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Abstract

Optical mapping of cardiac excitation using voltage- and calcium-sensitive dyes has allowed a unique view into

excitation wave dynamics, and facilitated scientific discovery in the cardiovascular field. At the same time, the structural

complexity of the native heart has prompted the design of simplified experimental models of cardiac tissue using cultured

cell networks. Such reduced experimental models form a natural bridge between single cells and tissue/organ level

experimental systems to validate and advance theoretical concepts of cardiac propagation and arrhythmias. Macroscopic

mapping (over 41 cm2 areas) of transmembrane potentials and intracellular calcium in these cultured cardiomyocyte

networks is a relatively new development and lags behind whole heart imaging due to technical challenges. In this paper,

we review the state-of-the-art technology in the field, examine specific aspects of such measurements and outline a rational

system design approach. Particular attention is given to recent developments of sensitive detectors allowing mapping with

ultra-high spatiotemporal resolution (45megapixels/s). Their interfacing with computer platforms to match the high data

throughput, unique for this new generation of detectors, is discussed here. This critical review is intended to guide basic

science researchers in assembling optical mapping systems for optimized macroscopic imaging with high resolution in a

cultured cell setting. The tools and analysis are not limited to cardiac preparations, but are applicable for dynamic

fluorescence imaging in networks of any excitable media.
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1. Introduction

Excitation waves are complex spatiotemporal phenomena encoding essential functional information for
healthy and diseased excitable tissue, including the heart. The visualization of these waves in live tissue was
facilitated by the introduction of fast fluorescent probes for changes in transmembrane voltage and intracellular
calcium concentration, and by the development of appropriate optical techniques to image their response
(Salama and Morad, 1976; Grinvald et al., 1977; Ross et al., 1977; Morad and Salama, 1979; Gross et al., 1986;
Ehrenberg et al., 1987; Tsien, 1983; Grynkiewicz et al., 1985a). Since then, optical mapping (multi-site
fluorescence measurements with high temporal and spatial resolution) has made possible the direct experimental
testing of theoretical concepts about cardiac arrhythmias, cardioversion and electrical excitation in the heart.
Optical mapping in culture-grown monolayers or patterns of myocytes allows the study of cellular processes in
their natural context, avoiding some of the deficiencies associated with the two extremes: isolated cells or whole
heart measurements. It permits the true dissection of propagation phenomena and direct links to computational
models of the same by controlled local or global alterations of structural and functional properties—a feature
not readily available in whole heart or tissue preparations. Thus, cultured cardiomyocyte networks form a
natural bridge between single cell and whole heart studies in cardiac electrophysiology.

Optical microscopic mapping in cardiomyocyte cultures was pioneered by Rohr, Fast and Kleber at the
University of Bern, employing patterned cell growth (Rohr et al., 1991) and custom-developed imaging system
using a fluorescence microscope, photodiodes and optical fibers (Rohr and Salzberg, 1994; Rohr and Kucera,
1998). In a series of elegant optical mapping studies, this group and their collaborators addressed questions of
load mismatch in structurally complex cell network architectures (Fast and Kleber, 1993, 1995a, b; Rohr et al.,
1997), cell-level polarization patterns in response to external electrical fields in cardioversion and defibrillation
(Fast et al., 1998, 2004; Gillis et al., 1996, 2000; Tung and Kleber, 2000; Fast and Ideker, 2000), micro-
reentrant phenomena in slow propagation conditions (Kucera et al., 1998; Rohr and Kucera, 1997), etc.

Understanding cell network behavior at the macroscopic scale and the study of phenomena underlying
dangerous cardiac arrhythmias required the extension of this imaging approach to accommodate a larger field
of view (FOV). Signature reentrant waves, believed to be at the core of cardiac arrhythmias, are macroscopic
spatiotemporal phenomena, taking place over a spatial scale that is linked to the wavelength for propagation
(lw ¼ yw, where y is the wave’s conduction velocity and w signifies the duration of the events of interest—
action potentials or calcium transients). For typical values of y and w, the spatial scale of interest is in the
centimeter range, thus requiring a matching FOV in that range. Due to technical difficulties and limitations of
optical imaging at low magnification in low light levels, the transition from micro- to macroscale mapping in
monolayer cell cultures is not trivial, i.e. is not as simple as changing an objective.

The first attempts at macroscale mapping of cardiac electromechanics in cultured cells (voltage or calcium
waves) originated in three laboratories. Bub, Shrier and Glass at McGill University (Bub et al., 1998, 2002,
2003) used a charge-coupled device (CCD)-based system to track the dynamics of spontaneous and induced
spiral waves as a function of cell density and age in cultured embryonic chick cells. Tung lab at Johns Hopkins
University (Entcheva et al., 2000, 2004b; Iravanian et al., 2003) developed a contact fluorescence imaging
(CFI) approach combining photodiodes and fiber optics to study anatomical and functional reentry in
neonatal rat cultures. Sarvazyan lab at Texas Tech University (Arutunyan et al., 2001, 2002) used a confocal
system to assess calcium dynamics in reperfusion injury in cultured cell networks with a geometrically defined
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ischemic zone. In these first attempts at macroscopic mapping in cardiac cell monolayers, the overall
spatiotemporal resolution was insufficient—typically the focus was on one of the aspects—either good
temporal or good spatial resolution.

Mechanistic understanding of the spatiotemporal phenomena underlying cardiac arrhythmias calls for
both—micro- and macroscale imaging, preferably done simultaneously and using appropriate acquisition
rates. The requirement for combined macro/micro-examination is of particular importance for phenomena
occurring at fine spatial scales or in a heterogeneous setting. Examples include the activity at the core of a
macroscopic spiral wave, cell-level phenomena during macroscopic wave meandering and wavebreaks in
fibrillation-like conditions, coupling and propagation between discrete structures of cell populations (stem
cells and myocytes, for example). The most interesting and clinically relevant excitation phenomena (such as
associated with polymorphic ventricular tachycardia and fibrillation) are by definition unpredictable in
space–time; therefore, it is close to impossible to a priori localize the zone of interest (for detailed micro-
mapping) within the macro-image. A brute-force approach can be used alternatively—a single detector with

ultra-high spatiotemporal resolution to conduct micro-level (sub-cellular) imaging within a macroscale FOV.
To date, no such tools have been described; and, indeed, current macroscopic optical mapping has never
approached the spatial resolution common for computer models of propagation.

Specific questions concerning optical imaging of spatiotemporal phenomena at the macroscale (41 cm2) in
cell culture preparations have not been addressed in the numerous optical mapping reviews and technical
papers published in the field over the last 30 years (Cohen et al., 1978; Morad and Salama, 1979; Salama, 1988;
Salzberg, 1989; Rohr and Salzberg, 1994; Baxter et al., 1997; Bullen et al., 1997; Rohr and Kucera, 1998; Wu
et al., 1998; Wu and Cohen, 1999; Bullen and Saggau, 1999; Tominaga et al., 2000, 2001; Grinvald et al., 2001;
Sakai and Kamino, 2001; Efimov et al., 2004; Grinvald and Hildesheim, 2004). With very few exceptions
(Rohr and Salzberg, 1994; Rohr and Kucera, 1998; Bullen and Saggau, 1999), most of the above papers have
dealt with tissue-level measurements of electrical activity in cardiac and brain preparations, not with cell
monolayers.

We have come to the realization that there are unique challenges for macroscopic (low magnification)
optical mapping in cultured cell monolayers, and this paper aims at providing the missing perspective. More
specifically, this review outlines a theoretical framework where the choice of imaging detector is made based
on a ‘‘shortest distance’’ from an ‘‘ideal’’ optical mapping system. In this context, we critically review the
newest detector technology with ultra-high spatiotemporal resolution (45megapixels/s) and present the first
macro-mapping and micro-mapping data at such high resolution. We discuss new technical issues
(detector–computer interface), arising only in conjunction with the very high information throughput in
this new class of photodetectors.

The structure of the review is as follows: (1) challenges of low magnification fluorescence imaging and
suitable optical arrangements for cell monolayers; (2) issues concerning the use and calibration of fluorescent
labels; (3) illumination solutions for cell culture imaging; (4) review of state-of-the-art photodetectors with
ultra-high spatiotemporal resolution and appropriate sensitivity for cell culture mapping; (5) new technical
challenges of very high data throughput, and review of the capabilities of current computer technology to meet
them; (6) theoretical analysis for rational design of a ‘‘minimal’’ and an ‘‘ideal’’ imaging systems, and
evaluation of the available detector technology in terms of ‘‘closeness’’ to the ideal target.

2. Challenges of low magnification (macroscopic) optical measurements

2.1. Why is it difficult to map fluorescence at low magnification?

Intuitively, low magnification is expected to provide larger pixel area to collect light from and to improve
optical signals. However, this notion is not quite correct—fluorescence imaging at low magnification is
adversely affected by the quality of the optics available. In addition, by increasing the number of pixels as the
FOV grows to maintain the spatial resolution within acceptable limits, the imaged area per pixel is not
substantially larger.

Current high-power microscope lenses (objectives), which have evolved to aid scientific discovery, feature
impressive light-collecting ability (LCA), usually quantified by their numerical aperture (NA). NA indicates
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the ability of a lens to effectively collect diffracted rays of light, and provide high-resolution power.
NA ¼ n sinða=2Þ, where n is the index of refraction of the medium and a the maximum solid angle of
acceptance of light at the optical axis.

Macroscale mapping of electrical propagation is needed to visualize spatiotemporal patterns occurring over
a large area (1 cm2 or more). At the same time, the imaging area of the current photodetector technology has
practical size limitations—the chip size is close to or even smaller than the desired FOV. This requires
operation at low magnification. Commercially available objectives in this range (o2� ) have very poor light-
gathering ability (very low NA). Typically below 10� , it is rare for an objective lens to have NA40.3
(compare this to NA ¼ 1.4 for a good 60� objective).

There are a couple of factors preventing the achievement of high NA in low magnification objectives:
(1)
Fig.

theo

aper
Medium of operation: High NA lenses achieve NA41 by operating in media different from air (n ¼ 1),
such as water (n ¼ 1.33) or oil (n ¼ 1.55). Macroscopic imaging cannot benefit from these higher index of
refraction media because of practical reasons—large separation between the sample and the objective (i.e.
large working distance (WD)).
(2)
 Working distance: Most of the low magnification lenses cover a large FOV and, therefore, operate at large
WDs. The latter means large focal lengths (f), which translate into low NA, since for simple lenses the NA
is inversely proportional to the focal length (NA / f �1).
(3)
 Lens size: A way to compensate for the compromised NA is to increase the lens diameter (d), because
(NA / d). However, in a standard microscope setting, there are limits to this diameter increase. For
macroscopic lenses outside the microscope, a large diameter is possible, yet it is technically challenging to
achieve a high surface curvature needed for a high angle of acceptance in these big lenses.
As a result, high NA lenses for macroscopic imaging are rare. Lenses with suitable characteristics can be
found in photography—the so-called ‘‘fast’’ lenses, featuring very low F-number (note that NA ¼ 0.5n/#F)
and used in very low light levels. The lowest #F (highest NA) in a commercially produced compound lens is
0.7 (made by Zeiss 50mm F/0.7, not currently available). Such a lens would have NA ¼ 0.71, if operated
at infinity. There are currently available large diameter fast lenses made by Canon (50mm F/0.95), Navitar
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(DO-5095 50mm F/0.95), Leica (Noctilux 50mm F/1), Nikon (Nikkor 35mm F/1.4, Nikkor 105mm F/2), etc.,
which cover focal distances from 35 to 105mm, and #F from 0.9 to 2.0 (corresponding NA ¼ 0.55–0.25).

Fig. 1 presents the theoretically determined LCA of lenses in the NA range (0.05–1), operating in air.
Calculations according to Eq. (1) (based on pure geometrical considerations) are presented as a percent
collected light (volume fraction) from the total emitted light by an ideal light-radiating point source (the total
luminous flux is represented by the volume of a sphere) using standard formulae (Zwillinger, 1996, p. 315).
Note that the currently available ‘‘fast’’ lenses cover only the low LCA range. For example, the fastest lens
ever made offers nine times better light-gathering ability than a reasonably fast lens with #F of 2:

LCA ¼
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðNAÞ2

q
2

. (1)

In addition to poor LCA, low NA lenses lead to deterioration in spatial resolution, dx, of the signal as per
the Rayleigh criterion, Eq. (2) (Murphy, 2001). For example, for emitted light with wavelength l ¼ 0.6 mm,
and a lens having low NA ¼ 0.1, the limit of resolution (7.3 mm according to Eq. (2)) is considerably worse
than the wavelength-determined limit:

dx ¼
1:22l
NA

. (2)

2.2. Why do cultured cell systems present more challenges than whole heart measurements?

Fluorescence signals are depth integrated; thus, the challenges of macroscale mapping increase in inverse
proportion to the thickness of the imaged preparation. Upon illumination of the sample, excitation of the
fluorescent dye molecules takes place over a certain tissue volume (depth of 0.3–1.3mm below the surface;
Knisley, 1995; Girouard et al., 1996; Baxter et al., 2001). Depending on the local tissue structure, absorption
properties and scattering, emitted light is also collected from a volume, rather than a surface plane. In
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contrast, in cultured cardiomyocyte networks, the thickness of the whole sample is only 5–10 mm, as assessed
by confocal imaging and three-dimensional (3D) volume reconstruction of the cytoskeleton (F-actin was
labeled) in our lab, Fig. 2A, or as measured by atomic force microscopy (Domke et al., 1999). This is at least
an order of magnitude thinner than the low limit for the depth of field (DOF) of relevant lenses (Inoue and
Spring, 1997, p. 48); thus, the monolayer height becomes the limiting factor for the amount of collected light in
this type of imaging, regardless of the employed optics. Fig. 2B presents the sample volume (or imaging voxel)
difference between tissue and a cell layer, as a function of the spatial resolution (2D pixel size) during imaging.
The graph does not take into account the impact of the optics quality via DOF, i.e. the values for tissue
measurements might be overestimated for cases where high NA lenses are used, which may somewhat restrict
the effective depth of integration. The inset shows selected volume ratios, after a correction function has been
applied for the depth contribution of different layers, as derived empirically by Baxter et al. (2001). This
difference alone can contribute to 2–165 times larger signals in tissue vs. monolayers, as the spatial resolution
varies from 10 mm to 1mm/pixel. The implication is that a corresponding4100 times change in photodetector
sensitivity or an overall improvement of all system components might be needed in order to adapt them from
tissue-level imaging to mapping in cell monolayers at the same magnification.
2.3. Viable optical arrangements for mapping in cultured cell systems

There are three possible solutions to obtain useful signals at low magnification optical mapping in thin cell
preparations. These include: (1) the use of high NA large diameter single lenses; (2) tandem-lens (TL) assembly
optics; and (3) lens-less transfer of the image to the photodetector using versions of CFI, Fig. 3.

Using a single ‘‘fast’’ lens in front of the detector is a simple solution. However, high NA low magnification
lenses typically have a pronounced vignetting effect (loss of light away from the optical axis), and introduce
spherical aberrations when operated at small distances. Furthermore, ‘‘fast’’ lenses perform at their maximum
NA (corresponding to the indicated #F) when focused at infinity. At finite WDs to the sample (usually a
couple of centimeters), the effective NA is lower.

The TL configuration (Ratzlaff and Grinvald, 1991) combines two ‘‘fast’’ lenses, focused at infinity and
facing each other, to guarantee high NA performance at practical WDs to the sample, and to facilitate epi-
fluorescence measurements using identical optical pathways for the excitation light and for the emitted light.
The sample is placed at the back focal plane of the smaller lens (L1); the camera is at the back focal plane of
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the larger diameter lens (L2). The ratio of the focal lengths (fL2/fL1) determines the magnification of the
system. The effective LCA of the TL system is affected by the distance between the lenses to some extent, since
the infinity focus does not result in perfectly parallel rays of light from L1 to L2. The actual WD (L1 back
surface to the sample) for a true TL configuration is limited by the particular standard lens chosen. The flange
back focal length (distance from the L1 mounting thread to the sample) is 12.5mm for CS-mount lenses,
17.5mm for C-mount lenses and 46.5mm for standard F-mount (35mm SLR) lenses. Hence, SLR lenses are
preferred in a TL assembly. A disadvantage of the TL approach is the increase in the number of glass–air
interfaces. This is undesirable because of the decrease in contrast these interfaces might cause due to
reflections. Sophisticated compound lenses usually have 46 elements, and any small reflection (0.1–4%) at
each of the more than 12 interfaces/lens can contribute to loss in light transmission and image contrast.

Finally, because of the difficulties in finding/designing high NA optics in the low magnification range, it is
logical to attempt to directly project the image on the surface of the detector, minimizing separation and
avoiding optical relay lenses. It is not practical, however, to have the surface of the photodetector chip in
physical contact with the experimental sample, even through a glass coverslip, because of the obvious risk of
damage. A practical alternative is offered by an optical fiber coupler—optical fibers arranged in a tight bundle
of desired geometry, placed between the experimental sample and the photodetectors. There are standard
optical fibers with a reasonably good NA ¼ 0.5 (corresponding to #F of 1). We demonstrated this idea by a
custom-designed CFI system (Entcheva et al., 2000, 2004b), where each fiber was linked to an individual
photodiode. Such CFI system has the following features: (1) provides a fixed 1� magnification; (2) takes
advantage of the planar nature of a cultured cell monolayer; it has no equivalent of a focal plane; (3) solves
some of the vignetting and spherical aberration problems and glass–air interface issues characteristic for lens-
based approaches, because the light transfer is uniform across the FOV and fully determined by the individual
optical fiber properties. Among the limitations of the CFI optical solution are the restriction to only
transillumination type of excitation light delivery and the inability for easy change of spatial resolution/
magnification.

3. Use and calibration of fluorescent probes for excitation

Two classes of fast-response fluorescent indicators have been developed in the last 30 years suitable for
dynamic measurements of cardiac electromechanics—voltage-sensitive (or potentiometric) dyes and calcium-
sensitive dyes. For action potentials measurements, the styryl dyes (di-4-ANEPPS, di-8-ANEPPS and RH-
237), excitable by visible light, are most widely used for optical mapping in myocyte cultures (Windisch et al.,
1985; Loew et al., 1992; Rohr and Salzberg, 1994). The fluorescence response of di-8-ANEPPS has been shown
to change linearly with transmembrane potential in simultaneous optical and patch-clamp recordings (Bullen
and Saggau, 1999). Because of the ‘‘all-or-nothing’’ nature of the action potential (constant amplitude),
calibration and conversion into millivolts is rarely conducted. Instead, the relative change in fluorescence (DF/
F) is typically reported. A drawback of the currently used potentiometric dyes is their poor signal-to-noise
ratio (SNR)—for macroscopic measurements in cultured cells, the fluorescence change is typically o5%.
There is a clear need for voltage-sensitive dyes with improved response, and such efforts are underway (Efimov
et al., 2004).

Along with action potentials, cycling in intracellular calcium is of great interest for better understanding of
arrhythmogenesis. Calcium transients are not perceived merely as events unidirectionally controlled by the
action potentials. Processes associated with cardiac calcium handling (triggered or spontaneous calcium
release, and calcium uptake) can affect the timecourse and stability of the membrane potential (Chudin et al.,
1999; Eisner et al., 2000; Guatimosim et al., 2002). Optical measurements of intracellular calcium are
facilitated in cell monolayers compared to tissue-level mapping because of the lack of extensive motion
artifacts and no need for mechanical immobilization.

Fluorescent indicators for intracellular calcium (Takahashi et al., 1999) offer a substantially better SNR (up
to a 1000-fold change in fluorescence upon Ca2+ presence) than the currently available voltage-sensitive dyes.
They have evolved to cover a spectrum of excitation wavelengths (UV and visible light) and a range of calcium
affinity (different kd constants). For example, the UV-excitable indicator Fura-2AM can be used to distinguish
very low levels (o50 nM) because of its high Ca2+ affinity. This makes it the probe of choice for measuring
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subtle alterations in diastolic calcium. At the other end of the spectrum are the very low-affinity probes
(kd41 mM), such as Fluo-4FF, Fluo-5N and Rhod-FF, which can be used if a large dynamic range (DR) of
calcium concentrations is expected. These indicators are likely to operate in their linear range when
physiological systolic calcium levels are encountered; thus, they introduce minimum distortion and/or artificial
prolongation of the transients due to saturation, the tradeoff being a mediocre SNR (Fast et al., 2004).

Common problems in the interpretation of optical measurements of intracellular calcium for most Ca2+

indicators are dye loading (compartmentalization and uptake by mitochondria and sarcoplasmic reticulum,
incomplete hydrolysis, etc.) and in vivo calibration. The ratiometric calcium dyes (Fura-2 and Indo-1) exhibit
different emission and/or excitation spectra for the free and Ca2+-bound form. This feature allows ratiometric
measurements, i.e. forming a ratio after fluorescence is measured at two different wavelengths—excitation
ratio for Fura-2 and emission ratio for Indo-1. Such measurements are less sensitive to variations due to dye
loading, illumination and other artifacts, and make possible the conversion into Ca2+ concentration. A
method for two-point Fura-2 calibration was proposed by Grynkiewicz et al. (1985b) using values at zero and
maximum calcium. Zero Ca2+ can be achieved after cell treatment with a calcium scavenger (such as EGTA),
while saturating intracellular Ca2+ concentrations can be reached by a membrane-compromising agent (such
as ionomycin), equilibrating intra- and extracellular Ca2+ concentrations. Typically, determining the
fluorescence at maximum Ca2+ is problematic (Yin et al., 2004). Various calibration approaches have been
attempted, including metabolic inhibition to minimize the active processes counteracting ion equilibra-
tion (Frampton et al., 1991) and BDM treatment to prevent hypercontracture (Cheung et al., 1989), but
with variable success.

A distinct difference between optical mapping in intact hearts and cell culture preparations is the method of
dye labeling. In whole hearts, typically the dyes are delivered via coronary system perfusion, whereas in
monolayers the cells are bathed in dye solution with usually higher concentration than used in tissue
preparations. As a result, the dye has a higher chance of getting trapped in the extracellular matrix, which may
contribute to increased or uneven background fluorescence. Additionally, for intracellular probes, dye
entrapment in various organelles seems to be more pronounced for cell monolayers. These differences in dye
delivery may partially contribute to higher sensitivity to phototoxic damage (via release of reactive oxygen
species) in cell monolayers vs. tissue. In the latter, healthier cells from the sub-surface layers have been
suggested to play a protective role serving as a potential anti-oxidant source (Salama, 1988).

The intimate understanding of normal and pathological processes in cardiac electromechanics ultimately
requires simultaneous mapping of voltage and calcium. Previous dual dye measurements have used separation
of the two signals by excitation, by emission or both. Dye pairs, successfully used in simultaneous
measurements of action potentials and intracellular calcium include: di-2-ANEPEQ and calcium green (Bullen
and Saggau, 1998); di-4-ANEPPS and Indo-1 (Laurita and Singal, 2001); di-4-ANEPPS and Fluo-4 (Johnson
et al., 1999); RH-237 and Rhod-2 (Choi and Salama, 2000); RH-237 and Fluo-3/4 (Fast and Ideker, 2000;
Kong et al., 2003). In some of these experiments, the dye spectra and their overlap were of primary interest;
thus, measurements were not co-localized in space and/or time (Kong et al., 2003; Johnson et al., 1999). Our
lab has had success with dual imaging in cultured myocyte layers with no crosstalk using di-8-ANEPPS and
Fura-2, where measurements require a broad excitation and optical separation of emission.
4. Illumination solutions for the cultured cell setting

Due to the transparent flat nature of the cultured cell preparation, two modes of illumination are possible.
In transillumination, the detector and the light source are at opposite sides of the sample, while in epi-

illumination mode the delivery of light and the collection of light are on the same side of the sample.
Transillumination is a simple solution, typical for work with cultured cells (in fact, is the only solution
compatible with CFI), and does not require beamsplitters. It can be accomplished by one or more light guides
brought to the sample at some angle (avoiding direct coupling into the detector). Problems associated with
transillumination are: achieving consistent positioning from experiment to experiment, uniform sample
illumination and effective filtering of the delivered light by the emission filter, since interference emission filters
perform best when the rays are perpendicular to their surface. Uneven illumination combined with the small



ARTICLE IN PRESS
E. Entcheva, H. Bien / Progress in Biophysics and Molecular Biology ] (]]]]) ]]]–]]] 9
response of the voltage-sensitive dyes can result in a substantially reduced DR and can obscure the signals of
interest.

Epi-illumination allows the delivery of excitation light through an identical optical path as the collection of
the emitted light. This mode of illumination is best served by the TL assembly, where a dichroic mirror
(beamsplitter) between the two lenses selectively reflects lower wavelengths (in the excitation light range)
toward the sample and passes higher wavelengths (in the emitted light range) from the sample to the detector.
In epi-illumination, the characteristics of the objective lens (its NA) factor in twice in the quality of the
acquired image—via the efficiency of light delivery and the efficiency of light collection.

The intensity of the excitation light has to be optimized carefully. As low as 6mW/cm2 (achievable by a
couple of ultra-bright light-emitting diodes) has been shown to be sufficient for macroscopic fluorescence
imaging (Entcheva et al., 2004b). Increasing excitation light intensity will increase the intensity of the emitted
light, and hence will improve the SNR. However, there is an upper limit—cell monolayers are particularly
sensitive to dye photobleaching and phototoxicity, inducible by long exposures to a particularly intense
excitation light.

From the traditional light sources, xenon (Xe) arc lamps and quartz–tungsten halogen (QTH) lamps are
most often used in conjunction with cell culture imaging. They offer a continuous spectrum over the excitation
range suitable for the current voltage-sensitive dyes and some of the calcium-sensitive dyes (400–700 nm)
(Lackowicz, 1999). The QTH lamps cannot provide UV illumination required for a class of Ca2+ sensitive
dyes, and have a limited output below 450 nm. Semiconductor-generated illumination (ultra-bright LEDs and
laser diodes) has only recently become a viable alternative (Entcheva et al., 2004b), offering a wide range of
wavelengths, including those of interest for fluorescence measurements in living cells. LED illumination is a
more cost-effective, energy efficient, portable and flexible solution. Computer (TTL-level) control is possible
for easy on/off switching and also for high-frequency light modulation. This feature can provide the means for
synchronized (lock-in) detection and/or for fast wavelength switching, thus allowing excitation ratio imaging
or dual label imaging. High intensity LED illumination appropriate for fluorescence measurements in cultured
cells is currently offered by a number of companies—from simple lower current LEDs by Nichia to higher
current higher intensity LED lamps by Lumileds.
5. State-of-the-art detector technology

The most important component of an optical mapping system is the detector. There are currently a limited
number of suitable detectors in use or of potential interest for fast multi-site optical measurements in cardiac
preparations. These include: photodiode arrays (PDAs), CCD cameras and complementary metal-oxide
semiconductor (CMOS) cameras. Since cell cultured systems have special requirements for increased
sensitivity (as compared to tissue measurements), two derivative versions of cameras with increased sensitivity
are also of interest: (1) on-chip electron multiplication CCDs (or EMCCDs); and (2) intensified camera
systems (I-CCD/CMOS). EMCCDs rival in sensitivity the older technological solution, where a camera (CCD
or CMOS) is coupled to an intensifier.

Choosing a detector system is a multi-parameter optimization problem. We have mapped the five categories
of detectors mentioned above onto a three-parameter space, including temporal resolution, spatial resolution
and sensitivity (Fig. 4). This qualitative diagram reflects the trends in the current day detectors; it is only to be
used as a crude detector selection guide. Spatial resolution is the number of pixels in a detector. Temporal

resolution is defined as frames per second (fps), thus for practical purposes detectors with high spatial
resolution appear much slower regardless of their per-pixel rate. Sensitivity is used here in a utility sense—the
ability of a detector to produce useful signal at each pixel under optimal illumination conditions. The obvious
pitfalls of such definition are that many important factors are not taken into account to equalize the
performance metrics—mainly, pixels are not normalized by area.

In more strict technical terms, the sensitivity of a detector is directly affected by three classes of noise: dark

current noise (DnD), shot noise (DnS) and readout noise (DnR) (Wu et al., 1998; Tominaga et al., 2000):

noise ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dn2

D þ Dn2
S þ Dn2

R

q
. (3)
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Fig. 4. Current photodetector technology mapped onto a 3D parameter space of temporal resolution (T), spatial resolution (S) and

sensitivity (Sen). Represented are (1) PDA, (2) CCD, (3) CMOS, (4) EMCCD and (5) I-CCD/CMOS detectors. See text for details.
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The limit of detection of a system (and the lower bound of its effective DR) is determined by the intersection
of the floor noise—a combination of DnD and DnR—and the shot noise (a function of the signal intensity). For
imaging in cell monolayers with barely detectable fluorescence signals, special attention should be paid to
reduce the floor noise. The readout noise starts contributing significantly when the per-pixel rate (clock rate) of
the detector becomes too high (exceeds 5MHz, for example), which is the case for most ultra-high-resolution
detectors. At the same time, the higher the clock/acquisition rates, the smaller the dark current noise (due to
thermal and other factors); hence, multi-pixel cameras have lower DnD than PDAs. The shot noise reflects
random variations in the signal itself due to the quantum nature of light, and scales up with the square root of
the signal intensity. For example, 10 times higher intensity of the signal will result in about three times better
SNR during imaging (10/O10). The DR of the detector is particularly important for measurements with
voltage-sensitive dyes which have relatively high background fluorescence but a very small dynamic change in
fluorescence. The upper bound of the effective DR of a detector is determined by the pixel well depth/capacity

(maximum per-pixel charge before saturation). For practical reasons, large well depth (resulting in a higher
effective DR) is synonymous with a large light-gathering area, i.e. large pixels. The bit resolution of the
photodetector (8–16 bit, typically) is informative in terms of theoretical DR, only if the floor noise of the
system is known and a fixed bin size is considered. For all practical purposes, the effective DR (as discussed
above) is more instructive for the performance of the detector. Another important parameter to consider is the
quantum efficiency (QE) of the detector, indicating what portion of the photons reaching the detector surface
is converted into a measurable signal. For very low light levels (such as in cell monolayers), high acquisition
rates and small pixels, it is not uncommon that o10 photons hit a pixel per frame. For a QE of 50%, this will
result in SNR of only about 1.3 (Andor Technology, 2003).

For measurements in cell culture, PDAs are most widely used, including a commercially available 16� 16
PDA from Hamamatsu and custom-made PDAs with up to 500 detectors from WuTech (Wu and Cohen,
1999). Flexible spatial arrangements can be obtained by custom-developed systems where tightly packed
optical fibers are coupled to individual photodiodes (similar to the WuTech solution) (Rohr and Kucera, 1998;
Entcheva et al., 2000; Iravanian et al., 2003). Currently, PDAs dominate optical mapping in cell culture
because they produce signals with good SNR, and provide good temporal resolution. In addition, the PDAs
can be operated in AC-coupled regime and background ‘‘bias’’ can be subtracted to stretch the changes in
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fluorescence across the full DR. This feature is particularly important for voltage-sensitive dyes with high
resting level fluorescence and little dynamic changes. PDA’s high sensitivity is largely a result of the big
pixels—they integrate fluorescence over areas of about 1mm2 or more in CFI regime (Entcheva et al., 2000),
while for a comparable magnification camera systems rarely exceed pixel size of 10�2mm2 without binning
(spatial averaging of pixels). The limited spatial resolution is the main disadvantage of the PDA systems, since
it becomes impractical and cost-ineffective to expand such arrays beyond 500 photodiodes.

CCD systems, which dominate whole heart optical mapping (Baxter et al., 1997; Gray et al., 1998;
Witkowski et al., 1998b; Lin et al., 1997) are currently not widely used for cell culture imaging. The main
benefit of CCD camera imaging is the higher spatial resolution. Yet, in the extremely low light level conditions
typical for cell monolayers, current day CCDs fail to produce useful signals on a single pixel level at high rates,
despite their lower dark current noise. The much smaller pixel size (compared to PDAs) is the major
difference. Spatial binning can improve the image, but resolution is lost. In addition, the increased number of
pixels per frame (from a typical 256 pix for a PDA to 410,000 pix for a CCD) comes with a cost—reduced
temporal resolution or increased readout noise. On the market, there are currently very few CCDs
which attempt to combine high spatial and high temporal resolution, yet yield useful image. The
manufacturers typically optimize one or the other. Successful examples of use of CCD detectors for imaging
cell culture typically involve the better performing calcium-sensitive dyes (Bub et al., 1998). Yet the acquisition
rates in these measurements have been sub-optimal. Our own experience includes signals from the RedShirt
80� 80 camera, SciMedia MiCAM, pco1600 and Dalsa 128. The tests were not performed at the same light
conditions and optics, and the cameras vary in resolution, thus is not straightforward to rank their
performance.

CMOS imagers have been usually omitted or briefly mentioned in most reviews on optical mapping in
excitable tissue. However, they seem to meet the demands for combined high spatial and temporal resolution.
The speedup is achieved by higher level of parallelism compared to CCDs—the serial readout in the CCDs is
substituted with individually addressable pixels and per-pixel electronics in the CMOS. The tradeoff is a
significantly lower sensitivity compared to CCDs. This drawback can be overcome by using a very large well
depth (pixels as big as 25� 25 mm). Technological innovations in the geometry of the CMOS photoelements
also include reduction in electrical surface leakage, which reduces the dark current noise. We have tested
several of these new CMOS cameras—the Silicon Imaging 1024F (1024� 1024 pix), SciMedia Ultima
100� 100 pixels and pco1200 (1280� 1024 pix). At high illumination levels and optimized optics, all three
cameras have a potential as photodetectors in cell culture. The CMOS cameras are, in general, inexpensive or
less expensive than CCDs. However, the specialized large pixel CMOS cameras, with added memory and
processing capabilities, are currently forming a sub-category and are selling for a rather high price. While the
CCD technology might be approaching its performance limits, especially in the temporal domain, CMOS
technology is on the rise and is expected to improve further by maximizing the fraction of the light-collecting
area on the chip using back-illumination or other methods. Because of technological compatibility with
traditional electronics, CMOS sensors can also incorporate image processing as part of the sensor, which is
expected to make them more competitive than CCDs in optical mapping.

Ways to improve the performance of the cameras include back-illumination, cooling and addition of
intensifiers. Back-illumination is used to improve the QE of the cameras. It involves thinning (etching away)
the crystalline silicon substrate along the path traveled by the emitted photons toward the sensing elements,
which reduces the loss of photons due to absorption, hence increases QE. Cooling reduces the thermal noise—
a major contributor to the dark current noise. When the detectors are operated at high clock rates (low
exposure times), improvements in SNR by cooling are not substantial. Image intensifiers improve sensitivity
but are generally perceived as noise-introducing and possibly resolution-limiting components in the optical
system. They require special handling because of their proneness to damage by direct light. Yet they are widely
used (and needed) for extremely low light level conditions, such as single molecule detection studies. The weak
fluorescent signals from a single layer of cells fall into the category of very low light conditions. An intensified
CCD system (two-stage intensifier) has been used before in optical mapping of the whole heart (Witkowski et
al., 1998a). We have used a Generation II single-stage intensified MTI-DAGE camera at 60 fps with a spatial
resolution 320� 240 pix to image voltage and calcium signals in cultured cells (Bien et al., 2003; Entcheva et
al., 2004a) and Generation III intensified pco1200 CMOS camera at 200 fps.
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In image intensifiers, first a photocathode converts image photons into e�, then 1–3 multi-channel plates
(MCP) guide the e� multiplication in small channels under high voltage, after which the resultant e� cloud is
steered across a small spatial gap toward a phosphorous screen, which converts the multiplied e� back into
photons (see Chapter 8 in Inoue and Spring, 1997; Molecular Expressions, 2005 for additional information). A
fiber optic guide (1:1 or tapered as needed) accomplishes the final transfer of the image at the phosphor screen
onto the camera chip. The temporal resolution of an intensifier is limited by the life time of the particular
phosphor used—the common P43 has a life time of about 1ms, while P46, 47 have a sub-microsecond life
time. The spatial resolution is mostly limited by the size of the electron cloud per channel, reaching the
phosphor screen; current Generation III intensifiers offer at least 64 line-pairs/mm (analogous to 15.6 mm
effective pixels at 1� magnification). The QE in intensified systems refers to the percentage of the entry
photons that are transformed into electrons reaching the MCP; it is as high as 50% for Generation III
intensifiers without a protective MCP films. When combined with a fast CCD or CMOS, intensified system
can provide enough sensitivity for imaging in cell culture.

A more modern concept for increasing sensitivity is used in the cameras with on-chip electron
multiplication, known as EMCCDs (Denvir and Conroy, 2003; Robbins and Hadwen, 2003) or charge-
carrier multiplication cameras (Hynecek, 2001; Hynecek and Nishiwaki, 2003). These are all-solid-state
devices, unlike the intensifiers described above; they utilize the process of impact ionization (an avalanche
process) before the acquired values are converted into voltage. A fully chip-incorporated ‘‘gain register’’
provides electron multiplication in a serial process involving the application of high electric fields. The major
EMCCD benefits include: (1) lower readout noise at higher speeds (which is a common problem for fast
CCDs); (2) lower multiplicative noise (involved in the amplification of the original signal plus the shot noise);
(3) improved QE compared to intensifiers; (4) minimized image artifacts and distortion (as sometimes seen in
intensified systems). A drawback is the decrease in the DR at high gains. Some new EMCCDs, among which
Andor Ixon 512 and Roper 512 back-illuminated cameras, show promise as high-resolution cameras for cell
monolayers. However, the EMCCDs currently are rarely driven at410MHz/pixel, which limits the combined
increase in spatial and temporal resolution; chips with higher clock speeds are under development. The
EMCCDs face even higher limitations (than CCDs) in terms of achievable per-pixel rates (and hence—
improvement in temporal resolution), because switching of higher electric fields is needed at high gains.
Nevertheless, in the long run these photodetectors show the highest promise for fast imaging at very low light
levels, encountered in mapping of voltage and calcium waves in cultured cells.
6. High data throughput challenges

With the need to image at a higher spatial resolution while maintaining useful speeds and FOV, the data
throughput increases to colossal proportions, not encountered in previous systems for whole heart imaging.
This requires special technical solutions at the camera–computer interface. To illustrate the disparate scales of
data throughput, in Table 1, we compare the data streams for several typical optical mapping systems, based
on commercially available detectors. The data throughput (in Mbytes/s or MBs) is calculated as the product of
temporal and spatial resolution, scaled by the DR (1 or 2 bytes/pixel). The observed values span over more
than three orders of magnitude in desired bandwidth: 0.6–1310MBs.

A common solution to the high data flow problem is the addition of on board memory for immediate data
storage and data transfer to disk afterwards. This memory can be incorporated directly in the camera head
(CamRAM) or can be added to the specialized camera–computer interface boards, known as frame grabbers.
For example, 4GB on board memory for the pco CMOS camera (used ingenuously by special data packing)
allows the recording of 78 s of data at 200 fps for VGA-equivalent region of interest. Such a solution is not
practical for continuous recordings 45min in duration due to prohibitive RAM size required. Alternatively,
data can be streamed directly to the RAM of the computer via Direct Memory Access, where the process will
be limited by the expandability of the computer RAM. For 32 bit processor systems the limit is 4GB. But
64 bit memory-addressing schemes and ultimately 64 bit processor systems will be able to offer RAM capacity
well in excess of the 4GB limit, and might become the solution of choice for direct data streaming in the
future.
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Fig. 5. Camera–computer interface: bottlenecks in data transfer and data storage (circled in red).

Table 1

Comparison of data throughput produced by some optical mapping systems in use

System description Data throughput Bit resolution

(bit)

Temporal

resolution

Spatial resolution (pixel

size)

1 Hamamatsu 16� 16 PDA at

1 kHz

0.6MBs 48 1000 fps 16� 16 pix (950mm/pix)

2 Hamamatsu 16� 16 PDA at

10 kHz

6MBs 48 10,000 fps 16� 16 pix (950mm/pix)

3 WuTech 500 PDA at 5 kHz 5MBs 48 5000 fps 500 pix (a)

4 Andor/Roper EmCCD 512 at

30 fps

3.9MBs 48 30 fps 512� 512 pix (16mm/pix)

5 Andor EmCCD 128 at 400 fps 13MBs 48 400 fps 128� 128 pix (24mm/pix)

6 Dalsa CCD 128, 8 bit, at 1000 fps 16.4MBs 8 1000 fps 128� 128 pix (16mm/pix)

7 RedShirt CCD 256 at 100 fps 13MBs 48 100 fps 256� 256 pix (26mm/pix)

8 RedShirt CCD 80 at 2000 fps 25.6MBs 48 2000 fps 80� 80 pix (24mm/pix)

9 Cooke CCD 1600� 1200 at 33 fps 126MBs 48 33 fps 1600� 1200 pix (7.4 mm/

pix)

10 SciMedia CMOS Ultima

100� 100 at 1000 fps

20MBs 48 1000 fps 100� 100 pix (100 mm/

pix)

11 SciMedia CMOS Ultima

100� 100 at 10,000 fps

200MBs 48 10,000 fps 100� 100 pix (100 mm/

pix)

12 pco CMOS 1280� 1024 at 200 fps,

VGA region of interest (ROI)

123MBs 48 200 fps 640� 480 pix (12mm/pix)

13 pco CMOS 1280� 1024 at 500 fps 1310MBs 48 500 pfs 1280� 1024 pix (12 mm/

pix)

14 ‘‘Ideal’’ Detector at dt ¼ 10mm,

dx ¼ 5ms (200 fps), FOV ¼ 2 cm

(based on

wavelength ¼ 0.1 s�20 cm/s)

1.6 GBs 48 200 pfs 2000� 2000 pix (10 mm/

pix)

aPixel size depends on the fiber size used in CFI, typically is 4500mm/pix.
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Can a sustained recording speed of 4150 MBs (required by the ultra-high-resolution cameras) be achieved

with the current computer technology? A diagram of the relevant camera–computer interface components is
given in Fig. 5, where the data transfer bottlenecks are circled in red. These include: (1) the camera–computer
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interface capacity; (2) the internal computer bus bandwidth; and (3) the writing speed to the hard drives
(HDs).

The data transfer from the camera to a computer is done via a standard or specialized camera– computer

interface. Frame grabbers represent such specialized interface boards. Table 2 lists fast standard interfaces and
the sustained rates of data transfer that they can support. While Firewire and USB2, which are routinely
included in most current computers, can meet the needs of lower resolution cameras, only the newer
CameraLink (from the specialized interfaces) can support real time data transfer for the ultra-high-resolution
cameras (National Semiconductor, 2005). CameraLink is a data transfer protocol using a general purpose
interface known as Low Voltage Differential Signaling (PULNix America, 2005). Several companies,
including National Instruments and Coreco Imaging offer CameraLink frame grabbers. At the high end of
data throughput (see Table 1), even this high speed standard fails. Future developments using 10Gbit
Ethernet interface have the potential to virtually lift the restrictions in bandwidth at the camera–computer
interface.

The second bottleneck (Fig. 5) is the maximum data transfer rate supported by the internal communication

bus in the computer. Most frame grabbers use the Peripheral Component Interconnect bus (known as the PCI
bus). Several versions of the PCI bus are in use today, offering different speeds (Table 3) (PCI-SIG Group,
2005; Wilen et al., 2002). The current standard, 32 bit PCI (sustained rates o100MBs), is incapable to meet
the demands of ultra-high-resolution cameras. Only higher-end desktop computers today offer 64 bit versions
of the PCI bus. The new standard, PCI-Express, was introduced in 2002, and desktop computers
incorporating this very high bandwidth bus just start to appear on the market (end of 2004).

A bottleneck in Fig. 5, which is most difficult to overcome in order to transfer data in real time for ultra-
high-resolution cameras, is the speed of writing to a storage device (HD). Common standardized protocols for
data transfer to HDs include ATA, SATA, small computer system interface (SCSI) and fiber channel (FC)
(LSI Logic Corporation, 2005; Intel Corporation, 2005). ATA combines several parallel bus protocols for
communication with HDs, and offers a capacity of up to 100MBs sustained rate. It was recently replaced with
a serial, faster and easier to configure version, SATA, which features up to 150MBs data transfer rates.
Configuring a system with ATA or SATA devices is relatively inexpensive, but the available HDs compatible
with this protocol can only reach sustained writing speed of about 50MBs. This is insufficient to use them in
real time systems with ultra-high-resolution cameras (see Table 1). A more robust option is the SCSI parallel
protocol. The current standard Ultra 320 SCSI bus can sustain up to 320MBs. The SCSI HDs are more
intelligent devices (require less processor intervention) and operate at 10,000 or 15,000 rpm, which translates
Table 2

Camera–computer interfaces for fast data transfer

Detector–computer interface Sustained speed (MBs)

USB2 40–50

IEEE1394b (Firewire) 50–60

1Gbit Ethernet 128

CameraLink 4200–500

10Gbit Ethernet 1280

Table 3

Computer parallel bus speeds

Parallel bus types (PCI) Burst speed (MBs) Sustained speed (MBs)

32 bits PCI 133 o100

64 bits 66MHz PCI 530 4200

64 bits 133MHz PCI-X 41000 4300

64 bits PCI-Express (PCI-E) 300–15,000 250–4000
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into 60–70MBs sustained writing rates per drive (speeds not achievable in SATA drives). Additional
attraction of the SCSI solution for storage is extensibility. Up to 15 SCSI drives can be connected to a single-
channel SCSI controller, supporting redundant array of inexpensive drives (RAID) (Katz et al., 1989;
Patterson et al., 1988). In particular, RAID-0 regime allows for very high data transfer (limited by the SCSI
bus speed—320MBs) by ‘‘stripping’’ the data to multiple SCSI HDs in parallel operation (no redundancy).
FC drives can also be used in a similar RAID-0 configuration. Such parallel HD operation seems to provide
the best solution for handling the high data throughput in real time (Fig. 5). The tradeoff for the better speeds
obtained in RAID-0 regime is the reduced safety in data storage and increased risk for failure as the number of
parallel drives increases. Therefore, this solution has to be used only for real time data streaming but not for
permanent storage.

7. Theoretical considerations for an ideal optical mapping system

Having discussed the capabilities of current imaging technology, in this section, we pose the question—how
close are we to what can be defined as a ‘‘minimal’’ and as an ‘‘ideal’’ optical mapping system? The theoretical
considerations below provide the basis for answering this question.

7.1. Minimum requirements

The constraints in choosing the parameters for an optical mapping system are set by the phenomenon/object
characteristics, O. Important characteristics of the phenomenon/object under observation to be considered for
imaging include: (1) the minimum duration of an event of interest (w), which sets the limits for temporal
sampling; (2) the minimum radius of wavefront curvature before failure of propagation, setting the limits for
the spatial resolution in 2D and 3D; and (3) the conduction velocity (y), known to be a function of the radius
of curvature of the wavefront (Fast and Kleber, 1997). The object-determined constraints are

O ¼ fwmin; rmin; yðrÞg. (4)

The optical system parameters to be optimized are reduced to an essential sub-set S, including: (1) temporal
resolution (dt), spatial resolution (dx) and number of pixels (N) to secure a desired FOV. It is assumed that for
isotropic tissue, dx and n will be applicable for both spatial axes x and y:

S ¼ fdt; dx;Ng. (5)

The parameters in S are linked via the mapped FOV as follows:

FOV ¼ Ndx, (6)

FOVXkdty; kX2. (7)

Eq. (7) links space and time, and expresses the requirement to have at least two isochrones (lines connecting
points with the same time of activation) within a chosen FOV. Combining Eqs. (6) and (7), one can derive the
following relationship, linking the three original parameters of the system, S, so that they form a constant-y
3D surface:

Ndx

dt
Xky. (8)

Furthermore, considering the most demanding case for temporal sampling, which occurs for the shortest
observable event of interest, wmin, and the most demanding case for spatial sampling, which occurs for the
critical wavelength curvature, rmin, we obtain

kdtpwmin, (9)

kdxprmin. (10)

From Eqs. (7) to (9), a 3D hyperbolic surface is obtained that encompasses the parameter space for an
optical system capable of capturing propagation in a cardiac preparation with known typical and minimum
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Fig. 6. Minimal requirements 3D surface for an optical mapping system. The three axes include: spatial resolution, temporal resolution

(frequency) and total number of pixels. (A) View at the minimum requirements surface for imaging samples with conduction velocities of

10 and 100 cm/s; (B) a closer view at the constant-y 3D surfaces in the range of relevant spatial and temporal resolution; (C) the minimum

requirement 3D surface for y ¼ 50 cm/s plotted along four current detectors (black dots). The selected detectors are: (1) 16� 16 PDA at

1 kHz; (2) 512� 512 CCD at 0.1 kHz; (3) 1200� 1024 CMOS at 0.2 kHz; and (4) 100� 100 CMOS at 10 kHz—all satisfied the minimum

requirements (appear on the upper side of the surface).
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characteristics. The parameters of an optical mapping system have to fall on the upper side of the plotted
minimum parameter surface, satisfying the Nyquist sampling criterion in space and time:

NdxXkdtytypXwminytyp; k ¼ 2. (11)

Examples of such hyperbolic constant-y 3D surface, satisfying Eq. (11), are shown in Fig. 6 for variable
conduction velocities, assuming wmin of 20ms. It is seen that most of the current detectors in use do meet these
minimal criteria (are on the upper side of the 3D surfaces). The spatiotemporal characteristics of the sample
under observation can vary, i.e. the duration of the events of interest can vary according to the restitution
(frequency-dependent) properties of the tissue. The conduction velocity can also exhibit restitution-dependent
variations, as well as changes due to the wavefront curvature (Fast and Kleber, 1997). The choice of specific
parameters for optical mapping has to take into account the worst-case scenario for these sample
characteristics.
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7.2. Spatiotemporal resolution for an ideal mapping system

Registering the existence of a propagating wave (using the minimum requirements above) is a much less
restrictive condition than requiring the full capture of spatiotemporal events of cardiac propagation in their
complexity. This new, more restrictive, set of requirements is discussed below.

The physical limits for optical mapping are determined by the properties of the fluorescent dyes available.
For the voltage-sensitive dyes, these limits are dxphys40.5 mm (optical limits of resolution) and dtphys45 ms
(fo200 kHz), due to the dye response time limitations (Grinvald and Hildesheim, 2004). Note that imperfect
optics can make these limitations more stringent.

Temporal resolution, dt: By physiological constraints, cardiac electrical events are not instantaneous in time.
Cardiac activation includes a very fast upstroke but always followed by some refractory period, during which a
new event is not possible. If the goal of optical mapping is to elucidate spatiotemporal phenomena, but not
necessarily preserve the exact morphology of the activation events, then it is sufficient to consider the highest
possible frequency of events. For mammals, this frequency varies between 0.5 and 12Hz in normal rhythm
(Noujaim et al., 2004). Ventricular fibrillation (VF) admittedly represents the high-frequency limit for activation.
Previous reports for VF frequency fall mostly in the 8–20Hz range (Choi et al., 2002; Berenfeld et al., 2000;
Zaitsev et al., 2000; Gray et al., 1998; Witkowski et al., 1998b; Wu et al., 2002), but for small mammals (mice)
frequencies up to 50Hz can be reached. Considering conservatively, the highest frequency of events to be twice
that high limit—i.e. 100Hz (dt ¼ 10ms), we need a minimum sampling frequency (maximum time step, dt) of
200Hz (dtmax ¼ 5ms). For the proposed temporal resolution (200Hz), when a minimum FOV of 1 cm and a
maximum y of 30 cm/s for a cultured cell system are considered, at least six isochrones in the FOV would be
guaranteed. It has to be understood, that this temporal resolution assures that no event would be missed, but it
does not guarantee reconstruction of the exact temporal profile of the events.

Spatial resolution, dx: While the temporal limits of electrical events of interest (action potentials and calcium
transients) are well studied and understood, the spatial limits relevant to propagation are much harder to
define. What is the smallest space in which discrete events affecting propagation can take place? This question
goes at the heart of the philosophical debate about continuous vs. discrete nature of cardiac propagation.

On the one hand, cells in the heart are very well coupled (Jongsma and Wilders, 2000), and for practical
purposes, heart tissue is viewed as a syncytium. In this representation, the lower limit for the spatial scale of
events of interest should be functionally linked to the wavelength, most likely through a critical geometrical
parameter for propagation—the radius of critical curvature before propagation failure. Knowledge of this
sample characteristic is informative in setting the lowest spatial resolution for the mapping system. Winfree
(1997, 1998) examined the scale of events, viewing the heart as a classical reaction-diffusion system. His
analysis of the radius of critical curvature yielded a number in the range of 300 mm for a system satisfying the
continuum requirement, i.e. having a diffusion coefficient D41mm2/s (Winfree, 1998). This critical curvature
of the wavefront has been probed experimentally in studies dealing with point stimulation, propagation
through an isthmus or spiral wave propagation (Knisley and Hill, 1995; Cabo et al., 1994), well summarized in
a review by Fast and Kleber (1997). These experimental results showed that the radius of the critical curvature
can be as low as 100 mm, but the exact number is still not known.

On the other hand, the discrete nature of cardiac propagation events has been exemplified in theoretical
(Spach and Heidlage, 1995; Spach et al., 1998, 2000) and experimental studies. Discrete propagation is more
relevant to pathological conditions, which are of interest in these optical mapping studies. Imaging at
progressively smaller spatial scales reveals that complex spatial patterns can occur at the micro-scale (Kucera et
al., 1998; Rohr et al., 1998; Sharifov et al., 2004), or even sub-cellularly (Cheng et al., 1996; Ishida et al., 1999;
Kurebayashi et al., 2004) when calcium concentration is concerned. Slowly propagating calcium waves
(conduction velocities 40–100mm/s; Lipp and Niggli, 1993; Ishida et al., 1999) can have 3–4 orders of magnitude
smaller wavelengths than macroscopic events of interest and can indeed be confined within a single cell. Because
of the tight link between calcium and transmembrane voltage, such microscopic events might turn out to be of
critical importance to understanding arrhythmias. Maintaining macroscopic FOV, and taking into account sub-
cellular events, sets very high requirements for the spatial resolution of an ideal optical mapping system. Even if
only two points (Nyquist) are sampled within a cell (along its shorter side), this demands spatial resolution of
dxmax ¼ 10mm over an area 41 cm (i.e. 41000 pixels along each dimension). Choosing sub-cellular spatial
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resolution might not be appropriate for tissue-level imaging, because of the resolution limit set by extensive light
scattering. However, in cell monolayers, non-specific light contribution from scattering is considerably less,
allowing us to explore cardiac wave dynamics with finer spatial resolution.

Overall, in the choice of an ‘‘ideal’’ optical mapping system, the available resources (Eq. (12)) rather than
the system parameters, become a limiting factor. Requirements for fine spatial resolution are particularly
demanding since they factor twice in the bandwidth required for 2D imaging. The resources, R, involve factors
external to the optical system, such as the information storage capacity, IC (bytes), and the bandwidth, B

(bytes/s). These are closely linked to parameters of the optical system—number of pixels, N, and maximum
recordable time-frames, M. The theoretical DR (bit resolution of the detector), DR, is a scaling factor. IC and
B impose real limits for ultra-high-resolution detectors, which operate at the maximum performance of current
day computer technology, as discussed in Section 4:

R ¼ fIC;Bg
IC ¼ DRN2M ;

B ¼ DR N2

dt
:

(
(12)
7.3. Current technology vs. the ideal mapping system

The parameter space of an ideal optical mapping system forms a polygon bounded by physical and
rationally derived limits: {(dxphys, dtphys), (dxmax, dtphys), (dxphys, dtmax), (dxmax, dtmax)}, Fig. 7. Having set
specific requirements for the temporal and spatial resolution of the ideal mapping system, we can assess the
potential of current technology to meet these requirements. To quantify how close is a current detector to the
parameter space of an ideal optical mapping system, we use a measure—equivalent to the Euclidian distance in
space. However, we do the calculations in 3D space–time, including two space dimensions and a time
dimension, scaled for spatiotemporal events by the conduction velocity, as follows:

Ds ¼ 0; ðdxpdxmaxÞ ^ ðdtpdtmaxÞ,

Ds ¼
ffiffiffi
2
p
ðdx� dxmaxÞ; ðdx4dxmaxÞ ^ ðdtpdtmaxÞ,

Ds ¼ yðdt� dtmaxÞ; ðdxpdxmaxÞ ^ ðdt4dtmaxÞ,

Ds ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2ðdt� dtmaxÞ

2
þ 2ðdx� dxmaxÞ

2

q
; ðdx4dxmaxÞ ^ ðdt4dtmaxÞ. ð13Þ
Fig. 7. Parameter space for an ‘‘ideal’’ optical mapping system (the gray box). (A) The spatial and temporal resolution of a system to

image an FOV ¼ 2 cm were considered here; the distance Ds for the four selected detectors from Fig. 6 is shown; (B) an alternative plane is

shown (FOV and temporal resolution), under fixed 10mm spatial resolution; the same four detectors are placed in this plane.
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Fig. 8 presents some results for the shortest distance (Ds) from current detectors (Table 1) to the parameter
space of two ‘‘ideal’’ systems—one with the already justified minimum requirements (200Hz, 10 mm, left
column) and another one with relaxed spatial resolution requirements but increased temporal resolution
requirements (1 kHz, 50 mm, right column). The distance is measured according to Eq. (13), and presented in
logarithmic format by color (white corresponds to Ds ¼ 0). Six maps are shown, each is 12� 6, where rows
represent 12 detectors from Table 1, and columns represent six cases of maximum expected conduction
velocity in the sample y ¼ {5, 10, 20, 30, 40, 50 cm/s}. As the size of the desired FOV to be mapped increases
from 1 to 2 and 4 cm (top, middle and bottom), all detectors get further away from the ideal polygon, because
of deterioration of their spatial resolution. At the same time, the effect of increasing expected conduction
velocity in the sample affects most negatively the slow detectors (some CCD cameras), while PDAs are not
affected by y increase.

We present two examples of ultra-high-resolution imaging with an intensified camera system (pco CMOS
1280� 1024), entry 12 in Table 1. After background subtraction and stretching the values at each pixel to the
Fig. 8. Distance of current detectors from the ‘‘ideal’’ mapping system in the parameter space. The color represents distance from the

‘‘ideal’’ system as calculated by Eq. (13) (log 10 scale was used; white is zero distance). Each of the six images is a 12� 6 matrix, where rows

correspond to detectors 1–11 and 13 from Table 1, and columns represent six conduction velocities in the range 5–50 cm/s. Top, middle

and bottom image rows correspond to FOV of 1, 2 and 4 cm, respectively. The left image column presents the distance of the selected

detectors to an ‘‘ideal’’ system having a temporal resolution of 200Hz and a spatial resolution of 10mm; the right image column presents

the distance of the selected detectors to a system with a temporal resolution of 1 kHz and a spatial resolution of 50 mm.
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Fig. 9. Optical mapping with ultra-high spatiotemporal resolution in cell networks. (A) Transmembrane voltages (di-8-ANEPPS) were

imaged (200 fps, 20mm/pix) in a cell preparation grown on an elastic scaffold with a flat upper surface and a micro-grooved lower surface.

Shown are temporal traces from a single pixel, and from 100mm regions from the flat and peak portion. The phase color maps show the

spontaneous activity from the border region (*), which was captured by point pacing from the lower border. (B) Spiral wave, rotating at

2.7Hz, was imaged with Fluo-4 (200 fps, 20mm/pix) in a cell monolayer. Raw (unfiltered) single pixel recording is shown from the

periphery of the spiral (*), alongside equally spaced (0.075 s apart) spatial phase maps.
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full DR, color maps of propagation were generated from the original images by converting intensity into phase
values using the Hilbert transform (Bray and Wikswo, 2002); wavefront was tracked by a black line. No
spatial or temporal filtering was applied. First, Fig. 9 presents macroscopic imaging in a single layer of cells
at 200 fps and at 20 mm/pix within an FOV42� 2 cm. We demonstrate that for both, calcium-sensitive dye
cell 102x36 µm
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Fig. 10. Optical mapping with ultra-high spatiotemporal resolution in a single myocyte. Spontaneous intracellular calcium waves were

mapped in a single mouse ventricular myocyte at 100 fps and 0.58mm/pix. The mean fluorescence signal (Fluo-4) is shown (overall

frequency 0.2Hz), alongside selected single pixel raw data from the region inside and outside the nucleus. No spatial or temporal filtering

was applied. Phase maps corresponding to selected 4.5 s of the recorded temporal sequence are presented. Most phase singularities (PS)

were observed in the peri-nuclear region. A meandering spiral wave is shown in the maps; it gets displaced and subsequently eliminated by

two target patterns (*), appearing at frames t ¼ 3 and 4 s.
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Fluo-4 and even voltage-sensitive dye di-8-ANEPPS, single pixel data (at 20 mm) are useful. At room
temperature experiments, the speed of 200 fps is more than adequate to reveal details in cardiac propagation.
Rigorous tests are needed to show whether this excessive spatial resolution (within a macro-FOV) compared
to any previous imaging study reveals essential information not attainable in other mapping attempts. We
believe that this mode of imaging brings together the two disparate scales of events (micro and macro, from
sub-cellular to tissue level) in a way that is beneficial and indispensable for validating theoretically proposed
arrhythmia mechanisms and guiding therapeutic strategies by uncovering previously not considered aspects.

Finally, Fig. 10, imaged by the same detector, but at 20� micro-scale in a single murine myocyte stained
with Fluo-4, was done at 100 fps and 0.58 mm/pix (at the optical limit of resolution). The peri-nuclear region of
the cell was found to be rich of spiral waves accompanied by phase singularities, confirming some previous
observations (Ishida et al., 1999). The example proves an important point that complexity of spatial patterns
in cardiac propagation phenomena is preserved over a large range of spatial scales. For example, the core
radius of a supported spiral wave at the macro- and micro-scale can change from 1000 mm down to 5 mm or
less. This more than two orders of magnitude change in the spatial patterns emphasizes the importance and
challenge to provide appropriate spatial resolution. Of course, the relevance of these micro-scale phenomena
for arrhythmia genesis and maintenance remains to be confirmed.

8. Concluding remarks

The need for optical mapping at the micro- and macroscale simultaneously arises from the spatiotemporal
complexity of excitation waves in the heart combined with our lack of full understanding and/or agreement
which scale can safely be ignored when analyzing arrhythmias. The brute-force imaging approach solves this
problem by imposing uniform requirements for ultra-high spatiotemporal resolution over a large FOV and a
long recording period. The technical challenges associated with such solution and the expected performance of
current day imaging technology was analyzed here; examples of optical recordings at ultra-high
spatiotemporal resolution in cultured cells were also presented. The unprecedented data throughput
challenges the current computer technology in terms of data acquisition and data storage. In addition, imaging
at such ultra-high spatiotemporal resolution calls for development of specialized real-time data compression
schemes and requires new ways to access, display and analyze the data, possibly exceeding the capabilities of
current day 32 bit computer systems, including memory and file size limits. These software issues were not
discussed in detail in this review, but are expected to become a central point in future imaging developments in
this area.

If alternatively to the brute-force approach, two separate imaging systems are used to follow a ‘‘zoomed in’’
and ‘‘zoomed out’’ version of the excitation events, there still remains the need for dynamic positioning/
focusing of the micro-mapping unit within the macroscopic FOV. A more intelligent design would require
dynamic reconfiguring of the detector properties and non-uniform sampling to reduce the burden of excessive
data generation and handling from regions outside of the zone(s) of interest. Theoretically, individual pixel
addressability and control in the CMOS cameras, combined with the ultra-high inherent spatiotemporal
resolution of these sensors may allow the implementation of this idea.

Optical imaging of excitation waves rides on cutting-edge technological innovations in the areas of imaging
devices and electronics, optics, illumination, and computers; therefore, it is hard to predict the future system of
choice. We presented here a theoretical framework for rational design of an imaging system based on the
‘‘shortest distance’’ to an ‘‘ideal’’ optical mapping system for a particular application. We offered a critical
review of how is this choice influenced by the specific conditions and challenges encountered in imaging of
cultured cell networks. The analysis is not limited to cardiac applications only, but is applicable to the
dynamic imaging of any excitable cell system.
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