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The high speckle contrast in reflectance confocal microscopy
is perhaps the most limiting factor on this imaging modality,
particularly in high scattering samples such as biological
tissues. In this Letter, we propose and numerically ana-
lyze a method for speckle reduction that uses simple lateral
shifting of the confocal pinhole in several directions, which
results in reduced speckle contrast and only a moderate
penalty in both lateral and axial resolutions. By simulat-
ing free-space electromagnetic wave propagation through
a high-numerical-aperture (NA) confocal imaging system,
and assuming only single-scattering events, we character-
ize the 3D point-spread function (PSF) that results from
full-aperture pinhole shifting. Simple summation of four dif-
ferent pinhole-shifted images resulted in a 36% reduction in
speckle contrast, with reductions of only 17% and 60% in
the lateral and axial resolutions, respectively. This method
could be particularly useful in noninvasive microscopy for
clinical diagnosis, where fluorescence labeling is impractical
and high image quality is imperative for achieving accurate
diagnosis. © 2022 Optica Publishing Group
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Reflectance confocal microscopy (RCM) [1,2] is a widely used
technique for high-resolution imaging in thick tissues, provid-
ing effective optical sectioning in highly scattering samples.
RCM does not require any tissue staining or fluorescence label-
ing, which makes it particularly useful for clinical applications
that require safe, noninvasive imaging for effective diagnosis
[3]. One of the main challenges of RCM, however, is its inher-
ent speckle phenomenon, which is caused by the high spatial
coherence of the imaging light. Unlike in fluorescence confo-
cal microscopy, where the fluorescent light has random phases,
the backscattered light in RCM maintains its phase and thus
generates deterministic and static interference patterns at the pin-
hole plane, which in turn result in randomly appearing speckle
patterns at the final image. While these patterns often bear
important sub-resolution information which could be useful for
sensing small-scale dynamics [4,5], for most applications, the
speckle is considered a significant problem that dramatically
reduces image quality. Efforts were made to eliminate speckle
by post-processing the resulting digital images [6,7]; however,
an individual speckle typically has dimensions comparable to
the lateral resolution of the microscope, rendering most speckle
reduction algorithms ineffective.

A simple approach for reducing the speckle contrast is to
increase the diameter of the confocal pinhole [8,9]. Up to a cer-
tain diameter, the increased pinhole size reduces speckle contrast
while maintaining both the lateral and axial resolutions; yet fur-
ther opening of the pinhole would rapidly reduce mainly the
axial resolution, hence damaging the optical sectioning of the
microscope [8]. Similar trade-offs also exist in optical fiber-
based RCM techniques that use the core of a single-mode fiber
as an effective pinhole. By using a double-clad fiber, the multi-
mode cladding helps reduce the speckle contrast, but at the cost
of a similar reduction in optical sectioning [10].

In this Letter, we propose and numerically analyze a novel
method for reducing the speckle contrast in RCM by means
of capturing four images with four different laterally shifted
pinholes. By simulating the full optical system of a confocal
microscope (Fig. 1), including both the illumination and collec-
tion optical paths, we show that lateral shifting of the detection
pinhole largely preserves the axial and lateral resolutions of the
system while reducing the overall speckle noise by averaging
over the four pinhole-shifted images.

In order to study the effect of lateral pinhole shifting, we
started by simulating the point-spread function (PSF) of a high-
NA confocal microscope (Fig. 1). A unit-amplitude plane wave
Uin at 800 nm wavelength was simulated using a 4097× 4097-
pixel grid covering a square area of 300× 300 µm2, resulting in
a pixel size equal to 0.0732 µm, which allows sufficient 10-pixel
sampling of the illumination PSF (approximately 0.73 µm).

For simulating an ideal high-NA objective lens with NA= 0.7,
the objective lens L1 was chosen to have a small pupil diameter
D equal to 40 µm, a focal length f equal to 20.4 µm, and a transfer
function with a hyperboloidal phase delay given by

U+L1
(x, y) = PL1 (x, y) exp

(︂
−ik

(︂√︁
f 2 + x2 + y2 − f

)︂)︂
, (1)

where k= 2π/λ, λ denotes the optical wavelength, and PL1(x,y)
denotes the lens pupil function. At the focal region, the illumi-
nating wave Uill was simulated for each propagation distance z
using the free-space wave propagation equation (i.e., without
using the Fresnel approximation).

The full PSF of the confocal microscope was computed
by considering a single-point unit-amplitude reflector at the
focal region of the illumination wave. By using the same
free-space propagation equation, the reflected wave was propa-
gated back through the objective lens [using Eq. (1)] and then
focused onto the pinhole plane through lens L2, whose pupil and
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Fig. 1. Schematic of the simulated reflectance confocal micro-
scope where the pinhole could be either centrally aligned or shifted
in each lateral direction. The bottom-right panel shows an example
of a pinhole that was shifted by a full aperture along the+ x axis.

phase transfer functions were similar to those of the objective
lens L1.

Once the optical wave U− just before the pinhole plane was
computed, the confocal pinhole itself was simulated as a clear
circular aperture with a diameter a equal to the illumination
spot size a= 0.73 µm (equivalent to a 10-pixel diameter), whose
center coordinates (xc,yc) could be varied for simulating the
lateral shifting of the pinhole:

Pxc ,yc (x, y) =
{︃
1,
0,

(x − xc)
2
+ (y − yc)

2
≤ (a/2)2

else . (2)

After the pinhole, the total transmitted field intensity Id was
measured by simply summing over the local intensity of the
wave U− passing through the pinhole aperture:

Id =
∑︂
x,y

Pxc ,yc (x, y)|U−(x, y)|2. (3)

By scanning the point reflector across the entire focal volume,
we obtained the 3D confocal PSF for a centered (xc= yc= 0) pin-
hole [Fig. 2(a)], for pinhole shifted by half the aperture diameter
(xc= a/2, yc= 0) [Fig. 2(b)], and for a pinhole shifted by a full
aperture diameter (xc= a, yc= 0) [Fig. 2(c)]. The lateral and axial
cross sections of the three PSFs through their peak values are
shown in Fig. 2(d) and 2(e), respectively.

The conventional (centered pinhole) PSF had a width and an
axial range of 0.44 µm (full width at half maximum, FWHM)
and 1.83 µm (FWHM), respectively, in close agreement with
the theoretical lateral and axial resolutions of 0.42 µm and 2.08
µm, respectively. The slight differences between numerical sim-
ulation and theory are most likely a result of the limited digital
sampling of the optical waves.

As the pinhole center point (xc,yc) is laterally shifted, the
illumination and collection regions do not overlap anymore,
resulting in an overall reduction in the detected signal, as well
as lateral shifting of the confocal peak response. Half-aperture
pinhole shifting led to an approximately quarter-aperture PSF
shift in the same direction [Fig. 2(b)], whereas full-aperture
pinhole shifting led to an approximately half-aperture PSF

Fig. 2. Simulation of the confocal PSF with (a) the centered
pinhole, (b) the pinhole shifted by a half-diameter, and (c) the
pinhole shifted by a full diameter. The blue and red crosses mark
the location of the maximum illumination field and the effective
location of the pinhole center, respectively. (d) Lateral cross sections
of the PSFs in (a)–(c). (e) Axial cross sections of the PSFs in (a)–(c)
through their maxima. (f) Axial responses computed by projecting
the PSFs in (a)–(c) onto the axial z axis.

shift [Fig. 2(c)]. Note that in the shifted, asymmetric PSFs,
both the lateral and axial widths were almost unaffected: in
full-pinhole shifting, the lateral resolution was even slightly
improved by 11% down to 0.39 µm (albeit with a notable
sidelobe on the right-hand side), while the axial resolution
dropped by only 10% to 2.02 µm, as calculated along an axial
section passing through the PSF peak response [Fig. 2(e)].
A more notable drop in the axial resolution was calculated
by laterally projecting the PSF, as shown in Fig. 2(c), onto
the axial z axis, which resulted in somewhat lower axial
resolutions of 1.88 µm, 2 µm, and 3 µm for the centered, half-
aperture-shifted and full-aperture-shifted pinholes, respectively
[Fig. 2(f)].

The step response of the simulated microscope for centered
and fully shifted pinholes was estimated by simulating a reflec-
tion target comprising a single reflective square [Fig. 3(a)]. The
simulated confocal image with a centered pinhole showed some
blurring and contrast reduction [Fig. 3(b)], with a lateral edge
response of 0.53 µm (FWHM), somewhat larger than the lateral
size (0.44 µm) of the simulated PSF. A single image captured
with a full (xc= a) lateral shift of the pinhole [Fig. 3(c)] showed
a notable asymmetric response with a pronounced sidelobe on
the right-hand side of the square, in agreement with the PSF
sidelobe in Fig. 2(c).

Clearly, removing the asymmetry in Fig. 3(c) could be accom-
plished by averaging over several images acquired with pinhole
shifting in opposite directions. In order to demonstrate such
a concept, we have simulated the acquisition of four confocal
images with the pinhole shifted by a full aperture in the± x
and± y directions. By averaging over these four images, we
obtain a symmetric image of the reflective square [Fig. 3(d)]
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Fig. 3. Simulating the step response of a pinhole-shifted confocal
microscope. (a) Reflectivity target of a unit-reflectivity square. (b)
Simulated confocal image of the square target. (c) Confocal image
of the target using a pinhole shifted by a full aperture along the+ x
axis. (d) Image generated by summation over four confocal images
of the target with the pinhole fully shifted along the± x and± y axes.
Plots below the images present the horizontal cross sections and the
corresponding derivatives for illustrating the lateral step response.

with an edge response equal to 0.62 µm (FWHM), which is only
17% larger than with the centered pinhole [Fig. 3(b)].

In order to study the potential of the pinhole-shifting method
to reduce speckle contrast in an arbitrarily distributed scatterer
field, we have generated a random 3D distribution of point
scatterers within a cubic volume of 8 µm3 [Fig. 4(a)] and sim-
ulated the acquisition of a single confocal image with the focal
plane positioned at z= 0 [gray plane in Fig. 4(a)]. Note that
this simplistic model is not intended to simulate the effect of
out-of-focus scatterers on the confocal image (i.e., a resolu-
tion drop and background speckle), but rather to model the
main speckle field formed only by the scatterers at the focal
volume. To save computation time, only scatterers within a
1.5-µm-diameter cylinder around each pixel were considered.
Each scatterer within this volume generated a single backward-
propagating wave (i.e., “single scatter”), and the interference
between all reflected waves was spatially filtered by the pinhole
and measured by the detector [Eq. (3)].

With no pinhole shifting, the resulting conventional image
[Fig. 4(b)] showed a highly developed speckle field with a
speckle contrast of 0.58, computed as the ratio between the
image standard deviation and the mean intensity. Four addi-
tional images were then captured with xc=−a [Fig. 4(c), left
panel], xc= a (right panel), yc= a (top panel), and yc=−a (bot-
tom panel). A simple summation of the four images resulted in
a smoother image [Fig. 4(d), 2.2-times brightened] with a sig-
nificantly lower speckle contrast of 0.37 and a total signal loss
of only 48%. The reduction in speckle contrast is also evident
from the narrower image histogram [lower panel of Fig. 4(d)].

Fig. 4. Speckle reduction using four pinhole shifts. (a) Simulated
sample volume, comprising several individual scatterers. (b) Con-
ventional (centered pinhole) confocal image of the sample in (a) with
the corresponding normalized histogram. (c) Four confocal images
acquired with the pinhole shifted by a full aperture along the± x
and± y axes. The images shown are 4 times brighter than the true
images to allow visual comparison with the centered-pinhole image
presented at the center. (d) Summation of the four pinhole-shifted
images (2.2-times brightened), demonstrating a reduction in speckle
from 0.58 to 0.37 and narrowing of the corresponding normalized
histogram. The total signal loss was approximately 48%.

In certain clinical applications of RCM, such as spectrally
encoded flow cytometry (SEFC) [11], where in vivo noninva-
sive microscopy of blood cells is used for clinical diagnosis,
the characteristic speckle is often manifested by high-contrast
interference patterns of arcs and rings. These patterns, which
originate from the unique morphology of the red blood cells
during flow [12], significantly deteriorate the image quality and
prevent accurate segmentation and counting of individual cells.

In order to simulate the potential effect of pinhole shifting on
the confocal SEFC images of the red cells, we have modeled the
cell membranes [Fig. 5(a)] using two opposing oblate spheroids
with uniformly distributed reflection coefficients, as described
previously in Ref. [12]. Confocal imaging of the cell was sim-
ulated by scanning the focal region across the focal plane (gray
plane at z= 0), resulting in two reflections from the front and
back surfaces, whereas the membrane curvatures and relative
angles are embedded within the two reflected wavefronts. Using
a centered pinhole, the conventional confocal image of the red
cell [Fig. 5(b)] is characterized by several high-contrast, con-
centric interference arcs. Shifting the pinhole by a half-aperture
along the± x and± y axes and summing over the four images
resulted in some reduction of fringe contrast [Fig. 5(c)] from
0.71 to 0.55. Using full-aperture shifts, the resulting summation
of the four images showed [Fig. 5(d)] a significant reduction in
fringe contrast to 0.47, and the entire image became smoother
and more closely represented the uniform round shape of the
cell plasma membranes. Cross sections of the simulated images
in Fig. 5(b) and 5(c) at y= 0 are shown below the images to
better illustrate the reduction in fringe contrast.
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Fig. 5. Pinhole shifting for improving the quality of a red blood
cell image. (a) Simulated membrane surfaces of the red blood cell.
Parts of the membrane that are perpendicular to the focal plane are
not shown. (b) Simulated confocal image with no pinhole shifting.
(c) Sum of four simulated confocal images, each with a half-aperture
shift along the± x and± y axes. (d) Same as (c) but with full-aperture
shifts. Note the significant reduction in fringe contrast in (d) relative
to (b). Central cross sections of the images in (b)–(d) are shown
below the confocal images for illustrating the reduction in fringe
contrast.

The simulation results presented in Figs. 3–5 demonstrate
that the technique of pinhole shifting could reduce the speckle
contrast in RCM without significantly damaging the resolution.
The technique has several limitations though, which stem mostly
from the less efficient light collection through the shifted pin-
hole. A single image acquired with full-aperture shifting resulted
in an average signal drop of 84%–92% for the reflective square
target [Fig. 3(c)] and the scattering sample [Fig. 4(c)], and a
less significant drop of approximately 63% in the simulated red
blood cell (image not shown). By capturing four images in the
method explained above [see Figs. 3(d), 4(d), and 5(d)], the
signal loss was significantly reduced to 71% and 48% for the
reflective square and the scattering sample, respectively, and
was even increased by 46% in the case of the red blood cell
[Fig. 5(d)].

Of course, capturing the additional images would require
greater complexity of the optical setup and additional time for
shifting the pinhole and acquiring all the necessary images. Sev-
eral approaches for improving the overall signal and reducing
acquisition times may include scanning the collection optical

path instead of moving the pinhole itself, using a 4-pinhole mask
and splitting the transmitted light to send it to four detectors, and
using different numbers of pinholes in different configurations
that would better fit a specific task. Note that any pinhole con-
figuration obviously may exhibit resolution and speckle contrast
drops different from the results presented above.

Implementing the pinhole-shifting technique in commercially
available confocal microscopes is, unfortunately, not a straight-
forward task, mainly because most microscopes do not allow
easy access to the pinhole. Other systems may better benefit
from this technique, for example optical-fiber-based SEFC sys-
tems [11,12] that rapidly generate reflectance confocal images
of flowing blood cells in patients. For such application, any
reduction of the speckle or fringe contrast (as in Fig. 5) could
be significant for improving cell segmentation and counting.

In summary, we have suggested a new method of PSF engi-
neering in reflectance confocal microscopy for reducing the
speckle contrast with a relatively small drop in resolution. By
simulating the PSF of an RCM with the pinhole shifted by a
full aperture, we show that the PSF largely maintains its lateral
and axial dimensions. By acquiring four different images at four
different pinhole shifts, the resulting image showed a reduction
in speckle contrast of 36%, with relatively small damage to both
lateral and axial resolutions. The proposed pinhole-shifting tech-
nique could assist many RCM-based imaging systems for which
the performance is hindered by speckle noise.
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