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Abstract

Introduction—EXercise is protective against ventricular arrhythmias induced by ischemia (1), the
condition of inadequate blood flow, and reperfusion (R), the reestablishment of blood flow. This
protection is observed clinically and scientifically by decreased incidence in ECG abnormalities.
Numerous scoring systems exist for the quantification of ventricular arrhythmia severity. On the
basis of preventricular contractions, ventricular tachycardia, and ventricular fibrillation frequency,
these scoring systems are intended to provide more robust ECG outcome indicators than
individual arrhythmia variables. Scoring systems vary primarily on continuous versus
discontinuous treatment of the data, which should be considered when matching these arrhythmia
metrics to scientific applications.

Purpose—The aim of this investigation was to evaluate seven ECG scoring systems in the
assessment of ventricular arrhythmia severity after IR in male Sprague—Dawley rats.

Methods—Animals remained sedentary or exercised (3 d of treadmill exercise for 60 min) before
surgically induced IR. A subset of sedentary animals served as sham, undergoing surgical
procedure without IR. ECGs were evaluated under blinded conditions by three trained individuals.
Single arrhythmia data and the parametric score were analyzed by one-way ANOVA, whereas the
Kruskal-Wallis was used to compare group means for all nonparametric scoring systems between
groups.

Results—IR produced a significant arrhythmic response in exercised and sedentary rats as
determined by all arrhythmia scoring systems. Four arrhythmia metrics resulted in significant
differences between exercised and sedentary treatments (£ < 0.001), whereas three metrics did not.

Conclusions—Continuous versus discontinuous treatment of the data may account for variation
in scoring system outcomes. These data confirm that exercise protects against IR-induced
arrhythmias, and care must be taken when selecting an arrhythmia scoring system for ECG
evaluation.
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Exercise-induced cardioprotection against ischemia—reperfusion (IR) has been well
established during the last 10-15 yr (2,12,19,20,30,32,33). Robust protection is elicited by
extended-duration exercise regimens (months) as well as short-duration (days) exercise
exposure (1,3-5,19,20,25,30,33). Cardioprotective adaptation to short-duration exercise
exposure is similarly responsive to both moderate-intensity and high-intensity exercises,
suggesting that the threshold for stimulus is relatively low (17). IR injury resistance is
established against arrhythmia generation in addition to myocardial stunning and tissue
death; although the underlying mechanisms are unique to each level of IR injury
(1,3,18,23,26,32). Recent efforts in our laboratory use short-duration exercise and surgically
induced IR in a rodent model to elucidate the mechanisms responsible for exercise-induced
cardioprotection against IR-mediated ventricular arrhythmias (15,29). The scopes of these
laboratory-based studies reveal a mechanistic understanding of the exercised heart in a
clinically relevant manner.

The clinical relevance of these /n vivo animal studies is emphasized when ECG-related
outcome measures are used as key dependent study variables (6,9,10,14,15,21,27). In this
regard, application of clinically based ECG scoring systems for ventricular arrhythmias has
revealed several important considerations for use in exercise-based cardioprotection studies.
First, hearts exposed to even 3 d of moderate-intensity treadmill running and the associated
habituation period are more resistant to IR-generated arrhythmias compared with sedentary
counterparts (11,15,21,27). Second, the magnitude of exercise-mediated protection is most
apparent when the major ventricular arrhythmias, including premature ventricular
contractions (PVCs), ventricular tachycardia (VT), and ventricular fibrillation (VF), are
analyzed collectively rather than individually (15,27). Third, we proposed that the use of
continuous parametric scoring equations provides a more robust evaluation of group
differences for arrhythmic responses to IR than discontinuous nonparametric scoring
systems (9). This notion is because parametric systems score on a continuum and prevent
score clustering. Given the established model of exercise as a cardioprotective intervention
against IR-induced arrhythmias, the experiments outlined in this article address these latter
two points in novel detail.

For these experiments, we examined a single data set across seven clinically based ECG
scoring systems previously applied to exercise cardioprotection research (Table 1) adapted
from Curtis and Walker (9,10,15,27). Each of the seven scoring systems (A-G) assigns a
numeric value based upon the severity of arrhythmia, with larger values indicating greater
severity (9). Scoring systems A, B, C, D, E, and F are nonparametric, discontinuous
systems, and score G is an equation-based parametric system. Quantification of arrhythmia
severity is based on the occurrence of PVCs, VT, and VF, listed in order of individual
severity (9). Variations between scoring methods include accounting for VT and VF by
duration versus number of episodes, the inclusion of spontaneously and/or nonspontaneously
converting VT and VF, as well as the numerical scoring scale (i.e., 0-6 vs 0-7) (9). The
sensitivity of these ECG scoring systems in the identification of significant group
differences in ECG outcomes is established (9). Yet to be determined, however, is the
applicability of these various scoring systems to a physiologically meaningful paradigm of
exercise-induced cardioprotection. Therefore, the purpose of this study was to evaluate the
sensitivity of seven established ECG ventricular arrhythmia scoring systems in a model of
exercise-induced cardioprotection.

METHODS

Animals and experimental design

The experimental protocol was approved by the Appalachian State University Animal Care
and Use Committee and followed guidelines established by the American Physiological
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Society for the ethical use of animals in research and the animal care standards of the
American College of Sports Medicine. Twenty-two male Sprague—Dawley rats were used in
this study (n7= 6-9/treatment group). Rats were randomly assigned to one of three
experimental groups: 1) control-sedentary, 2) exercise training, or 3) sham—-sedentary (no
IR, surgical controls). During the experimental period, all animals were housed on a 12:12-h
light—dark cycle and provided food (AIN93 diet) and water ad libitum.

Exercise training protocol

Animals assigned to the exercise group were habituated to the treadmill for five consecutive
days. This habituation period involved a gradual increase in running time beginning with 10
min on day 1 and increased an additional 10 min-d~1 to 50 min of exercise on habituation
day 5. After 2 d of rest, the exercise-habituated animals performed three consecutive days of
treadmill exercise for 60 min-d=1 at 30 m-min~1, 0% grade (estimated work rate of ~70%
maximum oxygen consumption). Exercise intensities are based on previous understanding of
rodent metabolic responses to treadmill running (7,16). Rats were exposed to a surgical /n
vivo IR challenge 24 h after the conclusion of the 3-d exercise protocol.

Surgical procedure

Surgical procedure was followed as previously described (15,28,29). Briefly, rats were
anesthetized with 60 mg-kg™1 sodium pentobarbital and ventilated with room air through a
tracheotomy tube. Continuous direct measurement of blood pressure was recorded by
computer software connected with a pressure transducer attached to a saline-filled catheter
inserted into the right carotid artery (Biopac Student Lab Pro 2005, Goleta, CA). A catheter
was also placed in the right jugular vein for administration of sodium pentobarbital as
needed throughout the experimental procedure to maintain a surgical plane anesthesia. Left
thoracotomy was performed to expose the left side of the heart. Rats were then exposed to
an /n vivo IR challenge consisting of 20 min of ischemia followed by 30 min of reperfusion
or sham surgery (50 min of no ischemia). Ischemia was induced by placing a ligature around
the left descending coronary artery; sham animals received ligature placement without
tightening. Reperfusion was initiated by loosening of the ligature in sedentary and exercised
animals. After 30 min of reperfusion, ligatures were replaced on all animals, and 1% Evans
Blue dye was infused through the coronary artery catheter for visualization of the area at risk
(AAR), defined as the area receiving no blood flow due to coronary artery occlusion. Hearts
were then immediately excised and sliced into 1.5-mm-thick cross sections and imaged
digitally for analysis (Kodak image analysis device, Rochester, NY) under blinded
conditions for at risk (non-perfused) and perfused areas.

ECG analysis

Digital ECG tracings were recorded for all animals using Biopac Student Lab Pro 2005
software and analyzed by three trained blinded individuals for PVCs, VT, and VF in
accordance with the recommendations of the Lambeth Conventions (31). PVVCs were
identified by the presence of a premature QRS complex; VT was classified as three or more
consecutive PVCs. Seven ECG scoring methods (A—G) of Curtis and Walker (9) were used
(Table 1). Score G is an equation-based parametric system, whereas scores A—F are
nonparametric ECG assessments.

Data analysis

A one-way ANOVA was performed to assess group differences for all group-dependent
measures and the parametric ECG scoring method (score G) with a Tukey post hoc when
appropriate. Significance was established a prioriat P< 0.05. Nonparametric ECG scoring
methods (scores A—F) were analyzed with Kruskal-Wallis nonparametric test and a Mann—
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Whitney post hoc test. Because of the lenient nature of this nonparametric post hoc,
significance was established a prioriat P< 0.016 (P < 0.05 per three groups) to minimize
likelihood of committing type | errors (8). Data are presented as mean £ SEM unless
otherwise stated.

Animal characteristics

Physical characteristics of the animals are presented in Table 2. No significant differences
existed in body weight (P = 0.053), total heart weight (£ =0.369), ischemic AAR weight (P
= 0.915), or perfused weight (P= 0.465). Percent of the total heart AAR (%AAR) was also
not significantly different between groups (P = 0.905), indicating that all animals received a
similar magnitude coronary occlusion.

Ventricular arrhythmia analysis

Group means for ventricular arrhythmia occurrence and duration are presented in Figure 1.
Incidences of PVCs were significantly different between groups (= 0.002). The PVC
incidence of the sedentary group was significantly greater compared with sham and exercise
groups; however, a significant difference was not found between sham and exercise groups.
The episodes and duration of VT approached significance between groups (P=0.052 and P
= 0.060). Episodes of VF was significantly different between groups (£= 0.010). The
sedentary group experienced significantly more episodes of VF compared with both sham
and exercise groups, whereas no significant difference was found between sham and
exercise groups. Statistical differences were not observed between groups for duration of VF
(P=0.095).

Parametric ECG scoring systems

Group means are reported in Table 3. The parametric scoring system (score G) indicated
significant differences between groups (P < 0.001). The sedentary group score was
significantly elevated from both sham and exercise groups. A significant difference was also
indicated between the sham and exercise groups.

Nonparametric ECG scoring systems

Group means are reported in Table 3. Three of the nonparametric scoring systems (A, C, and
D) indicated a significantly elevated score for the sedentary group compared with sham (P <
0.016), without significant differences between exercise and sham or sedentary groups.
Three of the six nonparametric scoring systems (B, E, and F) indicated a significant
difference between sedentary and sham groups, as well as between sedentary and exercise
groups (P< 0.016). No significant differences between exercise and sham groups were
indicated by the six nonparametric scoring systems.

DISCUSSION

Principal findings

Using an established animal model of exercise-induced cardioprotection against IR-induced
ventricular arrhythmias (15,29), our aim was to compare the sensitivity of seven (one
parametric and six nonparametric) ECG scoring systems to ECG tracings from hearts
exposed to IR /n vivo. Examination of a single data set of ventricular arrhythmias across the
seven scoring methods demonstrated sensitivity differences exist in regard the detection of
statistically meaningful differences between sham, sedentary, and exercise treatments. Only
the parametric scoring system (score G) indicated significant differences between each
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group and, therefore, may be advantageous in that it provides a greater level of sensitivity
compared with other nonparametric scoring systems. Three of the six nonparametric scoring
systems (B, E, and F) indicated significant differences between the sham and sedentary
groups, as well as between sedentary and exercise groups, whereas the other three (A, C, and
D) only indicated significant differences between sham and sedentary groups. None of the
nonparametric scoring systems indicated a significant difference between sham and exercise
groups. Given these sensitivity differences between individual systems in the context of
exercise-induced cardioprotection, care should be used when applying a scoring system to a
particular experimental design. Further discussion of the application of these findings
proceeds in the following sections.

Exercise antiarrhythmic protection and ECG scoring systems

We evaluated seven clinically relevant ECG scoring systems in the context of exercise-
derived protection against IR-induced ventricular arrhythmias. This approach is founded on
the fact that exercise is a potent stimulus of protection against IR-induced arrhythmias
(14,15,21,29). Functional and clinically relevant outcome measures of exercise-induced
cardioprotection research are needed in the search to discover protective mechanisms
involved in this observed protection. The ECG is a clinically relevant outcome measure that
has been repeatedly used by our laboratory, as well as others (6,14,15,21,29). ECG analysis
is commonly used as a prognostic indicator in human medicine (22,24) and is also used in
research models as an indicator of IR damage severity (15,27).

Although arrhythmias may be analyzed singly (PVCs, VT, and VF), this quantitative
approach does not lend itself well to clinical and research scenarios when arrhythmic
frequency and severity may be vast. Examination of single arrhythmias in the current data
set revealed significant increases in PVC and VF incidences in sedentary animals compared
with sham and exercise groups, whereas VT incidence was not significantly different
between groups (Fig. 1). Furthermore, exercised animals did not differ from sham animals in
PVC, VT, or VF incidences. Thus, there is inconsistency between the physiologic benefit of
exercise and the statistically meaningful outcomes of individual arrhythmia analysis.

Based decades of medical science practice, we approached the current investigation with the
working assumption that an ECG scoring metric is more sensitive than quantification of
individual ventricular events (e.g., PVCs alone) for understanding the clinical relevance of
IR-induced arrhythmias. To illustrate this point, examination of individual ECG
arrhythmias, without the ECG scoring metrics, does not reveal statistically meaningful group
differences. On the basis of the mean differences and respective SDs in the current study,
many more experimental observations are required to find significant group differences for
PVCs (n=12-18 per group), VT episodes and duration (n7= 18-27 per group), and VF
episodes (n= 48-64 per group). Collectively, these data illustrate the need for arrhythmia
scoring systems where analysis of the collective arrhythmic response provides a more robust
evaluation of the ventricular arrhythmias experienced.

Existing scoring systems generally differ according to parametric and nonparametric
treatment of data analysis. This approach is generally based on which arrhythmic events are
included and the severity/frequency of these episodes. We found the parametric scoring
system (score G) was sensitive to group differences with a relatively low group number (n=
6-9). Nonparametric systems are generally advantageous in that they enable rapid
categorical analysis of arrhythmia load, which can include considerations of mortality (9).
However, our results suggest that nonparametric derived scores can suffer from a lack of
sensitivity when scores are tiered on a discontinuous scoring system. The categorical score
clustering (scores A—F) versus score continuum (score G) for ventricular arrhythmias
experienced in the current study are illustrated in Figure 2. The prevention of score
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clustering by the parametric scoring system, as visualized in Figure 2, may increase the
sensitivity to group differences. Our data illustrate that three nonparametric scoring systems
(A, C, and D) indicate significance between only sedentary and sham groups but fail to find
exercise-sedentary differences because of score clustering. While nonparametric scoring
systems B, E, and F did observe sham—-sedentary and sedentary—exercise group differences
for this particular data set, it is worth noting that alternative outcomes may be observed in
other clinical or scientific applications. Because outcome variations across these
nonparametric scoring systems is dependent on the types and frequency of arrhythmias (up
to and including death) of a given experimental paradigm, one could conceivably avoid the
confusion described in this study by careful selection of the metric to match an experimental
design. It is conceivable, however, that many researchers may not be able to identify which
of the similar nonparametric scoring systems is the most valid fit to their experimental
model. Only the parametric scoring system indicated a significant difference between each
group at the current sample size.

As with the analysis of individual ventricular arrhythmias described earlier, the number of
sampling observations will affect study outcomes from a given scoring system. We
determined that doubling the sample size (7= 12-18) would have resulted in significant
differences between each group for five of the nonparametric scoring systems (B, C, D, E,
and F), whereas score A would have required eight times the observation number (/7= 48-
72). Given that this study model uses a nonsurvival IR insult in an animal model, scientists
are ethically obliged to minimize the number of animals needed to complete their research
(13). This mandate of reduction was best observed using the continuous scoring system G,
where fewer animals were required to observed exercise-derived treatment effects in
comparison to sedentary counterparts.

CONCLUSIONS

The use of ECG scoring systems in an /in vivo model of exercise-derived protection against
IR-induced arrhythmia may serve as a powerful tool to elucidate group differences in
arrhythmic load. Data from the current study suggest that minor variations between the
systems may make interstudy comparisons difficult because of differences in sensitivity.
Our data demonstrate that the parametric scoring system provides greater sensitivity by
using equation-based outcomes compared with nonparametric data treatment by preventing
tiered data clustering. These findings indicate that subtle but important variation in scoring
system sensitivity exists between individual metrics, and care should be used when selecting
a scoring system in exercise-induced cardioprotection research. Our data support the notion
that an equation-based parametric scoring system is the most sensitive to intergroup
differences. Thus, we propose the use of parametric scoring systems in research applications
of the exercise-induced cardioprotection model similar to the current investigation.
Moreover, application of the current findings may benefit future investigations of exercise
and antiarrhythmic protection. Examination of ECG outcome differences across age, sex,
animal strain, experimental treatment, or exercise protocol differences would be best served
by application of the most sensitive analytical metrics.
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Representation of tiered discontinuous nonparametric scoring systems and linear equation-
based parametric scoring system. 4, sham; M, sedentary; A, exercise.
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TABLE 1

ECG scoring systems (A-G) criteria.

Scoring system A

0

0 N o 0o~ W N

9

0-49 PVCs

50-499 PVCs

>499 PVCs and/or 1 episode of SVT or VF

>1 episode of VT or VF or both (<60-s combined duration)
VT or VF or both (60-119-s total combined duration)

VT or VF or both (>119-s total combined duration)

Fatal VF starting at >15 min after occlusion

Fatal VF starting between 4 and 14 min 59 s after occlusion
Fatal VF starting between 1 min and 3 min 59 s after occlusion

Fatal VF starting < 1 min after occlusion

Scoring system B

0

o O~ W N

<10 PVCs
>10 PVCs
1-5 episodes of VT

>5 episodes VT and/or any number episodes SVF and/or 1 episode of NVF (provided VT and VF total duration is <40 s)

2-5 episodes NVF provided VT and VF total duration <80 s

>5 episodes of NVF provided VT and VF total combined duration <160 s

VT or VF or both (total combined duration <300 s)
VT or VF or both (total combined duration >300 s)

Scoring system C

0

A W N

5

No PVCs, VT, or VF

PVCs

1-5 episodes of VT

>5 episodes of VT or 1 episode of VF or both
2-5 episodes of VF

>5 episodes of NVF

Scoring system D

0

B W N

5

<10 PVCs

10-50 PVCs or 1 episode of VT or both
>50 PVCs or >1 episode of VT or both
SVF or 1 episode of NVF

2-4 episodes of NVF

>4 episodes of NVF

Scoring system E

0

A W N P

<20 PVCs

21-100 PVCs

>100 PVCs or 1-3 episodes of VT or both
>3 episodes of VT

SVF
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5 1 or 2 episodes of NVF
6 3-5 episodes of NVF
7 >5 episodes of NVF
Scoring system F
0 <50 PVCs
1 Q50 PVCs
2 1-5 episodes of VT
3 Q6 episodes of VT
4 SVF or 1 episode of NVF or both
5 2-5 episodes of NVF
6 >5 episodes of NVF
Scoring system G

Score  (logyg PVCs) + (logyg episodes VT) + 2[(log, episodes of VF) + (logq total duration of VVF)]

Scoring system criterion modified from Curtis and Walker (9).

NVF, nonspontaneous converting VF.
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