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Abstract: In the last decade, complementary metal-oxide semi-conductor (CMOS) cameras became
the state-of-the-art technology in many biological applications, and the ability to reach high acquisition
rates represents one of the characteristics that outperform previous technologies. In this review, I
concentrated on neuronal functional imaging (voltage and/or ions) that requires recording fluorescence
from multiples sites of a neuron or of a network at kHz rates to sample signals associated with neuronal
excitability. After introducing the physical constrains of this type of imaging and reviewing the
technologies used in the past, I analysed how CMOS can address the challenge of neuronal functional
imaging. I focused on the characteristics of two CMOS cameras that are in use in my laboratory:
DaVinci2K and Kinetix. DaVinci2K achieves high acquisitions rates at 14-bit depth by using parallel
processing from 16 sub-sensors whereas Kinetix achieves higher spatiotemporal resolution by
sampling fluorescence at 8-bit depth, but at the cost of decreasing the dynamic range which represents
a limitation in several experimental scenarios. I present comparable membrane potential imaging
recordings of action potentials from the axon initial segment, which were achieved at 20 kHz with the
two cameras. Finally, I conclude the review with some perspective considerations on future availability
of CMOS cameras that may overcome the performance of present devices and the limitations in
developing optimal devices for biological and biomedical applications.
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1. Introduction

When imaging ion or membrane potential (Vm) transients, representing most signals reporting
physiological activity in living neurons [1], the ability to detect and potentially quantify a signal
depends on three mutually correlated physical constrains. First, if the signal originates from a small
site, the optical resolution must permit the clear discrimination of photons from that site. In wide-field
fluorescence microscopy, this is limited by the Abbé resolution [2] given by the equation:

p=122-1/(2'NA) (1)

where A is the emitted wavelength and NA is the numerical aperture of the used objective. p is an ideal
value which is less than 1 um for all visible wavelengths, but it is worsened by light scattering in
tissues between the fluorescence source and the objective. It can be improved using confocal [3] or
two-photon (2P, [4,5]) imaging. The second constrain is related to the temporal resolution. If a signal
is fast and must be resolved in all its components, the acquisition rate of fluorescence sampling must
be at least double than the highest relevant frequency component of the signal, according to the Nyquist
theorem. The last constrain is given by the size of the signal, which must be discriminated above the
intrinsic photon noise of the fluorescence. Precisely, if the transient corresponds to the fractional
change of fluorescence AF/Fo, the signal-to-noise ratio (SNR) of a transient (ANph) measured from an
initial number of photons (Nph) is given by the equation:

SNR = ANph / VNph. 2)

It follows that the measurement of a given AF/Fo signal must be done from a minimal Nph value that
increases with the size of the fluorescence source and with the time window at which fluorescence is
collected, which limits the acquisition rate of fluorescence sampling. Beyond these physical constraints,
further limitations are set by the device used to record fluorescence.

The need of recording fluorescence transients from multiple sites with 0.1-10 kHz temporal
resolution emerged in the last two decades of the twentieth century. Initially, photodiode arrays were
utilized as optimal detectors for recording voltage-sensitive dye (VSD) membrane potential (Vim)
signals (see for example [6—9]). Starting from the nineties of the past century, charge coupled devices
(CCDs) became the most used technology (see for example [10—14]). With CCD cameras, it is possible
to increase acquisition rates by reducing the number of sampled pixels in one dimension and by
performing online binning (see for example [15—17]). Thus, to reconstruct Vm and ion transients
associated with neuronal action potentials (APs) or synaptic potentials, fluorescence was measured
at 2 kHz from 6400 pixels (see for example [18—20]) or at 5-20 kHz from ~ 100—1500 pixels (see for
example [21—-26]) using a CCD camera where photoelectrons were sampled in parallel by four
processors at 14-bit depth. In terms of speed with respect to number of pixels, i.e., “spatiotemporal
resolution”, complementary metal-oxide semi-conductor (CMOS) devices appeared to be superior and
commercial scientific CMOS (sCMOS) cameras started being the preferred option in the new century
(see for example [27—36]). Moreover, in CCD cameras, the charge in each pixel is shifted and
amplified, and in CMOS cameras, each pixel has its own amplifier resulting in faster read-out. Notably,
given the larger spatial resolution, CMOS cameras are also more suitable for multiple microscopy
approaches; they can be utilized to collect fluorescence excited by wide-filed illumination [36]; they
can be used for volumetric imaging by as light sheet microscopy [27]; or they can be exploited for fast
confocal microscopy by inserting a spinning disk in the illumination/emission pathway [28]. More

AIMS Biophysics Volume 12, Issue 4, 499-509.



501

than a decade since their introduction was necessary to affirm CMOS cameras as state-of-art
technology, replacing CCDs in applications where combination of high sensitivity and spatiotemporal
resolutions are required. In this review, I aim to report the requirements for neuronal functional
imaging with respect to what is offered by state-of-the-art CMOS cameras. I use measurements,
obtained with two cameras, to show the present capabilities of CMOS devices.

2. Technical aspects and two examples of commercially available CMOS cameras

From the considerations taken above, I use as refence values 1 um for the size covered by a pixel
and 1 for the NA of the objective used to visualise the neuronal tissue (see Equation 1). Water
immersion objectives with NA = ~ 1, normally used for patch clamp recordings, exist from several
companies at 40X, 60X and 100X magnification. To obtain 1 pm/pixel using these lenses, cameras
must have pixels of 40 um, 60 um, and 100 um respectively. However, de-magnifying lenses (typically
0.25—0.5X) can be used to adapt to the sensor. Expensive objectives with lower magnification and NA
= ~ 1 exist. For instance, a Nikon 25X objective with NA = 1.1 has been used to image and patch in
the mossy fibre pathway in hippocampal slices [37,38]. Using this objective and a 0.25X de-
magnifying lens, 1 pm/pixel would be achieved with a pixel size of 4 um only. Compared to CCD
cameras, CMOS cameras are faster because amplification and A/D conversion, performed on the
sensor, are executed independently in each pixel column. Thus, while both CCD and CMOS devices
increase the acquisition rate by decreasing the vertical dimensions, CMOS cameras avoid the time
necessary for the horizontal register shift of CCD cameras. Additionally, several SCMOS cameras can
further increase the acquisition speed by supporting a “rolling shutter” mode, where different lines of
the array are exposed at different times. This acquisition mode means that signals must be temporally
oversampled in order to correlate in time different sites. Table 1 reports specifications of five
commercially available CMOS cameras that were used for neuronal imaging. Two of these cameras
are used in our laboratory and the other three cameras were chosen because they were from different
manufacturers and because they appear to be widely utilized among those that can be considered state-
of-art. Notably, the two cameras that we use have quite different specifications, which will be discussed
later in this review.

Table 1. Some specifications of available CMOS cameras used in neuronal imaging.

Camera Max pixel full frame bit depth full frame max fast read
QE size size rate noise

Edge4.2 70% 6.5um 2048 X 2048 16 (11+11) 100 frames/s 1.6e

(PCO)

ORCA 84% 6.5um 2048 X 2048 8/12/16 100 frames/s 1.9¢

Flash4

(Hamamatsu)

Sona 95% 6.5um 2048 X 2048 11/12/16 135 frames/s 1.8 ¢

(Andor)

DaVinci2K 65% I5 pm 2048 X 2048 14 100 frames/s 2.8 ¢

(Scimeasure)

Kinetix 95% 6.5um 3200 X 3200 8/12/16 498 frames/s 20¢

(Teledyne)
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The two first cameras on the table are front-illuminated devices, recently tested for pixel crosstalk
[39], including the PCO.edge4.2 (Excelitas, Pittsburgh, PA) and the Hamamatsu Orca 4 (Hamamatsu,
Japan). They have relatively high QE, pixel size of 6.5 um, sensor of 2048 X 2048 pixels, and the
ability to capture full frames at 100 Hz. PCO.edge42 samples pixels at 16-bit depth using two 11-bit
A/D converters to convert signals at high and low gain and then merging the two values into a single
16-bit value. In terms of neuronal functional imaging at high spatiotemporal resolution, as an example,
Orca 4 was utilised for whole-brain calcium imaging in the larval zebrafish [27] and in Caenorhabditis
elegans [40]. The third camera in Table 1 is the back-illuminated Sona (Andor, Belfast, UK) with
higher QE. This device, with sensor of 2048 X 2046 pixels of 6.5 um size, can capture full frames at
135 Hz with 11-bit depth. A camera with a larger pixel (Sona-11, 11 um size) is manufactured and
commercialised by the same company, but this device appears to be slower (48 full frames/s with 12-
bit depth). Sona-11 was utilised to image calcium in vivo in the primate auditory cortex [41]. Now, |
analyse in detail the last two CMOS cameras in Table 1, which are used in my laboratory. DaVinci2K,
manufactured and commercialised by SciMeasure (Decatur, GA), has a sensor of 2048 X 2048
relatively large pixels (15 um), and does not use on-chip microlenses. In this device, a low read out
noise is achieved by sampling at 14-bit depth, and high speed is achieved by parallel processing. The
full frame is decomposed in 16 rectangles of 256 X 1048 pixels, and images in the kHz range can be
acquired by sampling 2048XN rectangles in the middle of the full frame. Additionally, this camera
enables on-chip binning, i.e., two complete half-columns can be binned into a single read, increasing
the frame rate and the well capacity. The other camera that we use is Kinetix, commercialised by
Teledyne (Waterloo, Canada). This camera has a sensor of 3200 X 3200 smaller pixels (6.5 um) and it
is back-illuminated, reaching a quantum efficiency of ~ 95%. Kinetix achieves a speed of ~ 500 Hz at
full frame resolution by sampling at 8-bit depth. This digital resolution is not sufficient to resolve
neuronal signals. However, at 8-bit depth, each pixel operates as quasi “photon counter” because the
A/D converter saturates at ~ 200 photoelectrons. This means that 255 corresponds to 200
photoelectrons and, therefore, 1 digit =~ 1 photoelectron. With an effective well capacity (EWC) of ~
200 photoelectrons, performing offline binning with a factor of 2, for instance, reduces the size to 1600
X 1600 pixels but increases the depth to 10-bit and the EWC to > 800 photoelectrons. In the following
section, I illustrate two representative VSD recordings obtained with the latter two CMOS devices at
a very high spatiotemporal resolution.

3. Examples of recordings achieved with the two CMOS cameras

To describe the performance of the two CMOS devices in detail, we make use of comparable
recordings. In our laboratory, DaVinci2K was installed in a workstation, including a spinning disk [28],
but it was used without the disk in the optical path to record fluorescence transients at 10 kframes/s
[31,33]. In this system, a 60X objective was used, and a 0.5X de-magnifying lens was positioned before
the sensor, obtaining the image of the specimen focusing on a micrometer illustrated in Figure 1A.
Since DaVinci2K has a physical pixel size of 15 pum, the effective pixel length under this configuration
is ~ 0.5 um. Kinetix was mounted in another workstation, and its ability to resolve ultrafast signals has
been characterized [36]. In this system, a 60X objective was also used, but a 0.25X de-magnifying lens
was positioned before the sensor, obtaining the image of the specimen focusing on a micrometer
illustrated in Figure 1B. Since Kinetix has a physical pixel size of 6.5 pm, the effective pixel length
under this configuration is ~ 0.43 um. The two optical configurations were therefore comparable,
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except for the irrelevant reduced full field in the DaVinci2K system. Their performances could be
compared by recording Vm fluorescence from the VSD JPW 1114, at 20 kHz, in the axon initial segment
(AIS) of neocortical layer-5 pyramidal neurons in brain slices. To achieve this frame rate, DaVinci2K
could sample fluorescence at 14-bit depth with a frame size of 128X14 pixels comprising 4 of the 16
sub-sensors (Figure 1C, left), whereas Kinetix sampled fluorescence at 8-bit depth with a frame size
of 208X70 pixels (Figure 1D, left). We tested the ability to discriminate fluorescence transients
associated with APs elicited in the soma (Figure 1C-D, top right). Single-trial raw digital signals from
two bright pixels in the AIS are shown in the red middle-right traces for DaVinci2K (Figure 1C) and
Kinetix (Figure 1D). The 14-bit depth of DaVinci2K enables using high laser power intensity to excite
fluorescence without reaching the saturating well capacity of the pixel. In contrast, weaker power
intensity had to be used for Kinetix since the effective pixel well capacity is ~ 200 photoelectrons. The
result was that SNR, due to intrinsic photon noise, is higher for DaVinci2K. This advantage is mitigated
by the larger photobleaching resulting from the use of more powerful intensity, a phenomenon that can
pose additional limitations in terms of photodamage of the tissue. We then averaged fluorescence in
the two single-trials, from progressively larger regions-of-interest (ROIs) illustrated in Figures 1C-D
(right): Red square, single pixel; blue square, 2X2 pixels; green rectangle, 2X8 pixels; and purple
rectangle, 2X16 pixels. Then, from these averages, we calculated the AF/Fo signal (Figure 1C-D,
bottom-right). To visually compare the two recordings, averages from DaVinci2K were corrected for
photobleaching, a procedure that was not necessary for averages from Kinetix. Consistently with the
fact that both devices achieve measurements where the SNR is limited by the photon noise, AF/Fo
signals from DaVinci2K are less noisy than those from Kinetix. In addition, measurements at 14-bit
depth enable simultaneous recordings from pixels with high variability in brightness, whereas
measurements at 8-bit depth can be practically achieved only from pixels with comparable brightness.
In contrast, 8-bit acquisitions with Kinetix enable recordings with a much larger frame size. In
summary, we show the ability of both cameras to resolve AF/Fo signals of 1-10% at very high
spatiotemporal resolution, with advantages and limitations that should guide the choice of the device
on the basis of the application.
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Figure 1. Examples of Vi imaging with DaVinci2K and Kinetix CMOS cameras. A-B)
Images of a micrometer (512 pixels x-direction) captured with a 60X objective after 0.5X
demagnification with DaVinci2K CMOS or 0.25X demagnification with Kinetix CMOS.
The effective pixel length is ~ 0.5 pm for DaVinci2K and ~ 0.43 um for Kinetix. C) On
the left is a 90°-rotated fluorescence frame with DaVinci2K (from the VSD JPW1114) at
the size that could be acquired at 20 kHz and 14-bit depth (128X14 pixels). On the right is
an evoked somatic AP (top trace) and fluorescence transients (at 20 kHz) from various
coloured ROIs. The middle (red) trace is raw fluorescence from a single pixel and scale
indicates the digital number (from 14-bit digitisation). The bottom traces are obtained after
correcting for bleaching and correspond to AF/Fo signals by averaging fluorescence in the
coloured regions. D) Same as (C) with Kinetix at the size that could be acquired at 20 kHz
and 8-bit depth (208 X 70 pixels). In this case, the middle (red) trace is raw fluorescence
from a single pixel, and scale indicates the digital number from 8-bit digitisation. Bottom
traces are obtained without correcting for bleaching. Both examples are from single trials.

4. Conclusions and perspectives

In the last decade or so, CMOS technology became the state-of-the-art for high-speed neuronal
functional imaging. Its superiority with respect to previous technologies is due to its intrinsic way of
functioning. I analysed ways to further boost the acquisition rate of CMOS imaging from two cameras
that are in use in my laboratory. One way, exploited by DaVinci2K and previously used in CCD
technology, is to build sensors composed by multiple sub-sensors in order to parallelise the acquisition
process. By designing geometries that permit the selection of rectangles, including all sub-sensors, the
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camera can increase the acquisition rate by the number of sub-sensors. A caveat of this approach is the
financial cost needed for enabling parallel processing. A second way, exploited by Kinetix, is to
decrease the bit depth of the acquired images. The limitation of this approach is the decrease in
dynamic range that can be critical in some experimental conditions. Notably, Kinetix acquires 8-bit
images in quasi “photon counting” mode, where each pixel saturates at ~ 200 photoelectrons. The
dynamic range is afterwards increased by performing offline binning, but since each pixel must acquire
a signal of nearly the same intensity, this limits the applicability to experiments where emitted light
from all sites of interest is uniform. New CMOS cameras with comparable speed at 10-bit depth and
variable gain exist, mitigating the limitation of uniform emitted light. Thus, although these cameras
have not been used for fast functional imaging, the cameras analysed in this review may not be any
more the state-of-the-art. On the other hand, another limitation is given by the necessary SNR, which
is given by the number of photons that can be practically collected by each pixel at a given exposure
time (Equation 2), and this is associated with the area covered by a pixel. It was seen that a pixel size >
10 um is somehow desirable to acquire with a resolution in the order of 1um/pixel. A very promising
approach that goes in this direction is the introduction of programmable-exposure (PE) CMOS devices
that optimise the SNR, particularly in frequent scenarios of high dynamic range [42]. This is important
because it is typically the case when CMOS cameras are used to record signals from genetically
encoded voltage indicators [43,44]. A final consideration for the perspective improved CMOS sensors
in the near future is on the cost of developing these devices, which is in the M€ region. At present, the
market of biological and biomedical research is insufficient to justify developments uniquely dedicated
to these applications. While investments for developing new sensors are targeted to a variety of
applications, from military to industrial control, scientific cameras are produced from available devices.
Beyond biology, very recent CMOS camera exploitations in scientific research include astrophysics
[45], material science [46], and RAMAN spectroscopy [47], but at this stage, these applications only
appear insufficient for investing in novel devices. This aspect should be considered among present
limitations.
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