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Abstract: Microscopy, especially confocal microscopy, is an extremely powerful imaging tool for visualizing subcellular
structure, but quantitative measurements in confocal images are prone to distortion depending on how the instrument
is configured. This study investigates how two key acquisition parameters, the confocal pinhole size and the fluorophore
emission wavelength, can affect the apparent feature diameter and, consequently, the effective resolution of images. Using
P60 wild-type mouse brain tissue, stained for neurofilaments with SMI-31 primary antibodies, and multiple secondary
antibodies (Alexa Fluor 488, 594, 647), as well as fluorescent beads, images were acquired on a Leica Stellaris 5 confocal
microscope across a range of pinhole sizes and emission channels. The feature diameters were quantified from intensity
profiles using Image] and summarized into graphs. Our findings aligned with the idea that as the pinhole size increased,
the bead filament diameters also systematically increased. This is consistent with greater transmission of out-of-focus light
and image blurring. Conversely, as the pinhole decreased, sharper but dimmer images were produced. Thus, illustrating
the tradeoff between resolution and signal. Similarly, longer emission wavelengths were associated with larger measured
filament diameters. Reflecting the fundamental link between wavelength and diftraction-limited resolution. Altogether,
these findings demonstrate that both pinhole size and fluorophore wavelength significantly influence the measured structure
size in confocal images, underscoring the need to optimize and standardize these parameters when performing quantitative
morphometric analyses.
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Introduction microscope correctly, it is essential for the user to un-

Microscopy is an important tool widely used
to discover the makeup of cells and tissues. It allows
for the visualization of minuscule biological structures,
otherwise invisible to the naked human eye. Through
this process, new discoveries are made by examining
the fine details of the images leading to different thera-
pies and solutions to various disorders and conditions.
Among all types, confocal microscopy is the workhorse
of microscopes [1]. The main purposes of a confocal
microscope are optical sectioning for 3D representa-
tions of imaged samples and producing a point source
of light and rejecting out-of-focus light, enabling
deep tissue viewing with high resolution [5]. Confocal
microscopy uses a pinhole to reject out-of-focus light,
thereby sharpening the image [1]. To operate a confocal

derstand its inner workings, especially for quantitative
analysis. For the best possible images, Two important
factors affecting resolution are the pinhole size and emis-
sion wavelength [1]. Here we are studying how changing
the pinhole size and emission wavelength affect image
qualities.

To understand how to attain the best results
when imaging, it is crucial to understand the physics
behind the working confocal microscope and how
an image is produced through its mechanics. We imaged
with a microscope that had two laser options. There is a
white light laser with up to five visible line lasers ranging
from 485 nm to 685 nm and an ultraviolet laser with a
wavelength of 405 nm [6]. From there, whichever laser is
chosen is then filtered through what is known as an



acousto-optical tunable filter (AOTF) [6]. The white
light laser is split into two beams going in opposite
directions, and the UV laser beam only goes in one [6].
Then, if the white light laser is chosen, the beam path
that goes in the same direction as the UV laser then
goes through the acousto- optical beam splitter [6]. The
purpose of the beam splitter is to separate the path of
light that is being omitted from the white light laser and
connect it to a visual medium such as a camera that is
attached to the microscope [1,5,6]. Similarly, if the UV
laser is selected, it has to pass through the UV laser
incoupling, which also allows for the transfer of this
beam of light into an electronic viewing camera device
[1,6,9]. After that, the paths followed by the UV and
white light lasers follow the same path. Next, they go
through a tandem scanner. This consists of a three-mir-
ror scanning base with an interchangeable motorized
mechanism for the x-scanner [6]. With this setup, it is
possible to use a FOV scanner to scan huge regions with
a high scan resolution and a resonant scanner to scan
very quickly, both within the same instrument [1,6,9].
Next, the beam passes through an HIVISR optics lens
and into the scan field rotation system. It allows you

to virtually rotate the field of view [1,6,9]. Next, it goes
through the selected objective lens. Normally, these
range from 4x, 10x, 40x, and 63x and 100x oil immer-
sion lenses [6,8]. Due to the light being diffracted multi-
ple times when using the high-magnification objective
lenses, the oil is used due to its refractive index, which
permits the objective to gather more light to create an
image and prevent any air gaps and refraction-related
light loss [8,18]. Lastly, this end of the beam reaches the
eyepiece, where the tissue can be seen with the naked
eye [6]. This is only possible, though, because of the
way the other beam of the split white light laser goes. As
previously mentioned, the white light laser is split into
two and the other beam goes in the opposite direction.
First, it goes through the square confocal pinhole and
then the fluorophore disc [6]. After that, color is detect-
ed from the secondary antibodies in the tissue by the

SP detection system after the beam passes through the
prism-based dispersion reflector [1,6,9,16].

Confocal microscopes, like all microscopes, are subject
to the limitations imposed by light diffraction. This

can be seen through a value known as the numerical
aperture [10,17]. The numerical aperture of a micro-
scope objective is an indicator of how well it can collect
light and distinguish minuet details in a specimen when
operating at a set distance [10,15,17]. ]. Resolution is
inextricably tied to both the wavelength of light

employed and the numerical aperture (NA) of the optical
elements of a microscope, such as the objective lens
[8,9,15,10]. Resolution in microscopy refers to a micro-
scope’s capacity to identify specific details in a specimen
or sample. The smallest distance at which an observer or
a microscope camera can still distinguish between two
distinct points on a specimen [1,5]. In addition to the
objective lens, in a confocal microscope, light also goes
through a pinhole, a small hole that allows you to reject
any out of focus light [1]. Light of a specific wavelength
is shot through the pinhole to then illuminate the tissue
and form a visual image that is captured by the camera
[1,19]. Smaller slit width results in better resolution but
lower illumination,— while large slit width results in
better illumination but lower resolution [1,5,12]. The
light wavelengths also play an important role. Frequency
of light and resolution are directly correlated, with high
frequency resulting in higher resolution and low frequen-
cy resulting in lower resolution [1,5,15]. Since frequency
and wavelength are inversely related, this would mean
that light with a larger wavelength would have lower
resolution and light with a smaller wavelength would
have higher resolution [1,5,15]. And lastly, the diameter
of structures viewed would be inversely proportional to
the resolution and amount of light gathered [1,5,13]. The
practical implication is that when one is looking at very
fine structures, such as neurofilaments, one needs to be
careful with quantitative measurements, as the apparent
object sizes will change with microscope parameters.
Here we investigate how the size of the pinhole and the
choice of fluorophores influence microscope quantifica-
tion.

Materials and Methods

Animal Tissue Preparation

We used an adult P60 wild type mouse. We
deeply anesthetized P60 mice with sodium pentobarbi-
tal (60mg/kg, i.p.) before transcardially perfusing them
with heparinized saline (0.9% NaCl, 10 IU heparin/ml),
immediately followed by phosphate-buffered 4% parafor-
maldehyde, pH 7.3, at a rate of 9ml/min. After delivering
50 ml of fixative, we decapitated mice, postfixed their
heads overnight at 4°C, and rinsed and stored them in
PBS at 4°C until ready to be used [10].

Immunohistochemistry

We rinsed sections several times in phosphate
buffered saline (PBS), then 50% methanol and PBS, and
finally PBS for 1 hour at room temperature. Sections were
incubated at 37°C for 2hrs in permeabilization solution
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(0.2% TritonX-100, 2% glycine, 20% dimethylsulfox-
ide in PBS) followed by 1h in blocking solution (0.2%
TritonX-100, 1% fetal bovine serum). Sections were
then incubated overnight with IgG mouse anti-SMI-31
antibody (1:500) in antibody solution (0.2% Tween-20,
40mg/1 heparin, 11% bovine serum albumin, 5%
dimethylsulfoxide in PBS ). Next, the sections were
washed in Tween X-100 (PBS-T) 3 times for 5 mins at
room temperature and incubated in a mixture of Alexa
Fluor Donkey Anti mouse (Alexa Fluor 488, 594 and
647 at 1:400;) in antibody solution overnight. Finally,
we rinsed sections several times in PBS-T and then PBS
before mounting the sections on gelatin covered slides
and coverslipping with vectashield. The prepared slides
were then stored at 4° C [10].

Image Acquisition and Processing

Slides were imaged on the Leica Stellaris 5 Confocal
Microscope.

Tissue

The tissue was imaged on xyz scan mode, at 400 Hz
scan speed, HC PL APO CS2 100x/1.40 OIL objective
with 1.518 refraction index, and channel detectors
SiPM (432nm-476nm), HyD (504nm-583nm), and
SiPM (663nm-750nm).

Beads

The beads were imaged in xyz scan mode at 400 Hz

scan speed with an HC-PL APO CS2 100x/1.40 OIL ob-
jective and channel detector SiPM (496nm 739nm).

Data Processing

The data for graphs of diameter measured compared to
wavelength and pinhole size was collected through the
histogram feature of Image] software. Graphs were made
in Microsoft Excel.

Figure Production

We adjusted the pseudocolor images using a “fire” lookup
table and measured the diameters of structures represent-
ed in images in microns. We also measured and recorded
the diameters of microfilament structures multiple times
for each image to view the average overall change. All im-
ages meant for direct comparison within figures under-
went identical manipulations. All image editing was done
with Image] software, and all figures were prepared using
Corel Draw software.

Results

The present study found that increasing pinhole
size results in an increase in diameter. A smaller pinhole

allows sharper imaging with more defined structures
(Figure 1). A larger pinhole allows more light to pass
through, resulting in greater illumination and elongation
of structures (Figure 2).
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Figure 1 - Laser light of the highest frequency (red) and lowest frequency (violet) is shot through the smallest pinhole

size.(Figure created with Phet Interactive Stimulations software.)

Figure 2 - Laser light of the highest frequency (red) and lowest frequency (violet) is shot through the largest pinhole size.

(Figure created with Phet Interactive Stimulations software.)



The purpose of the pinhole is to eliminate any out-of-
focus light. Imaging with a large pinhole would provide
better light gathering of the section but would result

in a loss of resolution due to unnecessary light passing
through, suggesting a blurred image with an increase in
diameter will be observed. To determine whether pin-
hole size and small feature diameter are directly related,
we recorded diameter length across images collected of
the same bead with ten different pinhole sizes (0.3, 0.6,
0.9,1.2,1.5,1.8,2.2,2.6, 2.9, and 3.3 airy units [AU] ).
We measured the diameter from one asymptotic tail to
the other on the histogram. We subsequently verified

that as pinhole size increased, the diameter of the bead
also increased, via blurring of the image from excess
light (Figure 3). We imaged P60 WT mouse stained
for IgG mouse anti-SMI-31 (neurofilament detector)
and then imaged sections at five different pinhole sizes
(0.63, 1, 1.6, 2.6, and 4). The graph shows an increasing
trend between pinhole size and filament diameter (Fig-
ure 4). Increasing wavelength results in an increase in
diameter. The findings show that when different light
wavelengths are fired through a slit of the same width,
structure diameters and wavelengths increase in a di-
rectly proportional manner (Figure 5).

Figure 3 - A594 stained bead images and histograms of diameter at largest Z-stack slice. The top measurement values
indicate the pinhole size and the horizontal displacement under histogram curve indicates the diameter.
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Figure 4 - A graph of pinhole size and normalized filament diameter analysis.
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Figure 5 - Top: Wwavelength spectra of A488, A594, and A647 staining are shown, representing theﬁvivelength at which
light is shot (dotted peaks) and the wavelength at which it fluoresces (solid peaks). Bottom: Laser light of wavelengths
A488, A594, and A647 is shot through a slit of the same width. (Figure created with Thermofisher Fluorescence Spectra
Viewer software and Phet Interactive Stimulations software.)

Results confirm that greater wave-
length and pinhole decrease resolution and
increase the diameters of filaments in images.
It can also be seen that access light from a
large pinhole creates excessive background
noise on images making differentiation
between filaments difficult. While a smaller
pinhole provides better resolution, a lack of
illumination causes images to appear dull and
hard to view (Figure 6). We imaged P60 WT
mice stained for IgG mouse anti-SMI-31 and
secondary antibodies of DK IgG anti-mouse
with Alexa Fluor 488, Alexa Fluor 594, and
Alexa Fluor 647, and then imaged sections at
pinhole sizes of 0.63 and 1.9, and discovered
that as pinhole and wavelength increased, so
did diameter (Figure 7).

A488 A594 A647

Figure 6 - We imaged P60 WT mouse stained for IgG mouse anti-

SMI-31 and secondary antibodies of DK IgG anti-mouse with Alexa
Fluor 488, Alexa Fluor 594, Alexa Fluor 647 and then imaged sections at
pinhole sizes of 0.63 and 3.69.
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Figure 7 - A bar graph with standard error lines of pinhole size and normalized filament diameter of three different

wavelengths (A488, A594, and A647).

Discussion

Pinhole and Diameter Relation

The present findings show a correlation between
pinhole size and object diameter. My observations of
increased diameter resulting from an enlarged pinhole
are substantiated by figures 1, 2, 3, 4, 6, and 7. Since the
pinhole’s purpose is to block out-of-focus light, when it is
larger, the extraneous light isn’'t being blocked as effec-
tively, making the minuscule fine details of specimen
tissue appear larger and out of focus [1,11]. Conversely, a
pinhole that is very small will make filaments defined but
lack of illumination of tissue provides for an image that
is dark and lacks brightness [1,11]. It is important to note
that there are downsides to having a pinhole that is either
too large or too small. When imaging it is important to
remember that although the pinhole is a unique feature
that can assist in creating crisp images with defined details
at a high resolution, overusing it can lead you to get the
opposite result [12,13]. To achieve the best results, the size
of the pinhole should be balanced so that there is enough
illumination to clearly see the specimen but not so much
that minuscule fine details are indistinguishable [12,13].
Wavelength and Diameter Relation

Our results also show a correlation between wave-
length and object diameter. Our observations of increased
diameter due to a larger wavelength are supported by
figures 1, 2, 5, 6, and 7. High frequency would cause the
wave to oscillate faster, hitting and reflectingfrom small
objects and the fine details of large objects more frequent-
ly [1,14]. The lateral resolution of the microscope is lim-
ited by diffraction and is commonly approximated by the
Abbe/Rayleigh relation d=A/(2NA) [20]. This convention
outlines that the smallest resolvable distance between two

points gets smaller when the wavelength decreases or the
numerical aperture increases [20]. In the practical appli-
cations that this paper aims to provide, this tells you that
higher NA-optics and shorter wavelengths improve lateral
resolution, but they cannot eliminate the fundamental
blur that is caused by diftraction [20]. Thus, resolution
is improved with shorter illumination wavelengths and
larger numerical aperture, but features separated by less
than this limit are unlikely to be distinguished as separate
objects under conventional imaging conditions [20]. Since
frequency and wavelength are inversely related, light ofa
higher wavelength would be longer and scatter more when
it hits an object [1,14]. Like a large pinhole, this would
also cause filament details to become undefined and
appear blurry and larger [14]. To combat this issue and
achieve optimal imaging results, the parameters derived
from pinhole size must be applied [13,14]. The viewing
wavelength cannot be easily changed because staining sec-
tions is time-consuming. Limiting yourself to a range of
low-wavelength secondary antibodies is also impractical
when multiple staining immunofluorescence is required
[16]. In this situation, a slightly smaller pinhole with a
larger wavelength is preferable to maximize the cancella-
tion of resolution lost to blurring [1,15].

Knowledge of correct microscopy techniques
is essential for ideal imaging results and that starts with
understanding the fundamental systems of the instru-
ment. With better grasp of how the main components of
the confocal microscope work, users can achieve optimal
results to aid in research. The quality of life for those af-
fected is significantly improved by analyzing and quantify-
ing data obtained from high-quality microscopy, which is
then used to develop therapies and treatments for diseas-
es.
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