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The Complex QT/RR Relationship
| | | |
In Mice
Julien Roussel*, Pascal Champeroux?, Jérdme Roy?, Sylvain Richard?, Jérémy Fauconnier?,
Jean-Yves Le Guennec'* & Jéréme Thireau’”

The QT interval reflects the time between the depolarization of ventricles until their repolarization
and is usually used as a predictive marker for the occurrence of arrhythmias. This parameter

varies with the heart rate, expressed as the RR interval (time between two successive ventricular
depolarizations). To calculate the QT independently of the RR, correction formulae are currently used.
In mice, the QT-RR relationship as such has never been studied in conscious animals, and correction
formulas are mainly empirical. In the present paper we studied how QT varies when the RR changes
physiologically (comparison of nocturnal and diurnal periods) or after dosing mice with tachycardic
agents (norepinephrine or nitroprusside). Our results show that there is significant variability of QT
and RRin a given condition, resulting in the need to average at least 200 consecutive complexes to
accurately compare the QT. Even following this method, no obvious shortening of the QT was observed
with increased heart rate, regardless of whether or not this change occurs abruptly. In conclusion,

the relationship between QT and RR in mice is weak, which renders the use of correction formulae
inappropriate and misleading in this species.

In 1906, Wilhem Einthoven published the use of the string galvanometer to record the ECG and described/named
the P-Q-R-S-T waves', for which he received the Nobel Prize for Physiology or Medicine in 1924. Subsequently,
it has been shown that the QT interval, representing the duration of the ventricular depolarization of the action
potential (AP), depends on the heart rate (HR). This is known as the QT-RR relationship, the RR interval being
the period between two consecutive ventricular depolarizations. This physiological relationship presents great
inter- and intra-individual variability, linked to the ortho- and para-sympathetic tones.

An increase in contraction frequency, i.e. the HR, produces a positive inotropic effect whereby the force of the
contraction increases and reaches a new steady state within a few beats. This phenomenon is named the “positive
staircase’, Treppe or Bowditch effect, and affects the RR and QT intervals. This phenomenon is marked in species
with a ventricular action potential characterized by a long plateau phase (as in humans, cats and pigs), which is
the cellular expression of the QT*%. For instance, in humans, an increase in pacing rate can accumulate Iy in the
open state and activate the Ca*" dependent Cl- current (I1,), resulting in a shortening of the action potential
duration (APD)>8,

Nevertheless, these electrophysiological determinants of the frequency-dependence of the APD differ between
species. For example, in lagomorphs or rodents, with a short to very short refractory period, the dependence of
the APD on frequency is less clear and could be contrary to the effects seen in humans**'°.

QT prolongation secondary to acquired or congenital heart disease or induced by pharmacological com-
pounds is associated with an increased risk of arrhythmias!!. Since the QT interval depends on the HR, a correc-
tion needs to be applied in order to render the QT interval independent of the RR interval, and to detect any APD
changes independent of the HR. Bazett!? and Fridericia'?, by analyzing a large number of ECGs, have empirically
developed correction formulae that are the most used in humans. These formulas have subsequently been applied
in animals, but it has been observed that the corrected QT (QTc) is overestimated at high HRs and underesti-
mated at low HRs™. For this reason, many groups are attempting to establish an index more predictive of fatal
arrhythmias, and more independent of HR correction formulae (see'* for review). Despite this, the QTc remains
the most used index to evaluate the electrical properties of ventricles. Many formulae have been used to better
fit specific QT-RR relationships (see!* for review), and a new formula, which can be adapted to different spe-
cies or individuals, has recently been proposed'*'®. Broadly, this approach, dedicated to pharmacological safety
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Figure 1. QT-RR relationship of a typical mouse. (A) Typical example of an ECG recording and ECG-

wave placements. (B) QT-RR relationship recorded for 30 min during the nocturnal period. Pairs are linked
by straight lines to emphasize the density of points in the middle of the cloud. (C) example of a frequency
histogram of distribution of the RR interval during the nocturnal (black) and diurnal periods (red) measured
during 30 min in the middle of each period. (D) QT frequency histogram of distribution from the same mouse
than in B.

experiments, aims to linearize the QT-RR relationship, in order to characterize individual QT-RR relationships
and determine whether compounds modify QT per se.

Mice are the most used animal species in research labs and preclinical studies. There are many strains of mice,
wild-type or genetically engineered, with well-characterized cardiac electrophysiology'®!”. The formulae used to
correct the QT in mice are generally formulae developed previously for other species (mostly for humans), but
their use sometimes yields quite surprising results, such as a QTc of 160 ms for a mean RR of 130 ms'®. They are
therefore empirically weighted to obtain a value of the same order as the raw QT. For example, the original
Bazett’s formula developed for humans is =QT/~/RR, while the most used formula in mice is
QTc = QT/+/RR/100, i.e. Bazett’s formula normalized to the mean cycle length of this species'*-!. In addition to
correction formulae, the method used to determine the QT over the ECG trace is also of interest. In many studies,
QT is measured over small periods, with or without respect to the nychthemeral rhythm, and a correction for-
mula applied subsequently, either by using beat-to-beat RR values, or a mean RR. In other studies, QTc is calcu-
lated using complex procedures. For example, Jeyaraj ef al.?? calculated the QTc with a weighted HR approach
where measurements were made every 2 hours over a 24-hour period. The mean hourly HR was calculated, and
the QT interval measured only between two consecutive beats separated by an RR corresponding to the mean
HR. Subsequently, Mitchell’s formula was applied to correct the QT interval hour by hour. Such different
approaches make it difficult to compare the results of different studies. A dedicated study to better define the
relationship between QT and RR in mice is needed in order to measure and correct the QT in a more accurate,
logical and consistent manner.

To do this, we measured the ECG traces of 21 conscious C57Bl6 mice. Between 10000 and 30000 ECG com-
plexes per mouse were analyzed at different periods (diurnal and nocturnal) under basal conditions, and after
the injection of either nitroprusside or norepinephrine to evaluate intra-individual variability and the QT-RR
relationship in mice.

Our results indicate that in mice, the QT interval depends on the RR interval to a negligible extent, leading us
to conclude that correcting the QT, whatever the formula used, has no physiological value at best, and at worst,
introduces errors.

Results

Beat-to-beat QT durations and RR intervals were measured during the diurnal and nocturnal periods from ECG
signals in 11 male C57Bl/6 mice. Typical examples of the results are shown in Fig. 1. As presented in Fig. 1B, the
QT and RR intervals varied considerably during the nocturnal period. An analysis of the distribution of the QT
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Figure 2. Beat-to-beat variation of the QT interval measured during a 5min time period and filtered
thanks to a moving average of different subset sizes. (A) raw QT interval. (B) subset of 5 measurements.
(C) subset of 11 measurements. (D) subset of 21 measurements. (E) subset of 51 measurements. (F) subset of
101 measurements. (G) subset of 201 measurements.

and RR intervals over 45-60 minutes during the middle of the nocturnal and diurnal periods indicated that the
RR interval followed two Gaussian distributions (Fig. 1C). Although the QT exhibited a wide range of values
(between 30 and 60 ms in Fig. 1B), it still followed a single normal distribution curve during both the nocturnal
and diurnal periods (Fig. 1D). This suggests that QT is only weakly dependent on the nycthemeral cycle in mice,
unlike the HR. One could therefore assume that, depending on the moment when QT intervals are measured,
the values obtained could vary significantly independently of the RR. To determine how they vary and whether
averaging successive QT values could bypass this problem, we measured all QT values in a 5-minute sequence of
diurnal ECG recordings (n = 2205 QRS complexes) and compared raw values with those obtained with sliding
averages of subsets of 5, 11, 21, 51, 101 and 201 consecutive complexes (Fig. 2). We observed that the extent of
QT variation (maximum QT minus minimum QT) during the 5 min sequence was 49 ms without averaging, and
this decreased to 29, 22.5, 12, 7, 5.6 and 3.4 ms when averaging 11, 21, 51, 101 and 201 consecutive complexes
respectively. Thus, in the rest of the present manuscript, QT intervals were calculated by averaging at least 200
complexes.

Figure 1B shows that the data points formed a cloud with no obvious relationship between QT and RR, and
where QT varies from ~30 to 60 ms and RR varies from 90 to 160 ms. In addition, the points above and below the
cloud are erratic and are not consecutive to abrupt RR changes. Since it was difficult to establish a clear relation-
ship between QT and RR during nocturnal period, we analyzed the ECG during the diurnal period, when the HR
is expected to slow down. We thus plotted QT as a function of RR during both the nocturnal and diurnal periods
(example in Fig. 3). The relationship between QT and RR was flat (= 0.07) in the example given and could even
be negative for some mice (Table 1). Of the 22 QT-RR series analyzed, 4 relationships between QT and RR were
not significant, 6 were negative and significant and 12 were positive and significant.

When we compared the mean changes in QT and RR between nocturnal and diurnal periods in 11 mice, we
observed that, even if there was a tendency for QT to decrease with decreased RR, this change was not statistically
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Figure 3. QT-RR relationship recorded over 30min during the nocturnal (black) and the diurnal (red)
periods (see Method section). Straight lines indicate the linear regression line calculated during both periods.

Mouse/Period Slope Diff r Stats
1 diurnal 00006 | 462 | 0002 | ns
nocturnal —0.015 022 | 0037 *
2 diurnal —0.014 49.3 0.032 *
nocturnal —0.0057 | 413 | 0013 | ns
3 diurnal 00227 | 402 | 0.089 *
nocturnal 0.023 330 | 0045 *
4 diurnal 00126 | 448 | 0.044 «
nocturnal 00023 | 459 | 0002 | ns
5 diurnal 00082 | 445 | 0.020 -
nocturnal 0.0455 39.1 | 0.067 *
6 diurnal —0.1518 | 588 | 0.610 -
nocturnal —0.1550 | 60.8 | 0.637 *
7 diurnal 00268 | 400 | 0.093 *
nocturnal 00552 | 404 | 0.160 *
8 diurnal 00125 | 427 | 0054 *
nocturnal 00306 | 402 | 0.143 *
9 diurnal 00012 | 438 | 0003 | ns
nocturnal 01548 | 272 | 0419 *
10 diurnal 00173 | 47.7 | 0.089 *
nocturnal —0.0042 | 415 | 0.060 *
11 diurnal 00043 | 499 | 0.020 *
nocturnal 0.0069 44.0 0.036 m

Table 1. Parameters of linear regression analysis of the QT-RR relationship of the eleven mice studied
in diurnal and nocturnal periods. The linear regression being calculated being: QTr = slope *RR + Diff. r
is the Pearson correlation parameter and stats indicates the significance of the correlation. *p < 0.05. ns: non
significant.

significant and the inter-individual variability was rather large (Fig. 4A). Thus, to decrease this variability, we
plotted the variation of QT, expressed as a percentage, during the diurnal as well as during the nocturnal period
(Fig. 4B). Here again we could observe that there was a slight, but not significant, tendency for the QT to decrease
with decreased RR (also expressed as a percentage of median RR during the diurnal period).

To evaluate the consequences of using correction formulae such as equation (1), which is the most used in the
literature'®, we plotted the same data as shown in Fig. 4A,B, but using QTc instead of the raw QT. As shown in
Fig. 4C,D, the mean variations in QTc became significant when moving from the diurnal to the nocturnal period.
Moreover, and unexpectedly, while RR intervals were longer, QTc values were inversely shorter.

It thus appears that physiological changes in the RR interval due to the nycthemeral cycle are not associated
with significant changes in QT. However, this does not rule out the possibility that a QT-RR relationship that is
not steep still exists. To test this possibility, we evaluated the impact on the QT interval of rapid and more pro-
nounced changes in the RR interval induced by norepinephrine (NE) or nitroprusside (Fig. 5).

When mice were challenged with NE, there was a rapid and large decrease of the RR interval, but QT intervals
did not vary (Fig. 5A). Since NE can directly interfere with the regulation of cardiac electrical activity, we used
another tachycardic agent, the vasodilator nitroprusside, which does not have a direct cardiac effect (Fig. 5B).
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Figure 4. Influence of the nocturnal and diurnal periods on mean QT-RR relationships of eleven mice.
Open circles correspond to the mean values obtained from different animals and the standard deviation in
RR and QT are given and the filled circles the individual measurement. (A) Individuals and mean QT-RR
relationships during the diurnal (black) and nocturnal periods (red points). (B) Variations in QT and RR
expressed in percentage of the respective values obtained during the diurnal period. (C) Individuals and mean
QTc-RR relationships during the diurnal and nocturnal periods. The QTc has been calculated according to
equation (1). (D) Variations in QTc and RR expressed in percentage of the respective values calculated during
the diurnal period.

As observed with NE, changes in the RR were not associated with changes in QT in the minute following the
injection. To verify that this poor dependence of the QT on the RR was not due to the low adaptive sensitivity of
the QT to the RR, we measured the RR, QT and QTc intervals 15 minutes after drug administration (Fig. 5C,D).
In the case of both drugs, correcting the QT with Mitchell’s formula introduced an apparent dependence of the
QTc on the RR. Again, this dependence was contrary to the expected adaptation of the QT to the stimulation
frequency: QTc increased as the HR increased.

Discussion

Hundreds of articles have used the QTc value to assess repolarization time in mice and investigate the effects of
environmental changes (due to drugs or disease) on ventricular repolarization. Here, we asked whether there was
a QT/RR relationship in mice using two approaches: by investigating the well-known physiological changes in the
RR interval during nycthemeral cycles, and by the pharmacological alteration of the HR. Our study principally
shows that the QT-RR relationship in mice is so tenuous that, whatever the correction formula chosen, it can only
introduce a bias in any calculation that depends solely on changes in the RR interval. Speerschneider & Thomsen
have already described the lack of dependence of the QT on the RR in anesthetized mice, and shown that cor-
rection formulae erroneously introduce such dependence?. However, they did not record the ECG in conscious
mice, which have a faster HR.

In contrast to other species such as humans, pigs, dogs or guinea-pigs, in which there is a clear QT-RR rela-
tionship that needs to be determined for each individual', this relationship is not obvious in mice. Thus, pre-
cautions need to be taken when interpreting ventricular depolarization time in mice from the raw QT and/or
following QT correction. We also uncovered great inter- and intra-individual variability in mice, indicating that a
large number of animals is required when analyzing QT parameters, in order for the data to be reliable.

The lack of a QT-RR relationship can be linked to the peculiarity of ventricular repolarization in mice, which
starts before the activation of another cardiac territory**-2°. Moreover, theoretically, the ventricular APD depends
on the duration of the preceding diastolic period in a relationship termed “electrical restitution”. In humans, the
APD becomes shorter with decreasing cycle lengths and thus with decreasing diastolic periods (a phenomenon
also named “cardiac memory”). This mechanism allows for an increase in the duration of excitation-contraction
coupling during bradycardia (long cycle lengths) while favoring diastolic time for coronary perfusion and ven-
tricular filling when the HR increases (reduced cycle lengths). Measuring the electrical restitution of the APD is
thus considered to be better than only recording the APD at a fixed cycle length to assess the rate-dependence of
the repolarization parameter, because it better reflects the adaptation of the repolarization time to physiological
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Figure 5. Influence of abrupt changes in cardiac frequency on QT interval and RR intervals in 5 mice before
(black) and after (red points) IP injection of norepinephrine (A) or nitroprusside (B). Open circles give the
mean RR and QT =+ SD and filled circles the individual measurements. Left, typical evolution of QT (red) and
RR (black) intervals just before and in the minute following the injection; middle, raw QT-RR relationship;
right, QTc-RR relationship. Evolution of the QT and QTc intervals according to the RR intervals over-time. QT
(blue points), QTc (red points) and RR intervals (black points) were measured 5 minutes before and 15 minutes
after injection of nitroprusside (C) or Epinephrine (D). QTc were calculated according to Mitchell’s formula.

variations of the HR. Unlike what happens in humans?, the APD restitution curve for late repolarization (APDy,)
in mice is nearly flat, as elegantly shown by Knollmann and collaborators?®. The relative APD restitution curve for
early repolarization (APD5) even shortens when the stimulation interval lengthens. Accordingly, Nuyens et al.?®
have shown that a rapid change in stimulation pacing does not affect the APDy, in wild-type mice. Interestingly, in
the latter two studies, “steady-state” APD,, measurements i.e. those measured at a fixed cycle length, exhibited stim-
ulation rate-dependence, although this was less important than in others mammals such as dogs and humans. This
phenomenon could be explained by the fact that the ionic currents determining the duration of action potentials
are different in mice and humans. Potassium currents in mice do not accumulate upon repetitive stimuli but instead
slowly inactivate, which explains why their action potential only moderately shortens at rapid stimulation rates*.



Another explanation could also be related to the difficulty involved in accurately measuring the T wave in
mice?. Indeed, in larger animals in which the analysis of the QT is complex, electrodes have to be placed directly
on the cardiac surface to be able to measure variations of the QTc in the millisecond range®'. This aspect is impor-
tant since the QT variations observed in mice are also in this range, suggesting strongly that it would be very dif-
ficult to define a QT-RR relationship using the usual methods. More work to improve methodological approaches
and T-wave detection in mice and to standardize ECG-lead placements is still needed to reduce potential ana-
lytical errors during T-wave determination. In the same way, choosing an averaged RR interval to correct the
averaged QT in mice, or picking a given QT instead of another based on the RR interval, could introduce a major
bias in the analysis by erroneously creating a relationship between two weakly dependent variables.

Regarding our data, we propose that the lack of a QT-RR relationship is of physiological origin, since QT val-
ues were not significantly different between the diurnal and nocturnal periods, when RR values were very differ-
ent. Small rodents have a rather low range of RR intervals compared to larger animals (see!*). For example, Kaese
& Verheule!® have reported that mice have the capacity to increase their HR by only 30-40%, compared to 300%
in humans. In our study, similar results were obtained with pharmacological treatment. Under such conditions,
variations in QT must be rather small, if they exist, due to the fast HR. The mouse action potential, in contrast to
that of larger mammals, is short and probably acts more as a trigger for contraction, with less mechanical feed-
back, than in mammals that display a plateau phase in their action potential®.

Another important finding of the present study is the intra-individual variability of the QT'®*>*, Indeed, for
a given experiment, mean QT values are often calculated by averaging a few complexes at different time points.
However, any change in QT duration might be consecutive to the physiological variation of the QT rather than to
the condition tested. This information would be lost with the use of correction formulae.

In conclusion, we have demonstrated in the present study that there is no obvious QT-RR relationship in mice,
and that the use of correction formulae such as those adapted from Bazett’s formula would merely introduce
errors.

Methods

Ethics. Ten-week-old male C57Bl/6 mice (Janvier, France) were used in this study (11 for diurnal/nocturnal
study and 10 for pharmacological testing). All procedures conformed to European Parliament Directive 2010/63/
EU and the 22 September 2010 Council on the protection of animals, and were approved by the institutional ani-
mal research committee (Departmental Directorate of protecting populations and animal health (ethics for ani-
mal welfare and environmental protection, N° A 34-485) and by our Ethics committee for animal experiments,
Languedoc Roussillon, N° CE-LR-0714).

QT specification and determination in mice. The duration of QRS-T complexes reflects the duration
of ventricular depolarization and repolarization. Due to specific electrophysiological properties at cardiomyo-
cytes level with predominant I current, the murine action potential lacks plateau phase. Repolarization in mice
starts when another cardiac territory is not yet activated?*-**. Combined with the short RR interval (~100 ms),
the ST segment and the T-waves are difficult to identify from ECG trace, leaving some authors to suggest that T
wave in mice does not exist?»*-37. Nevertheless the same concepts than in human ECG are actually used for the
interpretation of theses rodent ECGs. Thus, several groups have tempted to empirically define the best estimation
methods to define QT duration (as well reviewed in3®).

To date, the most used method to define the QT duration in mice is to consider the QT interval between the
first deviation from an isoelectric PR interval until the return of the ventricular repolarisation to the isoelectric
TP baseline, acquired by telemetry in vigil mice. This method included in the measure the low-amplitude portion
of the T-wave and allows a complete ventricular repolarization of ventricles, as confirmed by a simultaneous
record of monophasic ventricular action potential with ECG trace in mice®. By this method the QT interval
found in the literature ranges from 40 to 60 ms in unsedated mice with an RR interval comprised between 85 to
115ms.

ECG recording and analysis. ECG were recorded using implantable TAI0ETA-F10 ECG transmitters
(Data Sciences International). Mice were instrumented under general gaseous anesthesia (2-2.5% isoflurane/
02, Aerrane). The transmitter device was inserted subcutaneously along the back, and the two ECG electrodes
were placed subcutaneously in the region of the right shoulder (negative lead) and toward the lower left chest
(positive lead) to approximate lead II of the Einthoven surface ECG Measurements were performed 2 weeks after
total recovery from surgery, which allows retrieving complete HR variability i.e. a normal regulation of heart
rhythm by autonomic nervous system*’. Mice were then monitored with ECG recordings in their home cage with
a signal transmitter-receiver (RPC-1) connected to a data acquisition system (Physiotel, Ponemah software, Data
Sciences International). ECG were collected continuously over 24 h at a sampling rate of 2000 Hz in a dedicated
room with respect to diurnal-nocturnal variations (12h/12h cycle), controlled hygrometry and temperature. Mice
have access ad libitum to water and feed. Continuous 30 minutes digital recordings obtained during nocturnal
period, i.e. during activity phase, were analyzed off line with Ponemah software, 3 hours after the turn on or up
of the lights. At least 10.000 PQRST cycles, exclusively during sinus rhythm, were analyzed per condition. QRS
complexes from ventricular extrasystoles, premature ventricular contractions or atrio-ventricular blocks were
systematically rejected for the analyses. The good identification of ECG waves by the software and the good
positioning of the cursors were validated “beat to beat” or modified by operator if needed (<5%). QT duration
was defined as the interval between the first deviation from the isoelectric PR interval (Q wave) until the return
of the ventricular repolarization to the isoelectric TP baseline from lead I ECGs. If one doubt existed due to the
lack of stable isoelectrical line, an abnormal morphology of PQRST waveform, or chaotic electrical noise due to
movement artifact, the PQRST sequence was not included in the analysis until next valuable complexes. When



correction formula was applied, each QT was corrected to its own RR interval measured between two consecutive
PQRST complexes, no average of RR intervals was performed to correct QT interval.

To test the strength of QT measurement and QT correction over a same mice, QT intervals were also meas-
ured over at least 200 consecutives QRS complexes randomly picked each 20 minutes over one hour (according to
theirs good detection as mentioned earlier), and QT was corrected with the formula of Mitchell':

QT

‘/% 1

Pharmacology. To study the relationship between the QT interval and cardiac frequency, we used two differ-
ent approaches. The first one consisted in the measurement and analysis of RR and QT during nocturnal periods
(high activity periods in mice) and during diurnal periods (periods of rest for mice). Beside these physiological
changes in cardiac frequency, we also injected intraperitoneously 1 mg.kg™! epinephrine or 1 mg.kg™! nitroprus-
side in diurnal periods to trigger tachycardia by two different pathways. With epinephrine, the tachycardia is
consecutive to the 3-adrenergic activation at the sinusal level while with nitroprusside, it is consecutive to the
hypotension induced by the drug (baroreflex activation). Measurements were performed five minutes before and
fifteen minutes after dosing.
Epinephrine and nitroprusside were obtained from Sigma-Aldrich (Grenoble, france).

QT, =

Statistics. Analysis and graphs were produced thanks to Prism®. Pearson’s r correlation was determined for
each QT-RR plots during the diurnal and the nocturnal periods. To compare the mean QT and RR during the
diurnal or nocturnal periods, a paired student t-test was used. In all cases, p < 0.05 was considered as significant.
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