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Imaging in focus
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A B S T R A C T

Light microscopy has grown to be a valuable asset in both the physical and life sciences. It is a highly quanti-
tative method available in individual research laboratories and often centralized in core facilities. However,
although quantitative microscopy is becoming a customary tool in research, it is rarely standardized. To achieve
accurate quantitative microscopy data and reproducible results, three levels of standardization must be con-
sidered: (1) aspects of the microscope, (2) the sample, and (3) the detector. The accuracy of the data is only as
reliable as the imaging system itself, thereby imposing the need for routine standard performance testing.
Depending on the task some maintenance procedures should be performed once a month, some before each
imaging session, while others conducted annually. This text should be implemented as a resource for researchers
to integrate with their own standard operating procedures to ensure the highest quality quantitative microscopy
data.

Light microscopy essentially spans all fields of scientific inquiry
from engineering to health sciences. Researchers are demanding more
from light microscope images in terms of quantitative morphology
measurements and accurate fluorescence intensity metrics that re-
present the underlying sample characteristics or biological make-up. In
order to ensure quality scientific data, light microscope maintenance,
standards, and standard operating procedures need to be the foundation
of quantitative imaging.

1. Aspects of the microscope

1.1. Light path optics

A common issue with optical surfaces along the light path is dirt and
dust (Eason et al., 2014). Some optical surfaces such as the front lens of
the objective are more sensitive to debris, and will result in reduced
resolution and non-uniform illumination (Section 1.2) (Zölffel 2008;
Zucker and Price, 1999). General cleaning of the light path and optical
surfaces can be implemented using a dust blower to noninvasively re-
move dust particles, but never compressed air as it can leave thin films
on the optics. Cleaning external optics such as immersion objectives,
the condenser lens, and the eyepieces is also essential (Zölffel, 2008).
Internal optical components such as excitation and emission filters
should be carefully regarded for delamination, cracks, and debris
(Petrak and Waters, 2014). The front window of a camera is incredibly

sensitive to cleaning agents, therefore a polymer solution called First
Contact® is recommended for cleaning (Petrak and Waters, 2014). Si-
milarly, any cleaning agents that include diluted ammonia, xylene, or
organic solvents like household glass cleaners can cause damage to the
optical surface and are not recommended (Eason et al., 2014). Com-
ponents that reside inside the microscope stand such as beam splitters
should only be cleaned by experienced microscope users or service staff.
The Clean Microscope (Zölffel, 2008) and Petrak and Waters (2014)
contain several protocols on dirt identification in the light path, ob-
jective lens cleaning procedures, materials, and comprehensive proce-
dures for cleaning the internal light path components.

1.2. Field illumination

If the photon count varies across the field of view and/or between
imaging sessions, then quantitative measurements across the image or
between sequential measurements are essentially unreliable and post-
acquisition techniques such as deconvolution are invalid. Light source
alignment should be optimized by aligning the collimator on a wide-
field (WF) fluorescence microscope, the pinhole on a laser scanning
confocal or the laser based fiber. These alignments should be conducted
based on the manufacturer protocols or may require a service visit.
Inherent field non-uniformity may still be present even if the light
source is perfectly aligned. Thus, it is critical to make non-uniform il-
lumination corrections and monitor illumination over time for
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quantitative microscopy (Stack et al., 2011). The field illumination, or
the “flat field,” should be measured and corrected before testing other
imaging system components (Fig. 1). Commercially available coloured
plastic slides have a broad excitation spectra as well as homogenous
and relatively photo-stable properties and can be used as a method for
quantifying and correcting field non-uniformity (Zucker and Price,
1999). Home-made concentrated dye slides can also be used for flat
field correction (Model and Blank, 2008). Light source alignment and
flat field corrections can be evaluated with a platform-independent flat
field quality factor (QF) as a standardized metric to ensure uniform field
illumination (Brown et al., 2015).

1.3. Light source stability

Historically, mercury vapor lamps were the primary light source
choice for WF fluorescence microscopy, however their power output is
not even across the colour spectrum and the intensity degrades in

brightness and stability over time (Webb and Brown, 2013). Light-
emitting diodes (LEDs) have been developed to improve these short-
comings for WF microscopy (Schubert and Kim, 2005). Regardless of
the light source, routine monthly stability testing for both short-term
(i.e. 5 min), mid-term (i.e. 3 h) and long-term (months) acquisitions
should be measured and recorded using a calibrated power meter and a
10x air objective lens (Table 1). If a problem with the detector is sus-
pected then a fluorescent plastic slide should be used to test the stability
of the detector in question (Stack et al., 2011). For confocal laser
scanning microscopy (CLSM), argon lasers should be warmed up for
1 hour before stability tests, however solid state laser diodes do not
require a significant warm-up period. The acceptable range of varia-
bility in fluctuation of the light source stability is no greater than 5%
over the short-term and 10% over the long-term (Stack et al., 2011).
Implementation of these protocols will reveal any issues with WF light
sources or confocal laser stability; if the light source proves unstable,
the lightbulb, light source or power supply may have to be replaced. If

Fig. 1. Troubleshooting guide to microscopy issues (ie. aberrations or reduced resolution) outlined with the most probable cause (diamond) first, followed by potential solutions (square).
If primary solutions do not solve the issue, the next likely cause is presented. The final solution (circle) is provided only as a final step. In the third column, each field is specified as either
pertaining directly to the signal (S), noise (N), or the background (B). While each of these factors are distinct from each other, they are closely related regarding signal-to-noise or signal-
to-background.
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the light source is stable but fluorescence intensity readings are in-
consistent with a control sample this could potentially reveal issues
with cameras or photo-multiplier tubes (PMT) (Section 3) (Cole et al.,
2013).

1.4. Resolution & performance of objectives

When fluorescent light from a point source is propagated through
the optics of a microscope the light becomes diffracted resulting in
objects within the image that appear to be larger than the actual object
size (Sandison et al., 1995). The point-spread function, or PSF, de-
scribes the response or distortion of a particular imaging system
(Goodwin, 2007). Thus, the PSF from a point source object will provide
information on the quality of the objective lens, the microscope optical
components, and provide a measure of the resolution of the imaging
system with a particular lens. Microscope slides containing sub-re-
solution fluorescent microspheres on a glass coverslip, or within a 3D
matrix, can be imaged with 3D z-stacks at high spatial resolution. The
resolution of the microscope with the given optics can then be mea-
sured from the full width half maximum of the microsphere intensity
profile in the x-y, y-z and x-z image planes (Cole et al., 2011). The
resolution of an objective can also be measured using a mirror slide
(Cole et al., 2013). In addition, aberrations with an objective lens can
be visualized and characterized from the shape of the PSF in x-y, y-z,
and x-z image planes (Cole et al., 2011). It is imperative to test the PSF
of new objective lenses to ensure they are of the utmost quality. Other
objective lenses can be tested on a monthly or semi-monthly basis, or
whenever issues arise.

2. Aspects of the sample

2.1. Sample standards

Maintenance and calibration testing should be measured using ideal
standard samples (e.g. sub-resolution microspheres in Section 1.4), as
biological samples will influence data due to variances in refractive
index, light scattering properties of the sample, as well as the wave-
length of light (Sandison et al., 1995). In all cases, avoid mounting
media that contains the nuclear stain DAPI premixed into the solution,
as it can increase background fluorescence (Goodwin, 2007). Mounting
media that hardens should be tested to ensure it does not cause
shrinkage of the sample during the curing process (North, 2006).
Mounting media and immersion media should be index matched to
minimize aberrations (Fig. 1) (Rietdorf and Stelzer, 2006). All high NA

lenses are designed for a coverslip with 0.170 mm thickness (#1.5
naming convention) therefore they should always be used to avoid
spherical aberrations that result in lower quality images.

Commercially available standards for microscopy maintenance and
quality control are also available. The most universal, and most af-
fordable, commercial standards are the fluorescent plastic slides men-
tioned in Section 1.2. Other commercially available standards include
Schott 475 GG filter glass which was used in a protocol developed by
the National Institute of Standards and Technology (NIST) for auto-
matic benchmarking of WF microscopy for accurate day-to-day in-
tensity calibrations (Halter et al., 2014). An expensive, however very
effective standard, is the Argolight calibration slide which does not
deteriorate or photo-bleach, and its design is platform independent and
optimal for lateral aberration assessment (Butzlaff et al., 2015). Tetra-
Speck™ four colour microspheres from ThermoFisher come in a range of
sizes including sub-resolution (0.1–4 μm in diameter), and can be used
for resolution and aberration measurements as well as colour registra-
tion evaluation between wavelengths and detectors (Petrak and Waters,
2014; Cole et al., 2013).

2.2. Biological and multi-colour controls

Controls are vital to all experiments and provide the foundation for
data comparison. Immunofluorescence requires three essential controls:
primary antibody alone, secondary antibody alone and an isotype
control (Burry, 2000). As a routine, a familiar biological sample should
be imaged at the beginning and end of each imaging session to identify
any potential issues with the instrument before imaging critical samples
and spending extensive time on quantitative image collection, proces-
sing and analysis. For multi-colour experiments, single dye-labelled
controls are essential to measure and correct for cross-talk. Excitation
cross-talk can arise due to direct excitation of one dye by the excitation
band or laser for another dye. Emission cross-talk can occur if the
fluorescence signal from shorter wavelength dyes is detected by the
longer wavelength dye detector (Bolte and Cordelieres, 2006). If speed
is not an issue, excitation and emission cross-talk can be minimized
using sequential imaging or using well designed excitation and emission
filters or settings. Spectral imaging confocal is another way to un-mix
signals from multiple fluorphores while maintaining maximal signal-to-
noise (Zimmermann, 2005). However, the unmixing algorithms used
for spectral imaging should be verified through protocols found in Cole
et al. (2013). All experiments with fluorescently labelled samples
should include an unlabelled control to test for sample auto-
fluorescence. If autofluorescence is more than 5% of the intended signal

Table 1
Standard operating procedure (SOP) checklist. Some tasks must be implemented every imaging session (E), while others only monthly (M), annually (A), or if the equipment
is new (N). Any SOP with a * indicates the task is specific to a CLSM.

tandard Operating Procedures and Maintenance Tasks

Objectives • Inspect objective lens and clean if needed (E)

• Optimize correction collar adjustment (E)

• Objective inspection under dissection microscope (M)

• Measure PSF of objectives (A, N)
Filter Sets • Inspection of fluorescence filter sets for delamination, dirt, etc. (A)

• Colour registration of individual filter sets and/or lasers (A, N, E for sensitive co-localization experiments)
Detectors & Illumination • Measure incident light power output at a 10x objective (E)

• Short-term stability acquisition (5 min) testing for all incident light sources (M, N)

• Mid-term stability acquisition (3 h) testing for all incident light sources (M,N)

• Long-term stability acquisition (months) testing for all incident light sources (M)

• Calculate field illumination uniformity (A, N, E for highly quantitative experiments)
Sample • Image a control sample (E)

• Image field illumination (E)
Light Path • Dust blower to clean external optics (M)

• More rigorous cleaning of external optics if needed (M)

• Set pinhole to 1 Airy Unit* (E)
Software • Colour registration of individual filter sets and/or lasers (N)

• Verify spectral imaging accuracy (unmixing algorithm)* (A, N)
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for each probe, then if possible it should be measured and corrected for
using spectral or time-gated techniques. For spectral imaging, the
spectra of the sample autofluorescence is measured and added as a
linear unmixing algorithm component (Broussard et al., 2013). For
time-gated techniques, a pulsed light source and time sensitive detector
are used. Autofluorescence tends to have a much shorter fluorescence
lifetime, therefore by gating the detector and taking only photons ar-
riving after 1-1.5 ns the autofluorescence is not detected but longer
lifetime fluorescence signals are robust (Kodama, 2016).

3. Quality control of detectors

3.1. Sensitivity

To achieve the highest quality images, the goal is to obtain Nyquist
sampling of the specimen using as little illumination with as much
contrast as necessary for the measurement at hand. This greatly de-
pends on the inherent noise of the imaging system in question and the
sensitivity of the detector. The sensitivity of a detector is determined by
a number of factors, such as the quantum efficiency (QE) and the ab-
solute sensitivity threshold (Murray, 2013). The QE is the ratio of
photons detected by the sensor to the total number of photons emitted
by the sample, and the absolute sensitivity threshold is the minimum
number of photons required to generate a signal equal to that of the
noise (Section 3.2) (Art, 2006). Therefore, if a detector has a low QE the
detector is less sensitive and requires a higher threshold of photons to
generate a signal greater than the noise (Murray et al., 2007). The QE
can be found in the detector’s manufacturer manual, but it is note-
worthy that the QE is not the same for all wavelengths. Testing detector
sensitivity can be implemented using protocols from the EVMA 1288
standard manual, a standard by which all detector manufacturers abide
by to ensure a universal application between companies and models.

3.2. Signal to noise ratio (SNR)

All detectors have a combination of noise sources that interfere with
the signal. One such example is shot noise, an inherent property of light
referring to the flux of photons at a given time which is the same for all
instruments and is independent of the detector; as well as readout noise
that is dependent on the detector/sensor used (Art, 2006). In cameras,
such as CCD, EM-CCD, and sCMOS, the readout noise is due to noise
generated in the analog to digital converter when the image is read out
of the sensor chip and digitized. Read noise can be reduced by running
the camera at the slowest read speed possible or implementing frame
averaging. Dark noise is due to the amplification of thermal energy
within the camera chip or during the amplification of the signal at the
dynodes of a photomultiplier tube (PMT) detector, and can be mini-
mized by cooling the detector (Murray et al., 2007). Overall, most noise
sources can be minimized using longer camera exposure times or image
frame averaging (Hain et al., 2007; Art, 2006). For camera based sys-
tems, if maximal spatial resolution is not required pixel binning can be
used to increase the SNR. For the CLSM, the SNR can be increased by
slowing down laser scan speeds (i.e. increasing pixel dwell times), re-
ducing PMT voltage, line averaging or frame averaging. Increasing the
pinhole size to larger than one Airy Unit results in more detected signal
(Jonkman and Brown, 2014), but also more out of focus light so this
could result in a loss of resolution along the z-axis (Sheppard et al.,
1992). To measure the SNR of a detector, quantum efficiency as well as
noise factors must be considered. A protocol for measuring the SNR as a
metric for evaluating the performance of a fluorescence microscope can
be found in Murray et al. (2007).

The SNR should not be confused with the signal-to-background of
an image. Where noise is an unavoidable property of the imaging
platform, image background can arise from mounting media, out-of-
focus light, debris from the biological sample, the staining protocol, or
the digital offset(sometimes called black level), or black level settings

for the detector (Sandison et al., 1995). Uniform background sources
can be subtracted from the final images. Advanced techniques like the
CLSM pinhole or optical tricks like total internal reflection fluorescence
microscopy can remove out-of-focus background whereas noise cannot
simply be subtracted from images.

3.3. Linearity

Every detector has a dynamic range in which a minimum and
maximum value can be detected; at the lower end of the curve lays the
offset and at the other end is saturation. Ideally, the detector should be
set so that no pixels within the image read an intensity value of zero and
no intensity values are saturated (Brown, 2007). Most software contains
a specific look-up table (LUT) with colour-coded pixels as indicators to
highlight pixels reading zero intensity and pixels with a saturated
signal. With laser based systems it is important to ensure that the laser
power is not so high that it depletes the ground state of the fluorophore.
Should the ground state be depleted, the fluorescence emission will not
correspond to the amount of fluorophore present (Murray, 2013;
Brown, 2007). Murray (2013) provides protocols for the calibration of
CCD and PMT detectors which can be implemented by measuring
variance as a function of intensity.

4. Afterword

While microscopy is a valuable tool in research, the resulting images
should not be viewed as simply photographs. There is a tremendous
amount of information within them if they are collected on a well-
maintained microscope under quantitative imaging conditions. Each
component in the imaging system must be approached analytically, and
treated as a mutually exclusive element to be maintained and calibrated
to ensure highly reliable data. Adhering to these brief guidelines for
individual component maintenance will ensure that the final product is
truly greater than the sum of its parts.
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