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ABSTRACT Determination of the calcium spark amplitude distribution is of critical importance for understanding the nature
of elementary calcium release events in striated muscle. In the present study we show, on general theoretical grounds, that
calcium sparks, as observed in confocal line scan images, should have a nonmodal, monotonic decreasing amplitude
distribution, regardless of whether the underlying events are stereotyped. To test this prediction we developed, implemented,
and verified an automated computer algorithm for objective detection and measurement of calcium sparks in raw image data.
When the sensitivity and reliability of the algorithm were set appropriately, we observed highly left-skewed or monotonic
decreasing amplitude distributions in skeletal muscle cells and cardiomyocytes, confirming the theoretical predictions. The
previously reported modal or Gaussian distributions of sparks detected by eye must therefore be the result of subjective
detection bias against small amplitude events. In addition, we discuss possible situations when a modal distribution might be
observed.

INTRODUCTION

Excitation-contraction coupling in striated muscle takesphology (spatial extent, duration, and amplitude) has been
place by the release of stored calcium from the sarcoplasmigsed to infer release flux and the number of release channels
reticulum in response to depolarization of the sarcolemmainvolved locally in release (Cheng et al., 1993; Cannell et
via calcium release channels, commonly referred to as ryal., 1994; Tsugorka et al., 1995; Klein et al., 1996;n@&z
anodine receptors. In cardiac muscle it is clear that thigt al., 1996; Shirokova and &, 1997; Blatter et al., 1997).
release is triggered by calcium-induced calcium releasén particular, the existence of single or multiple modes in
(CICR) (Fabiato, 1985), while in skeletal muscle it is be-spark amplitude histograms has been given special signifi-
lieved that an allosteric signal is transmitted to the releaseance (Tsugorka et al., 1995; Klein et al., 1996; Luky-
channels from sarcolemmal voltage sensors (reviewed bginenko et al., 1996; Shirokova antoR) 1997; Xiao et al.,
Rios and Pizarro, 1991; Schneider, 1994), possibly augi997; Satoh et al., 1997). However, amplitude distributions
mented by CICR (Jacquemond et al., 1991; Klein et al.determined from confocal line scan images are distorted by
1996; Shirokova and s, 1997; Stern et al., 1997; se®RI a powerful sampling bias because sparks originate at vari-
and Stern, 1997 for a recent review). Several years ag@ble distances from the scan line (Pratusevich and Balke,
localized discrete calcium release events, termed “calcium996; Shirokova and s, 1997; Smith et al., 1998).
sparks,” were discovered using the fluorescent calcium In this paper we first demonstrate on general grounds that
probe fluo-3 with laser scanning confocal microscopy (M.the distribution of spark amplitude in line scan images must
Minsky, U.S. Patent #3013467, Microscopy Apparatus,be monotonic (that is, without a mode). This generalizes the
1957; see Inouel 995 for review), first in cardiac myocytes conclusion reached by Pratusevich and Balke (1996) and by
(Cheng et al., 1993; Lipp and Niggli, 1994; Cannell et al., Smith et al. (1998) in a more restricted case. Reported
1994, 1995; Lpez-Lpez et al., 1994, 1995; see Cheng etmodes in amplitude histograms (Tsugorka et al., 1995;
al., 1993b for review) and later in frog skeletal muscleklein et al., 1996; Lukyanenko et al., 1996; Shirokova and
(Tsugorka et al., 1995; Klein et al., 1996). Generally, sparkRios, 1997; Xiao et al., 1997; Satoh et al., 1997) must
have been interpreted as stereotyped events, whose maferefore have been caused by subjective detection bias

against small amplitude events. Accordingly, we developed

an automated algorithm to detect and measure sparks in line
Received for publication 27 May 1998 and in final form 10 NovemberSCa@n images without human intervention. We demonstrate
1998. the use of this algorithm in either skeletal or cardiac muscle,
Address reprint requests to Heping Cheng, Ph.D., Laboratory of Cardioand confirm that the distribution of apparent amplitude (i.e.,
vascular Science, Gerontology Re;earch (?enter, NIA, National Instituteghserved peak fluorescence intensity) is, in fact, nonmodal.
gg:_gzgz 2000 4'\131_2";%_?1’28!"5'3_;";: Eﬁgggggﬂ?ﬂfﬁﬁfgo?": 19 \e characterize the detection efficiency and refiability (i.e.,
Natalia Shirokova’s permanent address is The A. A. Bogomoletz Institutet_rue and f_alse positive rates) of the alg_orlthm on Slmma_‘ted
of Physiology, Bogomoletz St. 4, Kiev, Ukraine. line scan images. The confocal sampling theory described
© 1999 by the Biophysical Society here may also have general applications in light and electron
0006-3495/99/02/606/12 $2.00 microscopic morphological metrics.
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EXPERIMENTAL METHODS
Imaging calcium sparks in skeletal muscle 14

The methods used in experiments with skeletal muscle have been described
in detail (Shirokova and ®s, 1997). Briefly, segments of m. semitendi-
nosus muscle fibers (froMana pipienswhich were anesthetized in a 15%
ethanol solution, then killed by pithing) were voltage-clamped in a two- 0.5
Vaseline gap chamber on an inverted microscope (Axiovert 100, Zeiss,
Germany) with a 48, 1.2 N.A. water immersion objective (c-Apochro-
mat, Zeiss). A confocal microscope attachment (MRC 1000, Bio-Rad, MA)
was used to scan the fluorescence of fluo-3 (Molecular Probes, Eugene,
OR) (introduced by diffusion from the cut ends) along a line parallel to the -
fiber axis. Images representing the scanned intensity of fluorescefce, 1.5
t), as a function of positionx along the scanned line and timg, (were
formed by collections of 768 intensities taken at 0.138-distances and
repeated every 2 ms. Shown are fluorescence interiy 1), or fluores-
cence normalized to the initial intensity,(x), obtained by averaging z(,um)
Fo(x, t) before the depolarizing pulse.
The skeletal muscle solutions in the cut ends were “internal” (in mM): 15
125 cesium glutamate, 10 Cs-HEPES, 5.5 Mg, @l0 EGTA (nominal
[Ca®*] set to 100 nM), 0.1 fluo-3, 5 creatine-phosphate, 5 ATP, and 5FIGURE 1 Line scan image of a spark. Theoretical image intensity
glucose, pH 7.0. Separated from the cut ends by double Vaseline gaps, thgofile of a spark originating at the scanned point, as a function of
“external” solutions were (in mM): 131.5 TEA-methane-sulfonate, 10 displacements relative to the center of calcium release in direcjiamsl
TEA-HEPES, 10 calcium methanesulfonate, TTX(4@/l), pH 7.0, 17°C.  z perpendicular to the scanned line. As explained in the text, the graph can
also be interpreted as a plot of the amplitude reported for stereotyped
sparks occurring at positionysandz relative to the scanned line. The area
Cardiac calcium sparks of the projected annulus measures the probability density of spark ampli-

tude, if sparks are distributed randomly in the)(plane perpendicular to
Ventricular cardiac myocytes were isolated from adult Sprague-Dawleyhe scan line. Modified from Shirokova andd®| 1997.

rats (2—3 months old, weight 225-300 g) using standard enzymatic tech-

niques, as described previously (Spurgeon et al., 1990). After the enzy-

matic treatment single cells were shaken loose from the heart and stored in

HEPES buffer solution containing (in mM) 137 NaCl; 5.4 KCI; 1.2 Mgcl  Where S is a scaling constant], is the first-order Bessel
1 NaH,PQ,; 1 CaCl; 20 glucose, and 20 HEPES (pH 7.4). Aliquots of function, 8 is the ratio of excitation and detection wave-
cells were loaded with fluo-3 by a 10-min incubation in 10 mM fluo-3 AM Iengths,w andv arez andy coordinates in optical units (Art

and then kept in the dark for up 2 h until use. . N
Myocytes were imaged with a Zeiss LSM-410 inverted confocal mi- and Goodman, 1993)’ adJUSted so that the half-widths of

croscope (Carl Zeiss, Inc., Germany). All image data were taken in the "n@[W(Z),V(y)] matched a measured point spread function
scan mode, with the scan line usually oriented along the long axis of thdPratusevich and Balke, 1996). Note that this function,
myocyte, avoiding cell nuclei. Each image consisted of 512 line scangvhich is a product of response functions in tygplane and
obtained at 2.09-ms intervals, each comprising 512 pixels spaced at 0-15510ng thez axis, is onIy an approximation to the pointspread
nm intervals. The microscope objective was a Zeiss Plan-Neofluaralo function of the objective but it is used here only for illus-
immersion N.A.= 1.3, and the confocal pinhole was set at the setting . ! . . . .
prescribed by the manufacturer to obtain spatial resolutions oftt4n trative purposes. Considered in object space, this function
the horizontal plane and 0m in the axial direction. Image processing, also represents the measured amplitude of a spark occurring
data analysis, and presentation were done using the IDL software (Reat position ¥, z) off the scanned line. Sparks are approxi-
search Systems, Boulder, CO). Experiments were carried out at roor‘mate|y equa"y Iikely to originate at any pOiml ia Z disk
temperature (20-22°C). (because there is no information on the location of T tu-

bules) (Shacklock et al., 1995; Cheng et al., 1996a; Tsug-

dAmplitude

1.5

y(um)

RESULTS orka et al., 1995; Klein et al., 1996). Thus, the cumulative
. . amplitude distribution (frequency of measured sparks of
Theory of the amplitude histogram amplitude <I) will be proportional to the area outside an

Fig. 1 (modified from Shirokova and’Bs, 1997) plots the €lliptic region or resel where the intensity3d (see Fig. 1).
image of a spark, that is, the calculated intensity in imagel he amplitude probability density (observed as the ampli-
space of a centered spark, as a function of position iryzthe tude histogram of detected events) is proportional to the
plane (orthogonal to the scanning line). The image wad'ea bounded by two resels, where the amplitude increases
calculated by convolution of a Gaussian of half-width 0.7by dAmplitude Fig. 2 shows the amplitude histogram gen-
um (crudely representing the distribution ofCadye com-  erated by the spark in Fig. 1.

plex in a spark) and a confocal response function (Art and Using numerical simulation and under specific assump-

Goodman, 1993) tions on spark formation mechanism, previous studies (Pra-
tusevich and Balke, 1996; Smith et al., 1998; Izu et al.,

sin(w/4) 1’ sin(wB/4) 1°[ J.(v) ][ Ju(vB) ]? 1998) have shown that the histogram of spark amplitudes

Cv, w) :S[ (Wi4) ] [ (wg/4) ] [ v ] [ vB ] would have no mode even if the underlying events are

(1) stereotypical. To find the general form of the amplitude
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0.25 diffusion will tend to dissipate such curvature except in the
region of the source. Therefore, we do not expect spark
fluorescence profiles, which are roughly Gaussian in shape,

0201 to satisfy EqQ. 4. Convolution with the microscope
§ pointspread function (PSF), which is also similar to a
§_ 0.15 | Gaussian, will not change this situation. We therefore con-
2 clude that,if sparks originate at random positions in the
- 1 plane perpendicular to the scan line, the observed ampli-
5 0.10 tude histogram will be monotonically decreasing, without a
mode.
0.05 The above theoretical analysis on the global property of
spark amplitude distribution assumed stereotyped sparks.
HHHHH”””HU Generally, if there is an arbitrary distribution for the under-
0.00 { UL DDDDDDDDU lying calcium release eventg(y), it would be “convolved”

0.0 0.5 1.0
Amplitude

with the nonmodal amplitude distributions characteristic of
stereotyped sparks, which would not create a mode. This
conclusion can be mathematically proven. Lettifg y) be
FIGURE 2 Predicted amplitude histogram in a line scan. The histogranihe observed amplitude distribution for a stereotypical spark
was generated using the dependence of reported amplitude on positiogorresponding to a release intensitythe necessary and
shOV\{n in ‘Fig. 2, _and the assumption t_hat sparks are generated at randog)fficient condition forf(x, y) to be a monotonic decreasing
locations h a Z disk. See text for details. function is that its partial derivative

f(x,y) <0 Vx,y>0 (5)

histogram, assume the intensity of a spark is given by
functionl(x, y, 2. Because the scanning is along thaxis,
only the dependence oy and z needs to be taken into
account. For simplicity we assume the dependency is th
same for botly andz That is, we describe the intensity as
a function I(p), where p is the distance from the spark i
F() = f

Let F(x) denote the compound spark amplitude distribution,
which reflects the variations in intrinsic release events in-
tertwined by the variations due to confocal sampling. Then
E(x) is given by

center. Then, by the same argument given in Fig. 1, the g(y) f(x, y)dy (6)
number of sparks in an interval,[l + dI] of detection
amplitudes will be proportional tpdp (the area of the ring
of radiusp). The probability density function is therefore Hence, its derivativé='(x) is

0

given by
Ymax
dp F'(x) = (Wi y)d 7
1) = —Ap(l) @ Iy )
wherep(l) is the inverse function off(p) [existent because Sincef,(x, y) < 0 andg(y) > 0 fory € [0, Y., We have
I(p) is monotonic] andA is a proportionality constant.
A mode in the amplitude distribution will exist if the F'(x)<0 (8)
density s increasing or Equation 8 indicates th&(x) a monotonic decreasing func-
d/ dp tion, regardless of the exact shape gff). A mode can
dI(p dI) <0 (3)  appear because of the failure of the detector (human or

machine) to detect sparks of small amplitude. In this case,
which transforms to the histogram should be left-skewed, and the location of the
2 mode is determined by the threshold of detectability, rather
dl d?l S ) :
—>p- (4) than by the intrinsic properties of spark calcium release
dp dp events (see Fig. 7).

This is a condition on the decay of the image with distance.
It states that the second derivative of the decay has to bRutomated spark detecti laorith
large and negative, while the first, which is always negative, pa etection algorithm
should not be too large. This says, roughly, that the sparldn automated spark detection algorithm was coded in the
intensity must have a region of downward (convex) curvaimage-processing language IDL (Research Systems, Boul-
ture (see Discussion and Appendix 1). Spark fluorescence ider, CO) (see Appendix Il for a listing of the computer

produced by diffusing chemical species originating from aprogram). The strategy of the detection algorithm (Fig. 3) is

presumed small source; the diffusion equation shows thab search for connected regions that are above the noise
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R igsioisieh el sivi=teteteiui : usuallym + Cri o, wherem and o refer to the mean value
'g'_ @ ; and standard deviation, respectively. Two binary images at
£ . : i levels ofm + 20-andm + Cri o are generated. Sparks are
I::::::::::‘_‘_'_'.'_:ﬂr''_:'_::::::::::‘_:'_'_'_'_:'_'_:':::::::::::‘,I identified as islets in then + Cri o image and the spatio-
5 | Fluorescence baseline |<«— + temporal extent of each is determined by the dimensions of
E I ; the corresponding islet in tH&r image. A second criterion,
_5 : ; m + Cril, is used in voltage-clamp cases, and is explained
“:'i 5 l} : below. InMeasurementists of sparks, spatial and temporal
= : locations, and amplitude are produced. Other measures of
E ! : extent (FWHM, full width at half-maximum; FDHM, full
S {} i duration at half-maximum; rise time) are also computed.
; 2-dimensional mask i Smoothing filter steps are omitted in this diagram. Fig. 4
] fo excise >m+20 pixels ! shows the images that are generated at intermediate steps in
::::31::::::::::::::::::::::::::::::*::::::r_:::::::::::: this algorithm.
i | Binary image Binary image at level | | To assess the performance of the algorithm and optimize
1 [ 8tlevel mi20 m+Cric i parameters for its use, we synthesized test images that
c E —>y ; consisted of an average of 35 sparks from actual experi-
2 i ments with cardiomyocytes, variably scaled, added to
§ : b ; Gaussian noise whose mean and standard deviation matched
a E ; those of actual line scan images. These test images were
E Corresponding Cri o : then passed through the detection algorithm to determine
E tegion(s) non-zero? i the number and apparent amplitude of the embedded sparks
- NO Y, e i successfully detected by the algorithm, and the number of
g AR B T, + false detections in blank images containing only noise.
o — ! Examples of true and false detections at different threshold
s Count Ampli, width, i . .
a | ; levels are shown in Fig. 5.
§ T T I The sensitivity of the algorithm (percent of sparks de-

tected) and the rate of false positives are shown in Fig. 6 as
FIGURE 3 Flow chart of the spark detection and measurement algo@ function of the amplitude of the spark for several values of
rithm. The stages of detection are described in the text. Intermediat¢he threshold criterion. In general, sensitivity decreased and
images generated at each stage are shown in Fig. 4. specificity (100% minus percent of detections that are false)

increased with increasing threshold, as expected. For a

level. Tentative spark regions are located as outliers rela’tivg'r,e_Ct comparison, we also tested the sensitivity anq reli-
to the overall standard deviation of the fluorescence. Thes@bIIIty of eye detection. The result suggests that detection by

areas are then excised from the image, and the statistics c‘)\f/ell-tramed” eyes has a sensitivity comparable to the

the remaining regions (presumed to have noise only) alrgo_mputer detection &@ri = 38 but with hlgher reheblhty
computed again. Final spark regions are then selected b(§l,:|g. 6). Because o_Ietectabll!ty increases with amplitude, the
their excessive deviation from the noise distribution. ToUS€ Of & more stringent criterion produces greater under-
avoid the multiple counting of single sparks that have mul-counting at low amplitudes, creating an apparent mode in
tiple peaks (because of noise), sparks are defined as cothe detected amplitude histogram whose position moves
nected areas that exceed a weak threshold condition, whifédhtward (to higher amplitudes) as the detection criterion
containing some points that exceed a strong threshol?€comes more stringent (Fig. 7). However, because of the
These spark areas are also used to depict spark morphologg/.esence of noise, some low amplitude sparks may be
Fig. 3 shows the four stages in the detection algorithm! etected while others of higher amplitude are missed. Fur-
Input: The algorithm is fully automated:; the only parameterthermore, because of the interaction of noise with the com-
requested from the user is a consta@ti (Or Cr|1) deter- p”CEltEd nonlinearity of the algorithm, the estimated ampli-
mining the “threshold” for event detectiohormalization tude of sparks differs from the true amplitude (i.e., the
of image: The spatial distribution of baseline fluorescenceamplitude estimation is biased), by an amount that depends
for normalization is first estimated by averaging all scaninversely on the amplitude (Fig. 8), so that the amplitude of
lines (irrespective of local or global spark activity) and thensmall sparks is over-reported.
corrected by masking out potential spark regions. In the It is noteworthy that at a given signal-to-noisevg)
version for voltage-clamp experiments, the user may seledevel, the rate of false detection (type | error) depends
a time interval where the baseline will be computed, so thatargely on theCri. However,m/o is an important determi-
portions with high global [C&] can be avoidedEvent nant for the magnitude of erroneous rejection (type Il error).
detection:A spark is located by a pixel in which normalized Using the amplitude-scaled averaged sparks as the test
fluorescence is greater than the criterion. The criterion ibjects (of a stereotyped shape but variable intensities), this
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™
25 um
I 200 ms

FIGURE 4 Intermediate outputs of the algorithrA) Normalized line scan confocal image of spontaneous calcium sp8)kBir(ary images for regions
above (, red or below Q, black m + 2¢. (C) Binary image at level om + Cri o (Cri = 3.8). Detected spark events are marked by boxeB)n(D)
Detected events and fluorescence image.

analysis shows th&tri = 3.5 is close to ideal atVvo = 3.0,  than relative to the standard deviation of the background.
in the sense of providing high sensitivity and reliability at The human participation was again limited to setting a
the same time. threshold.

The use of an absolute threshold criterion was warranted
becauser changed with release intensity and global{Ca
which increased during a depolarizing pulse. It changed
with release intensity presumably because of out-of-focus
Under voltage clamp conditions, particularly in skeletalsparks and nonspark release. It changed with [Coe-
muscle, the nature of the raw image data is altered in tweause fluorescence increases with 70a and “back-
ways. First, during the active clamp step, there may be ground” noise should largely follow Poissonian photon
smooth elevation of background fluorescence (Fig. 9), beemissiong® = N, whereN refers to number of photons per
cause of abundant out-of-line release events, or to continyixel. Under these conditions, particularly when the spark
ous release or release in unresolvable small events (Shirequency is high, use of a relative criteridiyi o, implied
rokova and Ros, 1997). Second, there is a time interval widely different criteria for sparks at different voltages and
before the start of the active clamp during which this time-even during a single pulse. It should be noted that the
varying background is known to be absent. Additionally, thecomputations before the final selection, which are integral
resting fluorescence has notable periodic variations, coincicomponents of the algorithm, are essentially the same in the
dent with sarcomeric repeats. For these conditions, th&wo versions of the spark detector. Both versions performed
algorithm was modified (Fig. 10). The resting fluorescenceequally well when the spark frequency wa€0 per image
Fo(X) was determined as a time average of the image fluoand o did not change by more than twofold in a single
rescencé (X, ) during the rest period before the pulse, andimage (data not shown).
used for normalization. Sparks were then tentatively located
and _exmsed from the image, after_whlch a time- anq SPacs, o amplitude distribution of detected sparks
varying average fluorescence during the active period Wag 2s no mode
computed. The final selection of sparks was made by a
criterion of excess intensity over this varying background,An amplitude histogram of 127 sparks obtained from the
usually by an absolute amount (in units &F/F;), rather same skeletal muscle fiber held a65 mV (Fig. 11A)

Modified algorithm for use under voltage clamp
in skeletal muscle
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2.5 um
40 ms

25 um

200 ms

FIGURE 5 Assessment of algorithm performand®. Average of 35 sparks used as test object (“standard spaB)’)Tést images formed adding the
standard spark at variably scaled intensity to background Gaussian noise withmmee80 and standard deviatian = 10. (C) Location and relative

intensity of sparks shown irBj. Labels 1 to 10 refer to sparks af/F, = 0.6, 0.5, 0.4, 0.38, 0.3, 0.28, 0.25, 0.15, 0.2, and @+Q) Sparks detected

atCri = 3.5 D), 3.8 E), 4.2 ), and 4.8 G). There are 9, 6, 5, and 4 events detecteB-+®, respectively. The arrow irD)) indicates a false detection.
Because of the presence of noise, detected sparks (e.g.,Rt6tihin G), may be dimmer than the ones that went undetected (e.g., E5#4 in G).

showed no evidence of a mode, consistent with the theoretion cannot be taken as evidence that the underlying calcium
ical prediction above. In a larger set of image data obtainedelease events are heterogeneous; such a monotonic ampli-
in cardiac myocytesn(= 38 cells), although a mode was tude distribution would be expected even if the underlying
observed, its position moved rightward as the detectiorevents were perfectly stereotyped. However, we found that
criterion was made more stringent, and importantly, thethere was a low positive correlation among spark amplitude,
mode was always located near the 50% detection amplitudeluration, and width (Fig. 11B and C, consistent with

As shown in Figs. 6 and 7, &ri = 4.8, 4.2, 3.8, and 3.5, previous data on cardiac sparks (Song et al., 1997). This
the 50% detectioml\F/F, level was 0.43, 0.39, 0.34, and strongly suggests that there is a real variation in the char-
0.31 (Fig. 6), respectively, while the mode occurs at 0.45acteristics of sparks, rather than just a difference in their
0.40, 0.35, 0.30 (Fig. 7), respectively. MoreoverCat = position relative to the scan line, because width should be
3.5, the amplitude histogram of 2010 detected events wasegatively correlated with amplitude if both were deter-
highly leftward skewed, and was monotonically decreasingnined by a single random variable (distance from scan line).
except at the very left end, where the detectability is ex-Given that there is an intrinsic variation in underlying
tremely small (Figs. 6 and 7). Thus, the observed histogramelease events, weak sparks can be produced not only by
are perfectly consistent with the idea that the ideal observedff-center sampling, where the spatiotemporal spreading is
amplitude distribution (i.e., in noise-free conditions) would expected to be more diffusive, but also by small release
be nonmodal. As shown theoretically above, this distribu-events, where the spreading might be expected to be more
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FIGURE 7 Amplitude distribution of cardiac calcium sparks. 2010,
0.30 Cri=3.50 1204, 847, or 632 spontaneous events were detected from 38 dglis=-at
o 3.5, 3.8, 4.2, or 4.8. Reducing the criterion underscores the monotonically
5 g 0.21 decaying character of the distribution. (False events were expected to be
I.I>J g 013 206 or 10% aCri = 3.5, 43 or 3% aCri = 3.8, 1 or 0.3% aCri = 4.2,
0T and 0% atCri = 4.8).
< & 004
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I

06 07 amplitude of sparks is stereotyped, and how the spark re-
" lease flux depends on physiologic variables such as SR
£g013 Cri=3.80 calcium load. Unfortunately, the optimum method for de-
o E 0.04] O tecting sparks, confocal quorescenge microscopy in line
25 T T T 4T T T scan mode (Cheng et al.,, 1993), inherently produces a
5 € 00 01 02 03 04 05 06 07 complicated distortion of the amplitude of sparks because of

AFIF, the deviation of their centers from the confocal scan line

(Cheng et al., 1993; Pratusevich and Balke, 1996; Shi-
FIGURE 6 Sensitivity and reliability &) “Sensitivity” or “detectability” ~ rokova and Ros, 1997; Smith et al. 1998; this study). We
(percent of sparks detected) versus spark amplitude at different criteridnave shown theoretically and confirmed experimentally that
The average results of eye detection by two coauthors (H.C. and L.S.) ar8parks, as observed through line scans, have a monotoni-
shown by the crossed circles. The abscissa is plotted indfefl, ando/m 5 gecreasing amplitude distribution, regardless of
(normalized noise level) units. Data were derived from the synthetic test :
images (see text)B] Reliability test. Rate of false detections were esti- whether the underlying events are stereotyped or not. Thus,
mated from 120 blank images of 532512 pixels, with noise regenerated t0 infer the nature of calcium sparks, it is important to take
for every image. False detection events per image were show@rfor
3.5 (top) or 3.8 potton). There are totals of one and none false events at

Cri of 4.2 and 4.8, respectively (not shown). As the threshold is increased, 0.6

reliability increases and sensitivity decreases. No false positives were [© —— Cri=3.50

detected by eye in the reliability test. E 1 Cri=3.80
+ 054 — —Cri=a20
T - . = Criz4.80
c

confined in space and time. For this reason, the linear §

correlation analysis may not be used to infer quantitative 9 04 7

relations among spark parameters. B J _
%- -
£ 03 -
©

DISCUSSION < i

) ) ) ) O
Calcium sparks provide a unique window on the local % ,, — T
processes of excitation-contraction (EC) coupling. It is 0 0.4 0.2 0.3 0.4 0.5 0.6

widely expected that they will help distinguish between
different theories of the EC coupling process, and that their
properties will help determine how EC coupling is derangedrIGURE 8 Noise and measurement of spark amplitude. Observed versus
in pathophysiologic states such as myocardial hypertrophytrue spark amplitudeDashed straight linemeasured spark amplitude in
heart failure, and malignant hyperthermia. To fulfill this the absence of noise, which is 16% smaller than the true peak because of

romise. it will be necessary to resolve such deceptivel smoothing steps in our algorithm. Spark amplitude is increased by noise, in
P ! y p 3f)articular for faint sparks. Note also the nonlinear relationship between

_simple queStiO_nS as how many release Ch_annels are involvegtected and true spark amplitude at low amplitudes. Data were derived
in the production of sparks, whether the time course and/offom the synthetic test images (see text).

Peak amplitude of standard spark, AF/F
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FIGURE 9 Problems with sparks elicited by voltage clamp. In voltage clamp experiments in frog semitendinosus, sparks can be very close together, and
there is often release not in the form of sparks (Shirokova and,R097). Under our experimental conditions (e.g., inclusion of EGTA), sparks are always
briefer and often narrower than in cardiac muschg.Kluorescence in a skeletal muscle fiber upon stimulation at a low voltagé (nV). B) At a higher

voltage (-55 mV) in a different cell. The images present clearly different resting and active intervals, the latter corresponding to the time of the depolarizin
pulse.

into account confocal sampling theory in the context ofman observers is not only inefficient, but introduces over-
specific statistical models of the spark generation processvhelming bias into the distribution of spark properties. In
This makes it all the more important that the method ofparticular, the abscissa of modes found in human-counted
detection be objective, and be capable of automated use timplitude histograms turns out to be of very little value. The
count large numbers of sparks (to yield robust statistics)most reliable information is instead in the amplitude of the
We have developed, tested, and implemented such an alglarge sparks in an image, which may be interpreted as being
rithm here. We found that our algorithm can be operated sdoth large (as object sparks) and in-focus. The significance
as to detect 50% of the sparks of size of O84/F, unit,  of this detected amplitude depends on whether the object
which is approximately one unit of the scaled standardsparks are narrowly distributed, in which case the detected
deviation of the background noise/(n = 0.33) (Fig. 6). amplitude is representative of true modal amplitude, or
When applied to cardiac myocytes, it produced only 10%widely distributed, in which case the large detected ampli-
false positive detection, i.e., 90% specificity (Fig. 7). By tudes can only be interpreted as outliers.
using this algorithm, we find nearly twice as many sparks as It should be pointed out that there are hypothetical and
are counted by eye (data not shown; Song et al., 1997). special experimental situations when a modal amplitude
Since false positives are biased toward small amplitudedistribution for stereotypical spark events could be ob-
(see Fig. 8B), it might be argued that the increased numberserved. 1) We show in Appendix | that it is possible to
of small events detected by the automatic detector is thepecify any amplitude histogram, including one with modes,
result of false positives. However, our results suggest thaand then construct a (hypothetical) spark intensity profile
this is unlikely the case. As shown in Fig. 7,@ti = 3.8, that would give rise to the specified amplitude histogram.
there are 411 events detected\&/F, interval [0.25, 0.35]. However, the intensity profiles (or PSF) required to produce
Assuming that 73% (Fig. 8) of the estimated false posi- histograms with modes are not realistic (Fig. 12). 2) Theo-
tives (150 of 206 events, see Fig. 7 legend) is in &figF,  retically, artifactual multimodal amplitude distribution
range, there should be 261 true spark events after correctiarould be obtained if the release sites formed a regular
for false detection, higher than the (uncorrected) modes dattice, as shown by Pratusevich and Balke (1996) in their
Cri = 3.8 (199), 4.2 (106), or 4.8 (78). If we further take the numerical simulation. But this is also unlikely to occur
detectability -0.5 at AF/F, = 0.3) into account, there inside the cells. Nevertheless, there are special experimental
should have been 520 sparks in this/F, range; that is, the  conditions conducive to a modal distribution of a stereotyp-
number of observed events (411) onlgderestimateshe  ical event. 3) LetA(r) be the relationship between the
number of true sparks. Thus, based on the demonstratetbtected amplitude of a sparlh)(and the distance from
reliability of the method, we can be reasonably confidentwhere it originates to the scanned regioh (n a nutshell,
that these additional sparks, missed by human observers, aiee reason why there are no modes iline scanimage is
real. The inclusion of these events, which are mostly ofthat the volume of space at a given distance increases with
small amplitude, reveals the nonmodal amplitude distributhe square power of the distance to the scanned line; thus the
tion predicted by theory. This shows that counting by hu-frequency of sparks increases very rapidly as their detected
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FIGURE 10 Criteria for sparks under voltage clamp. The program required two modifications: (I) Resting fluoreBgeqlis [calculated as an average

over the resting interval. (Il) Sparks are located as regions exceeding a normalized fluorésgeaceraged during the active interval excluding the spark
regions, by eitheCri o (the relative criterion) oCril. (A andB) Fluorescence in Fig. 9 after normalization and digital filtering, with red dots at spark
maxima, placed by the spark locator wiltil = 0.4. Note that the apparently undetected events are all below 0.4 units when selected and measured
directly. The choice of threshold is constrained by the opposing requirements of reliability and sensitivity. We chose a higher threshold tseavoid fa
detections (with the penalty of erroneous rejection of true events) and show that even under these conditions, the skeletal muscle spark fibitgitude ex
a monotonic decreasing histogram distributidd.and D) Rectangles mark FWHM and FDHM.

size decreases. Intene-resolved xy scamage instead, the account, detection involves the following array-oriented
volumes of space increases linearly with distance to theomputations: masking, spatiotemporal filtering, and con-
focal plane. Thus it can be demonstrated, for perfectlynectivity in thex-t images. The spatial and temporal filters,
stereotyped sparks, that the detected amplitude distributiowith extents based upon the FWHM and FDHM character-
in an xy scan would have a mode provided that thaxis istics of calcium sparks, were used at various stages of data
PSF had an inflection point. 4) Finally, a modal distribution processing, to reject local extremes, to yield local average,
can be observed if the assumption of random sampling isand to reject single pixels or small islets in the r&n o
violated and if spark amplitude is truly modal, e.g., smallbinary masks. Thus, the decision rules involve a sequence of
sample statistics in conjunction with punctuated distributioncomputations rather than a simple threshold method. The
of spark origin, or statistics for sparks originating from theuse of the relative criterionnf + Cri o) appears to be
same, repetitively active sites (Cheng et al., 1993; Xiao etonvenient when the event density is low, and the global
al., 1997; Parker and Wier, 1997; Klein et al., 1998). [Ca?*] does not increase, as it ensures that higher absolute

Finally, it may be instructive to highlight some important thresholds are used for noisy images, so the number of false
features of our algorithm (Fig. 3 and Appendix Il). Taking positives per image (type | error) remains the same. It
both spatial and temporal properties of calcium sparks intgroved, however, inconvenient in situations wheis non-
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FIGURE 11 Amplitude histograms have no mod&) Amplitude histo-

gram of 127 events found in the image in Fig. AGand another image
obtained in the same fiber at the same voltage. In agreement with expec-
tations, there is no evidence of modeB) Amplitude versus width, and
amplitude versus duration, showing a small positive correlation among all
three measures. This indicates that there is a real distribution of spark sizes
(sparks are different in amplitude, not just detected differently). Open
symbols in each scatter plot are the three largest sparks in the histogram.
Because they are not especially wide, or prolonged in duration, they are
probably closest to the focal plane of the microscope.

I/Imax

Radial Distance

stationary because of local variations in release intensitff/SGURE 12 Hypothetical spark amplitude distributiortepj and the

and backaround [Co'é] In those cases we obted for an spark intensity profiles that generate thamtfon). The solid curve in the
9 ' P bottom panel shows a Gaussian spark intensity profile, which gives rise, by

absolute criterion, as the relative one would result in wideEq_ 2 (see text) to an amplitude distribution proportional tanglitude
variations of threshold within the same image and unaccepftop panel, solid curve By adding a Gaussian term to this distribution, a
able increases in the number of undetected events (type distribution with a mode ned,,,/2 is createdtpp panel, dashed curye
error). With its inherently array—oriented design, our a|go_'Back-<':aIcuIa.tion usiljg Eq. 10 from Appendix | theq shpws that the spark
rithm is also readily applicable to calcium spark data ob-'c?te::s';y pmf"ﬁ req“"sd tl(; pmd”cer:h'sh";f(’da' O:!Stzb“t'b.m‘om panel,
tained by the time-resolvexy scan technique (e.g., Tanaka ashed cunjehas a shoulder near the half-amplitude point.

etal., 1997). However, a more advanced algorithm could be

developed, explicitly making use of other spatial and tem-

poral properties of the spark. Certainly, human observers,

make use of such cues—"you know one when you see one.” ] ) ] o )

It should be relatively easy to use, for example, their ”fun-Th'S equation can be formally integrated to give the (implicit) solution:
nel” appearance in line scan images. In developing such

improvements it is possible, however, to introduce new e p?
sources of bias, particularly since the release process and pi) di =
reaction-diffusion interactions that produce the spark are :

incompletely understood at present (see Smith et al., 1998;

Izu et al., 1998). whereA and the constant of integration have absorbed into the valugs
the peak intensity of the spark (at= 0), andR, the spark radius (at which
I = 0). Given any proposed amplitude histogra(n), the integral can be

(10)

APPENDIX | performed and Eq. 10 solved foras a function ofp, giving the spark
profile which would generate that histogram. One case of particular interest

Construction of a spark fluorescence profile that is the Gaussian spark profile, which gives rise to the monotonic distribution

generates a specified amplitude histogram p(l) = 1/ for | < I, This may be verified most easily using Eq. 2.

Adding a (normally distributed) peaked component to this distribution
Taking the reciprocal of Eq. 2 gives a differential equation for the sparkgives rise, via Eq. 10, to a “spark” profile with a hump on its descending
intensity profilel(p): limb (Fig. 12). In general, a mode in the amplitude histogram corresponds
to a shoulder in the spark intensity profile. Clearly, such intensity profiles
dl Ap ill not be produced by a diffusi h i I
o (9) will not be produced by a diffusion process whose source is small com-
dp p(l) pared to the diameter of the PSF of a properly aligned microscope.
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Appendix Il
Codes for automatic spark detector

;parameter input

tscan=2.0913 ;ms per line
200M=4 . ;zoom set
pslze 0.625/z00m 70.625 um per pixel when zoom=1

ck=10 jused for cell edge detection. Cell regien>black
human juser interface l=active, other=inactive
crii={3.5,3.8,4.2,4.8] jcriteria for spark region folds of SD above mean

for ccrit=0,3 do begin
eri=erii{cerit)

;input of image data
yeread tiff(‘c:\image\062597\a000.tif")
ima=y

imal=y

;setup display windows

a=size{ima)&nx=a(l)&ny=a({2}

window, 3, Xs=nx, ys=ny jfor cri*spD binary image

window, 1, .ys=ny ifor 2SD binary image

window, 2, xs=nx, ys=ny ;for original normalized image only

window, 0, xs=nx, ys=ny ;for original normalized image overlayed with 2SD sparks
;setup LUT

loadet, 0

tvlet,r,g,b, /g

r(220)= 255&g(220) 0&b{220)=0 jred for spark region

tvlct,r,
;iterative computation of variance or SD

ima=£loat (median(ima,5))

;minimal median filter to remove data points at extremes
imm=ima ikeep a copy to be used later
ss=(0.8/psize)&st=(10./tscan)&ot= omn\b_flcarrmx ny)

;0.8-um and 10-ms spatiotemproal smocthing filter
for ia=-fix(ss/2),fix{ss/2) do begin &imb=imb+shift(ima,ia,0)&ct=ct+lsendfor
for ib=-fix(st/2),fix{st/2) do begin &imb=imb+ shift(ima,0,ib)&ct=ct+lsendfor
ima=imb/ct
imb=1ima
asrebin{ima,nx,1)&a=where{a gt black)&pl=min(a)&pr=maxi{a)

icell edges detected and then stored as pl and pr
ima=ima/rebin{rebin(ima, nx, 1}, nx,ny}

:initial normalization
sd=stdev (ima(pl:pr, *}) iinital estimate SD of the image data
mask=bytarr (nx,ny) &mask (where (ima gt 1+1.5*sd))=lamask=median (mask,5)

;jmask for potential spark regions >m+l.5SD
ima=imb* (1-mask) ;excise potential spark regions
base=smooth (rebin {ima,nx, 1)/rebm(1 -float (mask),nx,1),3,edge=1)

calculate baseline with potential spark regions excised
imb=imb/rebin (base, nx, n; inormalization using corrected baseline
tem=imb(pl:pr, *)* (1. —mask(pl pr,*)

;corrected background SD

sd=stdev(tem(where (tem gt 0.)),mean)

iSpark detection

im:median(fix((imb—(l.*cri*sdJ)D)*100000 <1),5)

inary image of cri*SD, spark sites

imedian filter to reject subsize islets and

;single pixels in the raw cri*sD binary image
im(0:55/2, %) S0%im(nx-55/2-1: %, *) 0&im(¥, 0: St/2) =0&im{*, ny-st/2-1:7) =0

take care the edge effect of the smoothing
ime=median (fix( (imb-{1.42. 0'5d)>0)"100000 <1),5)

SD image for automated regional counting
ime(0:55/2, ) =0kine (nx-s8/2-1: %, V) 20&ime (, 0:5C/2) S08ime (*, Y -8€/2-11#) 20
inf=ime
imb=imm/rebin (base, nx, ny) ;imb will be used for spark measurement

wset, 0&tv, {imb-.5>0) 7150<250 ;display the normalized image with contrast enhanced
wset, 2&tv, (imb-.5>0) *150<250
wset, 3&tvscl, im
wset , 1latvscl, ime

;Cri*SD image
72-5D image

ske=0 sinitalize spark counter
jumpl: ime=imf

While (total(im) ne 0} do begin
a=min{where (im eq 1})
tt=a/nxexx=a mod nx

;define search area
nnl=fix{min((4./psize, xx)})
nnr=fix(min([4./psize, nx-xx-11))
mmb=£ix (min([250./tscan, ttl})
mme=Ffix (min([250./tscan, ny-tt-1]}}
ym=bytarr (nnl+nnr+l, mub+mme+l) ;array to hold growing points
ym{nnl, mmb)=1 ;initial seeding for growth
sk=ym ;array to hold the spark as seen in the 25D image

for 1i1=0,500 do begin ;surface growth generation count
yt=sk -
;potential new surface points
yn=(ime (xx-nnl:xx+nnr,tt-mmb:tt+mme) ) and fix{smooth{float{ym},3,edge=1)*100.<1)
;jdilation of ym by 3*3 filter
if total{yn) eg 0 then goto, jump2
ino furth growth, stop and update spark count

sk=skoyn ;update sk
ime (xx-nal s xoctnng, tt-mab: tt+mme) =ime (xx-nnl:xx+nnx, tt-mmb: tt+me) - £ix (sk) >0
;excise the pointe that already included in the cluster
im {3x-nnl s xcenne, EE-mib s EE+mme b =im (xX-RAL s XA, CE-mb; LE+mme) - £33 (sk) >0
ymeyn-£ix (yt)>0 jtrue new surface growth point
if 3ii eq 500 then print, WARNING: SPARK SEARCH AREA MAY BE TOO SMALL’
endfor

Jump2 : ske=ske+1
endwhile

;Optional user interface

old_font = Ip.font
1p.font = 0

juse haw font

while human eg 1 do begin

wset, 0 ;activate image window

print, ‘click left button at a spark to be discarded’

print, ‘middle button to add a spark’

print, ‘right button to exit’

cursor,ix, iy, 3, /dev

if terr eq 4 then goto, jumpd

if (lerr eq 1) then begin

repeat cursor,ix,iy,0,/dev until 'err eg 0

for i=1,skc do begin

if (ix le s(13,1i) and ix ge s(12,i)) and (iy le s{15,i} and iy ge s{(14.i}) then begin
;update window

wset, 2&xu=tvrd(s (12, 1), 5114 i),5(13,1)-5(12,4)+1,5(15,i)-5(14,1)+1)

wset, 0&tv,xu,s{12,1),5(14,

skc=ske-1

print, ‘spark ‘,i,’ has been deleted’

endif

if (lerr eq 2)and (imf(ix,iy) eq 1) then begin
im(ix, iy)=1

print,’spark’,ske+l, ‘will be added’

endwhile
Sump4: print,

endfor
end

‘number of sparks detected at cri=‘, cri, is’, ske
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