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Hyperventilation reduces partial pressure o, (FICG,) in the blood, which results in hypokalaemia. Hypokalaemia helps

the development of the life-threatening torsades de pointes type ventricular arrhythmia (TdP) evoked by repolarization
delaying drugsThis implies that hyperventilation may assist the development of proarrhythmic évesrsfore, this

study experimentally investigated thefeet of hyperventilation on proarrhythmia development during delayed
repolarization. Phenylephrine (ap-adrenoceptor agonist) and clofilium (as a representative repolarization delaying agent
inhibiting the rapid component of the delayed rectifier potassium curigntwére administered intravenously to
pentobarbital-anaesthetized, mechanically ventilated, open chest rabbits. ECG was recorded, and the onset times and
incidences of the arrhythmias were determined. SertympHK and PC@were measured in arterial blood samples.
Clofilium prolonged the rate corrected @¥erval. TdP occurred in 15 animals (TdP+ group), and did not occur in 14
animals (TdP- group)We found a strong, positive, linear correlation between serurand PCQ There was no
relationship between the occurrenceéldPand the baselinekand PCQ values. Howevera positive, linear correlation

was found between the onset time of the first arrhythmias and- twedkPCQvalues.The regression lines describing the
relationship between PG@nd onset time of first arrhythmias were parallel inTlHB+ andTdP— groups, but the same

PCQ resulted in earlier arrhythmia onset in TP+ group than in thedP— groupWe conclude that hyperventilation and
hypocapnia with the resultant hypokalaemia assist the multifactorial process of proarrhythmia development during delayed
repolarization.This implies that PCOand serum K should be controlled tightly during mechanical ventilation in
experimental investigations and clinical settings when repolarization-delaying drugs are applied.

Key words: arrhythmia, delayed rectifier potassium current, delayed repolarization, hyperventilation, hypocapnia,
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INTRODUCTION Anaesthetized, ventilated rabbits are utilized in one of the
most frequently usedn vivo proarrhythmia models, and the
It is known that serum potassium *jKconcentration is rabbits are sensitized to the development of drug-indiidedby
influenced by the arterial GQevel. The partial pressure of GO intravenous administration af;-adrenoceptor agonists (6, 7).
(PCQ) is reduced by hyperventilation in the blood, which leadsThis experimental model was developed by Carlesah more
to respiratory alkalosis, and a consequent compensatorthan 25 years ago (6), and it has successfully been used for
mechanism reduces serunt Koncentration (1, 2). It is also scientific investigations by several research groups. Howeuer
known that occurrence of arrhythmias ieafed by the serum data are available about thefeet of mechanical ventilation
K* level. In hypokalaemic conditions, greater in number andinduced respiratory alkalosis and hypocapnia on the occurrence of
more serious arrhythmias develop during ischaemia and in acutirug-induced arrhythmias im vivo experimental proarrhythmia
myocardial infarction (3, 4)Also, hypokalaemia is one of the investigations.Thus, our aim was to examine the relationship
well-known risk factors of the severe proarrhythmic event, thebetween the blood gas values (especially JJ@ad development
life-threatening torsades de pointes ventricular arrhythmia (TdPf arrhythmias during delayed repolarization in clofilium-treated,
evoked by repolarization delaying drugs (5). It implies thato;-adrenoceptestimulated, anaesthetized, = mechanically
hyperventilation and the resultant hypocapnia and hypokalaemigentilated rabbits. If there was a correlation between hypocapnia
may facilitate the development of drug-indudedP However and occurrence of proarrhythmic events during drug-induced
the efect of hyperventilation on arrhythmia development during repolarization delaythen it would have clinical relevance, since
delayed repolarization has not been investigated yet. mechanical ventilation can lead to respiratory alkalosis during
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sugeries and intensive therapy (2), meanwhile patients may bexpiratory pressure of 1 — 2 cm® The applied respiratory rate
treated with various proarrhythmic cardiac and non-cardiac drugand stroke volume are in the physiological ranges of these
that delay ventricular repolarization (8, 9). parameters in rabbits (14). Leads I, Il and Il of the
electrocardiogram (ECG) were recorded simultaneptagther
with the monophasic action potential signal, at a sampling rate of
MATERIALS AND METHODS 1000 Hz by the Po-Ne-Mah data acquisition system (Linton, Diss,
Norfolk, USA). Blood gas values, serum pH andvdlues were
In the present stugwg retrospective analysis of the blood gas measured with a Ciba Corning 850 pH/blood gas analyzer (Bayer
and arrhythmia data of previous experimental investigations (10Neubug, Berks, UK) in blood samples obtained from the femoral
12) was performedThe used experimental methods have artery after the sgical preparation, in the last minute of the 20-
already been published in detail (10-13), thus methods are onlyin-long stabilization period, immediately before the start of the

briefly described here. experimental protocol.
Animals, general experimental method Experimental protocol
Experiments were performed on male, New-Zealafidte In the present stugyhe data of 29 animals were evaluated.

rabbits. The animal handling procedures were in accordancdevery animal received the same drug treatment, which is the
with the Guidance on the Operation of theimals (Scientific ~ following: phenylephrine (ana;-adrenoceptor agonist) and
Procedures)Act 1986, London, UK and also adhered to clofiium (a repolarization delaying agent inhibiting the rapid
European Community Guidelines for the use of experimentatomponent of the delayed rectifier potassium currgpt,were
animals.The experiments were conducted under the authority oinfused intravenously in increasing doses. Protocol consisted of
Project License no. 40/1702 and approved by the University othree dosing cycles. In each cycle, phenylephrine infusion was the
Liverpool Animal Welfare Committee. same: 75 nmol kg min-tfor 15 minutes, 150 nmol kKgmin-tfor 3
Animals were anaesthetized with Na-pentobarbitone (30 mgninutes, 225 nmol k§min-*for 3 minutes, 300 nmol kgmin-1for
kg?i. v.). Trachea was cannulated and median sternotomy wa3 minutesAt the fifth minute of the first cycle, a simultaneous
performed.The open-chest rabbits were mechanically ventilatecclofilium infusion (25 nmokg min-) was started and lasted for 19
(Bioscience pump) with room air at a rate of 38 stroke‘raimd minutes. Both drug infusions were paused at the end of the cycle
a stroke volume of ~6 ml kgbody weight and a positive end and were followed by a 10-min drug-free interval. Dose of

Table 1. Baseline serum pH, PGGnd K- values, and the time to onset of the first arrhythmia in anaesthetized, open-chest,
mechanically ventilated rabbits.

n pH PCO, K" |1* arrhythmia onset
(mm Hg) | (mM) (s)
TdP+|15|7.460 + 0.008 |28.8 +2.0| 1.8+ 0.2 541 £ 71*
TdP-|14|7.454 +£0.007|28.8 £2.1{2.0£0.2 874+ 118

TdP+, group of animals that experienced clofilium-induced torsades de pointes ventricular arrhythmigdf-dR)roup of animals
that did not experiencédP; n, number of animals. ¥0.05 versugdP-.

| 1st cycle ‘ 2nd cycle ‘ 3rd cycle

Clofilium
20 60 200 (nmol/kg/min)
2 3|88 2 B|RI8 2 31918 Phenylephrine
N O (N O || O (nmol/kg/min)
T T T T T T T T T T T T T
0 5 151821 24 34 39 49 52 55 58 68 73 83 8689 92 102
Time (min)

Fig. 1. Experimental protocol in anaesthetized rabbits. Phenylephrine and clofilium were infused intrav@mnotelgl consisted of
three dosing cycles. Drug infusions were paused at the end of each cycle and were followed by a 10-min drug-free interval. Dose of
phenylephrine did not change in the second and third cycles, whereas dose of clofilium was increased in the second and third cycles.



733

phenylephrine did not change in the second and third cycle, where&i<). Clofilium and phenylephrine was dissolved in saline. For

dose of clofilium was increased to 60 nrkgit min-tin the second
cycle and 200 nmol k§min-tin the third cycleKig. 1).

further details see references (10-12).

In the present stugythe 29 animals were retrospectively Satistical analysis
divided into two groups according to the presence or absence of

clofilium-inducedTdPR i.e. animals that experienced clofilium-
induced TdP were allocated into th&dP+ group (n = 15

Continuous data are shown as mean * standard error of the
mean (S.E.M.)Arrhythmia onset times, and baseline pH, RCO

animals), and animals that did not experience clofilium-inducedand K values were compared with independent saniptest

TdPwere allocated into thEdP— group (n = 14 animals).

ECG analysis and arrhythmia diagnosis

The evaluated experiments served as ‘positive controls’
earlier pharmacological investigations (10-Ith)e experiments
were performed in a randomized manrserd the ECG analysis
was performed in a randomized and blinded manner

between th&dP+ andTdP- groupsThe heart rate, Qand QT

values were compared with repeated measures analysis of variance
between theldP+ andTdP- groups. Correlation between RCO
and serum Klevel as well as correlation between BCs&erum K

level and time to onset of arrhythmias were examined with linear
regression in all the 29 animals (irrespectiveldP+ andTdP—
groups).The correlations i) between serum BGMDd serum K

level, i) between PCEand arrhythmia onset time, and iii) between

ECG intervals were measured manually in stable sinus rhythnserum potassium level and arrhythmia onset time were examined

as described previously (15, 16). @fervals were measured from
the beginning of the Q wave to the end ofThveave or U wave (if

with analysis of covariance in tfeP+ andTdP— groups (TdP+
versus TdP— group, as the categorical grouping variable).

present)The values for QTnterval were corrected for heart rate Differences were considered statistically significant whe@B5.

using the equation: @T= QT0.704(RR-250), which has been

shown previously to be appropriate for these pentobarbitone-

anaesthetized rabbits (1The heart rate, the Qmiterval, and the

rate corrected QTinterval (QT) were determined at baseline

RESULTS

(immediately before the start of the protocol), 10 min after the starThe rate corrected QT interval

of first clofilium infusion, and beforddP development in the
TdP+ group, or at equivalent time point in TaP— group.

The incidence,
ventricular arrhythmias were obtainedentricular premature

As expected, the repolarization delaying clofilium

the time to onset and the duration ofignificantly prolonged the QTinterval in theTdP+ andTdP—

groups during the experiments; there was no significant

beats, bigeminysalvos and ventricular fibrillation were defined difference in the QT interval between th@dP+ andTdP-

according to the Lambeth Conventions (IR)Pwas defined as

groups at the time points of the measurement (TdP+ group: 195

a polymorphic ventricular tachycardia where clear twisting of+ 4 ms, 216 + 6 ms and 227 + 8 ms at baseline, 10 min after the
the QRS complexes around the isoelectric axis could be seen @tart of the clofilium infusion, and beforBdP development,

at least one ECG lead (10-12). Runs of four or more ventricularespectively.TdP— group: 200 + 4 ms, 214 + 4 ms and 222 + 4
premature beats without the torsades-like twisting QRSms at baseline, 10 min after the start of the clofilium infusion,

morphology were diérentiated fronirdP and were defined as
ventricular tachycardia.

Drugs

Clofilium (clofilium tosylate) and phenylephrine (L-

phenylephrine HCI) were purchased from Sigma Chemical Co.

and at equivalent time point to tidPdevelopment in th&dP+
group, respectively).

Baseline PCO, and K* values, time to onset of the first
arrhythmia, other blood gas values

Mechanical ventilation induced respiratory alkalosis in the

(Poole, Dorset, UK); sodium pentobarbitone (Sagatal®) wasnimals.There was no significant dérence in the baseline pH,

bought from NationaVeterinary Supplies Ltd (8ke-on-Tent,

PCQ and Kt values between thedP+ andTdP— groupsTable
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1). It implies that there is no relationship between development The relationship between the serumatd time to onset of

of clofilium-inducedTdPand baseline pH, PG@nd K values.  the first arrhythmia was examined in tAelP+ and TdP-

There was no significant dérence in baseline serum N\&, groups, too. In th&dP+ group, the correlation between serum

HCO?, base excess and P@alues between thEdP+ andl'dP— K+ and time to onset of the first arrhythmia was significant, but

groups, too; values were in the normal range (data not shown)the correlation coétient was low In theTdP- group, data are
As we described earlisFdPwas preceded by less complex very scattering, thus the correlation between serumnd time

arrhythmias Fig. 2) (7, 19, 20), which frequently developed in to onset of the first arrhythmia was found not to be significant

the TdP— group, tooThe first arrhythmia developed earlier in (Fig. 4B).

the TdP+ group than iTdP- group Table 1). TdP occurred in

the TdP+ group at an average of 2479 + 261 s after the start dxamination of the relationship between the PCO, and time to

the protocol. onset of the first arrhythmia
Examination of the relationship between the serum K* and The relationship between the baseline R@@d time to
PCO, values onset of the first arrhythmia was directly examined, too.

Although data were scattering, a significant positive linear

A strong, positive correlation was found between the baselineorrelation was found between the baseline P@@ time to
serum K and PCQvalues of the animals, when the pooled data ofonset of the first arrhythmia, when the pooled data offtie+
the TdP+ andTdP- groups (n = 29) were analyz&ig( 3A). andTdP- groups (n = 29) were analyzed with linear regression

According to one of our hypotheses, the correlation betweelfFig. 5A). This relationship is similar to the previously described
the PCQ and K may be diferent in the two group§hus, the  positive linear correlation between the serumad time to
correlation between the PG@nd serum Klevel was examined onset of the first arrhythmiAccording to the present results, the
with analysis of covariance in thelP+ andrdP— groups. Results lower the baseline PG@alue is, the earlier the first arrhythmia
show that the correlation between the baseline RO@ serum  develops in the anaesthetized rabbit moddld#
K+ values is remarkably close in both of the grougg.(3B). The relationship between the PC&hd time to onset of the
Results of the analysis of covariance revealed that the positivirst arrhythmia was examined in tfi@P+ andTdP- groups,
linear correlation between the End PCQvalues does not dér too.A significant, positive, linear correlation was found between
significantly in theTdP+ andTdP- groupsThis suggests that the baseline PCQOvalues and time to onset of the first
TdP development was not determined by anyedi#nce in the arrhythmia in both of the group®ccordingly, the first

correlation between PG@nd K values in the two groups. arrhythmia develops earlier in case of hypocaphig. (5B).
There was no significant dérence in the slope of the regression

Examination of the relationship between the serum K+ and time line between th&dP+ andldP- groups. Howevga significant

to onset of the first arrhythmia difference was found in the intercept of the regression line

between therdP+ andTdP- groups (analysis of covariance).
Although data were scattering, a significant, positive, linearDespite having similar PCGOvalues in theTdP+ andTdP-
correlation was found between the baseline serawvalie and  groups, the first arrhythmia develops earlieT@P+ group than
time to onset of the first arrhythmia, when the pooled data of then TdP— groupAs no significant dfierences were found in the
TdP+ andTdP-— groups (n = 29) were analyzed with linear mean PC®and the mean serunt kevels between thedP+ and
regression Kig. 4A). Thus, the lower the baseline serum K TdP- groups, it is concluded that some qthere not examined
value is, the earlier the first drug-induced arrhythmia develops ifiactors also contribute to arrhythmia development in the

the anaesthetized rabbit modelTafP anaesthetized rabbit model TP
A B
357 y=0086x-065 3.5 ; TdP-
30l R=0913 3.0 | y =0.090x — 0.67
P < 0.001 R=10.911
2.5 1 2.5 1 P < 0.001
S 201 S 20
= £ TdP+:
t, 191 1, 191 y = 0.082x — 0.61
1.0 4 1.0 - R =0.924
P < 0.001
0.5 1 * 0.5 1 *
0.0 T y T . 0.0 T r : ,
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Fig. 3. Correlation between the baseline partial pressure gf(EOGO;) and serum Kconcentration in all of the examined (n = 29)
anaesthetized, open-chest, mechanically ventilated rabbits @arehd in theTdP+ andTdP- groups (panel B). No statistical
differences were found in the slope and the intercept of the two regression lines betwigPrtadTdP— groups (analysis of

covariance, panel B). R: correlation di@ént. For further details, sékable 1.
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DISCUSSION Hyperventilation syndrome: acute hypocapnia results in acute
hypokalaemia
The present study examined thédeefs of the PC@and
serum K on the occurrence of arrhythmias during clofilium- In the present experiments, we found a remarkably close,
induced repolarization delay in anaesthetized, mechanicallpositive, linear correlation between PC@nd K values in
ventilated, open-chest rabbit®\ strong, positive, linear anaesthetized, open-chest, mechanically ventilated rafthiés.
correlation was found between the PCGM@d serum Kvalues,  noticed, low serum Kvalues are clearly related to the process of
which means that acute hypocapnia results in acut@naesthesia and mechanical ventilation, since the meastred K
hypokalaemia. Results show that occurrence of clofilium-concentrations were normal in the alert, spontaneously breathing
induced arrhythmias is facted by the PCQand serum K rabbits before the start of anaesthesia and mechanical ventilation
values; hypocapnia and hypokalaemia assist early developme(it2). Acute respiratory alkalosis with consequent hypokalaemia
of arrhythmias. Present data also show that first arrhythmiafrequently develop as sidefedfts of mechanical ventilation in
occurred earlier in thddP+ group than in th@dP— group, patients during sgeries (1, 2), and in patients treated in intensive
though no diference was found either in the meanr K care units (24). Hypokalaemia, as a consequence of respiratory
concentration or in the PGQOr in the correlation between these alkalosis, has already been reported and examined in dogs (25),
two parameters between théP+ andrdP— groupsThus, in the  too. Hyperventilation evoked by mechanical ventilation rapidly
rabbit model ofTdR, occurrence ofdP and other arrhythmias and progressively induces serum electrolyte disturbances, e.g.
also depend on othdrere not examined factors, e.g. the activity hypokalaemia and hypomagnesemia (1, 2, 24), which markedly
of the autonomic nervous system (12, 21), inhomogeneity of thancrease arrhythmia risk (26Jhus, avoiding respiratory alkalosis
repolarization (20, 22), and the applied dose of the anaesthetand strict monitoring of PCQOand serum K levels are

(pentobarbitone) (23). recommended in patients with mechanical ventilation (1, 2, 24).
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Fig. 4. Correlation between the baseline seruntc#ncentration and time to onset of the first arrhythmia in all of the examined (n =
29) anaesthetized, open-chest, mechanically ventilated rabbits @arehd in theTdP+ andTdP- groups (panel B). Linear
regression, R: correlation cdiefent.
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Fig. 5. Correlation between the baseline partial pressure ¢{PCQ,) and time to onset of the first arrhythmia in all of the examined
(n = 29) anaesthetized, open-chest, mechanically ventilated rabbitsApaaed in theTdP+ andTdP— groups (panel BThere is a
significant diference in the intercept of the regression line betweefhdRe andrdP- groups (—41 versus —73, respectively; analysis
of covariance, R 0.05; panel B). R: correlation cdiefent. For further details, séible 1.
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Hyperventilation syndrome (hypocapnia with hypokalaemiaConclusion
and hypomagnesemia) can also be induced by spontaneous
hyperventilation not related to mechanical ventilation in  Thereis a close, positive, linear correlation between the PCO
conditions like sugical stress in spinal anaesthesia (27), alcoholand serum Kvalues in anaesthetized, mechanically ventilated,
withdrawal (28) (29), and stroke in the brainstem (30). open-chest rabbits; hyperventilation causes acute hypocapnia
Respiratory and metabolic alkalosis lead to hypokalaemiavith consequent acute hypokalaenmfacording to our results,
via the ‘cation shift’. Since extracellular *Hconcentration hypocapnia and hypokalaemia assist early development of
decreases in alkalosis, a compensatory mechanism increases #rehythmias during delayed repolarization in clofilium-treated
exchange of Hand K ions between the intracellular and rabbits. This implies that PCOand serum K should be
extracellular spacés a result, M concentration increases and controlled tightly during mechanical ventilation in experimental
K+* concentration decreases in the extracellular spaceB6). investigations and clinical settings when repolarization-delaying
noticed close, positive correlation between R@ad serum K drugs are applied.
values suggests that the parameters of the mechanical ventilation
should be controlled tightly inin vivo proarrhythmia
experiments, as well as in clinical circumstances (1, 2, 24).
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Hypokalaemia is arrhythmogenic in acquired long QT
syndrome, too.The incidence of the drug-induced, life
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threateningrdPventricular arrhythmia is markedly increased by (BO/00794/12) of the Hungariahcademy of Sciences during
low serum K concentrations (5). Clofilium, which was applied this investigation.

in the present experiments, prolongs repolarization and can be
used only for experimental investigations because of its high
proarrhythmic activityHowever many cardiac and non-cardiac
drugs in clinical use delays repolarization and exert
proarrhythmic liability (e.g. amiodarone, moxifloxacin,
erythromycin, azythromycin, haloperidol, droperidol,
methadone, etc.; for an up-to-date list of proarrhythmic drugs seg.
https://crediblemeds.gj. Interactions of frequently used
medications e.g. ondansetron and famotidine together can also
induce dangerous repolarization prolongation in patients (9)2.
Repolarization delaying drugs may be applied frequently in
mechanically ventilated patients, too; thus, it is very important to
avoid contributing factors ofdR e.g. hypokalaemia in these 3.
patients (32).

Hyperventilation and arrhythmias during mechanical
ventilation
4.

Until now, only few studies investigated the arrhythmogenic
effect of hyperventilation directh&udies with healthy adult and
children volunteers showed that hyperventilation can induce.
repolarization disturbances e.g. prolongation of ther@arval,
morphological changes of the SEgment and wave in the
ECG (33, 34); however no arrhythmias were reported in either 06.
the investigations. On the other hand, when the risk factors of the
occurring, haemodynamically compromising arrhythmias were
examined in mechanically ventilated patients, one of the
significant risk factors was found to be the pH greater than 7.42Z.
(35). In accordance with this, our results imply that hypocapnia
and respiratory alkalosis may increase the risk of development of
arrhythmias during drug-induced repolarization defagbably 8.
via the consequent hypokalaemia; howevefurther
investigations are needed to verify this.

Conflict of interests: None declared.
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