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Electrocardiogram measures the electric impulses generated by the heart during its cycle. Recently genome-wide 
association studies on electrocardiogram traits revealed many relevant genetic loci. Therefore, these findings need to be 
validated and investigated to determine the underlying mechanisms using mouse models. Invasive radiotelemetry has been 
widely used to record the electrocardiogram in mice because it has several advantages over non-invasive measurements. 
However, radiotelemetry is expensive and requires complicated surgery. On the other hand, a non-invasive method using 
3 electrodes (one for earth) for lead II is easy to establish and allows for rapid measurement. In this study, eleven mice were 
measured with this non-invasive method and no statistical difference among them was found in any ECG measurements. 
In addition, repeat measurement in the same mouse was performed in 9 sets of experiment and the results indicated that 
non-invasive method was reliable for reproducibility. Further it was shown that measurements for 1, 5, 10, and 15 
minutes were not different so that a short recording such as 5 minutes was enough to estimate the ECG values including 
heart rate. Further this method was validated by measuring the ECG of Balb/c and FVB that were previously shown to 
differ in ECG values by radiotelemetry. Significant differences were found in heart rate, PR interval and corrected QT 
interval between these mouse strains. This study partially proved that non-invasive method also could provide the accuracy 
and reproducibility. Based on these results, the non-invasive ECG recordings of lead II is recommended as a useful 
method for quick test in mouse model. 
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INTRODUCTION 

 
Electrocardiogram (ECG) measures the electrical impulses 

generated by the heart during its cycle. Although these 
signals are weak, they can be captured at the surface of the 
skin (Goldbarg et al., 1968). ECG can reveal dispropor- 

tionate or enlarged atriums or ventricles as well as conduc- 
tivity dysfunctions, cardio medicine testing and pacemaker 
performance evaluations, aiding in diagnosing a patient's 
condition or disease (Bigger et al., 1992; Bruell et al., 1962; 
Janse et al., 1998; Kleiger et al., 1987; Sandercock et al., 
2006). ECG reflects the cycle of heart and is comprised of 
P, Q, R, S, and T waves. The P wave is produced by atrial 
depolarization, the QRS pulses represent ventricular depolar- 
ization, and the T wave represents ventricular repolarization 
(Goldbarg et al., 1968). Lengthening or shortening of the P 
wave causes high blood pressure or acute myocardial 
infarction, and irregular QRS pulses indicate pre-excitation 
syndromes. Abnormal T wave can indicate myocardial 
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ischemia or myocarditis (de Bruyne et al., 1999; Montanez 
et al., 2004). 

Factors that affect heart functions may include environ- 
mental causes, but genetic factors also seem significant. 
Recently, genome-wide association studies have identified 
many genetic loci that are associated with PR interval 
(Holm et al., 2010; Hong et al., 2014; Pfeufer et al., 2010), 
QRS duration (Holm et al., 2010; Hong et al., 2014; 
Sotoodehnia et al., 2010), and QT interval (Kim et al., 2012; 
Newton-Cheh et al., 2009; Pfeufer et al., 2009). Therefore, 
it demands to validate these genetic risks of ECG and 
investigate the underlying mechanisms using mouse models. 
ECGs have been obtained by invasive and non-invasive 
techniques from mice (Zhao et al., 2011). A most widely 
used invasive method is conducted by transplanting a remote 
measurement device, called radiotelemetry. However, this 
method involves an expensive measurement device, and 
adequate recovery period is needed after the transmitter is 
implanted in mice (Lorenz, 2002; Uechi et al., 1998). In 
contrast, the non-invasive procedure using ECG electrodes 
inserted under the skin of left-leg and right arm in mouse 
(lead II) is straightforward, so the ECG can be taken quickly 
and easily. 

The anesthesia is required in the non-invasive method 
during contacting ECG electrodes and measuring ECG 
(Gao et al., 2011; Zhao et al., 2011). Various anesthetics 
can affect the heart activity and thus adequate selection is 
critical (Odashima et al., 2007; Stypmann, 2007; Yang et al., 
1999). Ketamine or xylazine administered via intraperitoneal 
or intramuscular injections affects the cardiovascular system 
and increases blood pressure, heart rate, and cardiac output 
(Erhardt et al., 1984; Hart et al., 2001; Xu et al., 2007). 
However, compared to ketamine or xylazie, avertin (2,2,2 
tribromoethanol) achieves a stable anesthesia state faster 
and is appropriate for experiments with short durations. 
Furthermore, it is not classified as a narcotic drug so it is 
widely available and is used on small animals for genetic 
studies (Hart et al., 2001; Roth et al., 2002). In this study, a 
non-invasive ECG measurement method using three probes 
including one earth for lead II was tested for stability during 
the recording and reproducibility in the same mice anesthe- 
tized by avertin. Further this method was validated by 

measuring the ECG of two different mouse strains, Balb/c 
and FVB that were previously shown to be different in 
ECG values by radiotelemetry (Shah et al., 2010). 

 
MATERIALS AND METHODS 

Animals and housing conditions 

Balb/c mice (Japan SLC, Inc., Shizuoka, Japan) and FVB/ 
NJ mice (Jackson Laboratory, Bar Harbor, ME, USA) were 
bred in a pathogen-free facility and male mice at age 7 to 9 
weeks with body weights of 20 grams were used. The mice 
were maintained on a 12-hr light/dark cycle at constant 
temperature with free access to food and water. Every effort 
was made to minimize the number of animals that was used 
and their suffering per the Committee for the Care and Use 
of Laboratory Animals, College of Pharmacy, Kyung Hee 
University (KHP-2010-04-06). 

Anesthesia 

The mice were anesthetized with avertin. The standard 
dose was 0.02 ml of working avertin solution per gram 
body weight, and the working solution was made by diluting 
a stock solution (10 g 2,2,2 tribromoethanol, dissolved in 
10 ml tertiary amyl alcohol) 40-fold in 0.9% NaCl. 2,2,2 
tribromoethanol (97%) was purchased from Sigma-Aldrich 
(St. Louis, MO). Mouse ECG was measured after 10 minutes 
of intraperitoneal injection. 

ECG measurement and data analysis 

Anesthetized mouse was placed in a supine position. After 
complete induction of anesthesia (<3 min), Acupuncture 
needle (0.20 × 15 mm, DongBang Acupuncture, Sungnam, 
Korea) electrodes were inserted subcutaneously according 
to the lead II (left foreleg, right foreleg, and left rear leg) ECG 
scheme (Fig. 1). ECGs were recorded using a PowerLab 
8/30 supplemented with an animal BioAmp and analyzed 
by the LabChart7 software (AD Instruments, Bella Vista, 
Australia). Each channel was amplified and sampled at a 
rate of 2 kHz rate and 5 mV range of a high-pass filter 
setting of 1 Hz. Based on the P wave Standard PR interval 
is 70 ms and 10 ms and up to a maximum when the mouse 
RT interval 60 ms exclusion. The average ECG signal was 
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set to 1 minute, lead II, and QRS maximum in the LabChart7 
software. PR interval, QRS duration, and QT interval were 
calculated from the average ECG measurements and QT 
intervals were corrected for RR interval according to Bazett's 
formula, QTc = QT/(RR/100)1/2(Mitchell et al., 1998). 

 
RESULTS 

ECG values are stable over the measuring time 

Mice anesthetized with avertin were measured for ECG 

A B

Fig. 1. Mouse ECG measurement system. (A) Acupuncture needle electrodes are inserted subcutaneously according to the lead II (left
foreleg, right foreleg, and left rear leg) ECG scheme. (B) Averaging view of ECG from an anesthetized Balb/c mouse. 

Fig. 2. Results of ECG measurement during 15 minutes. Each symbol represents the average ECG signal of 11 mice. Error bar means
SEM. HR, Heart rate; PR, PR interval; QRS, QRS duration; QTc, corrected QT interval; ms, millisecond; BPM, beats per minute. 
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over the 15 minutes post-anesthesia (Fig. 2). The heart rate 
(beats per minute, BPM) on individual mouse was calculated 
from total beats of the 15 minutes, and the average heart 
rate among the 11 measured mice was 400.42 ± 14.43 
BPM (Table 1). Fig. 3B represents the correlation of heart 
rate among the 11 mice. The heart rate calculated from 
measurement for 1 minute, 5 minutes, 10 minutes, and 15 
minutes were compared with each other using the Kruskal-
Wallis test. There was no statistical difference among the 
measurements, suggesting that recording less than 15 minutes 

is enough to measure the ECG (Table 1). PR interval, QRS 
duration, and QTc were also calculated in a similar way 
and their values were 43.84 ± 1.54, 9.44 ± 0.17 and 
55.02 ± 2.16, respectively (Table 1). Fig. 3A, Fig. 3C and 
Fig. 3D represents the correlations of PR interval, QTc, 
and QRS duration, respectively. Kruskal-Wallis test among 
measurements for 1, 5, 10, 15 minutes did not show any 
statistical difference in PR interval, QRS duration, and QTc 
(Table 1). Therefore we decided to record ECG only for 5 
minutes, and measurements during the time were used for

 

m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11 m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11

m1 1 
PR 

m1 1 0.32* 0.81** 0.61** 0.01 0.34* 0.23 0.79** 0.23 0.19 0.36*

m2 0.70** 1 m2 1 0.29* 0.00 0.00 0.67** 0.01 0.59** 0.58** 0.04 0.00

m3 0.88** 0.93** 1 m3 1 0.44** 0.02 0.43** 0.04 0.77** 0.28* 0.05 0.14

m4 0.02 0.00 0.00 1 m4 1 0.00 0.00 0.47** 0.23 0.00 0.61** 0.71**

m5 0.91** 0.53** 0.74** 0.07 1 m5 1 0.11 0.04 0.09 0.03 0.05 0.05

m6 0.38* 0.27* 0.29* 0.47** 0.47** 1 m6 1 0.06 0.69** 0.31* 0.15 0.04

m7 0.94** 0.81** 0.92** 0.03 0.87** 0.45** 1 m7 1 0.01 0.00 0.57** 0.81**

m8 0.31* 0.52** 0.52** 0.19 0.19 0.01 0.29* 1 m8 1 0.29* 0.01 0.06

m9 0.09 0.14 0.09 0.65** 0.11 0.59** 0.14 0.02 1 m9 1 0.00 0.02

m10 0.66** 0.21 0.37* 0.00 0.61** 0.20 0.54** 0.05 0.00 1 m10
HR 

1 0.85**

m11 0.50** 0.87** 0.78** 0.00 0.41** 0.16 0.63** 0.46** 0.11 0.08 1 m11 1 

m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11 m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11

m1 1 
       QTc 

m1 1 0.07 0.34* 0.00 0.00 0.04 0.03 0.00 0.07 0.03 0.03

m2 0.90** 1 
      

m2 1 0.00 0.32* 0.28* 0.18 0.26 0.52** 0.57** 0.31* 0.82**

m3 0.21 0.38* 1 
     

m3 1 0.14 0.03 0.06 0.00 0.11 0.06 0.00 0.01

m4 0.82** 0.89** 0.30* 1 
    

m4 1 0.17 0.24 0.16 0.04 0.44** 0.19 0.18

m5 0.41* 0.46** 0.03 0.46** 1 
   

m5 1 0.29* 0.10 0.08 0.07 0.13 0.17

m6 0.23 0.39* 0.26 0.51** 0.05 1 
   

m6 1 0.27* 0.02 0.11 0.04 0.09

m7 0.86** 0.87** 0.29* 0.92** 0.52** 0.32* 1 
  

m7
 

1 0.10 0.07 0.08 0.14

m8 0.00 0.00 0.11 0.01 0.18 0.2 0 1 
 

m8
  

1 0.22 0.09 0.84**

m9 0.69** 0.81** 0.33* 0.94** 0.45** 0.50** 0.84** 0 1 m9
   

1 0.33* 0.46**

m10 0.56** 0.46** 0.01 0.35* 0.47** 0 0.49** 0.31* 0.36* 1 m10
QRS 

    
1 0.16

m11 0.52** 0.57** 0.61** 0.54** 0.02 0.48** 0.48** 0.29* 0.45** 0.04 1 m11
    

1 

Fig. 3. Correlation plots of ECG parameters among 11 the mice. Each value and background color represented the square of the Pearson's
correlation coefficient (r2) and statistical significance. (A) PR interval; (B) Heart rate; (C) corrected QT interval; (D) QRS duration; m1-m11,
mouse #1 - mouse # 11; red, r2=1; orange and **, P<0.001; light orange and *, P<0.05, white, P≥0.05 
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the calculation of heart rate, PR interval, QRS duration, and 
QTc in the following study. 
 

ECG values are replicated in the same mouse 

The same mouse was measured twice in order to confirm 
the reproducibility of this method. The second ECG mea- 

Table 1. ECG measurements in Balb/c mice during 15 minutes 
HR PR QRS QTc 

1 min. 417.17 ± 14.36 41.13 ± 1.16 9.05 ± 0.18 51.65 ± 1.63 
5 min. 409.17 ± 15.27 42.26 ± 1.29 9.22 ± 0.18 52.26 ± 1.86 
10 min. 404.10 ± 15.49 43.12 ± 1.37 9.33 ± 0.17 53.74 ± 2.06 
15 min. 400.42 ± 14.43 43.84 ± 1.54 9.44 ± 0.17 55.02 ± 2.16 
P-value* 0.82 0.43 0.30 0.37 
All data are presented as mean ± SEM. *Statistical significance is evaluated by Kruskal-Wallis test. HR, Heart rate; PR, PR interval; 
QRS, QRS duration; QTc, corrected QT interval; min., minute 

Fig. 4. Repetitive measurements of ECG in the same mouse (6-hr interval). (A) Heart rate; (B) PR interval; (C) QRS duration; (D)
corrected QT interval; green line, 1st measurement; orange line, 2nd measurement; Error bar means SEM. 

A B

DC 
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surement was performed 6 hours after the first measurement. 
The results obtained from 9 mice are shown in Fig. 4. 
Between two measurements there was no statistical dif- 
ference in any ECG values including heart rate by using 
Willcoxon signed rank test (Table 2). 

Validation test in Balb/c and FVB mouse strains 

Previously, ECG recordings in Balb/c and FVB mouse 
strains were reported in conscious mice using radiotelemetry 
(Shah et al., 2010). These two mouse strains showed signi- 
ficant difference in heart rate and PR interval. Therefore 
these two mouse strains were investigated for ECG in 
order to validate the method used in this study. Significant 
differences were found in heart rate, PR interval and cor- 
rected QT interval between BALB/c and FVB mouse strains 
(Table 3 and Fig. 5). Similar to the previous results using 
radiotelemetry, FVB showed higher heart rate, shorter PR-
interval, and shorter corrected QT interval compared to those 
in Balb/c mouse. 

 
 

 
DISCUSSION 

 
Unfortunately we did not compare the ECG measure- 

ments upon diverse anesthetic treatments in order to provide 

Table 2. Repetitive measurements of ECG in the same mouse (6-hr interval) 
HR PR QRS QTc 

1st 417.17 ± 14.36 41.13 ± 1.16 9.05 ± 0.18 51.65 ± 1.63 
2nd 400.42 ± 14.43 43.84 ± 1.54 9.44 ± 0.17 55.02 ± 2.16 
P-value* 0.14 0.26 0.80 0.09 
All data presented as mean ± SEM. *Statistical significance is evaluated by Willcoxon signed rank test. 1st, 1st measurement; 2nd, 2nd

measurement; HR, Heart rate; PR, PR interval; QRS, QRS duration; QTc, corrected QT interval. 

Table 3. ECG comparison of Balb/c and FVB mice 

ECG trait Balb/c 
(n=11) 

FVB 
(n=13) P-value*

HR 304.8 ± 6.4 398.4 ± 6.9 5.67E-06
PR  44.34 ± 1.33  37.79 ± 0.96 7.07E-04
QRS   9.7 ± 0.2  10.2 ± 0.2 0.119 
QTc  48.77 ± 1.39  42.82 ± 0.92 0.002 

All data presented as mean ± SEM. *Statistical significance is
evaluated by Mann-Whitney U-test. HR, Heart rate; PR, PR interval;
QRS, QRS duration; QTc, corrected QT interval 

A

B

Fig. 5. Comparison of the ECG between Balb/c and FVB mice.
The average views were obtained by averaging all ECG complexes
during 5 minutes. The x-axis and y-axis presented time (second)
and mV (millivolt). Green arrows indicated duration of PR, QRS
and QTc. (A) Balb/c; (B) FVB 
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the strength of avertin over other anesthetics. However, the 
ECG recordings from mice anesthetized with avertin were 
stable over the 15 minutes post-anesthesia and reproducible 
in the same mouse. Avertin has been proved to be a reliable 
anesthetic, especially for a short-period time in small animals 
such as mice and because it is not classified as a narcotic 
drug, it has an advantage for availability (Hart et al., 2001; 
Roth et al., 2002). Invasive measurement using radiotele- 
metry has been more widely used compared to non-invasive 
methods, mostly because of the accuracy and the mouse 
consciousness during the recording. However, this study 
partially proved that non-invasive method also could provide 
the accuracy and reproducibility. Eleven mice were meas- 
ured with the same non-invasive method and no statistical 
difference among them was found in any ECG measurements. 
In addition, repeat measurement in the same mouse was 
performed in 9 sets of experiment and the results indicated 
that non-invasive method was reliable for the reproducibility. 
Further it was shown that measurements for 1, 5, 10, and 
15 minutes were not different so that a short recording such 
as 5 minutes was enough to estimate the ECG values 
including heart rate. 

Non-invasive method has several advantages such as 
convenience, absence of surgical procedures and speediness 
of measurement. Therefore non-invasive method may be 
appropriate to screen for genes affecting the ECG as well as 
the cardio medicine development. Actually in the laboratory 
this method has been actively used to identify the causative 
genes of genetic loci in the genome-wide association study 
about PR interval, QRS duration and QT interval. The 
experiment includes the siRNA in vivo delivery system that 
reduces the gene expression level temporally. Therefore the 
change of ECG has to be measured shortly after the siRNA 
injection. Recent genetic studies such as genome-wide asso- 
ciation studies could increase the understanding of genetic 
architecture controlling the heart cycle. As a means to an 
end, non-invasive method needs to be verified and improved. 
This is the key rationale for the current study. 

In this study, a non-invasive ECG measurement method 
using three probes including one earth for lead II was tested 
for the stability during the recording and reproducibility in 
the same mice anesthetized by avertin. Further this method 

was validated by measuring the ECG of two different 
mouse strains, Balb/c and FVB that were previously shown 
exhibit different ECG values by radiotelemetry. Based on 
these results, the non-invasive ECG recordings of lead II is 
recommended as a useful method for quick test in mouse 
model. 
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