

(b)

setting. There are trade offs, however, so that each case
must be considered according to the results desired.
The principal advantage of contact compared to non-
contact is related to the frequent involuntary saccadic
motion of the eye. With the contact objective placed
in contact with the cornea, the lateral motion of the
cornea is somewhat damped, and the longitudinal mo-
tion of the endothelium relative to the objective is es-
sentially reduced to zero. Neither of these beneficial
effects is operating in the case of the noncontact ob-
jective. An additional advantage of the contact in-

strument 1s that is establishes a fluid interface between
the objective and the cornea. It is apparent from Fig.
11(a) that the cornea is not necessarily an optically
perfect surface, and therefore the image of the endo-
thelium is likely to be somewhat more aberrated with
the noncontact than it is with the contact objective.
Fortunately, the change from contact to noncontact

(d)

Fig.10. Serial photomicrographs of a rabbit cornea taken with a 40X N.A. 0.75 objective. A reflection artifact is seen in all four images. (a)

microscope focused on the endothelial layer; (b) microscope focused 25 um anterior to the endothelium using the graduated fine focus adjustment;

(c) 100 um anterior to the endothelium; (d) 370 um anterior to the endothelium. The cells seen in d are epithelial cells. Field size is ~350
X 280 um.
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(b)

Fig. 11. Noncontact images of a rabbit cornea: (a) air/tear layer

surface with 1/125-sec exposure on ASA 800 film; (b) endothelial cell

layer with 0.5-sec exposure on same film. Total field size is ~760 X
1000 pum.

can be as simple as changing objectives, where the
noncontact objective has a built-in central stop of the
appropriate width.

V. Optimization

As mentioned in Sec. III, a given optical section
thickness 2h can be achieved in principle by any values
of 6, and w that satisfy Eq. (1). The choice affects light
level in the image, field width over which specular re-
flection occurs, and, to a certain extent, image quality.
Depending on the application, it may be desired to op-
timize for one or another of these parameters.

Considering first the light level, the image illumi-
nance can be optimized as follows. It is assumed that
(1) the area of the objective aperture used for illumi-
nation is equal to that used for imaging, as illustrated
in Fig. 6 and (2) the illuminance provided by the source
is uniform at the aperture plane of the objective and is
independent of the objective used.

The objective aperture is in the form of the segment
of a circle, the area of which is given by

A = r2 cos~X(u/r) — u? tan cos~1(u/r), @

where u is the halfwidth of the opaque central strip, and
r is the radius of the objective aperture (Fig. 6).

The quantity v, = n sinf,,, while having the form of
the usual numerical aperture, is really an expression of
the minimum numerical aperture in one meridian, the
plane of the diagram in Fig. 4. It is related to the values
of u and r by Eq. (2). Using Eq. (2), Eq. (4) becomes

A =r2cos™ (Yn/¥x) = (¥n/7:)? tan cos~1(yn/vx). 5)

Two cases are considered: a specimen that is seen by
specular reflection and a specimen that is seen by dif-
fuse reflection. When specular reflection is the prin-
cipal mechanism for generating image illuminance, the
latter is proportional to the area of the objective aper-
ture used for illumination. It is assumed that the
imaging aperture is adequate to accept all the specularly
reflected light. The image illuminance is also propor-
tional to width w; of slit SI. Therefore,

I = wsA, (6)

where I; is a quantity proportional to image illumi-
nance. Width w;s of slit S1 is related to thickness 2k of
the optical section, and the minimum angle 8,, through
Eq. (1), together with the relation

ws = Mw, V)]

where M is the magnification of the system between the
slit image at the specimen and slit S1.

As illustrated in Fig. 12, illuminance I is not mono-
tonic with v,. As vy, decreases, A increases, w, de-
creases, and the product goes through a maximum. The
optimum v,, for maximum image illuminance is seen to
be somewhat less than half the objective N.A.

The second case to be considered is that of diffuse
reflection by the specimen. Examples in the case of the
eye would be scattering centers within the cornea or
within the lens. In this case image illuminance will be
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Fig. 12. Image illuminance (relative), field width, and resolution as

a function of minimum N.A. 7,. Calculations are for an objective
with N.A. = 0.32. A, image illuminance for objective with specular
reflection characteristics (calculation is for the center of the field);
B, image illuminance for object with diffuse reflection characteristics;
C, field width for a spherical surface with 7.8-mm radius (the cornea);
D, resolution in Ip/um for lines perpendicular to the scan direction.

proportional to the area of the illumination aperture
times the area of the imaging aperture. When these two
apertures are equal, as in Fig. 6, the image illuminance
is proportional to

I d= wsA 2, (8)

where w; and A are given by Eqgs. (7) and (5), respec-
tively. Figure 12 illustrates the dependence of I; on v,,.
The optimum value for v, is somewhat less than for the
case of specular reflection I,. It should be noted that
the optimum value of v, does not depend on parame-
ters h, M, or r but only on v, and n.

Before selecting the value of v, two other factors
need to be considered: image quality and field size.
Image quality depends on the minimum N.A. vy, as well
as on the objective N.A. <. The Abbe theory indi-
cates that, for coherent illumination centered in the
open aperture, i.e., at ¥ = Y%(y, + 7v.), the minimum
resolvable spacing will be Ax = N/Y(yy — v»n). Be-
cause the illumination in the present case is incoherent
and fills the aperture from v, to y,, the minimum re-
solvable spacing is approximately half of that for the
coherent illumination or Ax = A/(yx — Yn). The re-
solving power defined as Ax~1 is shown in Fig. 12.

For curved surfaces such as the cornea, specular re-
flection is obtained only in a field of limited width, since
the rays specularly reflected from sufficiently inclined
regions of the surface will not be accepted by the ob-
jective. This field is narrower for large values of v,
than it is for small values, because the range of angles
in the illumination and imaging bundles is reduced in
the case of large v,,. In Fig. 12 the dotted line illustrates
the width of the field as a function of v,. A point of
comparison is the normal field size for the objective:
0.90 mm. )

The choice of v, may depend on the conditions of
use. Maximum image illuminance may be desired in
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some circumstances. In other cases when light level is
not the limitation, a smaller vy,, may be selected so as to
increase resolution and field size. Since to satisfy Eq.
(1) the slit width must decrease as vy, is decreased,
practical problems of slit alignment and freedom from
dust become more important as vy, is reduced.

VI. Discussion

Can the optical section thickness 2h be reduced to the
point where it is comparable to the depth of field of the
microscope? The usual expression for depth of field
isl!

_ A2 - (N.A)Y2
B (N.A.)2 '

where n is the index of refraction of the specimen, and
A is the wavelength. Since the aperture is not circular
in this case, the depth of field can be expected to be
different for spatial frequencies with orientations par-
allel and perpendicular to the scan direction. However,
using the depth of field for the full aperture as a limiting
case and combining this with the expression for optical
section thickness [Eq. (1)], we have

dl

An2 — ~2)1/2
w= Al s 2%‘)“— tan sin—! (ﬁ) . 9
Yx n

For A = 0.55 um, v, = 0.32, v, = 0.135, and n = 1.376,
we have w = 0.95 um., While this narrow slit image is
possible, the practical problems with very narrow slits
become significant. The advantage of such a system
is that it could be used to produce photomicrographs of
essentially infinite depth of field by translating the
specimen (or the microscope) along the axis of the sys-
tem as the photographic exposure is made.

Applications to specimens other than the cornea are
beginning to be explored. A long working distance
objective permits interior regions of the human lens to
be examined. With an excised mildly cataractous lens,
regions of scattering have been photographed at several
depths without problems of scattered light from other
depths. In general, any transparent or moderately
scattering specimen that transmits well enough for
transmitted light microscopy can be examined with the
scanning mirror microscope by incident light micros-
copy. Certain opaque materials with rough surfaces can
be examined with better contrast using the scanning
mirror microscope than using the conventional incident
light microscope because regions that are significantly
out of focus are not illuminated and therefore do not
contribute stray light to the image.

The principle can be extended to a transmitted light
system. One method would be to use synchronized
scanning mirrors in the illumination and imaging sys-
tems. Such a microscope would achieve an optical
sectioning effect while retaining the advantages of
transmitted light microscopy: bright field of view and
contrast generated by the absorbing properties of the
specimen. .
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