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Abstract

We present a novel Bayesian compensated microscopy (BCM) tech-
nique designed for enhancing microscopy image quality. The pro-
posed BCM technique provides a computational approach to jointly
compensate for microscopy image degradations due to (1) optical
aberrations, (2) illumination non-uniformities, and (3) imaging noise
within a probabilistic framework. Experimental results based on a
stained pathology sample of spleen tissue with leukemia demon-
strate the effectiveness of the proposed BCM technique for the
quality enhancement in microscopy imaging. The proposed BCM
technique can lead to improved visualization of fine tissue struc-
tures as well as a more consistent visualization across the entire
sample, which can be beneficial for accurate analysis and better
interpretation of microscopy samples.

1 Introduction

Optical microscopy is the most widely used technique for observ-
ing and investigating cellular structures and properties of biological
samples, and is a crucial tool for a wide range of applications such
as pathology, water quality assessment, and neurobiology stud-
ies. The overall image quality obtained using optical microscopy
is limited by a number of different factors, such as optical aberra-
tions, illumination non-uniformities, as well as the imaging noise
due to both the environment and the instrument itself. As such,
techniques that can help mitigate or compensate for such image
degrading factors can be greatly beneficial to accurate analysis and
interpretation of microscopy samples.

A key factor in the degradation of microscopy image quality is
the presence of optical aberrations, which reduces the contrast and
resolution of microscopy instruments [1]. In general, any deviations
of the light wavefront from its optimal shape leads to optical aber-
ration which appears as a blurring or image distortion in acquired
microscopy images. In microscopy imaging, different types of aber-
rations may arise due to: i) properties and design of microscopy
system, and ii) the physical properties of the sample being im-
aged. Compensating for optical aberration is important for improv-
ing the functionality of microscopy imaging in different applications.
Various hardware solutions have been proposed to mitigate image
degradation due to optical aberrations, with adaptive optics [2] and
wavefront shaping [3] showing the highest level of success. How-
ever, hardware-based aberration compensation methods require
significant modifications to the optical microscopy configuration,
and as such is complex, costly, and time consuming. As such,
computational aberration compensation methods have become in-
creasingly popular as they provide an easier and cheaper solution
for reducing the negative effects of optical aberration [4, 5].

Another key factor in the degradation of microscopy image qual-
ity is illumination non-uniformities, where the light source used does
not illuminate the entire sample evenly, with the most commonly
seen example being poor illumination at the peripheries of the sam-
ple being imaged. The existence of illumination non-uniformities
can negatively impact accurate assessment and analysis of the
imaged sample; for example, the same tissue structures may ap-
pear differently at different locations in the sample based on the
lighting at that location. In optical microscopy, illumination non-
uniformity may originate from different sources such as misaligned
optics, dust, nonuniform light sources, as well as vignetting. Var-
ious prospective and retrospective methods have been proposed
for the illumination non-uniformity removal [6, 7]. Prospective meth-
ods need a reference image to estimate the correction surface,
whereas retrospective approaches attempt to estimate the correc-
tion surface directly from the acquired microscopy image.

A third key factor in the degradation of microscopy image qual-
ity is imaging noise, which may originate from the instrument itself
or the sample environment and condition (e.g., small dirt and dust)
and can make it more challenging to proper visualize and interpret
microscopy images. As such, a technique that can compensate

for all of the aforementioned factors would be greatly beneficial in
improving microscopy imaging quality.

In this study, a novel Bayesian compensated microscopy (BCM)
technique designed for enhancing microscopy image quality. The
proposed BCM technique provides a computational approach to
jointly compensate for microscopy image degradations due to (1)
optical aberrations, (2) illumination non-uniformities, and (3) imag-
ing noise within a probabilistic framework.

2 Method

The proposed Bayesian compensated microscopy (BCM) technique
can be described as follows. Let the formation of a microscopy im-
age be modeled as a general forward problem,

g=D(f,h,b)+n (1)
which shows the relationship between the measured microscopy
image, g, and the compensated microscopy image, f, through a
degradation function, D, which jointly accounts for the effect of op-
tical aberration, 4, illumination non-uniformities, b, as well as image
noise, n. Using the model in Eq. 1, the problem of obtaining the
compensated microscopy image f given g, h, and b can be mod-
eled as an inverse problem,

f=D""(g.hb). )

Since this inverse problem cannot be solved in an analytical man-

ner, alternative approaches to estimating the compensated microscopy

image f is highly desired.
In the proposed BCM technique, let us assume that the mea-
sured microscopy image, G = {Gs,s € S}, and the compensated
microscopy image, F = {F;,s € S}, are random fields in S, with S
representing a set of locations in a discrete lattice £, and s € S de-
note to a single location in £. Furthermore, let f = {f;,s € S} and
g ={gs,s € S} be realizations of F and G respectively. To solve the
inverse problem of Eq. 2, the goal of proposed BCM technique is
to estimate the compensated microscopy image, f, given the mea-
sured microscopy image, g, within a Maximum a Posteriori (MAP)

framework, .
= argmax; P(flg), (3)

Using Bayes’ theorem, Eq. 3 can be reformulated as,

[ = argmaxs P(g|f)P(f) (4)

where P(g|f) is the likelihood and P(f) is the prior. In the pro-
posed BCM technique, based on quantum photon emission statis-
tics and taking optical aberration and illumination non-uniformity
into account, the likelihood P(g|f) can be modeled as,

(5)
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The prior P(f) models f as a nonstationary process with a nonsta-
tionary expectation E(f;) and variance 72,
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The aforementioned likelihood and prior are then used for maximiz-
ing the MAP problem in Eq. 3 to obtain an optimal estimate of the
compensated microscopy image f.

3 Results

A stained pathology sample of spleen tissue with leukemia was
used to evaluate the efficacy of the proposed BCM technique for



the purpose of improving microscopy image quality. The sam-
ple was imaged using a custom, compact digital microscopy sys-
tem consisting of a cemented achromatic doublet lens with a focal
length of 10mm and a diameter of 8mm placed in the optical path of
a Raspberry Pi camera module. The spatial resolution of the digi-
tal microscope was determined to be 2.76um by imaging the 1951
U.S. Air Force (USAF) target. By evaluating the proposed BCM
technique on a custom, compact digital microscopy system pow-
ered by a Raspberry Pi, one can get a better sense of its ability to
enable low-cost, low-power, field-portable microscopy, which would
very beneficial for a wide range of applications such as on-the-fly
sample analysis for water quality assessment or clinical sample
testing in developing countries.

An acquired microscopy image of the spleen tissue with leukemia

is shown in Fig.1(a). A number of observations can be made from
this acquired microscopy image. First, it can be observed that tis-
sue detail and contrast become increasingly degraded as approach
the peripheries of the imaged tissue due to optical aberration. It
can also be clearly observed that the acquired image not only ap-
pears dark in general, but also exhibits noticeable illumination non-
uniformities (most noticeable in the top-right corner). Furthermore,
the presence of imaging noise can be observed in the homoge-
neous regions.

(a) Original

: (b) ECM

Fig. 1: (a) Acquired microscopy image of the spleen tissue with
leukemia; (b) numerically compensated microscopy image using
proposed BCM technique.

The resulted numerically compensated microscopy image us-
ing the proposed BCM technique using the same sample is shown
in Fig.1(b). As can be seen from this figure, the produced numeri-
cally compensated image in Fig.1(b) exhibits a noticeable improve-
ment in both tissue contrast and detail compared to the acquired
microscopy image in Fig.1(a). The produced numerically compen-

sated image in Fig.1(b) also appears noticeably brighter and ex-
hibits less illumination non-uniformities when compared to the ac-
quired microscopy image in Fig.1(a), which is most noticeable in
the top-right corner and makes it easier to visualize different tissue
details and structures consistently across the sample.

To better visualize the improvements gained using the proposed
BCM technique, several regions are chosen from different loca-
tions (with the regions marked with red squares in Fig.2(a)) and
zoomed in for visualization in Fig.2. A number of important ob-
servations can be made from the zoomed-in regions. First, it can
be seen from the zoomed-in-regions in Fig.2(a,c,e,g) that these ar-
eas are appear to be more blurry and with lower contrast in the
original image acquisition due to optical aberration. Looking at
the zoomed-in regions from the compensated image using BCM,
shown in Fig.2(b,d,f,h), it can be observed that there is a notice-
able improvement in tissue detail and contrast, with different cel-
lular structures as well as cell boundaries more clearly observable
and sharper in the produced numerically compensated image ob-
tained using BCM. Furthermore, it can be observed that the ho-
mogeneous regions in the zoomed-in regions of the produced nu-
merically compensated image obtained using BCM exhibit notice-
ably less imaging noise. As such, these results demonstrate the
noticeably improved image quality that can be achieved using the
proposed BCM technique, allowing for better and more consistent
visualization of fine tissue structures and features of the biological
tissue. 1em
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Fig. 2: Zoomed-in regions of the locations marked with red squares
in Fig2(a). (a,c,e,g) Zoomed-in regions for the original microscopy
image of a spleen tissue with leukemia, (b,d,f,h) Zoomed-in re-
gions for the numerically compensated microscopy image using
proposed BCM technique.



(b)

Fig. 3: Double zoomed-in region for the location marked with the
red square #5 in the original microscopy image of Fig. 1(a).

A double zoomed-in region for the location marked with the red
square #5 is also shown in Fig. 3 to clearly show the performance
of proposed BCM technique in terms of image quality improvement.
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In this study, we introduced a new Bayesian compensated microscopy

technique for enabling enhanced microscopy image quality. The
proposed technique takes into account optical aberrations, illumi-
nation non-uniformities, and imaging noise within a Maximum a
Posteriori framework to obtain the best estimate of the compen-
sated microscopy image. Experimental results show that the pro-
posed technique can produce compensated microscopy images
with noticeably improved tissue contrast and detail, greater visual
consistency across the imaged sample, as well as reduced pres-
ence of imaging noise. Given that this technique does not require
any hardware modifications, it can be a potentially powerful tool
for enabling the proliferation of low-cost, low-power, field-portable
microscopy in a wide range of applications.
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