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Abstract: As part of an ongoing effort to increase image reproducibility and fidelity in addition to improving
cross-instrument consistency, we have proposed using four separate instrument quality tests to augment the
ones we have previously reported. These four tests assessed the following areas: ~1! objective lens quality, ~2!
resolution, ~3! accuracy of the wavelength information from spectral detectors, and ~4! the accuracy and quality
of spectral separation algorithms. Data were received from 55 laboratories located in 18 countries. The largest
source of errors across all tests was user error which could be subdivided between failure to follow provided
protocols and improper use of the microscope. This truly emphasizes the importance of proper rigorous
training and diligence in performing confocal microscopy experiments and equipment evaluations. It should be
noted that there was no discernible difference in quality between confocal microscope manufactures. These
tests, as well as others previously reported, will help assess the quality of confocal microscopy equipment and
will provide a means to track equipment performance over time. From 62 to 97% of the data sets sent in passed
the various tests demonstrating the usefulness and appropriateness of these tests as part of a larger performance
testing regiment.
Key words: laser scanning confocal, resolution, quality assurance, objective lens, point spread function ~PSF!,
spectral imaging, spectral unmixing, spectral accuracy

I NTR ODUCTION
Over the last two decades fluorescence light microscopy has
evolved from being simply a means of collecting a sample
image to a highly quantitative research tool. There are a
large number of advanced techniques such as Förster ~fluorescence! resonance energy transfer ~Jares-Erijman & Jovin,
2003, 2006; Sekar & Periasamy, 2003; Vogel et al., 2006;
Piston & Kremers, 2007; Periasamy et al., 2008; Albertazzi
et al., 2009!, fluorescence recovery after photobleaching
~Lopez et al., 1988; Azizi & Wahl, 1997; Stavreva & McNally,
2004; van Royen et al., 2009; Zheng et al., 2011!, fluorescence correlation spectroscopy ~Icenogle & Elson, 1983!,
image correlation microscopy ~Digman et al., 2005; Brown
et al., 2008!, and quantitative imaging ~Pawley, 2000! that
require optimal instrument performance. In order to obtain
accurate, reproducible data, these advanced light microscopes must be properly evaluated, maintained, and calibrated ~Goodwin, 2007; Murray et al., 2007; Reiss, 2010!.
Due to their cost ~.$500,000! and complexity confocal
laser scanning microscope ~CLSM! systems are often being
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placed into centralized core facilities. Placing these instruments in cores increases their availability to researchers
whose primary focus may not be microscopy and provides
access to highly trained core facility personnel. However,
this shifts the responsibility for instrument maintenance
and quality assurance from the user to the cores. The tests
described here are meant to augment tests we have previously reported ~Stack et al., 2011! and give core personnel
the additional tools they need to maintain their CLSM
systems to ensure reliable image-based data for users. The
authors acknowledge that other researchers have developed
and published similar tests on which many of these tests are
built ~Cogswell et al., 1990; Hiraoka et al., 1990; Gibson &
Lanni, 1992; Juskaitis et al., 1999; Berg, 2004; Cox & Sheppard, 2004; Lerner & Zucker, 2004; Zucker & Lerner, 2005;
Centonze & Pawley, 2006; Garini et al., 2006; Hibbs et al.,
2006; Keller, 2006; Goodwin, 2007; Murray et al., 2007;
Nasse et al., 2007; Zucker et al., 2007; Reiss, 2010; Zahorian
et al., 2012; Murphy & Davidson, 2013!. Our intent in this
article was to provide detailed, yet succinct, protocols that
presented several central tests to assess CLSM quality control metrics, as well as to present the results of extensive
international studies done using these tests.
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The objective lens is one of the most important optical
components of CLSMs and therefore contributes significantly to the resolution of the entire optical system ~Stelzer,
1998; Cox & Sheppard, 2004!. There are many articles that
detail the importance of the point spread function ~PSF!,
especially as related to advanced techniques such as deconvolution ~Shaw, 1994; Scalettar et al., 1996; McNally et al.,
1999; Wallace et al., 2001; Swedlow & Platani, 2002; Pawley,
2006; Swedlow, 2007; Cole et al., 2011!. However, lens
“quality” and resolution as determined by measuring and
inspecting the instrument PSFs often go unmeasured in
spite of the availability of a number of articles detailing the
method ~Hiraoka et al., 1990; Gibson & Lanni, 1992; Juskaitis, 2006; Keller, 2006; Dusch et al., 2007; Murray et al.,
2007; Nasse et al., 2007; Cole et al., 2011!.
This is in part due to the perceived difficulty in obtaining and interpreting PSF image data. To alleviate this issue
we have written and published general, as well as manufacturer specific, protocols for collecting good quality image
stacks of sub-resolution microspheres in order to generate
and interpret PSFs ~Cole et al., 2011!. We also provide
information on how to measure the PSF and interpret the
shape ~Cole et al., 2011; see Tables 1, 2!. It is critical that
both the quality and resolution of all lenses be monitored
on a regular basis to identify any issues present at the time
of purchase or resulting from damage or misuse. These
protocols should promote such quality assurance with due
diligence. This is especially important in core facilities where
many researchers use the microscopes on a daily basis.
With spectral detectors now more common on confocal
microscopes, spectral imaging, followed by unmixing of overlapping fluorescent signals has become a common imaging
technique. It is often used to unmix green-yellow autofluorescence from green fluorescence signals within samples, especially enhanced green fluorescent protein ~EGFP!-tagged
proteins in small organisms ~Hutter, 2004! or plants ~Berg,
2004!. In the last three years more than 400 aticles have been
published highlighting this technique. For proper spectral
separation, it is important to ensure that spectral detectors
are accurate and report the correct wavelengths of light.
There are protocols in the literature ~Hutter, 2004; Lerner &
Zucker, 2004; Zucker & Lerner, 2005; Garini et al., 2006;
Zucker et al., 2007! including one for checking the spectral
accuracy of the detector~s! using calibrated mixed gas lamps,
or the spectrally well-characterized multi-ion discharge
lamp ~MIDL; Lightform, Asheville, NC, USA! ~Lerner, 2006;
Zucker et al., 2007!. This MIDL protocol tests spectral accuracy and can be used to test and calibrate detector sensitivity
and spectral response across the visible spectrum. The test
presented here will only test detection accuracy, but uses a
straightforward protocol and an affordable mirror slide that
directs the reflection of monochromic laser beams to the
spectral detector. One disadvantage of this technique is that
it is not applicable to all confocal microscopes since some
manufacturers do not offer the ability to remove the laser
blocking optics from the light path in order to measure the
reflected light with the spectral detector.

Table 1.

Representative PSFs for Each Scoring Value.*

Quality Score

Representative x–z or y–z Image

1 – Low quality

2

3

4

5 – High quality

*Sample images of various PSF shapes from good ~score of 5!, to aberrant,
to poorly collected data ~score of 1!. PSF, point spread function.

Good sample prep
Good index matching
Good imaging parameters
Good lens quality

•
•
•
•

• x–y stage drift

• DIC prism in place

• DIC prism in place

Good

Tilt

Double image ~typically
only seen at low
resolution!

Oblong in the x–y
plane along 458

xy image

xy image

yz image

yz image

xy image

Representative Image

Spherical aberrations

Oblong along the
z-axis

Coma

Coma

PSF Shape

• Poor index matching
between mounting medium
and immersion medium
• Poor quality lens

• Focus drift
• Improperly adjusted
correction collar

• Poor quality lens

• Poor quality lens

Reason for Shape

xz image rotated

yz image

yz image

yz image

Representative Image

*Sample images of various PSF shapes resulting from good, aberrant, or poorly collected data. Suggested reasons for the observed shape are included in the table. DIC, differential interference contrast; PSF, point
spread function.

Good sample prep
Good index matching
Good imaging parameters
Good lens quality

•
•
•
•

Good

Reason for Shape

Possible Causes of PSF Distortions.*

PSF Shape

Table 2.

Quality Control for Lenses, Resolution, and Spectral Imaging
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Figure 1. Study participant and equipment demographics. A: A breakdown of the countries with laboratories that
participated in the study. B: Breakdown of represented instrument manufacturers. C: Breakdown of confocal laser
scanning microscopes that were tested.

The algorithms that perform the mathematical separation used for unmixing are often treated as a “black box” by
core personnel and users. The selection of the specific
formula and input parameters controlling the separation
are critical to produce aberrant-free high-quality separation. This selection is complex ~Garini et al., 2006!, often
poorly understood, and done with little or no calibration or
quality checks. Here we present a straightforward protocol
for routine laboratory testing of unmixing algorithms. We
prepared our own samples using double orange beads with
a core and shell composed of similar orange emitting dyes
that cannot be optically separated. This procedure abrogated the need for complex hardware and should facilitate
the implementation of such tests in core facilities.
This study did not attempt to address the more complex question of spectral intensity response. When single
photomultiplier tubes ~PMTs! are used with slit-based spectral confocals, the detector sensitivity is not linear across the
ultraviolet to infrared wavelengths. The array PMT detectors are even more complex because each detector has its
own gain, sensitivity, and noise characteristics. Readers are
referred to other more detailed publications for further
information on characterizing spectral intensity responses
~Lerner & Zucker, 2004; Zucker & Lerner, 2005; Zucker
et al., 2007!.
The aim of this work was to aid microscopists in
assessing CLSM quality by developing straightforward detailed protocols, using readily available and affordable test
samples. As a measure of the usability and robustness of
these protocols, test samples were sent to 124 volunteer
laboratories in 24 countries. The response rate to the test
was about 45% with 55 labs from 18 countries returning
data for the study. While the individual component specifications varied among the different microscope manufactures, these tests provided a means to measure significant
metrics that can be compared to manufacture specification
and provide a temporal “picture” of the microscopes performance. This data can be used to determine when certain
microscope components need to be replaced or when a
service visit is required. The data returned were used to
determine the quality of CLSMs. The United States repre-

sented half of the participating laboratories; Europe, Australia, and New Zealand were also well represented ~Fig. 1A!.
All of the major confocal manufacturers were represented,
with the majority of the data coming from Leica Microsystems and Carl Zeiss microscopes ~Fig. 1B!. There were data
from both older ~e.g., SP2, LSM510! and newer ~e.g., SP5,
LSM710! generation microscopes ~Fig. 1C!.

M ATERIALS

AND

M ETHODS

Study Design
The rationale for this study was to develop affordable samples and detailed protocols for CLSM quality control tests to
determine four properties of the microscope. These tests
along with others will assist microscope users and core
facility personnel in evaluating and maintaining their microscopes as close to specification as possible. While some of
these tests were more qualitative in nature ~e.g., objective
lens quality! the examples shown should assist users in
assessing their own system ~Table 1, Supplementary Figures!. The tests that we conducted were: ~1! objective lens
quality, ~2! instrument resolution, ~3! accuracy of the wavelength measurements of spectral detectors, and ~4! accuracy
of spectral separation ~i.e., unmixing! software algorithms.
Information was sent out internationally to encourage scientists to participate in the study ~through postings on the
confocal list server: http://lists.umn.edu/cgi-bin/wa?A0
⫽confocalmicroscopy!, and samples and protocols were
sent directly to participants.
What follows are generalized materials, methods, and
procedures. We have previously published more detailed,
vendor-specific protocols on how to determine the objective
lens quality and microscope resolution ~Cole et al., 2011!.
Detailed spectral accuracy and spectral unmixing protocols
are included as supplementary material.
Supplementary Material
To view supplementary material for this article ~including Supplementary Figs. 1–4!, please visit http://dx.doi
.org/10.1017/S1431927613013470.
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PSFs
Samples
Samples were prepared using 175-nm diameter yellow-green
fluorescence microspheres ~Cat #7220; Life Technologies,
Carlsbad, CA, USA!. The 175 nm microspheres came as part
of a microscope point source kit that included blue, green,
orange, and deep red microspheres that could also be used
to measure microscope resolution. Larger 500 nm diameter
multicolor ~TetraSpeck TM Microspheres Sampler Kit, Cat#
T-7284; Life Technologies! or single color ~yellowish-green,
Cat# F-8813, Life Technologies! microspheres could also be
mixed with 175 nm microspheres to make them easier to
focus on and locate.
Microspheres were diluted 10 6, sonicated for 20 min to
avoid aggregates, and then 10–20 mL of solution was dried
on 75% ethanol cleaned and flamed Corning 22 mm #1.5
square coverslips ~Cat#12-520B, Fisher Scientific, Pittsburgh,
PA, USA; or Cat#2870-22, Corning Incorporated, Corning,
NY, USA!. Coverslips were mounted on microscope slides
with 8 mL of ProLong Gold威 antifade reagent ~Cat# P36930;
Life Technologies! and left to dry in the dark at room temperature overnight. More detailed experimental details have been
previously published ~Cole et al., 2011!.
It is critical that microspheres are placed and dried
directly on the microscope coverslip and not on the microscope slide. This is to minimize spherical aberrations from
mounting medium if the microspheres are not in close
proximity to the microscope coverslip when imaging.
Imaging Protocol
Many different objective lenses ranging from 20⫻ air to
100⫻ oil immersion were used by the study participants.
Microsphere samples were imaged with the CLSM setup for
imaging a green dye ~similar to EGFP, Alexa488, or FITC!,
exciting with a 488 nm laser line and collecting fluorescence
emission from ;500–600 nm. High image resolution settings ~e.g., 1,024 ⫻ 1, 024 pixels, zoom 3! were required in
order to obtain slightly oversampled data to carefully determine PSF shape and resolution. Slow scan speeds and line
averaging were used to maximize signal-to-noise ratios ~S/
N!. Images were collected in 12-bit or higher format with
moderate PMT gain ~typically 600–700!. The digital offset
was set to avoid any data clipping, i.e., pixels with zero
values. A range indicator or Hi-Lo look up table ~LUT! was
used to verify that no image pixels were saturated or had
intensity values of zero. Laser powers on the order of
8–20 mW ~measured at the focus of a 10⫻/0.3 NA lens!
were sufficient to generate high S/N images without significant fluorophore bleaching.
For lens quality tests the confocal pinhole was set to 5
Airy units ~AU! in order to see the full PSF of the objective
lenses. For resolution tests, the pinhole was closed down to
1 AU for optimal x, y, and z axes resolutions. Single microspheres were identified and imaged using a region of interest tool. For each lens tested, highly sampled confocal z-stacks
of images were collected at two pinhole settings ~1 and 5
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AU! for 5–10 microspheres. Recommended x, y resolution
and z-image spacing settings for various lenses have previously been published ~Cole et al., 2011!.
Visual Inspection
Image stacks of individual microspheres were analyzed using
the MetroloJ plugin for the FIJI Image J software ~http://
fiji.sc/wiki/index.php/Main_Page!. The plugin was used to
analyze stacks of images from a single microsphere and to
determine the full-width at half-maximum ~FWHM! along
the x, y, and z axes. The software also provided a display of
an image of the cross-section of the microsphere, and
produced a graphical output of the intensity profile along
the xz, yz, and xy axes. The images generated by MetroloJ
were used to visually inspect the PSFs. They were scored by
six researchers for qualities such as good, oblong, or coma.
See Table 1 for samples of PSFs with quality scores of 1–5
and Table 2 for representative PSF images for many possible
aberrations.
Resolution Measurements
Following MetroloJ analysis FWHM data for xy, xz, and yz
were entered into Microsoft Excel and compared to the
calculated theoretical resolutions. Note that MetroloJ uses
very high theoretical resolution criteria while we used the
following equations:
Lateral resolution ⫽

0.51l exc
NA

~1!

~Beyer, 1985; Wilhelm et al., 1997!
Axial resolution ⫽

0.88l exc
~n ⫺ n 2 ⫺ NA 2 !

~2!

M

~Wilhelm et al., 1997!
where lexc is the excitation laser wavelength, n is the refractive index of the immersion liquid and NA is numerical
aperture of the lens. Data were pooled based on lens type.
Data sets with high visual scores ~i.e., “good”! were compared to complete data sets.

Spectral Accuracy
Samples
Mirror slides were prepared by depositing a thin ~;1 mm
thick! gold layer ~by a vacuum evaporator! onto cleaned
#1.5–12 mm round coverslips. Coverslips were then mounted
with the gold surface down onto standard microscopes
slides with 8 mL of ProLong Gold威.
Data Collection
This test used the monochromatic laser line emissions as
references. It relied on detecting the reflections of the CLSM
laser lines to determine the wavelength accuracy of the
spectral detector. The mirror slide ~Fig. 2A! was placed on
the microscope and imaged using a 10⫻ lens. The spectral
~i.e., lambda! detection settings were chosen and the wavelength range was set to detect the range of lasers on the
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Figure 2. Spectral accuracy materials and data output. A: Photo of a
typical mirror slide. B: Lambda
stack of images collected on a Zeiss
710 confocal with 3 nm resolution
in reflection mode using a mirror
slide. Although a striped interference pattern appears at various
wavelengths, this does not affect
the quality control measurements.
C: Intensity versus wavelength plot
showing discrete laser reflections
with peaks corresponding to laser
wavelengths.

Quality Control for Lenses, Resolution, and Spectral Imaging

system ~e.g., 440–650 nm!. Note that most CLSMs are not
able to image the 405 nm laser reflection. If possible antireflection optics were removed from the light path. The
spectral resolution was set to 3 nm for high-resolution
systems. For first generation microscopes the resolution was
fixed at 10 nm ~see the supplementary material for more
detailed protocols!.
Images of 128 ⫻ 128 pixels were collected with a zoom
1 setting, a moderate scan speed, and no frame averaging.
The PMT gain was set to 200–400, the pinhole to 1–2 AU,
the background or offset was set to insure that no pixels
were reading zero intensity, and the digital gain was set to 1
where applicable. The laser power for each laser line was set
to give an intensity signal of ;3,000 gray levels for a 12-bit
image or ;200 gray levels for an 8-bit image. A range
indicator LUT was used to verify that no pixels were reading
zero intensity or saturating intensity gray levels within any
of the lambda stack images.
A lambda stack of images was collected using these
settings. In some cases striped interference patterns were
seen in the images ~Fig. 2B!. This is a normal phenomenon
and it did not affect the measurements. As expected the
periodicity of the interference pattern gets larger at longer
wavelengths ~Fig. 2B!.
The intensity versus wavelength for the images was
measured and saved as a .txt or Excel file for further
analysis. The data were visually inspected during collection
to verify that the laser peaks were falling in proximity of the
expected wavelengths ~Fig. 2C!.
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outer ring and the other appeared throughout the inner
core of the microsphere.
Depending on the microscope design it may be possible
to perform one or both of the methods listed below.
Channel (Multi-PMT) Method
This method works best when the dyes are spatially separated within the sample, such as our test microsphere. As
many PMTs as possible were configured to cover the spectral range from 520 to 595 nm and the spectra of both
fluorophores, i.e., shell and core, were collected. The gain
and offset were held constant for all PMTs. Images of a
microsphere using the 514 nm or equivalent laser were
collected. A pixel size of ;13 nm or such that there were
;450 pixels across the diameter of the microsphere was
used. The microscope was focused on the approximate
center of the microsphere, using the maximum diameter as
a metric. Images with a pixel intensity of ;85% of saturation were collected ~e.g., for an 8-bit image that would
translate to a brightness of 216!. Line or frame averaging
was used to achieve high S/N images required for linear
unmixing.

Spectral Separation

Separation (Unmixing)
The Channel Dye Separation method used reference regions
from within the image to identify the distribution coefficients of the fluorochromes based on different channels
~PMTs!. These regions were defined separately within the
specimen in single dye regions, i.e., the core and shell. The
algorithm then deconstructed the image, pixel by pixel,
into the corresponding “separated” channels. In our experience it was difficult to get “pure” spectra directly from
these samples and artifacts were seen in the data following
the unmixing process. It is most ideal to have independent samples each containing a single dye in order to
measure these spectra precisely. Preparing individual dye
test slides was cost prohibitive to do in this international
study, but it is recommended if dye spectra must be
measured. In fact, for some CSLMs the spectral data must
be measured ~e.g., Zeiss 510, 710! and cannot be directly
imported.

Sample Preparation
Double-orange 6 mm fluorescent microspheres ~FocalCheck TM, Cat# F-36906; Life Technologies Corporation!
were used to prepare slides using ;4 mL of microsphere
solution and 8 mL of ProLong Gold威. These microspheres
were composed of two fluorescent materials. The outer shell
~0.5 mm thick! had an excitation/emission of 532/552 nm,
and the inner core ~5.5 mm diameter! had an excitation/
emission of 545/565 nm. While their emission appeared to
be the same color ~orange! by eye, they were sufficiently
different to be resolved and separated by spectral linear
unmixing techniques but not by standard optical techniques. When linear unmixing data-processing algorithms
were applied, the dyes were shown to be spectrally distinct
and spatially separated—one appeared only within the

Spectral Detection Method
This method worked well when reference spectra from all
the dyes being imaged were known and could be entered
into the instrument’s software algorithms. A single PMT
and slit detector were used to capture the emission spectra
from both the core and shell. Alternatively, certain scopes
had a dedicated detector array specifically designed for this
purpose. To optimize detection efficiency and to avoid
image artifacts, the PMT that was directly in-line with the
optical axis of the scan-head was used whenever possible. Images were collected in a lambda stack series from
520–595 nm in order to collect both shell and core fluorophore spectra. The pixel intensity was at ;85% of saturation. The lambda step size was set as small as possible
~3–10 nm!.

Data Analysis
The spectral intensity data from the lambda stacks that were
submitted were imported into Microsoft Excel. Origin software ~OriginLab, Northampton, MA, USA! was used to
analyze each data set and to determine the wavelength and
the FWHM of each of the laser reflection peaks. A nonlinear multi-peak fit function was selected using Gaussian
peaks as a model to fit each spectral data peak. If the fits
were not achieved after 400 iterations then the data were
then rejected.
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Separation (Unmixing)
The spectral properties of the core and shell were provided
to study participants for direct import into the spectral
unmixing algorithms preferred by the user. The spectra are
also provided in the supplementary material. Most participants chose to use the algorithms that were part of their
confocal software. If it was not possible to import the
provided spectral data, and an “automatic” unmixing algorithm existed, then it was used. The algorithms deconstructed the images pixel by pixel into the corresponding
“separated” channels by assigning a percentage intensity of
each dye to each pixel. The accuracy of the unmixing results
was assessed in two ways: ~1! the ratio of the core FWHM to
the ring FWHM with the expected ratio being 5.5/0.5 ⫽ 11
was measured by fitting the microsphere intensity profile
plots; ~2! the separation data were visually scored independently by three researchers from images and intensity profile data on a five-point scale where 1 was the worst quality
and 5 the best ~see examples in Supplementary Fig. 3!.

R ESULTS
The first two tests of objective lens quality and microscope
resolution were of great interest to study participants. There
were 49 laboratories that submitted PSF data from 145
objective lenses. These were visually inspected and measured to determine the microscope resolution.

Objective Lens Quality
PSF images generated from MetroloJ analysis of z-stack
images of 175-nm diameter microspheres were visualized
and scored by six independent researchers. Scoring was
completed for both pinhole settings of 1 and 5 AU. A
pinhole setting of 5 AU was more useful for visual inspection of the PSF and lens quality because the shape of the
PSF included out-of-focus light so it revealed more subtle
aspects of objective lens quality. The qualities of the PSF
images were scored on a scale of 1–5 with 5 being high
quality ~see Table 1 for PSF scoring examples!. The majority
of lenses ~78%! passed this test by receiving quality scores of
3 or higher ~Fig. 3A!. When the pinhole was reduced to
1 AU, artifacts in the PSF were more difficult to visualize, so
as expected, the PSF quality improved and the distribution
of scores was shifted toward high-quality scores ~Fig. 3A!.
There was no obvious correlation between PSF quality
values and lens resolution or magnification, aside from the
fact that, in general, water immersion lenses had lower
quality scores ~Fig. 3B!. This is likely due to the fact that
water immersion lenses normally have a correction collar
for coverslip thickness. In our study, we estimated that as
many as 45% of the water lenses were tested without proper
adjustment of the correction collar ~Supplementary Fig. 1!.
Based on visual inspection 40% of the PSFs had various types of aberration, some severe, others more minor.
Table 2 includes sample images and possible causes of some
common objective lens aberrations. Figure 3C shows that
the most commonly seen aberrations were likely due to

Figure 3. Summary of objective lens resolution data. A: Average
visual inspection score ~scale of 1–5! of point spread function ~PSF!
images in xy, xz, xz, and yz as determined by six researchers. A score
of 1 corresponds to low quality, while a score of 5 indicates high
quality ~see Table 1!. Images of PSFs generated with pinhole settings of 1 ~resolution! and 5 ~quality! AU were examined. B: Average score of PSF images for different lens magnifications. Note that
quality scores are relatively consistent across all magnifications and
immersion media but water immersion lenses tend to have a lower
score than air and oil, especially the 40⫻ lenses. C: Breakdown of
percentage of lenses demonstrating most common causes of PSF
distortions. Note that many of these distortions were very subtle.

differential interference contrast ~DIC! optics being in the
light path ~10% of all lenses!, coma ~8% of all lenses!, and
tilt ~15% of all lenses!. These numbers emphasize how
important it is to carefully read and follow protocols when
using confocal microscopes and when testing instrument
quality. For example, it was clearly stated that the DIC
optics needed to be removed from the light path during PSF
measurements or double images would be seen ~Table 2!. In
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fact, when performing any high-resolution fluorescence confocal imaging it is important to remove DIC optics from the
light path. Coma is an asymmetric distortion in the PSF and
is usually caused by a defect in one of the objective lens
elements. Another common cause is oil seeping into the
objective lens and coating internal optical components.
Unfortunately, coma can only be corrected by repairing or
replacing the lens. A tilt in the PSF ~Table 2! is usually
caused by a drift of the microscope stage along the x- or
y-axis. This can be fixed by assuring that the microscope
table is level and by adjusting how tight the screws are in the
mechanical stage. These data clearly demonstrate the need
to follow all aspects of the protocol, to properly adjust
objective lens correction collars, the need to remove DIC
optics from the light path when performing high-resolution
confocal imaging and the need to inspect new lenses for
aberrations such as coma so they can be repaired or replaced.

Microscope Resolution
Data from 290 PSFs from 145 objective lenses was submitted for analysis. Measurements from PSF image FWHM
fitting done with MetroloJ were pooled and analyzed. Of all
the PSFs measured 71% passed the test with a measured
resolution within 40% deviation from the theoretical resolution based on equations ~1! and ~2!. In general, when
looking at the data that passed the test most of the measured resolutions in x, y, and z were within about 25% of
the expected theoretical values with a broad distribution
~Fig. 4A!. The calculated resolution for 63⫻ oil and 100⫻
oil lenses showed high resolution in x and y with pinhole
settings of either 1 or 5 AU ~Fig. 4B!.
One interesting point that came from this study was
the difference in deviation from theoretical resolution between oil and water immersion lenses. When comparing all
of the data ~including PSFs that failed the test and aberrated
lenses! from the 63⫻ oil and 63⫻ water lenses it was clear
that the 63⫻ oil lenses showed less deviation from theoretical resolution ~Figs. 4C, 4D!. This was particularly evidenced by the large error bar for the z-axis resolution for
the water lenses ~Fig. 4D! and the large fraction of lenses
showing very low z-axis resolution ~Supplementary Fig. 1!.
This was primarily due to the fact that much of the 63⫻
and 20⫻ water immersion data were collected without
proper adjustment of the correction collar. When PSFs that
failed the test or showed aberrations were removed from the
analysis the water immersion lenses performed similarly to
the oil immersion lenses ~compare all data and good data in
Figs. 4C, 4D!. Therefore, if CLSM users do not properly
adjust the water immersion lens correction collar they would
be better off using oil immersion lenses. This is particularly
true when working a short distance from the microscope
coverslip where spherical aberrations due to media refractive index mismatches are not a major issue.

Spectral Accuracy
The spectral accuracy study was completed by 42 participants on four different confocal platforms: Leica SP2, Leica
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SP5, Zeiss 510, and Zeiss 710, using the provided mirror
slide ~Fig. 2A!. Olympus and Nikon CLSMs activated a laser
blocking feature to minimize laser reflection background
intensity in spectral image series. However, unlike the Leica
and Zeiss instruments, these blocking optics cannot be
physically removed from the light path. Therefore, the mirror slide did not work to test spectral accuracy on these
systems. However, there are other tests based on wellcharacterized light sources that can be used to test these
systems ~Zucker & Lerner, 2005!.
Lasers are ideal light sources for this test because they
are coherent and monochromatic, therefore their spectral
emission is below the resolution of the spectral detector ~i.e.,
,3 nm!. Overall, the spectral accuracy of the systems tested
was remarkable with 80% of the systems ~97% of the highresolution systems! passing the test. A passing test meant
that all of the peaks within the spectra were able to be fit
with a peak wavelength that was within 3 nm of the expected
value. The spectral peaks were fit using a multiple Gaussian
fitting algorithm in order to determine the peak wavelengths
and FWHM values. The FWHM data correctly reproduced
the laser lines for all lasers tested within the system resolutions for both the high-resolution ~3 nm! and low-resolution
~10 nm! systems. The high-resolution systems showed sharp
3-nm-wide intensity peaks corresponding to the reflection
of each of the system laser lines back to the detector ~Fig. 5A!.
The lower-resolution spectral confocal systems showed 10 nm
broad intensity peaks, but they still matched up well with
the expected wavelengths ~Fig. 5A!. Laser reflections for 458,
488, 514, 543, and 633 nm laser lines are shown in Figure 5A.
The FWHM determined from the Gaussian fits matched
what was expected for the high and low resolution systems
~Fig. 5B!. There was a larger range of error for the 543 nm
laser FWHM data, especially for the high-resolution systems, due to a limited data set because most high-resolution
systems incorporate solid state 561 nm lasers. In contrast,
the lower resolution systems represented an older generation of confocal, where the 543 nm laser was commonly
used. The majority of data that could not be fit for this test
was from the lower resolution systems. The main issue with
10 nm resolution is that the spectral shape is dependent on
where the spectral imaging windows are set. In some cases,
the 10 nm bins were set in such a way that a peak could be
missed ~Supplementary Fig. 2!. In other cases, the S/N was
too low or anomalous intensity peaks ~likely due to extraneous reflections within the microscope! made the data impossible to fit ~see Supplementary Fig. 2!.
Finally, the measured peak wavelengths were compared
to the known laser emission wavelengths. For the highresolution case, the plot shows an almost perfect linear curve
with a slope of 0.9938 ~Fig. 5C, R 2 ⫽ 0.9998!. Interestingly,
for the lower resolution systems the linear relationship was
still well maintained, although there was a slight deviation in
the slope of the curve at 0.9886 ~Fig. 5D, R 2 ⫽ 0.9997!. This
demonstrated that in most cases the lower resolution systems still provided accurate spectral information. This test
shows that systems perform well in general, but it is best to
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Figure 4. Objective lens resolution data summary. A: Percent deviation of x, y, and z resolutions measured from PSF
data relative to the expected values determined using equations ~1! and ~2!. B: Measured resolution of 63⫻ and 100⫻ oil
lenses at 1 AU. C: Measured x and y resolution of 63⫻ oil and 63⫻ water lenses including all data ~including aberrated
lenses and incorrect correction collar adjustments! and data with outliers removed ~i.e., “good” data!. D: Measured z
resolution of 63⫻ oil and 63⫻ water lenses including all data ~with aberrated lenses and incorrect correction collar
adjustments! and “good” data with outliers removed. Note when outliers are removed the two types of lenses show a
similar resolution. Most outliers were due to improper adjustment of the water lens correction collars. Error bars are SD.
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Figure 5. Spectral accuracy data summary. A: Representative intensity versus wavelength plots for 3 and 10 nm
resolution spectral imaging confocal laser scanning microscopes ~CLSMs! for 458, 488, 514, 543 ~low-resolution system!,
561 ~high-resolution system!, and 633 nm laser lines. B: Average full-width at half-maximum ~FWHM! measurements
at peak laser emission wavelengths for 3 and 10 nm resolution CLSMs. C: Plot of measured versus expected peak
wavelength emissions for 3 nm ~high! resolution CLSMs. D: Plot of measured versus expected peak wavelength
emissions for 10 nm ~low! resolution CLSMs. Error bars are SD.

use higher resolution spectral imaging ~3 nm! systems when
possible to ensure that the output spectra are truly representative of the actual spectrum from the sample.

Spectral Separation
Lambda image stacks of 6 mm diameter double orange
microspheres ~core and ring! were collected using spectral

imaging CLSMs. Data were collected on two different confocal platforms in 27 laboratories. The spectra for the two
orange dyes were either measured from spatially distinct
regions of the images where only one dye was located, or
known spectra were entered into the software algorithms.
Data were not available from platforms requiring the use of
single dye standards which were not available. In general,
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the algorithms performed well if the data were collected
with high S/N. This resulted in two images that showed a
distinct 0.5 mm diameter ring ~Fig. 6A, pseudo color red!
and a 5.5 mm diameter core ~Fig. 6A, pseudo color green!.
Cross sections through the image intensity data were analyzed in order to determine the FWHM of the ring ~Fig. 6B,
red double arrow! and the core ~Fig. 6B, green double
arrow!. The core/ring FWHM ratio was then used as a
metric to assess the quality of the spectral unmixing. The
expected ratio was 11 and the majority of the data fit this
value within a tight distribution ~Fig. 6G!. Outliers from
this expected ratio were typically due to such issues as low
S/N or pixel saturation ~Figs. 6E, 6F, Supplemetary Fig. 3!.
Scores of 9–11 were considered to pass the spectral separation test with 62% of systems passing. It is not surprising in
these cases that the algorithms cannot perform an accurate
spectral separation. In fact, it is surprising that they do in
fact recover some sense of a core and a ring structure even
with highly saturated data ~Fig. 6E!. A crucial issue arises
when the pixels in the core of the microsphere are assigned
as containing both dyes ~Figs. 6C, 6D!. In this case, the core
appears yellowish-green ~Fig. 6C! and the FWHM of the
ring is drastically overestimated resulting in a lower core/
ring ratio. In fact, the data shown in Figures 6A and 6B are
from the same intensity data set as Figures 6C and 6D. In
Figure 6A the first spectral separation algorithm does a
good job separating the signal from the two orange dyes. In
contrast, in Figure 6C the second algorithm does not perform a good separation. This emphasizes how important it
is to test and use the appropriate algorithm. High ratio
values resulted when images were of low S/N. In that case
the center of the intensity curve for the core dropped below
half maximal intensity and the FWHM of the core was
significantly underestimated ~not shown!.
As a final assessment of the quality of the spectral
separation, three researchers independently scored the quality of separation by visual inspection of the ring and core
images and the intensity profiles. More than half of the data
submitted scored moderate to high-quality scores showing
the general high quality of spectral data coming from the
study participants ~Figs. 6A, 6H!. The low scoring results
were either due to issues with the data not being appropriately collected ~low signal, low S/N, saturation—e.g., Fig. 6E,
Supplementary Figs. 3, 4! or to poor separation by the
algorithm because pure spectra for each dye were not readily
available ~e.g., Fig. 6C, Supplementary Figs. 3, 4!. In summary, for this test to work well, high quality and high S/N
images are required, pure spectra from each dye need to be
entered into the algorithms, or measured from single dye
control samples, and the appropriate separation algorithm
must be used.

D ISCUSSION
Objective Lens Quality
Data were collected and analyzed from 145 objective lenses
and 290 PSFs. Overall, the lens quality was fair to good for

the submitted data with 78% of lenses passing the quality
PSF score. Approximately 10% of the lenses had discernible
aberrations attributable directly to the lens itself. The majority of the remaining aberrations could be explained by user
or instrument error. For example, many users left DIC
optics within the optical path resulting in an oblong PSF
along the x and y axes ~Table 2!. In turn, some microscope
stages drifted during image collection resulting in a tilt
along the x–z or y–z axes ~Table 2!. One of the most drastic
aberrations was seen when about 45% of users did not
properly adjust the water immersion lens correction collar.
This resulted in highly elongated PSFs along the z-axis and
about a three to fourfold loss in axial resolution ~Table 2,
Supplementary Fig. 1!. This stresses the need for CLSM
users to have rigorous training so simple user errors do not
jeopardize experimental data and instrument quality control metrics.

Microscope Resolution
Overall, the data submitted were of high quality across a
broad spectrum of users ~from beginner to advanced!, instruments ~multiple manufacturers!, lens magnification, and lens
types ~air, water, oil!. The resolution measurements were
typically within 25% of the theoretical resolution in x, y, and
z ~Figs. 4A, 4B! and 71% of lenses passed the resolution test.
Most outliers were due to poor data collection. As mentioned above, the lowest resolution was for water immersion
lenses. This was again due to the fact that users did not
properly adjust the correction collar. This was clear because
when outliers were removed, the resolution of the 63⫻ water immersion lenses matched that of the 63⫻ oil lenses
~Fig. 4C!. This was particularly striking when looking at the
z-axis resolution ~Fig. 4D, Supplementary Fig. 1!. It is imperative that users know how to properly adjust objective lens
correction collars or the benefits of reduced spherical aberrations with index matching are eliminated and poor z-axis
resolution will result. If core facility users do not know how
to or take the time to adjust correction collars then they
would be better off working with oil immersion lenses that
do not have correction collars. This is especially true if users
are working with thin tissue culture samples.

Spectral Accuracy
For the two microscope manufacturers reported, the spectral accuracy was high with 80% of all systems passing
the test while 97% of the high-resolution systems passed.
However, with lower resolution systems the data returned
the expected wavelength values albeit with higher error
associated with the determined values. This makes the
mirror-based laser reflection test very cost-effective and
straightforward. The FWHM of the peaks matched up extremely well with the resolution of the microscopes. This
accuracy was due to robustness of the hardware. The main
issue with this test was low-resolution system data not fitting
well if laser emission peaks were not well resolved. This was
highly dependent on the starting wavelength of the data
collection ~see Supplementary Fig. 2!.
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Figure 6. Spectral unmixing data summary: ~A! overlay image and ~B! intensity profile ~along white line! of spectrally
separated double orange microsphere with 5.5 mm diameter core ~green! and 0.5 mm diameter ring ~red!. Red double
arrow shows the ring full-width at half-maximum ~FWHM!, green double arrow shows the core FWHM. C: Same
bead as in ~A! but the spectral unmixing algorithm gave poor quality unmixing where pixels in the core were
incorrectly assigned to both dyes. E: Overlay image of saturated intensity bead data and ~F! intensity profile;
~G! histogram of core/ring ratios. Low ratios result from poor quality separation while high ratios come from poor S/N
images; ~H! summary of results from visual scoring done independently by three researchers.
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Unfortunately, this test is not applicable to all manufacturers due to nonremovable laser blocking. However, other
tests are currently available. For example, the MIDL is an
excellent calibration and sensitivity tool. In addition to
measuring spectral accuracy, this system allows the user to
compare the sensitivity across multiple detection systems
~Lerner & Zucker, 2004; Zucker & Lerner, 2005; Zucker
et al., 2007!.

Spectral Separation
The data were of high quality with 62% of systems passing
the test. Once again, user error in collecting the data was the
main cause of poor quality. In this case low S/N or improper use of spectral separation algorithms ~see Supplementary Figs. 3, 4!. From the data it was apparent that different
separation algorithms gave extremely different results. This
clearly points out the need for proper selection of the
algorithm and the necessity for adequate controls ~Fig. 6!.

S UMMARY

AND

F UTUR E D IR ECTIONS

These studies proved to be invaluable and the majority of
the equipment demonstrated the expected performance values. From the data returned, it was clear that the main issue
was user error. The importance of in-depth training and
education and carefully reading and implementing detailed
protocols cannot be understated.
The tests and protocols from this study can be used as
tools for the proper training of new users, as well as highlighting and improving the general understanding of PSFs,
resolution, spectral acquisition, and spectral separation. Many
of the authors of this article are actively using these tests for
training and quality control with great success.
Collecting high-quality data is essential in applying any
quality control metric. One very important and widespread
fact that came to light is that many microscopists are using
high resolution, and very expensive ~$12,000–17,000! specialized water immersion lenses improperly. If the correction collars of these water immersion lenses are not properly
adjusted, users would achieve higher resolution with oil
immersion lenses ~$4,000–8,000!, in spite of spherical aberrations caused by the immersion mismatch with aqueous
samples. This should be kept in mind when purchasing and
setting up multi-user core facility equipment.
This study set out to fill a niche where quality assurances for advanced CLSM instruments in core facilities are
needed to meet the demand of more complex quantitative
imaging techniques ensuring robustness of instrument performance. This was a logistically challenging project involving researchers from six different institutions and study
participants from across the globe. The logistical challenges
were partially overcome due to the infrastructure and support of the Association of Biomolecular Resource Facilities
~ABRF! light microscopy research group and access to the
confocal microscopy listserv ~originally set up by P.C. Cheng,
Don Parsons, and Bob Summers in 1991 at the University of
Buffalo!. The ABRF website and the listserv were invaluable

tools for the marketing, protocol dissemination, and data
gathering for the study. The preparation of simple, affordable, and reproducible samples combined with detailed and
adapted protocols customized for each vendor were also
critical factors in the success of this project.
Overall, these studies emphasized that microscope users,
including core facility personal, need to be properly trained
and educated to understand all the intricacies of the light
microscope, the light path and the detection systems. Without this users will not be able to generate high-quality
quantitative data from these state-of-the-art instruments
for their research projects and for measuring instrument
quality control metrics.
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