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INTRODUCTION

Major breakthroughs like confocal microscopy (Paw-
ley, 2006) and live-cell super-resolution imaging
(Shroff et al., 2008) advanced fluorescence microscopy
to the key technology in life science (Goldman, 2005).
During the last two decades, progress in both the fluo-
rescent tags and labeling techniques facilitated the
study of dynamic processes in biomedical research:
however, the development of new fluorophores such as
genetically encoded fluorescent proteins (Heim et al.,
1995) and functional tags (Glazer and Rye, 1992; Miesen-
bock et al., 1998) allows for unimagined specificity. How-
ever, novel labeling strategies for synthetic dyes
employing nanobodies (Ries et al., 2012) or aptamers
(Ellington and Szostak, 1990) overcame limitations given
by the size of the biological label. Besides the chosen
labeling strategy and the microscope objective, the used
camera plays a crucial role in fluorescence microscopy
for both the quality of the acquired images and their suit-
ability for subsequent quantitative data analysis.

The performance of a scientific camera can, in general,
be described by its sensitivity, its dynamic range, the
maximum frame rate, and the number of pixels, which
determines the field of view and the resolution. Depend-
ing on the question asked, one has to choose the appro-
priate camera type to provide a satisfying answer, as the
image properties of various biological experiments differ

dramatically, and therefore different camera properties
have to be considered. In the following, we list a selection
of typical examples in which the properties of the camera
limit the experimental read-out:

1. Static localization studies using fluorescence-la-
beled antibodies (Frischknecht et al., 2008) have the
advantage that excitation is only limited by photo-
bleaching. This results in signal strengths which
are still detectable with less sensitive cameras, but
typically require a large field of view with high spa-
tial resolution, and thus a high number of pixels.

2. In dynamic, that is, time-resolved, localization stud-
ies such as vesicle tracking, where transport

Abbreviations: bg, background; BI EM-CCD, back-illuminated
electron-multiplying charge-coupled device; CCD: charge-coupled device;
EM-CCD: electron-multiplying charge-coupled device; FI EM-CCD, front-illumi-
nated electron-multiplying charge-coupled device; GFP, green fluorescent
protein; SBR, signal-to-baseline ratio; sCMOS, scientific complementary metal
oxide semiconductor; SNR, signal-to-noise ratio; spH, synaptobrevin-pHluorin;
std, standard deviation
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TABLE 1. Overview over the camera types tested (type, frame rate, quantum efficiency, and typical applications with selected examples)

Maximal frame Maximal
rate at full quantum
Camera type frame (per s) efficiency Typical applications
sCCD 11 >40% Epifluorescence microscopy, calcium imaging (Kim et al., 2012);
differential interference contrast microscopy, epifluorescence
microscopy (Stewart et al., 2011)
CCD 15 N.A. Differential interference contrast microscopy, epifluorescence
microscopy (Peixoto et al., 2009); immunofluorescence
(Trazzi et al., 2010)
FI EM-CCD 31 65% Bright-field optical tracking (Tsai et al., 2011); epifluorescence
video microscopy (Welzel et al., 2010)
BI EM-CCD 35 >90% Atomic force microscopy, total internal reflection fluorescence
(TIRF) microscopy (Gumpp et al., 2009); epifluorescence and
TIRF video microscopy (Le et al., 2009)
sCMOS 100 57% Super-resolution microscopy (Saurabh et al., 2012);

high-speed in vivo imaging (Tomer et al., 2012)

vesicles are made visible by transfecting cells with
fluorescence-tagged proteins (Welzel et al., 2011b),
the exposure time has to be cut down to a minimum
to achieve maximal temporal resolution, which pro-
duces a weaker, and thus less detectable signal.
However, such experiments feature a strong fluores-
cent background (bg) caused by the accumulation of
the tagged protein in cellular compartments such as
the Golgi apparatus (Ward et al., 2001), lysosomes
or endosomes (Lorenzen et al., 2010). Usually, these
structures are larger, bear more protein and are
thus of a higher fluorescence intensity than single
transport vesicles, making it challenging to find set-
tings within the dynamic range that suit the quanti-
fication of multiple levels of intensities. Therefore,
besides higher sensor sensitivity the emphasis lies
on the camera’s dynamic range in this kind of
measurement.

3. In other time-resolved processes the signal is sta-
tionary, but shows local intensity changes, for exam-
ple, in the analysis of vesicular exocytosis and
endocytosis, visualized via styryl dyes (Betz et al.,
1992) or pH-dependent fluorophores (Miesenbock
et al., 1998). Thus, when studying the kinetics of
exocytosis and endocytosis, it is of great importance
to use a camera with a large effective dynamic
range, which can image even drastic changes in flu-
orescence intensity (Voglmaier et al., 2006), and
good temporal resolution properties at the same
time.

However, all these applications have in common
that they require a reasonably high SNR (signal-to-
noise ratio), which is necessary to discern signal from
bg (Sbalzarini and Koumoutsakos, 2005; Stroebel
et al., 2010). Visualizing local dynamic processes with
suitable probes often produces images of scattered
peaks over bg (Prange and Murphy, 1999), that is,
areas without measurable signal of interest consisting
of noise from different sources (Stroebel et al., 2010).
This kind of scattered peak images yields a typical pos-
itively skewed distribution of counts (Welzel et al.,
2010), in which if the signal is restricted to the minor-
ity of pixels, the peak of the intensity histogram corre-
sponds to the bg values, and the slope to the measured
signal (Stroebel et al., 2010).

The standard cameras used in live-cell microscopy
are of the charge-coupled device (CCD) type or, when

used for applications with extremely low light levels,
of the EM-CCD (electron-multiplying CCD) type. In a
CCD, photoelectron packages that were generated in
capacitive bins on the chip, the pixels, are shifted one
by one in a line before they reach the readout ampli-
fier. Until now, cameras based on complementary
metal oxide semiconductor (CMOS) technology dis-
played limited performance. After recent progress, sci-
entific CMOS (sCMOS) cameras were introduced in
the field of fluorescence microscopy, but rather in the
context of super-resolution microscopy. Especially in
this field the performance of sSCMOS cameras in com-
parison with the widely used EM-CCDs is intensely
discussed (Huang et al., 2011; Long et al., 2012; Quan
et al., 2010; Saurabh et al., 2012). An sCMOS chip is a
so called active pixel sensor where every pixel com-
bines a photodetector and its own active amplifier.
sCMOS cameras typically have smaller pixels and
therefore more pixels on a chip with the same size, and
since a CMOS is in essence a parallel read-out device,
it can achieve higher read-out rates (Table 1).

To find parameters that reasonably describe the
performance of a camera, in this study, we tested cam-
eras with five different sensor types, namely one lin-
ear CCD, one sCCD (scientific CCD), one front-
illuminated EM-CCD (FI EM-CCD), one back-illumi-
nated EM-CCD (BI EM-CCD), and one sCMOS cam-
era. They were compared in different aspects
important for imaging static and dynamic processes,
that is, SNR, temporal noise, optimal use of the cam-
era’s dynamic range and signal-to-baseline ratio
(SBR). Thereby, we established a model system for
fluorophores exhibiting a positively skewed intensity
distribution. Furthermore, the cameras were chal-
lenged with a standard technique in neuroscience,
that is, imaging exocytosis and endocytosis in hippo-
campal neurons transfected with a synaptic vesicle
protein tagged with a pH-sensitive fluorophore, to
evaluate their applicability in measuring multimole-
cule intensity changes.

MATERIALS AND METHODS
Cell Culture

Hippocampal neuronal cultures were prepared from
1 to 4 days old Wistar rats (Charles River) as described
(Welzel et al., 2010). Neurons were transfected with
synaptopHluorin under control of a synapsin promoter



(Sankaranarayanan and Ryan, 2000) on DIV3 with a
modified calcium phosphate method (Threadgill et al.,
1997). Experiments were performed between 25 and
30 days in vitro. For the a- synaptotagmin- CypHer "5E
experiments, neurons were incubated in extracellular
solution containing the CypHer "5E-labeled antibody
(1:100) for 1 h at 37°C. Excess antibody was washed
away before imaging.

Imaging

Experiments were conducted at room temperature
on a Nikon TI-Eclipse inverted epifluorescence micro-
scope equipped with a 60X, 1.2 NA water immersion
objective and Perfect Focus System . Fluorescent
dyes were excited by a Nikon Intensilight C-HGFI
through excitation filters centred at 482, 520, and
640 nm using dichroic longpass mirrors (cut-off wave-
length 488, 532, and 660 nm), respectively. The emit-
ted light passed emission band-pass filters ranging
from 500 to 550 nm, 570 to 640 nm, and 660 to 700 nm,
respectively (Semrock, Rochester). Five different types
of cameras were compared in their ability to detect flu-
orescence signals: one linear CCD camera (DS-2MBW,
Nikon), one sCCD camera (CoolSnap cf, Photometrics);
one front-illuminated EM-CCD camera (iXon DU-885,
Andor), one back-illuminated EM-CCD camera (iXon
DU-897, Andor), one sSCMOS camera (Neo, Andor). In
all experiments, only the camera was exchanged while
the rest of the setup stayed the same. If possible, the
cameras were cooled to —70°C (FI and BI EM-CCD) or
—30°C (sCMOS), respectively; the CCD and sCCD
camera were run at room temperature. Orange fluores-
cent, carboxylate-modified microspheres with a diame-
ter of 40 nm (FluoSpheres® 540/560, Invitrogen,
Karlsruhe) were diluted 1:10,000 in purified water
(Milli-Q, EMD Millipore Corporation, Billerica) and
sonicated in a water bath for 5 min. Five hundred
microliter of the beads suspension were applied
onto a coverslip placed in a perfusion chamber. To
prevent the fluorescent beads from moving, exces-
sive fluid was discarded and the coverslip surface
dried. If possible, pixel binning was used so that
pixel sizes were comparable among the different
cameras. Of each defined set of parameters, three
serial images were recorded. For the live-cell
experiments, coverslips were placed into a perfusion
chamber (volume = 500 pL) with extracellular me-
dium containing (in mM): 144 NaCl, 2.5 KCl, 2.5
CaCl,, 2.5 MgCly, 10 Glucose, 10 Hepes, and pH
7.4 (NaOH). Synaptic boutons were stimulated by
electric field stimulation (platinum electrodes, 10
mm spacing, 1 ms pulses of 50 mA and alternating
polarity); 10 uM 6-cyano-7-nitroquinoxaline-2,3-dione
(Tocris Bioscience) and 50 uM D-amino-5-phosphono-
valeric acid (p,.-AP5, Tocris Bioscience) were added
to prevent recurrent activity. SynaptopHluorin-
transfected hippocampal neurons were stimulated
with 600 action potentials (APs) at 30 Hz or 200
APs at 20 Hz, respectively. Images were recorded
with an exposure time of 200 ms and a gain close
to 5, since the previously determined optimal SNR
settings could not be used for some cameras due to
saturation. Neurons labeled with the CypHer "5E-
coupled antibody were imaged with an exposure
time of 1 s and a camera gain of 5.
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Image Analysis

All images were analyzed using custom-written
MATLAB routines (The MathWorks, Natick). Beads
were localized using automated peak detection (Sbal-
zarini and Koumoutsakos, 2005) in images acquired
with good SNR and typically an exposure time of 1 s
and a gain close to 5. Intensity values were read out at
these determined peaks coordinates in all images.
Mean peak values for each image were calculated by
averaging the pixel values in each region of interest
and then averaged over three subsequently recorded
images with identical parameters. To get bg intensity
values, a region with an area of 0.24 % of the entire
image size, which was the largest area that contained
no peak-maximum in the visual inspection, was chosen
manually from the image with the highest gain and ex-
posure time values.

Signal-to-noise ratio (SNR) was defined as:

peak amplitude

std (background) W

with peak amplitude = peak value — bg value.
Used dynamic range was defined as:

intensity (5%brightestpeaks)-intensity (5%dimmestpeaks)

intensityrange-background

(2)
Temporal noise was defined as:
std (background) 3)
background

SBR was defined as: %%ﬁ? (Stroebel et al.,

2010) with peak amplitude = value durlng stimulation
— baseline (i.e., before stimulation).

Ethics Statement

All animals were handled in strict accordance with
good animal practice as defined by the guidelines of
the Free State of Bavaria, and all animal work was
approved by the Kollegiales Leitungsgremium of the
Franz-Penzoldt Zentrum, Erlangen (reference number
TS-1/10).

RESULTS
Introducing Fluorescent Microspheres as a
Model System for Fluorescence Images with
Skewed Intensity Distributions

In live-cell fluorescence microscopy the visualization
of fluorescent organelles/structures, for example, syn-
apses, typically produces images showing scattered
peaks over bg (Prange and Murphy, 1999), that is,
areas with no signal of interest consisting of noise
from different sources. This kind of scattered peak
image has a characteristic positively skewed distribu-
tion of counts (Welzel et al., 2010). If the signal is
restricted to the minority of the pixels, the peak of its
intensity histogram corresponds to the bg values and
the slope to the measured signal (Stroebel et al., 2010).
As a model system for a time-resolved process with
local intensity changes, we chose triggered exocytosis
and endocytosis in neurons transfected with
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synaptopHluorin (spH) (Welzel et al., 2011a; Wienisch
and Klingauf, 2006). SynaptopHluorin is a fusion pro-
tein of the vesicle protein synaptobrevin2 and supere-
cliptic pHluorin, a modified version of GFP (green
fluorescent protein). Transfected into cells, pHluorin
constructs, in contrast to GFP, emit light only under
alkaline conditions, whereas in an acidic environment,
their fluorescence is quenched. This means that,
tagged to the intraluminal domain of a vesicle protein,
they fluoresce only when this vesicle is exocytosed and
the, by then, acidic vesicle lumen comes in touch with
the extracellular fluid of a pH of 7.4. Upon endocytosis
and subsequent reacidification the fluorescence is
quenched again, and thus the variation of fluorescence
intensity mirrors the kinetics of exocytosis and follow-
ing vesicle reuptake. Intensity histograms of images of
spH-transfected cells (Fig. 1a) show a typical positively
skewed distribution (Fig. 1b), as well as the difference
image (Figs. le and 1f) that can be calculated by
subtracting the fluorescence intensity before electrical
stimulation (7';) from the peak intensity measured at
the end of the stimulation (Tg) (Fig. 1c). Figure 1d
shows the resulting intensity dynamics, when averag-
ing the intensity of every time point at all peak regions
detected in the difference image. Since the peak detec-
tion and thus the analysis of the experiment rely on
the quality of the difference image, we selected a fluo-
rophore model system that had similar properties as
the difference image, but that did not underlie the fluc-
tuations usually occurring in living cells. Fluorescent
carboxylate-modified microspheres met these require-
ments. For imaging, the beads were plated and subse-
quently dried on cover slips in a high dilution to
guarantee they were evenly distributed, which results
in images resembling those of the difference images as
well as showing a similar intensity distribution in the
histogram (Figs. 1g and 1h). As the fluorescent beads
exhibit the desired intensity distribution, we can
conclude that they can serve as a model system for
imaging synapses.

Signal-to-Noise Ratios and Use of Dynamic
Range

The fluorescent microspheres were imaged under
various conditions, that is, exposure times were
altered, and different camera gains were applied if
technically possible, to find the best settings for each
camera. Since we wanted to compare cameras of differ-
ent types and thus of quite different sensitivity, the
parameters had to be varied over a wide range to meet
the requirements of each of the cameras. For direct
comparison of the results, image series (n = 3) from an
individual coverslip were recorded with varying cam-
era parameters. However, this resulted in images
without detectable peaks, that is regions of interest, on
the one hand, and overexposed images on the other
hand. As peaks were stable in location during subse-
quent measurements, peaks were detected in images
with high SNR that did not show saturation artefacts.
SNR was then assessed in all other images at these
locations. When reading out the total SNR values, that
is, the average SNR of all detected peaks in an image,
we found the SNR to decline when the images began to
saturate, which with the EM-CCD cameras already

Fig. 1. Fluorescent beads as a model system for fluorescence images
of multimolecule spots with skewed intensity distributions. a: Cells
transfected with synaptopHluorin (spH) were recorded with an
sCMOS camera in a video experiment, in which electrical field stimu-
lation evoked changes in fluorescence intensity. b: Corresponding in-
tensity histogram. ¢: Scheme of the generation of a difference image
by subtracting images acquired before stimulation (7'y) from images
acquired at maximal fluorescence intensity (75) at the end of the
stimulus. Inset: Regions with relevant intensity changes were
detected in the difference image via automated peak detection. d:
Averaged fluorescence intensity kinetics at all regions detected in the
difference image. The bar indicates the duration of the electrical stim-
ulus. Fluorescence intensities were normalized to the baseline level
before stimulation. e: Difference image (Ty — 7). f: Intensity histo-
gram for the difference image. g: Fluorescent microspheres recorded
with the sSCMOS camera. h: Intensity histogram for the fluorescent
microspheres. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com].

happened with relatively moderate gain and exposure
time settings (Figs. 2k—20). This is expected as in more
and more saturating conditions the bg value still grows
while the signal does not. To avoid these estimation
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Fig. 2. Relationship between exposure time, gain, and achieved
SNR in images of fluorescent beads for different camera types. Fluo-
rescent beads were imaged with different exposure times and camera
gains. For all cameras, peaks were detected automatically in high
SNR images with the same parameters (Sbalzarini and Koumoutsa-
kos, 2005). Note that the automated peak detection may result in
SNR values of 0 or below in low SNR images since SNR values were
read out at all peak locations in all images even if there was no peak
visible. For each camera SNR values are given as a function of cam-
era gain and exposure time or number of photons, respectively.

errors due to peak values at saturation, we decided to
differentiate between peaks that were saturated at
high exposure times (brightest 5%, Figs. 2a—2e) and
peaks that were never saturated in any of the images
(dimmest 5%, Figs. 2f—2j). The nonsaturated peaks
were now readily comparable between different
cameras. Among these peaks, we figured out the pa-
rameters with which each camera could achieve the
highest SNR values and thus produced the best images
(Figs. 3a—3e): 1 s exposure time for the sCCD (no gain
selectable), 1 s and gain 46 for the CCD, 1 s and gain
50 for the FI EM-CCD, 600 ms and gain 20 for the
BI-EMCCD, and 1 s and gain 4 for the sCMOS (Figs.
2f-2j). The best signal-to-noise ratio defined as peak
amplitude, that is, peak value minus baseline value,
divided by the standard deviation of the bg, differed
significantly between the cameras tested (Kruskal-
Wallis-Test: P = 0.0156). The BI EM-CCD featured the
best SNR with a value of 38.05 (std = 1.01), followed
by the FI EM-CCD with an SNR of 17.20 (std = 1.10)
and the sCCD with a value of 13.01 (std = 0.60). In
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Maximal and minimal numbers of collected photons per peak are
indicated at the right side of each panel. SNR values are color-coded
with the colormap ranging from the lowest to the highest SNR value
achieved with one of the cameras within the respective fraction of
peaks. a—e: Mean SNR values of the brightest 5% of the peaks for the
individual cameras. f-j: Mean SNR values of the dimmest 5% of the
peaks for the individual cameras. White box: best SNR. For absolute
values see figure 3. k—0: Mean SNR values of all detected peaks for
the individual cameras. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

this test the sCMOS achieved an SNR value of 6.02
(std = 1.03), whereas the best SNR of the 5% dimmest
peaks detected in the CCD images remained < 1
(Fig. 30).

Fluorescence markers for dynamic processes require
a camera which is highly sensitive and which can
detect strong changes in intensity at the same time.
When imaging the fluorescent beads with the settings
that had led to the best SNR values, we found that the
FI EM-CCD camera and the CCD already used
80.58 % and 100 % of their dynamic range, respec-
tively, which, in case of spH-transfected cells, meant
that the camera would not be able to detect any larger
increases in fluorescence intensity anymore, but would
still need the parameters set to achieve a reasonably
high SNR. While the sCCD and the BI-EMCCD for best
SNR used 63.33 % and 56.13 %, respectively, the sCMOS
only used 9.39 % (Fig. 3g). Consequently, the percentage
of the dynamic range used at these parameters differed
significantly between the cameras (Kruskal-Wallis-Test:
P =0.0011).
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Fig. 3. Quantification of the cameras’ SNR values and dynamic
range use in images of fluorescent beads. a—e: Images of fluorescent
beads recorded at best SNR settings for the dimmest 5% of the peaks
of the individual cameras (see Fig. 2). Fluorescence intensities were
normalized, thus ranging from the calculated bg value to the maxi-
mally measured value in each image. f: Best SNR values of the dim-
mest peaks as determined in Figures 2f-2j vary significantly between
the cameras. Kruskal-Wallis-Test: P < 0.01. Error bars represent
standard deviations. g: Usage of the effective dynamic range at best
SNR settings for the dimmest peaks varies significantly between the
cameras. Kruskal-Wallis-Test: P < 0.01. Error bars represent stand-
ard deviations. h: SNR values at full dynamic range vary signifi-
cantly. Kruskal-Wallis-Test: P < 0.05. SNR at full dynamic range was
defined as SNR divided by the fraction of the dynamic range used.
Error bars represent standard deviations. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Resulting from these findings, we calculated the
SNR that could be maximally achieved, that is, if it
were possible to use the camera’s full dynamic range,
by dividing the SNR at best settings by the fraction of
the dynamic range which was used with these settings.
Regarding this parameter, we found the cameras’
performance to vary significantly, too (Kruskal-Wallis-
Test: P = 0.0157). While the CCD featured a value of 0
(std = 0.002), the sCCD achieved an SNR of 20.54
(std = 0.01) and the FI EM-CCD an SNR of 21.40
(std = 0.01). The sCMOS and the BI EM-CCD reached
by far the best values of 64.11 (std = 0.09) and 67.79
(std = 0.01), respectively (Fig. 3h).

Fig. 4. Quantification of the cameras’ temporal noise properties.
Temporal noise values at best SNR settings for the dimmest peaks
vary significantly between the cameras. Kruskal-Wallis-Test: P <
0.01. Temporal noise was defined as standard deviation of the bg nor-
malized to mean bg values. Error bars represent standard deviations.

Temporal Noise Properties

An important feature of cameras used in live-cell
imaging is their temporal noise, as minor changes in
signal intensities might get lost when the fluctuation
between two subsequent images is too strong. To ana-
lyze this parameter, we defined temporal noise as the
standard deviation of the bg divided by the mean bg in-
tensity of three serial images. When we calculated the
temporal noise value for the images with the best SNR
(settings: see chapter “Signal-to-noise ratios and use of
dynamic range”), we found that the temporal noise
varied significantly between the cameras (Kruskal-
Wallis-Test: P = 0.0011), and that the sCMOS
exhibited the lowest relative temporal noise with a
value of 0.02 normalized std (bg; std = 3.0 X 107°).
While the sCCD and the BI EM-CCD featured values
still in the same range [0.04 (std = 0.0061) and 0.03
(std = 0.0013), respectively], the temporal noise of
the FI EM-CCD and the CCD with values of 0.09
(std = 0.0038) and 0.25 (std = 0.0085) was much
higher (Fig. 4). Interestingly, when expressing the
temporal noise as a function of the gain, we found the
temporal noise of the EM-CCDs and the sCMOS to
increase exponentially [R? (FI EM-CCD) = 0.98; R?
(BI EM-CCD) = 0.91; R? (sCMOS) = 0.92), whereas
the temporal noise of the CCD camera stayed almost
constant (Supporting Information Fig. S1).

Performance in Dynamic Measurements

For the live-cell experiments, synaptopHluorin-
transfected hippocampal neurons (Figs. 5a—5d) were
excited via electrical field stimulation with 600 APs at
a rate of 30 Hz or 200 APs at a rate of 20 Hz, respec-
tively. The resulting increase in fluorescence intensity
(Supporting Information Fig. S2) was captured with
an exposure time of 200 ms and approximately the
same gain (5, if possible) for all cameras, as best SNR
settings were not applicable due to saturation. From
the resulting intensity kinetics curve (Fig. 1d), the
SBR was calculated by dividing the peak amplitude
(i.e., the baseline value, T, subtracted from the peak
value, T) by the standard deviation of the baseline
value. Similar to the data analysis in the model sys-
tem, the SBR at full dynamic range was calculated by
dividing the SBR by the used dynamic range. The CCD
camera featured values of 632.14 (std = 25.11) for
the 600 AP stimulus or 630.35 (std = 25.28) for the 200
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Fig. 5. The cameras’ performance in dynamic measurements with
living cells. a—d: Images of spH-transfected cells in a video experi-
ment before electrical stimulation recorded with different cameras.
For comparability, cells were imaged using the same exposure times
and approximately the same camera gain settings. e: SBR values at
full dynamic range vary significantly between the cameras, both for
the 200 and the 600 AP stimulus. Kruskal-Wallis-Test: P < 0.05. SBR
at full dynamic range was defined as SBR divided by the fraction of
the dynamic range used. Error bars represent standard deviations.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

AP stimulus, respectively, while the FI EM-CCD
achieved SBRs at full dynamic range of 1,790.95
(600 AP, std = 903.87) and 902.20 (200 AP,
std = 73.47). However, the BI EM-CCD and the
sCMOS camera reached higher values of 10,964.12
(600 AP, std = 4,077.73) and 19,187.09 (200 AP,
std = 9,636.96) or even 50,881.98 (600 AP,
std = 9,250.51) and 53,216.58 (200 AP, std = 8,828.05),
respectively. Thus, the cameras’ SBR at full dynamic
range differed significantly between the cameras,
both for the strong and the weak stimulus (Kruskal-
Wallis-Test: P = 0.0156).

To test another fluorophore with a different wave-
length and to provide data on static measurements in
living cells, we stained hippocampal neurons with an
antibody against synaptotagminl labeled with a modi-
fied Cy5 variant (CypHer 5E), which is quenched in
basic, but fluorescent in acidic environments, and thus
works just the opposite way as spH (Adie et al., 2002).
Here, we incubated the cells with the antibody which
binds to synaptotagminl when the protein is presented
on the cell membrane after spontaneous exocytosis. Af-
ter compensatory endocytosis the antibody is then
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localized in the acidic synaptic vesicles, and because of
its now fluorescent state another tool to label synapses
(Supporting Information Fig. S3a-c). We compared the
maximally achievable SNR values (see “Signal-to-noise
ratios and use of dynamic range”) and found them to
differ significantly (Kruskal-Wallis-Test: P = 0.0273).
Whereas the sCMOS featured the best SNR value of
13,766.43 (std = 462.48), the Bl EM-CCD camera with
a value of 9,198.32 (std = 580.46) was still superior to
the FI EM-CCD camera (SNR = 380.60, std = 35.30)
(Supporting Information Fig. S3d).

DISCUSSION

Recent work (Huang et al., 2011; Long et al., 2012;
Quan et al., 2010) has proven that finding the appro-
priate sensor type for a certain experimental setup is a
hotly debated issue. Here, we sought to determine dif-
ferent camera parameters important in quantitative
dynamic live-cell measurements and to present a
methodology to assess the suitability of different cam-
era types for this kind of experiment.

To reproducibly assess the parameters mentioned
above in our experiments, we established a model sys-
tem for imaging synapses and other assays producing
scattered peaks over bg. We showed that fluorescent
microspheres resemble these fluorescently labeled
structures in their fluorescence characteristics, that is,
a positively skewed intensity distribution.

Obviously, the parameter of the greatest importance
in camera performance in both static and dynamic
measurements is the signal-to-noise ratio, as a reason-
ably high SNR is necessary for the signal of interest to
be detected at all. In terms of the SNR, the EM-CCD
cameras are still superior to the other sensor types.
The reason for this is the higher quantum efficiency of
EM-CCD sensors leading to a better signal strength
and therefore to higher SNR values (Fig. 3f). However,
in the nonsingle molecule situations depicted here, the
EM-CCD could not be operated with the EM gain set-
tings that would allow for the lowest readout noise
without saturating.

When it comes to the measurement of changes in flu-
orescence intensity, it depends on the experimental
design whether the camera’s effective dynamic range
or the temporal noise is the important parameter.
Here, we found the sCMOS to be at an advantage, both
at coping with drastic changes in intensity (Fig. 3g)
and at detecting only subtle fluctuations (Fig. 4). Addi-
tionally, in fast dynamic processes, the maximal
achievable frame rate and therefore time resolution
might also be of interest (Table 1). Due to its design, an
sCMOS camera will generally be faster than an EM-
CCD camera as explained above. Nevertheless, the
sCMOS’ SBR in the dynamic measurements conducted
is, similar to the static SNR measurement, lower com-
pared to the SBR of the EM-CCD cameras. However,
when putting the SNR or the SBR, respectively, in a
relation to the dynamic range used to achieve this
SNR/SBR, the sCMOS is at a great advantage (Fig.
5e). Therefore, if the sSCMOS were employed in an ex-
perimental setting in which the camera’s full dynamic
range can be used, the sSCMOS would be an optimal
tool to image structures of lowest intensity or intensity
changes. In dynamic measurements, this is of course
limited by the high temporal resolution required,
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Fig. 6. Decision tree. Guidelines with which the appropriate sensor
type can be found. Experiments with a static signal can be distin-
guished from dynamic measurements. Latter can be further classified
in recordings with mobile signals and stationary signals whose

though. Other crucial features of a camera are its spa-
tial resolution and a large field of view, determined by
its pixel per chip size ratio, which is very important in
localization studies. Clearly, a higher resolution is of
advantage, but the signal strengths of the objects
observed and the camera’s quantum efficiency set a
limit to this.

In Figure 6 we present a possible approach how to
systematically classify a (biological) experiment in
terms of its requirements on an appropriate sensor
type. When following this decision tree it becomes clear
that there are only a couple of parameters that decide
which camera type might be suitable for a certain
experiment. Among these some are of special impor-
tance, that is, the ability to detect even signals of low in-
tensity, the dynamic range, the frame rate, and the
temporal noise properties. This is because these param-
eters limit the choice mostly to a single sensor type, for
example, in the case of a high frame rate to the sSCMOS
camera. Conclusively, we found that in terms of SNR,
the EM-CCD cameras are still superior to the sCMOS
cameras due to the higher quantum efficiency and
therefore better suited for low light conditions such as
single-molecule measurements. However, the higher
dynamic range of the sCMOS compared with the EM-
CCD cameras makes it the camera of choice when ei-
ther confronted with signals that drastically change
their intensity over time, when it is necessary to avoid
saturation due to both low intensity and high intensity
features in an image, or in experimental setups that
allow for an optimal usage of its dynamic range. These
are typical situations in multi-molecule measurements
that in terms of scientific advance by far outnumber sin-
gle-molecule measurements in life sciences.

intensity changes over time. Red boxes: static measurements; green
boxes: dynamic measurements; blue boxes: parameters of special in-
terest. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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