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Abstract— Fast processes in cardiac electrophysiology are 
often studied at temperatures lower than physiological. 
Extrapolation of values is based on widely accepted Q10
(Arrhenius) model of temperature dependence (ratio of kinetic 
properties for a 10°C change in temperature). In this study, we set 
out to quantify the temperature dependence of essential parameters 
that define spatiotemporal behavior of cardiac excitation. 
Additionally, we examined temperature’s effects on restitution 
dynamics. We employed fast fluorescence imaging with voltage- 
and calcium-sensitive dyes in neonatal rat cardiomyocyte sheets. 
Conduction velocity (CV), calcium transient duration (CTD), 
action potential duration (APD) and wavelength (W=CV*duration)
change as functions of temperature were quantified. Using 24°C as 
a reference point, we found a strong temperature-driven increase of 
CV (Q10=2.3) with smaller CTD and APD changes (Q10=1.33,
1.24, respectively).  The spatial equivalents of voltage and calcium 
duration, wavelength, were slightly less sensitive to temperature 
with Q10 = 2.05 and 1.78, respectively, due to the opposing 
influences of decreasing duration with increased velocity. More 
importantly, we found that Q10 varies as a function of diastolic 
interval. Our results indicate the importance of examining 
temperature sensitivity across several frequencies.  Armed with our 
results, experimentalists and modelers alike have a tool for 
reconciling different environmental conditions. In a broader sense, 
these data help better understand thermal influences on arrhythmia 
development or suppression such as during hibernation or cardiac 
surgery.

I. INTRODUCTION

EACTION-DIFFUSION processes such as propagation of 
excitation waves in cardiac tissue are temperature 

sensitive. The reaction term incorporates ion channel kinetic 
properties for excitable membranes while the diffusional 
component describes passive movement of ions down the 
electrochemical gradient. In cardiac electrophysiology, the 
Q10 is used to describe temperature dependency of ion 
channel kinetics or, more generally, response of excitable 
membranes. The Q10 term was originally derived from the 
Arrhenius equation for general temperature dependence of 
rate constants in chemical reactions. 

In a classical chemical reaction ( …),
the rate constant, k, is the temperature-dependent parameter. 
This exponential dependence is given by the Arrhenius 
equation (1889) (4): 
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describing an exponential decay of some initial rate k0 with 
temperature T for a given activation energy Ea and the 
universal gas constant R. Using the ratio of two rate 
constants, k1 and k2 at two known temperatures, T and Tref,
one computes the Q10 and can infer the apparent activation 
energy without knowledge of k0:
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, for T – Tref = 10.    [2] 

The value of some measured parameter PT at a 
temperature T would be expected to be its value, Pref, at the 
reference temperature, Tref, scaled by the Q10 for that 
parameter: 
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where Tref was chosen to be 24°C (297K). While the 
Arrhenius model accounts for reaction kinetics, the diffusion 
of ions is directly proportional to the absolute temperature, 
following instead Einstein’s equation (1905)(3) for the 
diffusion coefficient. 

Temperature dependence in excitable tissue is expected to 
reflect a combination of reaction (kinetics of depolarizing 
and repolarizing currents and gap junction proteins) and 
diffusion (passive ion movement) components. For the small 
range of temperatures (12°C) examined here, we assumed 
that Q10 remained constant over this interval and that the 
reaction kinetics overwhelm diffusion. 

The reaction kinetics are also known to be influenced by 
the pacing rate or the duration of diastole prior to the 
excitation, the diastolic interval (DI). Thus, we sought to 
answer how the three major parameters CV, APD, and CTD 
vary across both temperature and frequency. Specifically, 
we were interested in how the restitution slope changed as 
temperature varied and whether the maximum stable pacing 
rate was affected by temperature. Lastly, we checked to see 
if calcium or voltage dynamics lead to the instability.  

II. METHODS AND MATERIAL

1) Dynamic functional measurements 

Neonatal rat cardiac myocytes were isolated and plated as 
previously described (2) onto 0.8cm  x 2 cm elastic 
scaffolds.

For experimentation, the cells were washed and 
equilibrated at room temperature in Tyrode’s solution (at 
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1.33mM extracellular Ca2+) and co-stained for 
transmembrane voltage (Vm) and intracellular calcium 
([Ca2+]i) with di-8-ANEPPS and Fura-2 AM (both from 
Molecular Probes, Eugene, OR), respectively. Stained 
myocytes were then transferred to an experimental chamber 
perfused with fresh Tyrode’s solution at three controlled 
temperatures, 24°C (TL), 30°C (TM), and 36°C (TH). The 
order of temperatures tested was varied randomly. Upon 
completion of recording at one temperature, the cells were 
equilibrated at a new temperature for 5-10min before 
repeating the pacing protocol described next. Cells were 
stimulated with a Pt line electrode at one end of the scaffold, 
ensuring uniform excitation of cells. Cells were paced at 
several frequencies starting at 1Hz, gradually increasing 
frequency, following a dynamic restitution protocol (5). 
Fluorescence signals were recorded with a photomultiplier 
tube (PMT) at a fixed distance (1.2-1.6cm) away from the 
stimulating electrode at a sampling rate of 1000Hz. Steady-
state was achieved by pacing for at least one minute. At each 
pacing frequency, fifteen to twenty transients in first the 
voltage, then the calcium domain were collected. Cells were 
paced until they failed to follow 1:1 (occurrence of alternans 
or blocks in the response), defined here as the breakpoint 
frequency (fbreak).

2) Data processing and analysis 

Collected fluorescence signals were analyzed with a 
custom-made Matlab (Mathworks, Natick, MA) program. 
All frequencies that did not follow 1:1 were excluded from 
data analysis. CV was estimated from the straight line 
distance between the stimulating electrode and the lag time 
between stimulation pulse and acquired response.  Aside 
from CV, transient parameters of interest were action 
potential duration at 80% repolarization (APD) and calcium 
transient duration at 80% return (CTD).  These parameters 
were normalized with respect to TL and thereafter used to 
calculate wavelength for CTD (WCTD=CVxCTD) and APD 
(WAPD=CVxAPD).  In order to calculate Q10, linear 
regression of the logarithm-transformed curves were used 
with change in temperature as an independent parameter: 
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To enable comparison of temperature sensitivity between 
CV which increases with temperature and durations which 
decreased with increasing temperature, we report the Q10’s
for duration as 1/Q10.

The restitution behavior was characterized by fitting 
curves for DI vs. CTD and DI vs. APD using a power fit:  

by ax c
            [6] 

with y, representing DI and x, duration, and dx/dy or the rate 
of change of duration with respect to DI was used to locate 
critical slopes of 1 (6). The dependency of the breakpoint 
frequency (fbreak) across temperature was examined to 
determine which parameter, calcium or voltage, failed 1:1 
first.

III. RESULTS

 Since a few samples were not usable after the first or 
second temperature, the reported results have the following 
n: TL =12; TM =14; and TH =12 samples. A typical sample is 
shown in Figure 1 demonstrating both the expected 
restitution behavior at a particular temperature and the 
direction of change for each parameter (CV increasing while 
CTD and APD decreasing for increasing temperature). 
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Figure 1: Representative data of temperature response across the 
frequency range for CV, CTD and APD.   

 Using a linear regression to fit the normalized average 
data, and the Q10 calculation equation [5], we obtained Q10
values at a particular frequency, 2Hz, displayed in Table 1.

Parameter Calculated
Q10

R2 (linear regression) 

CV 2.3 0.97
CTD 1.33 0.97
APD 1.24 0.94
WCTD 2.05 1.00
WAPD 1.78 1.00
fbreak 1.64 0.99

Table 1: Calculated Q10 values via using the Q10 equation (5) and 
a linear regression at 2Hz pacing rate. 

The number of samples which achieved critical slopes 
greater than 1 was tallied at each temperature, and the results 
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shown in Figure 2. For TM and TH, but not TL, calcium 
restitution exceeded 1 more often than voltage. In addition, 
increasing temperature increased the likelihood of calcium 
restitution slope exceeding 1 while had little effect on 
voltage restitution slope. 

Next, to see whether these restitution dynamics had any 
effect on the stability of the samples, we plotted the 
breakpoint frequency across temperatures and noticed a 
strong influence as depicted in Figure 3. We estimated Q10
for the relationship of breakpoint frequency (fbreak) to 
temperature as indicated in Table 1.
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Figure 2: Percentage of samples across temperature exceeding 
critical slope of 1 

Finally, to assess whether the breakpoint was driven by 
calcium or voltage – defined here as the parameter which 
failed 1:1 capture first – we enumerated the failure 
mechanism for each sample across temperature, summarized 
in Figure 4.
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Figure 3: Effect of temperature on breakpoint frequency. Mean 
values with standard errors are displayed across temperature. 

Who breaks first - Vm or Ca2+?

17% 10%

50%

23%

0%

20%

40%

60%

80%

100%

TL TM TH
Temperature range

%
 s

am
pl

es Ca2+

Vm

Both

Figure 4: Voltage-Calcium coupling and instability occurrence.   

III.  DISCUSSION

The Q10 estimates the temperature sensitivity of each 
parameter, and we found CV to be the most sensitive 
followed by wavelength and then duration. While Q10
estimates have been done before, little attention has been 
paid to the pacing rate at which the Q10 measurements were 
made. Since the kinetics is known to be affected by the DI, 
we used the percentage of samples exceeding a critical slope 
of 1 in the restitution plot as an indicator of how frequency 
and temperature are related. Surprisingly, we found calcium 
and voltage restitution behavior differed at varying 
temperatures. Voltage was only slightly affected with a peak 
at TM whereas calcium had a clear temperature response 
with increasing temperature resulting in increased likelihood 
of instabilities (estimated as exceeding critical slope of 1). 
The switch in the predominance of calcium initiating 
instability at TL to voltage at TM is surprising given that 
CTD was less likely than APD to have restitution slopes 
greater than 1 at TL but reversed at TM; hinting that 
mechanisms other than restitution slope may be responsible. 
Increasing temperature, in general, made it more likely for 
voltage to be responsible for breakpoint which coupled with 
the relative insensitivity of restitution slope to temperature 
again suggests mechanisms other than critical restitution 
slope may be underlying the instability. 

Our data shows that at higher temperatures, faster kinetics 
allows the system to handle higher frequency, i.e. higher 
breakpoint frequencies. Examining a range of temperatures 
reveals different contribution to instability by Vm and Ca2+.
More specifically, Vm may dominate instability occurrence 
at higher temperatures, while Ca2+ may play a more 
prominent role at destabilizing the system at lower 
temperatures. 
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IV. CONCLUSION

Understanding temperature response can elucidate the 
fundamental mechanisms of cardiac dynamics. This research 
will help facilitate collaboration of optical mapping of 
cardiac excitation under variable experimental conditions. 
As usual, we found that the Q10 concept holds relatively 
well for each of the parameters studied, but that it lacked the 
capability to describe changes brought about by pacing rate 
thus limiting the utility of reporting a single Q10 value. 
More useful would be a measure similar to Q10 that 
describes how Q10 varies as pacing rate is changed. 

We also have evidence that exceeding a critical slope of 1 
in the restitution relationship is not necessarily an indicator 
of instability as have been discussed by others previously 
(1). Perhaps, like the Q10 single value model, additional 
factors need to be considered before restitution slope 
becomes diagnostic. 

Ultimately,  these data can help predict thermal influences 
on arrhythmia development or suppression. Situations where 
temperature might play a role in arrhythmias include cardiac 
bypass surgeries where cardioplegia is effected by cold 
potassium solutions, and in patients exposed to cold 
temperatures for long durations resulting in hypothermia, a 
known risk factor for deadly arrhythmias. Better 
comprehension of the mechanisms underlying temperature-
driven instability will aid in the design of therapeutic 
measures to suppress arrhythmias in temperature-challenged 
conditions. 

ACKNOWLEDGMENT

We would like to thank the members of the Cardiac Cell 
Engineering Lab for their contributions. 

Reference List 

 1.  Berger RD. Electrical restitution hysteresis: good memory or 
delayed response? Circ Res 94: 567-569, 2004. 

 2.  Bien H, Yin L and Entcheva E. Cardiac cell networks on elastic 
microgrooved scaffolds. IEEE Eng Med Biol Mag 22: 108-112, 
2003. 

 3.  March NH and Alonso JA. Structural corrections to Stokes-
Einstein relation for liquid metals near freezing. Phys Rev E Stat 
Nonlin Soft Matter Phys 73: 032201, 2006. 

 4.  Svante, Arrhenius. On the Reaction Velocity of the Inversion of 
Cane Sugar by Acids. Zeitschrift für physikalische Chemie. 1899.  

 5.  Tolkacheva EG, Schaeffer DG, Gauthier DJ and Krassowska 
W. Condition for alternans and stability of the 1:1 response pattern 
in a "memory" model of paced cardiac dynamics. Phys Rev E Stat 
Nonlin Soft Matter Phys 67: 031904, 2003. 

 6.  Wu R and Patwardhan A. Restitution of action potential duration 
during sequential changes in diastolic intervals shows multimodal 
behavior. Circ Res 94: 634-641, 2004. 

844


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


