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ABSTRACT

Torsade de pointes is a potentially lethal arrhythmia that occasibnappears as an adverse effect of
pharmacotherapy. Recently-developed understardditige underlying electrophysiology allows better
estimation of the drug-induced risks, and expl#iesfailures of older approaches through the serfac

electrocardiogram.

The article expresses a consensus reached by egeimdient academic task force on the physiologic
understanding of drug-induced repolarization change their preclinical and clinical evaluationdaon the
risk-benefit interpretation of drug-induceat sade de pointes.

The consensus of the task force includes suggsstioiow to evaluate the risktof sade within drug
development program. Individual sections of the thscuss the techniques and limitations of methods
directed at drug-related ion-channel phenomenasiiyations aimed at action potentials changeslipieal
studies of phenomena seen only in the whole (ardyednole) heart, and at interpretation of human
electrocardiograms obtained in clinical studiesfin&l section of the text discusses drug-indutmesade
within the larger evaluation of drug-related risksl benefits.
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1 Overview

1.1 Introduction

Torsade de pointes (from the French for “twisting of the points”) @aspolymorphic ventricular tachycardia
seen in the setting of QT prolongation. The etexrdiographic pattern (Figure 1) is distinctivemnetimes
described as a sine wave within a sine wave. &itemn is called “twisting” because when the peslesat
their smallest in one lead, they are generallyair targest in another, as if the several lead® wédferent

views of a vibrating string whose plane of vibrativas being slowly rotated about the long axidefdtring.
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Figure 1, torsade de pointes, in patients receiving dofetilide (top panel) and sotalol (bottom panel).

2 A new organizing principle, perhaps allowing the@oral contents of the paper to be better undedsto@ontext, is the
notion that there are several different possitd&gaelated to drug-induced changes in ventriaelpolarization, and the several
tasks present different challenges.

(1) Most of the paper is concerned witeitermining the extent to which a drug is likely toinduce torsade de
pointes; but

(2) some of the paper is concerned vaititaining a precise estimate of the extent to which drug prolongs the
electrocardiographic QT interval.

(3) We touch tangentially on the taskpmrbtecting subjects and patients in clinical trialsfrom torsade de pointes
and its consequences, but

(4) we say nothing at all about the harder tagprofecting free-ranging patients and

(5) the paper is not directly concerned with thektaf meeting current regulatory requirementsfor drugs seeking
registration. This task might be expected tomgse task (1), but it is now closer to an uninfodwersion of

).
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Like some other ventricular tachycarditssade is often self-limited, but it can persist, detegi@ to
ventricular fibrillation, and thereby lead to suddieath. It is more common in women, in patierit w
hypokalemia,(1) in patients with certain congenstaidromes mentioned below, and in several othngs.
This article describes an approachdisade as an adverse effect of pharmacotherapy.

Some antiarrhythmics (including dofetilide, quimidj and sotalol) indudersade in up to a few percent
of all patients who receive them.(2) These drugsrended to affect cardiac electrophysiologytheo
frequent unintended occurrence of pro-arrhythm@ukhnot be surprising. For the most part, we fomus
discussion otorsade as an adverse effect of drugs other than antitdmnigs, where electrophysiological
effects might be expected to be rare.

Indeed, such effects are rare. Astemizole, cidapgrepafloxacin, terfenadine, and terodiline wesreh
withdrawn from marketing in all or some countriecause of drug-inducedrsade, but the total number of
attributable cases odrsade with each of these drugs was no more than a feagmmut of millions or tens of
millions of patients exposed. Less publicly, reaperceived risks dbrsade have caused other drug-
development programs to be aborted or greatly delayould these losses (of a few lives and sebdtiain
dollars) have been averted?

1.2 Monitoring for torsade

Sincetorsade is the phenomenon of concern, one might hopereegsadrugs by simply being alert for the
occurrence oforsade during the human trials in drug development. Hoevebecaustorsade is usually so
rare (with non-antiarrhythmics, less than one qesel0000 or 1000 exposures(2)), little reassurance is
provided by the non-observationtofsade among the 2000-3000 subjects in a typical proglaimalone the
1500 subjects recommended in guidelines of therat®nal Conference on Harmonization.

Even after marketing, when the rate of exposuggeatly increased, the lack of controls and redudith
intensity of monitoring may makersade difficult to detect. Syncope and sudden death beagbserved, but
it may be difficult to determine that these evartsincreased in frequency over the backgroundémge in
the population receiving a drug. When an eventiecm a patient taking multiple drugs, it may écllt to
choose which of them to hold responsible.

Torsade is hardly unique in being an adverse drug effégreat concern even though its incidence is
low. Chloramphenicol-induced aplastic anemia, bgttorothiazide-induced pancreatitis, and angiotens
receptor-blocker-induced eosinophilic nephritis sireilarly rare. A distinguishing characteristiictorsade is
that its mechanism has been at least partially nstaled, so it is tempting to focus upon early mastiitions
of the mechanism, and to use these manifestateopseglictors oforsade, overcoming the rarity of the
clinical arrhythmia. Some predictors might be Usab earlier stages of drug development, both ceduthe
risk to human subjects and allowing developmenti$uio be shifted to other candidate pharmaceuticals
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1.3 Working with the human QT interval

Inasmuch asorsade is (by definition) always preceded by QT prolongatQT measurement is an
obvious candidate as a predictor. The QT duratéonbe measured in most subjects, so such measureme
might be more efficient than waiting for rare eent

As further described in Section 5 below, howeveeful QT measurements are more difficult to obtain
than is generally acknowledged. Even after pretisasurement and careful adjustment for physicibgio-
factors, interpretation may be difficult. For exaley some drugs can cause substantial prolongafitre QT
interval but have rarely (amiodarone(3-5)) or ndpentobarbital,(6, 7) verapamil) been associatighd w
torsade or other malignant tachyarrhythmias. Also, moderhniques have revealed that small drug-induced
QT prolongations are ubiquitous, but we know ofemrample otorsade induction by a drug that — despite
overdose or metabolic interference — causgyg small QT changes.

1.4 Biological model

If torsade de pointesis too rare to be awaited, and if QT prolongatimmiman subjects is only a
mediocre predictor, then decision-making must setidat least in part) on other observations. dlodser
observations can be credibly pertinent only inlitjet of an accepted biological model of htovsade de
pointes arises. Parts of our current model can be callskical, but other parts reflect results thaehasen
obtained only recently.

1.4.1 Cardiac ion channels

All the electrical activity of the heart startsvialtage-gated ion channels. lon flux through thelsgnnels
causes a cell's transmembrane voltage to varytower, and the functions of channels can be altbyetthe
presence of drugs. Drugs’ interactions with ioargtels can be studied by a variety of techniqussried
below in Section 2. Interference with the normaddtion of certain of the ion channels is necesdautnot
sufficient, for the induction dbrsade.

1.4.2 Action potentials

A voltage-gated ion channel is normally open onithim a set range of transmembrane voltage, and the
charges carried by ions moving through the chacagse the cell's transmembrane voltage to chaAgea
result, opening any channel begins a process titlahawvitably lead to its closing and to the opegiand/or
closing of other channels as well, so the cellsriestereotyped sequence in which the intraceliage
rises from its resting level (the celépolarizes) and then returns to the resting levi (ellrepolarizes).

Each such excursion is called ation potential.
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The surface electrocardiogram sums the action patemwf all of the cells of the heart. Conduction
delays between parts of the myocardium might ingypile allow normal action potentials starting fedlent
times to sum to an electrocardiogram in which rappation — the QT interval — appeared to be prgtih
but this phenomenon does not occur in electrocgrdins considered to have interpretable QT intervias
interpretable electrocardiograms, QT prolongatga manifestation of action potentials that arendeves
prolonged, in at least some region of the ventaicolyocardium. Prolongation of action potentials i
necessary, but not sufficient, for the inductioniarade. The techniques and limitations of action-potential
studies are further discussed in Sectidre®w.

1.4.3 Transmural dispersion of repolarization

The action potentials of uninjured adjacent ceflthe same kind are likely to have the same foroh an
duration. On the other hand, cells of differemidd express different mixtures of ion channels, theg
therefore display different resulting action poiaist in the native state or as affected by drugsparticular,
every cross-section of the normal myocardium inesapecies (including humans) contains at leaséthre
different populations of cells, with different natielectrophysiological properties and differesjpranses to
drugs. When adjacent cells’ action potentialsnaoee than slightly different in duration, the scéneet for
reentrant arrhythmias, notaltiyrsade.

Torsade can be reproduced in whole animals, in isolatealth@reparations, and even in preparations that
use only a portion of a ventricle. These techrscare described in Section 4 below.

1.5 Structure of the article

As noted variously above, the next few sectionthefarticle discuss the techniques and limitatmis
methods directed at ion-channel phenomena (Se2}iat action potentials (Section 3), at phenonssen
only in the whole (or nearly whole) heart (Sectjnand at interpretation of human electrocardiogra
(Section 5). In Section 6, we discuss the plaadrad-inducedorsade within the larger evaluation of drug-
related risks and benefits.

2 lon-channel effects

lon-channel studies are the lowest-level studiasdhe pertinent to the predictiontofsade de pointes,
and they are attractive for their simplicity. Soime-channel studies can be performed by automatgt;
throughput apparatus, using only microgrgnantities of drug. These relatively inexpensivali&s can be
performed early in the drug-development procestiges helping the developer choose among a partdli
candidate compounds.
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Twenty-odd different types of ion channels havenbieeind in the human heart, but nearly all the drug
associated with humanorsade have — whatever their effects on other currentturred out to be blockers of
Ik, the (repolarizing) rapid delayed-rectifier potasscurrent. Three other currents (the depolagizin
currentsl ca. andlna and the repolarizing currehts) are commonly studied, and have been shown to
contribute to the QT-prolonging effects of manygi@and toxins. \h and ks are also of interest because of
their demonstrated role in the congenital long-@idsomes.

2.1 Implications of findings in patients with comg@al LQT syndromes

Much of our current thinking about drug-induced-rannel effects in humans has been influenced by
our knowledge of the congenital long-QT syndron&sPatients with these syndromes are at rigkrshde
and sudden death, with about half of them sustgimiajor arrhythmic events before the age of 40es€h
patients are thus at high risk by the standardwefyday life, but their event-free longevity isasared in
decades. It should no longer be surprising tilraade is rarely seen in a clinical trial of typical dtica, even
when the trial exposes subjects to a drug thatefidy simulates one or another of the congesyaldromes.

Although many different types of human ion chaninglge been identified, only four currents (the
depolarizing currentyhand the repolarizing currents,llxs, andlk;) are affected in any of the common
congenital syndromes. (Mutations in a non-ion clehencoding gene, Ankyrin B, cause a long-QT symmdr
through mechanisms that are not yet well unders(®@pd

Each of the congenital syndromes is caused by dgsfn of the product of a specific gene, and thus
specific channel. For example, the LQT2 syndronmissed by dysfunction of théERG protein that,
assembled into a homotetramer of 4 identical HERi& uforms thed; channel. The congenital long-QT
syndromes are in this way simpler than most dragéed syndromes, inasmuch as most drugs havestfect
multiple channels.

Each of the congenital syndromes is heterogendmugever, in ways that have no direct analogs among
the drug-induced syndromes. Two patients withstimae congenital LQT syndrome are unlikely to h&vee t
same mutation. As of mid-2003, the seven condesytadromes were known to arise from more than 300
different mutations.(10)

Also, the simple monogenetic inheritance of theatiahs is not reflected in simple Mendelian
inheritance of the phenotypic manifestations. faraily carrying a known LQT mutation, the carrievil
typically have QT intervals ranging from normal éhout a third of carriers) to grossly prolongédhe
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frequency of arrhythmic events is elevated in matatarriers, even in those with normal QT intesvall
increases with increasing QT interval in some sgndrs, but not in others.(11-£3)

The mutations associated (in at least some paliedtts frank QT prolongation and spontaneous
arrhythmias are not the only important genetic dsfen human genes related to ion channels. Mutsitio
(present in < 1% of the population) and polymorptagpresent iz 1% of the population) of these genes are
widespread, especially in certain subgroups. Saintigese gene variants may be clinically silentluhé
patient is exposed to a drug that, in a person aitbrmal genotype, would have no pro-arrhythmiecf
Splawskiet al., for example, found a specific ion-channel polyptosm present in 57% of 23 African-
American patients who had sustained arrhythmiasiyndaug-induced), but in only 13% of 100 race-matth
controls P < 0.000 028).(18) Similarly, among 98 unselegiatients who had had drug-indudedsade,
Sestiet al.(19) found that 3 had subclinical mutationK@NE?2, the gene that is implicated in congenital
syndrome LQT1. Some of the mutations and polymismé that have been implicated in these and similar
cases are listed ffable 1

3 patients with a related syndrome associated witlobally short QT intervals have a similarly elevated risk of

premature sudden death, casting further doubt®udlk of QT duration as a simple predictor.(14-17)

* Possibly we should mention the difficulty of screerfimgthese mutations, especially in view of the
possibilities of chimerism.(20)
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Gene Coding effect (reference Drug Remarks

KCNE2 T8A(21) quinidine allele frequency 1.6%

KCNE2 T8A(19) sglfametho‘xazole/ allele frequency 1.6%
trimethoprim

KCNE2 Q9E(21) clarithromycin

KCNE2 M54T(19) procainamide

KCNE2 I57T(19) oxatomide

KCNE2 A116V(19) quinidine

KCNH2 P486R(22) quinidine

KCNH2 R784W(23) amiodarone

KCNQ1 Y315C(24) cisapride
terfenadine (1)

KCNQ1 R555C(25) dlsopyra‘mlde @ 3 families, 5 events
mefloquine (1)
diuretics (1)

KCNQ1 R583C(23) dofetilide

SCN5A G615E(23) quinidine

SCN5A L618F(23) quinidine

SCNSA 51102Y(18) various drugs allele frequengy among African-

Americans 13%
SCN5A F1250L(23) sotalol
SCN5A V16671(26) halofantrine 4 carriers with QT prolongation,
one symptomatic with drug
SCN5A L1825P(27) cisapride

Table 1, mutations (in boldface), polymorphisms, andbrsade de pointes

2.2 Technique

Drug-channel interactions, like other drug-recejttgractions, follow the familiar rules of massiau,
so a drug’s effect on a channel becomes detectableases, and finally reaches saturation as drug
concentrations increase over (typically) 2—4 ordénmagnitude. For convenience, the potency of an
interaction is commonly communicated by citing l8e,, which is the drug concentration at which the entr
magnitude is halved.

No method of evaluating drug-channel interactiomsid be cheaper, or require smaller quantitieef t
drug, than one performed computationally. In thgecof thed: channel, some investigators have identified
common 3-dimensional features of known channelltmrdrugs, and they have used these featuresaim™t
a model that was then tested on other compound2@®8By comparing mutant and wild-type channel
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proteins, other investigators have identified thraling sites of known channel blockers, and theyetthen
modeled possible interactions between other drodgleese sensitive sites on the channel protein.(3&se
in silico models are promising, but they cannot yet replasdiess of living cells.

2.2.1 Voltage-clamp techniques

2.2.1.1 Preparations

Until recently, most ion-channel studies have heenfiormed using isolated single cells, usually tzard
myocytes, in which the channel of interest was madiupresent. The use of cardiac myocytes guasmthat
any as-yet-undefined auxiliary subunits or intrhdaft factors that may modulate channel activity iatact.
On the other hand, the use of isolated myocyteegteshnical difficulties, including the need tol&e fresh
myocytes on each experimental day and possibldagpvef the current of interest with other ionic rants.

Ik is the current most frequently studied, dan be measured in isolated ventricular myocytas &
number of species, and guinea pig, rabbit, andadeghe most commonly used. Rats and mice haeeya v
small k, and are not appropriate species for this purp&aeording &, from isolated myocytes requires that
other currents that are normally activated ovandlar voltage range be eliminated with specifiodkers or
reduced by special voltage-clamp protocols. Famge, Ca’ currents can be eliminated by
dihydropyridines, and Nacurrent can be blocked by tetrodotoxin or eliméiby holding the membrane at a
voltage level at which Nachannels are inactivateds, tan be measured as activating current during a
depolarizing pulse, or as deactivating tail cusehiring repolarization from a positive test potnt

Instead of using myocytes from one or another namdn species, many investigators have more
recently used non-cardiac mammalian cells that baem made to express human ion channels by tcdioste
with human DNA. The cells can be chosen for thase of maintenance in culture and ease of higstaase
seal formation with microelectrodes; this approalso eliminates the complexities of interferenaerfr
currents other than the one of interest, althougfillary proteins — whose expression may vary amoelf
types — have been reported to affect the poten&ynetics of k, block.(19, 31) The most frequently used
cells have been human embryonic kidney cells arideSk-hamster ovarian cells. For studyxpfrinost
investigators transfect witHERG cDNA alone, but others co-transfect with cDNA ediog MiRP1, a
putative accessory protein of the thannel.(21, 32)

Instead of using mammalian cells, some investigadtave undertaken drug-effect studies<enopus
oocytes injected wittHERG cDNA. The drug concentrations needed to achigemicel-blocking effects in
these cells are typically about an order of magiatgreater than those needed in other preparagorisis
difficult to integrate results obtained Xenopus oocytes with the results of other studies.

Automated patch-clamp techniques that enable semetius electrical recording from multiple single
cells at once are still in the development andrtigsitage, but some are expected to be commeraiadiijable
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in early 2004. Combinations of newly-developedttede arrays, automated perfusion systems, anel nov
data analyses promise to enable high-throughpaesarg. The availability of these methods may tlyea
increase the number of compounds that can be dedlbg voltage clamp, but their anticipated higbtamill
(at least initially) be a barrier to widespread.use

2.2.1.2 Measurement

Over the course of each experiment, the cellseptieparation lose their viability, and all of tharent
amplitudes gradually decline. These declines an@ging at best, but they become critical during gtudy of
drugs that penetrate cells slowly and exert thiééces — as most HERG blockers are believed to dor-the
intracellular side of the affected channel(s). deorease the rates of these declines, most inaestigprefer
to work with the preparation at room temperatuhe. ICso derived at room temperature may differ from that
derived at physiological temperature by almost @®oof magnitude, but similar differences are stimes
seen at the same temperature in different prepastor in the same preparation in the hands tdrdift
investigators.(33)

Many drugs block channels in a frequency-dependhamner, which may translate into a heart-rate-
dependent change in QT interval. Thus, it is udefdetermine if channel block varies with pulsing
frequency €.9., 0.1vs. 2 Hz).

The concentration-effect relationship of a drug andon channel is estimated by gradually incregasin
the drug concentration, generally escalating ifilogl increments from an approximate no-effect lewdil at
least 80% block is attained. The preparation eodbibrated by including a potent, specific blacesg., in
the case ofd, dofetilide or E-4031) in the same study. Thatiehship between drug concentration and
percentage of current blocked can be fitted tolbdguation to determine kg

2.2.2 Other techniques

Radioligand binding assays are routinely used amtify the interaction of new drugs with some
channelsé.g., with L-type Cd" channels), but they are less widely used to afssaylockade of 4,. However,
competitive displacement dfi-dofetilide or similar compounds from membraneseifs transfected with
HERG cDNA appears to be a robust assay.(34) A disadgerof radioligand displacement assays is that the
may not detect a signal for drugs that bind to damaf HERG distinct from the site used by the eéigand.
Also, there is concern that in some céHsdofetilide may bind to sites other than the HE&@nnel.(35)

Potassium channels are also highly permeable idiwm, so measurements of drug effects on the flow
of nonradioactive Rb(using atomic absorption spectroscopy) or of radive®*Rb" (using standard tracer
techniques) have been used as assays of drugssffethese channels.(36) Suppression 6ffRk is more
predictive of genuine HERG channel block than fasment-dye-based assays,(37) but neither techisique
sensitive, and probably neither should be usedahtjtative results are desired.
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2.3 Interpretation

Of the three most common congenital long-QT synd®mmonly one (LQT2) is the result of dysfunction
of Ix,. Inanimals, LQT1 can be simulated by blockadkgfand LQT3 can be simulated by administering
reagents that prevent normal termination\@f ISooner or later, a drug intended for human phantierapy
will prove to causé¢orsade even though it has no effect qq.|

On the other hand, the prominencegfilockade in the drug-induced human syndromesabahly not
a chance finding. The,channel is distinguished from other potassium nklnby a large, funnel-like
vestibule, and (probably more important) by thengirence of aromatic amino acids along the centéhnef
channel. These features may make it easier for rear@l molecules to enter and sometimes to bloek th
passage of ions.(30) Whatever the underlying Eotbal reason turns out to be, the current emploasis
vis-a-vis other currents does not seem inapprapriat

Not many human drugs havesi3or I, blockade < 10 nM; every such drugg, astemizole,
ICs50 = 0.9 NM;(38) terodiline, 3.7 nM (Yang and Rodenpublished observations); dofetilide, 3.9 nM;(39)
cisapride, 6.5 nM(40)) seems to have turned ouatseorsade. At the other extreméorsade has been
reported withd-sotalol (100uM (41)), although not with cetirizine, 1@V (42) or ciprofloxacin, 96GM
(43).

In the much more densely populated middle grotheldegree ofi} blockade has proven to be an
imperfect predictor, failing to distinguish verapb@Cso = 143 nM (44)) and loratadine (173 nM (45)) from
terfenadine (150 nM (46)) and quinidine (0.2—1\0 at normal potassium levels (1, 46)). Evidensigme of
the mechanisms leading tiarsade emerge only at higher levels of organization.

Verapamil, for example, is a moderately potgpblocker (IGo = 143 nM),(44) and thus it might be
expected at ordinary concentrations to prolonglegfration, perhaps a first step toward inductidmoosade.
In fact, because verapamil blocks L-type Cehannels with similar potency,(47) the usual dftdoserapamil
is to shorten repolarization, and verapamil has never been &ssdaowith tachyarrhythmias.

® The congenital short-QT syndromes provide furthédence of the looseness of the link between Qhtilum and risk.
Patients with these syndromes might naively be eepleto be more electrophysiologically stable tharmals, but in fact they
have an elevated risk of premature sudden deatth{]148)

It was said (need reference) that as of late 200y 30 short-QT patients had been reported, attttiis is about as many
LQT patients had been reported during the firsyd&rs after those syndromes were first descritiedhe same vein,
pharmacologic hER@gonistsare now beginning to be described.(49)
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3 Action-potential studies

Figure 2shows the relation between the action potentigtiiiee different (simulated) canine ventricular

myocytes, with parallel displays of the calculatedrents through the most important of
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Figure 2

the contributing ion channels, wheggis the transient outward’kKeurrent;l c.. is the L-type C& current; ka
is the sodium current (the early sodium curremisseen in the figure because its initial peaoisnuch
larger [typically 200 pA/pF] than any of the otlperaks shown)inaca is the N&-Ca™ exchange currenty/lis
the rapid delayed-rectifier Kcurrent; ks is the slow delayed-rectifier'kcurrent;l clca) IS @ transient outward
CI' current, activated by intracellular Tal, is the inward rectifier Kcurrent; andyax is the sodium-
potassium exchange (the “sodium pump”).

It may not be meaningful to ask, without specifythg tissue to be studied, what effect a drug Inas o
“the” action potential. For example, the deep hdtat immediately follows the initial peak of thpicardial
action potential (rightmost column) in Figure 2hg result of the strong, Ishown just below. In the
endacardial action potential (leftmost column), onltiray notch is seen, becausgi$ scarcely present in these
cells. A drug that blocked,Imight therefore be expected to affect gpicardium by making its action
potential resemble that of tleedocardium; the same drug might be expected to h&tle dir no effect on the
electrical properties of thendocardium.

The most frequent drug-induced changes in actidanpials are not major morphological changes of the
sort just described. Sometimes, the action patecdin be shortened by drugs that block depolayieinrents
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or prevent the normal closure of repolarizing clesn Conversely, the action potential is moreess|
prolonged when a drug blocks repolarizing chanoetiefers closure of depolarizing Nar Ca™ channels.
When the prolongation lasts long enough, repoltidracan be interrupted (perhaps because sorfie Ca
channels recover their ability to open during tregl repolarization) by an afterdepolarization, esnsin
Figure 3.

50
mV

200 msec

Figure 3, early afterdepolarization induced by sotalol in a ginea-pig M cell.

3.1 Technique
3.1.1 Action-potential recording techniques
3.1.1.1 Preparations

The preparation most commonly used for action-gakstudies is the isolated canine Purkinje fitienr,
single ventricular myocytes isolated from guinegsprabbits, or dogs are also frequently used sante
investigators have used isolated papillary musategentricular strips. Some findings in cardiasties from
rats and mice have been provocative,(50) but beddiesdominant ion channel in these tissueg, ithey are
not frequently used during human drug development.

Purkinje fibers are attractive because they terlzbtmore sensitive to action-potential-prolonginggd,
and because stable microelectrode impalement&laté/ely easy to maintain in them. On the othemd
Purkinje fibers often fail to respond to blockefd,@, so some drugs’ effects may be underestimatedb@®1,

3.1.1.2 Measurement

As noted above in Section 2.1, a drug that affasisof the ion channels is likely to affect othtrs.
Quinidine, for example, blockg | Ik, Ik1, lks, Ina @Nd Ea.. As the concentration of quinidine is increased,
the net effect on the action potential varies aomplex fashion, as one ion-channel effect and #mather
goes through its concentration-effect range. Taratterize the effects of a drug on action potentiais thus
important to use several concentrations of the diagally escalated in half-log increments ovexraye
covering at least two orders of magnitude.
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The rate of stimulation is also important. Forrapée, most, blockers prolong action potentials more
effectively at slow than at fast rates of stimuatiwhile manyd,.. blockers are more effective at fast rates
than at slow rates. These effects may reflectdafendent drug-channel interactions or intringffeences
in the behavior of these and other ion chanreg, (ks) during an action potential.

Changes in action-potential duration are usuallngified by measuring the time required for the
repolarization process to reach 50 Dsg) or 90% APDgg) completion.

3.1.2 Other techniques

A simpler and higher-throughput approach is to mheitee the effect of compounds on the effective
refractory period (ERP) of isolated papillary mes;lusing paired-pulse electrical stimulation asida
contractile activity as a signal.(53) One disadaga with this method is that somg blockers induce post-
repolarization refractoriness (that is, they cabseERP to last much longer than the action pagnand thus
they produce a false-positive response.

3.2 Interpretation

From the timing and magnitude of the currents shimvFigure 2 many drugs’ effects on action
potentials can be roughly predicted. dhannel blockers will reduce the maximum upstredlecity of the
action potential; blockers, as noted above, will generally abolistearly notch, if one is present; Ca
channel blockers will shorten ARP Ik, and ks blockers will prolong APE, and AP, with little change in
the rate of terminal repolarization; and blockers will reduce the resting potential, praJo&PDyo, and slow
the rate of terminal repolarization.

The value of action-potential studies comes nanftbese single-channel phenomena, but rather from
emergent phenomena that reveal the interactionuitfpte channels. In particular, early afterdepiations
seen in action-potential studies tend to be aswtigith proarrhythmia later on.(54) Action-potaht
prolongation by itself is somewhat worrisome, lexesal drugs€g., pentobarbital(6)) cause action-potential
prolongation and yet are anti-arrhythmic.(6, 7, $8ainly, the mechanism tdrsade does not fully emerge
until a level of integration that is even higheantthat of the action potential.

4 Whole-heart and related studies

When electrically-excitable tissues with differeapolarization characteristics are juxtaposedstieme
is set for re-entrant arrhythmias. Clinicians familiar with this notion from infarction models éuother
studies. In the last several years, it has beapparent that a similar mechanism is responsibltofsade de
pointes.
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The pivotal discovery was the finding that the £ell the ventricular myocardium are heterogeneb@s.(
57) In every species tested, including dogs, tabbuinea pigs, pigs, and humans,(58-60) the mdaoa
has been found to include three different tisstagghly(61) layered with the endocardium, a mideigion
(the “M cells™), and the epicardium.(62) The thtagers are histologically indistinguishable, but
electrophysiologically distinct, as seerFigure 2 Among many other differences,

. the repolarizing currentd is important in the epicardium and endocardiun,rbuch less so in
the M cells; and

. once depolarization is well under way, the deppiag current \, tapers off rapidly in
epicardium and endocardium, but it lingers, oppp4iire repolarization currents, in M cells.

With protracted influx of Naand reduced opposing’ Kfflux via Iks, the action potentials of M cells are
normally somewhat longer than those of the epicandind endocardium, as shown on the left sideigtire
4. The voltage gradients between the M cells andbthers appear, at least in the wedge model @et@86
4.1.3 below), as the T wave on the electrocardiogra

A Control Bh dl-Sotalol (100 pM)
X

L

ECE%}
ML
200 msec 200 msec

Figure 4, transmembrane potentials and a transmural ECG recoted from an arterially-perfused
canine left ventricular wedge preparation. Action mtentials from epicardial (Epi), M, and endocardial
(Endo) sites were simultaneously recorded using #ing glass microelectrodes, together with a
transmural ECG. Opposing voltage gradients on eitér side of the M-cell region are responsible for th
inscription of the T wave; the peak of the T waveancides with the completion of epicardial
repolarization, and the end of the T wave marks theompletion of M-cell repolarization. Reproduced
from (63), with permission.
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The transmural differences in action-potentialation are normally no more than a few milliseconds,
but drug effects can change the picture. Withtinatly low I activity, the repolarization of M cells is
critically dependent ongl. When k. is blocked, repolarization is delayed everywhbtd,(as shown on the
right side ofFigure 4 where k,-blocking concentrations afi-sotalol were used) much more in the M cells
than in those of the epicardium or endocardium.aAssult, not only is the QT interval prolongedt the
transmural dispersion of repolarizatiofDR) is prolonged to an even greater degree.

Moreover, the effect upon TDR turns out to be tlewarimportant one. For example, pentobarbitahis a
Ik blocker, but it is a much more potent blocker@fand of the late portion of. As a result (as shown in
Figure 5, administration of pentobarbital causes the Q@riral to be prolonged (superscripted numbers in
the last row of the Figure), but with the actiongmtials of the epicardium and endocardium proldngere
than that of the M cells (first three rows of thgu¥e), so TDR (numbers at the bottom of the Fiyatually
decreases. The reduction in TDR explains the pareal-seeming observation that despite its effecthe
QT interval, pentobarbital mntiarrhythmic in familiar animal models,(6) and it pupsses sotalol-induced
early afterdepolarizations.(7) Similar results aéained with amiodarone,(64) ranolazine,(65° @8 the
experimental agent chromanol 293B.(67) In modeiingade de pointes, there seems to be benefit in models
that contain more than a few homogeneous ventricmj@acytes.

A Control B Pentobarbital C Pentobarbital D Pentobarbital
(10 pg/ml) (20 png/ml) (50 ng/ml)

50

| 50

M Cell | 298 \ 301 3 308 318 ioomv
¥ i i O

i i i i1 90
Epi 243 250 265 286 i imy

0.5
mV

51 47
200 msec

Figure 5, dose-dependent effect of sodium pentobarbital (1@0, 50 pg/ml) on transmembrane and
ECG activity in an arterially-perfused canine leftventricular wedge preparation. Numbers within the
figure are all in milliseconds, showing the APs (numbers within the domes of the action potentia),

® The second reference here is new.
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the QT intervals (numbers above the ST segments tife ECGs), and the transmyocardial dispersion of
repolarization (humbers beneath the ECGs). Reprodted from (6), with permission.

4.1 Technique
4.1.1 Whole animals

One obvious way to obtain a preparation that caostall of the pertinent tissues is to use a whoimal.
This sounds straightforward, but naive implemeatagives rise to the same problems that are fooand i
human studiesforsade is rare, and lesser electrocardiographic changesfaincertain predictive value. In
particular, variations of animals’ QT intervals Wwheart rate, autonomic influences, and so on$seton
5.1.6) are as complex as those seen in humansawitialler body of pertinent data to guide the stigator.

To get away from the difficulties of deriving pretions from QT changes, several groups of
investigators have developed models in which ardraed pre-treated so as to make them more likely to
develop frankorsade. Then, drugs are tested by seeing whether thaycatdrsade, or whether they enhance
or reduce other drugs’ tendency to do so.

As with any whole-animal studies, these invest@atiof a drug will be credibly predictive only toet
extent that the human and animal metabolism ofithg are appropriately similar. An effect seeoiie
species might be absent in another, if the cufpfiistance were a metabolite not produced in thengec
species.

4.1.1.1 Methoxamine-treated rabbits

In a model initially developed by Carlsseiral.,(68) a-chloralose-anesthetized rabbits are pretreatdd wit
methoxamine, an alphagonist. These animals then have greatly incdessesitivity to the repolarization-
altering effects of some drugs, especially thos¢ e relatively puregg blockers (dofetilide, sotalogtc.).

As the dose of one of these drugs is increasedatitsts predictably exhibit marked QT prolongatitamge U
waves epicardial early afterdepolarizations, and finglblymorphic ventricular tachycardia.

Most of the reported experience with the rabbit edddhs come from studies of the blockers,
characterizing their proarrhythmic properties amgestigating methods for terminating drug-induced
arrhythmias. Experience with drugs of other kihds been limited. When methoxamine-treated raklEte
exposed to increasing concentrations of terfenaaliequinidine, polymorphic ventricular tachycasdieere
not induced.(69) The quinidine effect likely refle the drug’s alpha-blocking properties, inhilgtin
methoxamine actions in this model, but the gersgasitivity and specificity of the rabbit model raim
unsettled.
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4.1.1.2 AV-blocked dogs

Dogs used in this model undergo ablation of thieagntricular node, either by injection of
formaldehyde via thoracotomy or by applicationadio-frequency energy (70) via a catheter. Pacing
electrodes are placed, and the dogs are then fdldar 2-4 months to allow for bradycardia-induced
ventricular remodeling.(71) In one version of thiedel, the dogs’ susceptibility torsade de pointes is
further increased by using furosemide to induceokgfemia.(72)

Studies using this model are generally conductecbmscious, quietly restrained animals, so all
routes of drug administration are possible. Cigs-studies after appropriate washout are alssilpleswith
this model. The total reported experience is agé, but (as shown Rable 2 drugs known to produce (or
not to producejorsade in humans have generally produced (or not produoeshde in A-V blocked dogs
Quinidine has been a borderline exception; sotathicedtorsade in five of six dogs studied by
Weissenburger,(73) but quinidine, in the same alsinreduced only various less distinctive ventraul
tachyarrhythmias.

incidence of

drug (reference) N torsade
almokalant (74) 14 64%
amiodarone (3) 7 0
azimilide (75) 9 56%
dofetilide (75) 9 67%
dronedarone (3) 8 38%
d-sotalol (76) 20 5%
d-sotalol (74) 14 0%
ibutilide* 12 67%

*Cantilena, unpublished observations

Table 2, selected results from published studies of drug-uced torsade in AV-blocked dogs.
4.1.2 lIsolated perfused hearts

Arrhythmogenesis has also been studied in the wismiated, perfused hearts of rabbits (77-80) and
guinea pigs.(81) The sensitivity and specificityliese models are uncertain, and they providenfovrmation
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as to potential arrhythmogenic mechanisms. Thextefa have been substantially superseded, in eur, \iy
the wedge model described in the next section.

4.1.3 The wedge preparation

Because the principal substrate for the developmitot sade is thought to be due to amplification of
transmural dispersion of repolarization, a transthsegment of myocardium provides a minimally costgpl
model in which to study the genesis of the arrhyghnAntzelevitch and colleagues have demonstriizida
full-thickness slab of ventricular wall (aveédge) can indeed be isolated and studied, providirgigint into
torsade and a variety of related electrophysiological givaana.

As shown inFigure 6 the wedge preparation is a few square centimefdtsl-thickness ventricular
wall. The specimen is immersed in a physiologizh, and it is also perfused through its nativesets.
Electrodes in the bath at some distance from tdeeardial and epicardial surfaces record a pseudo-
electrocardiogram, while floating glass microeledes record simultaneous action potentials in &aar of
tissue from the transmural surface.

Arterially Perfused Left Ventricular Wedge

o

o
w 4

Floating Glass
Microelectrodes

™~

ECG

%— perfusate

Figure 6, schematic of the arterially-perfused canine left vatricular wedge preparation.
Reproduced from (82), with permission

By providing results like those shownkigure 4andFigure 5 the wedge preparation has been pivotal
in providing our current understanding of torsadmgs. As shown ifiable 3 humantorsade is much better
correlated with TDR than with the length of the @erval. In particular, compounds that have b&®own
to increase TDR have all turned out to catessade in humans, and of all of the compounds that haenb
shownnot to increase TDR, amiodarone is the only one thatdver been convincingly (albeit rarely)
associated with humaorsade.”

" For example, the wedge model has led to a unified modelingvee pro-arrhythmic mechanisms of the
LQT syndromes and the short-QT syndromes.(83)
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effect in canine effect in
canine LV tissue studied Lv humans
drug M* | Epi* |PF* |wedge | EADs | fITDR | torsade | iQT
amiodarone v v _ _ + +
azimilide v 4 + + + +
cisapride 4 v v v + + + +
erythromycin v v v + + + +
Ulke* with Bstim* v v v v - + + +
Uls* with Bblock* v v v v _ _ _ +
pentobarbital v v v _ _ _ +
quinidine, low conc v 4 4 + + + +
quinidine, high conc v v v _ _ — +
sotalol v v v v + + + +
terfenadine v v v + + + +
verapamil v v v v _ _ _ +
* Epi = epicardial cellstlgs = LQT1 (ks defect) in humans, drug-induced blockade in dogs;
Bblock= beta-adrenergic blockadistim= beta-adrenergic stimulation; M = M cells; PF = Purkifitjers;
EADs = early afterdepolarizations; TDR = transmyocardigpelision of repolarization; LV = left ventricle

Table 3,transmural dispersion of repolarization and QT duration as predictors of humantorsade de
pointes

The wedge preparation is technically demandingsbuaie of Antzelevitch’s former co-workers and other
investigators have now begun to replicate it ireolhboratories.(84-86) The level of transmurapdrsion of
repolarization needed to precipitéesade in the wedge often requires long pauses or slogsra
hypokalemia, or epicardial activation, conditioimitar to those that predisposettwsade in the clinic.
Confirming the findings of the wedge model, theliabof a drug to significantly amplify transmural
dispersion can be delineated via studies of thiwiohaal layers (that is, in tissue slices isolatemn the
epicardial and M regions of the ventricular wall).
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4.1.4 Insilico techniques

Computer simulations of the myocardium (87) anthefwhole human heart (88) have reproduced the
electrophysiological effects of drugs, ischemiaj ather conditions. These simulations have reduinassive
computational resources, but such resources aresisiogly available. Simulations are not yet féamil
enough to be fully trusted, but a growing numbed®felopers are using them to suggest prioritinatio
more traditional investigations.

4.2 Interpretation

The physiological completeness of the models desdrin this section is sufficient for the appeaeaot
torsade de pointes, strictly resembling the human arrhythmia. These@ef®are — notwithstanding imperfect
sensitivity and specificity — better predictorshafman torsade than any other studies known, incfuis
suggested iTable 3 measurement of QT intervals in human electroogm@ims.

5 Electrocardiography

Adequate pre-clinical screening by the methodsriteesst above may be able to keep most drugs likely t
inducetorsade from ever being tested in clinical trials. Even and despite the imperfection of QT
measurement as a predictor of pro-arrhythmia, ehirlg trials must include some evaluation of tHeatfof a
new drug on the human QT interval.

5.1 Technique

5.1.1 QT intervals that should not be measured

Some electrocardiograms are technically defectirdh(muscle artifact, misplaced leads, or other
problems), and one should not attempt to derivéutidata from them. This is an old and well-undeosl
problem, although it is one that investigators limmnaceutical studies are still occasionally pnes$ito
ignore. Even in the best laboratories, about 3®@Es cannot be used for meaningful measurements.

5.1.1.1 Hysteresis

The importance of hysteresis was recognized muate mezently. As will be discussed in Section
5.1.6.2.1 below, the interpretation of measuredi@drvals must take the concurrent heart rateactmunt.
When the heart rate changes, the QT interval dlaages, but it is now known that the QT intervietaa
minute or two to reach a new steady state.(89) Whe QT interval is measured during or just aftehange
in heart rate, the heart rate to use in the armbfsihat QT interval is not definedrigure 7
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Figure 7, continuous recording during which the RR intervalsvere shortening (upper numbers), but the
QT interval was constant

Failure to take account of hysteresis can resudthiesed analysis. If acceleration is more ragpidl
completed than deceleration, then the QT-RR midmaay be small during and after deceleration, but
occasionally large just after acceleration, leadmthe false detection of “outlier” values withredomal
prolongation. Adopting a criterion of moderateorigsay, analyzing only those beats preceded lpaat 2
minutes of heart rate stable#£@® beats per minute) leaves only a minority of 8&at typical Holter
recording available for analysis (Malik, unpublidr@bservations).

Recordings of complexes seen during and just eftanges in heart rate should not be discarded, even
though methods for their analysis and interpreteliave not been developed. In some preclinicalatsod
predictors of arrhythmia are seen only during st after changes in cycle length.(90) Techniqoetetive
useful information out of the hysteresis-affectt®ocardiographic complexes are not yet availatlé this
is an area of intense current research. Very tegeestigations suggest that the pattern of QTrthede
adaptation is subject-specific, and that protraetaptation is a risk marker for arrhythmic comatiicns in
cardiac patients.(91, 92)

5.1.2 Electrocardiographic leads

Some investigators have defined the QT intervaéihadongest interval measured in any measurabtk lea
others have used the interval that appeared todasumable with greatest precisieyg(, the one in which the
descending limb of the T wave was steepest), othere adopted a specific lead (usually Lead 18tardard,
and still others have utilized a mixed strategyhpps using Lead Il whenever it is measurable, trsémg
Lead \ as a second choice, and so on. These variodsgés can give radically different results, anel th
results from some strategies are often unstabde.examplefFigure 8shows the unpredictable differences
between QT intervals in Leads Il and V2, carefafigasured in 1832 digital electrocardiograms. Careful
digital superimposition of all available (up to &) simultaneously recorded leads seems to sbé/problem
of lead selection, and it frequently makes the @avanset and T wave offset easier to detect.
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Figure 8, difference between QT intervals in lead V2 and lead, as a function of QT interval in lead
II, from manual measurements (made on the computescreen using previously published technology
(93)) in 10332 digital 10-s 12-lead electrocardiograms.

5.1.3 U waves

The origin of U waves was obscure for many yeatsvaves had been said to be manifestations of
repolarization of the Purkinje fibers, since thisers are slow to repolarize (consistent with naktd wave
timing) and of low mass (consistent with normal @vwe diminutive magnitude).(57) On the other héind,
was hard to reconcile this account with the oceediappearance of U waves that were somewhat earlie
much larger. Some authors included the U wavheir measurements of QT intervals, but others did n

It now appears that the small U waves and largeades have different origins. In particular, stsdie
using the wedge preparation have demonstratedititker appropriate conditions (hypokalemia or drug
infusion), a large U wave can be repeatably produltging repolarization of isolated ventricular
myocardium, and that it is produced by the samehar@isms that produce the T wave.(57)

5.1.4 QT dispersion

As noted in Section 5.1.2, the measured QT intea@aimonly varies from lead to lead of the
electrocardiogram. This circumferential or regioraxiation has been callg@T dispersion; it is different
from the radial phenomenon of transmyocardial dispa discussed in Section 4. QT dispersion isciased
in congenital and drug-induced long-QT syndromesiarother conditions associated with increased
arrhythmic risk; an analogous measure was preéictharrhythmia in a dog model.(94). Various meeswf
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human QT dispersion have been proposed as measuisls, but their reproducibility is poor, and rehas
proven to have independent predictive value.(954iMindsight, the insensitivity of these measurgght
have been expected, inasmuch as each of the pbpusssures was sensitive to differences in reatéon
between regions of ventricular tissue that weresfiajly far separated from each other, and theeafotikely
to join in hosting reentrant arrhythmias.(98)

5.1.5 Measuremeiper se

In other areas of biology, the notion of the widfra curve peak is usually defined so as to avwad t
difficulties that accompany gradual return to asydiaseline. For example, the reported width of a
chromatographic peak is the width of the peak Htdiats maximum height. Because the
electrocardiographic intervals are defined to leil the tracing has entirely returned to baselthere is no
possible gold-standard method of measurementte8tes that improve precision in some situatiaxs,(
increasing the paper speed or frequency of samplihizh improves precision of measuring the timirfig
signals that are changing rapidly) can be usefesthiers €.g., in measuring the timing of a signal changing
very slowly).

Manual readings from paper tracings have a repiifadf about+25 ms in good hands, but even the
best readers demonstrate greater or lesser degréiggst preference and occasional major errorsi99)
Using electronic calipers on the computer screknwalfor arbitrary rescaling, superimposition ofltiple
leads or complexes, and other techniques, witls@tieg improvement in precision to abatg ms. As it
happens, the beat-to-beat variation in the QT walasf normal subjects under optimal steady-statelitions

is also about5 ms (Malik, unpublished observations).

The familiar interval measurements are the easiesisurements for humans to make from paper
tracings, but other metrics are under active ingatbn. Some are more susceptible to precise oteriged
measurement(g., the time from the QRS onset until the point atak®0% of the area under the T-wave
curve is past), and others are suggestively linkate current electrophysiological modeby, the time from
the peak of the T wave to its end (56, 102-184)one of these new metrics is yet of proven ytilitut the
possibility of changes in metric justifies our stgorecommendation that electrocardiograms be dellec
digitally, so that possible future manipulationiwibt entail reexamination of paper tracings.

Simple automatic measurements of QT interval apgiged by most electrocardiographs. However,
these are frequently grossly inaccurdtgy(ire 9 and cannot be recommended for studies of potetrtig-
induced QT interval prolongation.(93) Recent depelents in advanced electrocardiographic pattern
recognition suggest that reliable automatic measeants may be available in the near future.

8 Short-term variability of repolarization(105) may tumrt to deserve a mention here.

G:\science\Qt\task force\for Web expanded.doc 120086 18:43 Page 25



QT 486 ms QT 506 ms f\
QTC 398 ms QTC 491 ms “

10 mm/mV 12 mm/mV NIW\‘M
___,Jk/\___,\ﬁ W

Mmm%

Figure 9, automatic measurements by contemporary electrocardgram machines. The left and
middle panels show scans of leads | and Il of twauéomatically-measured electrocardiograms; the right
panel shows superimposition of the electrocardiogghic patterns from the two tracings. The QT
interval duration is the same in both tracings, butthe machine reports a difference of 100 ms.

Reproduced from (106), with permission.
5.1.6 Co-factors affecting the QT interval

The purpose of QT measurement during drug developisdo estimate the size of a drug effect, if,any
on the duration of the QT interval. This task isda more difficult by the fact that the QT interisaffected
by multiple co-factors, and any drug effect mustsbparated from these. Some of these factorsrameiable
(sex), some change little during typical trials€agand some can be held constant or let vary aieetko
treatment (patient position or time of day (10®)es to reduce their potential for confoundinghe&ds$ are
more difficult to control, because drugs typicdigve multiple effects, and it may not be possibleven
meaningful to isolate the QT effect from the others

5.1.6.1 Serum potassium

For example, the duration of the QT interval islpnged during frank hypokalemia, but the effects of
minor variations in serum potassium levels havebean reported. Although use of thiazide diureéscsaid
to be a risk factor fotorsade, this association is presumably mediated by themence of diuretic-induced
hypokalemia.(108) The statement that a specifazitie diuretic prolongs the QT interval would gexily be
taken to mean that it does so even when the seotmsgium is somehow held constant. Whenever althsg
a nonzero effect on serum potassium, precise estimaf a QT effect may require adjustment of the/r
measurements to separate a direct effect from @uwkated by changes in serum potassium. Data tigdit m

be used for such adjustment have not been reported.
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Because lowering serum potassium increases thefrtsksade,(108) concern about distinguishing
thiazide effects on serum potassium from dire@af on QT duration might be dismissed as a semanti
exercise: By whatever mechanism, use of thiazideetlcs increases the risktofsade. Other drugs,
however, might have effects that affected repaddian in different directions. For example, a jgstam-
sparing diuretic might have direct effects on ibiarnels that increased the riskarfsade but — because of
the drug’s effect on serum potassium — a net effettmaddorsade less likely.

5.1.6.2 Heart rate

Heart rate is the best known of the co-factorscéfig QT duration: A QT interval that is normalaate
heart rate may be abnormal at another.

Clinicians might have come to deal with rate-radathanges in QT duration by using tables, simdar t
common height-weight tables. It might have becaosomary to look up an observed age, sex, hdart ra
and QT duration, and to see in which percentileotbeerved QT duration fell. This solution was mib@ted.
Instead, clinicians have used one or another Qfnalization formula, just as many clinicians usehbdy-
mass index instead of less practical height-wetgihies.

More than thirty different formulas have appearethie literature.(109) Each relies on a modelaf h
the QT duration normally varies with heart rateany of the published models are of the form

QTR e RR" )

for somea andp, whereRR is the cycle length (60 / heart rate). Thparameters of several of the published

formulas are shown ifiable 4
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Author (reference) year o
Fridericia* (110) 1920 0.33
Bazett (111) 1920 0.5
Mayeda (112) 1934 0.603
Simonson (113) 1962 0.32
Boudoulas (114) 1981 0.398
Kawataki (115) 1984 0.25
Yoshinaga (116) 1993 0.31
Hodges (117) 1997 0.38
* Using curve-fitting tools, Fridericia actually estiteda to be
0.3558, but he concluded tHatwas a reasonable
approximation.

Table 4,parameters of some published QT/RR models in tima & Equation 1.

In each model based on Equation 1,dh&xponent adjusts for the variation in heart ra®éven a
measured QT duration and heart rate, for any ginedel from the Equation-1 family one can effectvel
invert the equation, computing tBecoefficient needed to allow the measured valudsetoonsistent with the
givena exponent. If the RR interval is measured in sdspthen th@ coefficient is equal to the expected QT
interval at an RR interval of one second, @rid called the “corrected” QT intervd)Tc. (“Corrected” is a
misnomer, since the measured QT intervals may kibtbanterpret, but they are not incorrect. A podeight
might need to be corrected if it were measured whersubject was heavily dressed, but using thg-poaks-

index formula is not a correction.) Similar caktibns are possible with models other than thosedan
Equation 1.

In the case of models from the Equation 1 famhg, general form

QTc = f(QT, RR) 2
(where QT is the measured QT duration and RR isnis@sured cycle length) becomes

QTc= QT/RR? A3)

The value of this calculation is that if thgparameter is numerically correct, then the conp@&c may be
compared to a known normal range without furthtardion to the measured QT duration and the medsure
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heart rate. This process is akin to the one tlawsa clinicians who believe that weight varies witeight
according to

weight 73 @ height?

to use the computed body-mass index
BMI = weight/ height 2.

Loosely, formulas like Equations 2 and 3 are somesi said to be telling us what the QT interval “ldduave
been” if other things were equal and the heartwesiee 60; in the same way, a patient’s body-madsxin
might be interpreted as indicating what the paBeweight “would have been” if other things wereuabjand
the patient’s height were one meter.

Since all of the associated models from Table dbatke form shown in Equation 1, the different icles
of a must give different results, and the differencas lbe substantial. There has been at least @h¢1iti8)
that separated heart-rate effects from direct &ffen ventricular repolarization. Volunteers inttbady
received atropine, and in one phase of the trit tiearts were paced to prevent the increaseart hege that
atropine normally produces. Under these conditittesmeasured QT interval was shortened from lvesby
24 ms Figure 10. In another arm of the study, the same volusteeteived atropine in the absence of
pacing. The measured QT interval was decreasd® Ioys, combining the direct effect (24 ms) witheatra
25 ms induced by the rate change. An adequategttion” formula would have adjusted for the ratel a
come out with a decrease close to the gold-starg¥ards (probably somewhat larger, since Equatin 1
multiplicative, and the paced rate was probablyefathan 60/min). The Bazett correctian= 0.5) falsely

computed that these subjects had suffered a 48arease in their true QT intervals.
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Figure 10, misleading "correction” by Bazett formula in a study of QT/QTc changes induced by
atropine

Many authors have commented on the inadequacyed#zett formula,(113, 115, 119-132) but other
proposals are equally problematitable 4provides a variety of other values to choose among, but in the
decades since the reports of Bazett and Fridethuéay values do not appear to be converging over time.
Different workers have come up with different valleecause each value was the best fit to datadriimited

population, and tha parameter is one with high intersubject variari33( 134)

The typical extent of intersubject variance is siedrigure 11 which shows the QT interval and heart
rate from each of about 100 electrocardiograma&ahef two subjects. Points plotted with the sagmabol
come from electrocardiograms of the same subjEle intersubject differences may dasier to see in
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Figure 11,heart rate and QT interval measurements in 100 el¢éocardiograms from each of two
normal middle-aged male subjects. Only stable elecicardiograms free of QT/RR hysteresis and of
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recording noise were selected from continuous dayate 12-lead recordings. Measurement was

performed manually using previously described techalogy.(93)

Figure 12, where different subjects are represeygdst the best-fitted line of the form of Equetil. Each
of the subjects had QT intervals that were consikteelated to heart rate in a linear or curviinenanner,

but the individual curves differed in position, 89 and curvature. It is not hard to see how ffe

investigators might, from small samples, come aith different best-fit formulas. In terms of Eqjiget 1,

each subject would be best fit by personal valdiesandp.
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Figure 12,QT/heart rate relationships in 6 normal middle-agedsubjects. The data of each subject
were fitted with a regression line corresponding tahe individualized form of Equation 1.

High variance might be inescapable if the RR-Qatrehship varied not only between subjects, buheve
within the same subject from time to time. Fortahg this turns out not to be the case. In swidiethe same
subjects repeated over a period of one month, Mabk found that each subject's RR-QT relationship was
preserved over time.(135, 136) More recent olaiEms confirm that the stability of these relatibips
persists for at least 2 years.(137)

Once an individual's RR-QT relationship has beearabterized, it should be easy to check where any
new (RR, QT) pair lies with respect to the usuaasueements of the same subject. Specifically, xkenéto
which drug treatment can properly be said to hédterel the QT interval of a subject is the extenwhich
drug-affected (RR, QT) pairs are outside the uduag-free distribution of (RR, QT) pairs. If thebects in a
trial can be seen each to have demonstrated the @Ry QT) pairs on and off drug, then there iplace for
concern arising from a model (Bazett or other)@mivtthe QT duratioshould vary with heart rate.

Although the evaluation of any given (RR, QT) isgjhtforward, there is no scalar expression fer th
difference (possibly a drug effect) between twdeddént RR-QT relationships. When the effect ofgdru
treatment is not so much to shift the QT/RR cuiwéoachange its slope or curvature, the estimatadge in
QTc could be positive or negative, depending orRReinterval. When the only description of thefeliénce
is the difference in QTc (that is, the estimatdtedence in QT at RR = 1000 ms), information hasrbe
discarded.
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5.1.6.2.1 Pacing heart-rate variation away

Cardiac pacing might — as in the study showFRigure 10— be an attractive means of eliminating
drug-induced changes in heart rate, apparentlylgiyimg investigation of drug-induced changes in
repolarization. There are no recent reports af téthodology,perhaps because of the ethical difficulties of
transvenous pacing, and the discomfort inducedebgytaneous pacing, of healthy volunteers. Evémeie
difficulties could be overcome, pacing studies wlouécessarily be of limited duration, data coulabkected
only within a relatively narrow range of (rapid)anerates, and the stress responses likely todmriméed with
temporary pacing might raise questions about génehbdlity of the results.

5.1.6.2.2 Each patient as his or her own control

To determine the extent to which an observationemhding treatment reveals a drug effect, it is
necessary to compare that observation to obsengtitade in the absence of treatment, but with ather
factors unchanged. One attraction of large tig@that co-factors unaffected by drug treatment evilaverage
have the same distribution in each arm of any suah

Large trials are not necessarily helpful when onmore co-factors are affected by the drug treatmém
the specific case of heart rate as a co-factorméteng QT duration, one is asking how an obser@dd
duration, seen during treatment when the subjetlstable heart rate, compares to the QT intervals
ordinarily seen in the same patient off treatmerat &ith the same stable heart rate.

5.1.6.2.2.1 Bin methods

Theoretically, the most straightforward approackhie question is model-free. (RR, QT) pairs are
collected while the patient is not receiving threatment to be tested, and these pairs are digtdbuto “bins”
according to the immediately preceding RR valudth\& bin width of (say) 10 ms, the bins might cntall
of those pairs with 508 RR< 509 ms, 51& RR<519ms, ..., 1199 RR< 1199 ms, and
1200< RR< 1209 ms, respectively. To evaluate a new (RR, jg2ilY) obtained during drug treatment,
standard statistical techniques are used to askimewew QT value compares to those in the binHighvthe
new RR value would be mapped.(139-142)

In part because of the problem of excluding comgaaxot preceded by adequate periods of stable heart
rate (see Section 5.1.1.1), collecting data swfficfor implementation of a bin method is laboeimgive, and
adequate statistical power may be difficult to agbiunless the population of each relevant bin56 >

® Pacing has actually been used in one recent QT study, allyekiridly.(138)

2 The best reference for the bin method(143) is new sirceate of our paper.
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Especially if the drug effect on the heart ratlaige, the RR intervals observed during treatmeayt have
appeared rarely or not at all before treatmentedarincreasing the bin widths can alleviate ghisblem, but
only at the cost of decreased precision and inorgdmsas (essentially regression bias (144)) towalsk
detection of outliers. Further, since similar and off-drug heart rates may appear at differem¢si of the
day, the precision of the bin method is decreagedrbadian effects on the QT interval.(145) Saniy, if
the drug changes heart rate considerably, simiaand off-drug heart rates are bound to be assatisith
different levels of other co-factors, potentialatling to inappropriate comparisons.

5.1.6.2.2.2 Formula-based methods

By making minimal mathematical assumptions, tha datjuirements of the bin methods can be reduced,
and the problems of bias can be substantially elned. As shown in the typical examples depiatdeigure
11 andFigure 12 individual RR-QT relationships may vary, butale smooth and of limited curvature. If a
reasonable number of off-treatment (RR, QT) paioilected from a given subject, spanning a ressen
range of RR values, standard curve-fitting techesycan be used to find the best-fitting member, @8y=
f(RR)) of a family of parametric curves. Theregfen (RR, QTo) pair obtained during treatment can be
tested by applying standard statistical testseadisidualQT = QT — f(RRy). When individualized formulas
have been computed for each of a population ofestsjthe individualizedQT values can be pooled and
similarly tested.(109) Since the objective isitdte off-treatment (RR,QT) pairs best, differéhilies of
parametric curves might be applied to differentecis.

Use of formula-based methods reduces the datareeqgeints of individualized adjustment for heart rate
but the requirements are still substantial. ttaspossible to predict exactly how many electrdicagrams are
needed for each subject, but stable estimatesdfutve fitting parameters.(., for curves of the Equation 1
family, stable estimates of and) are rarely obtained with fewer than 20 electrdimjrams. Even when
many electrocardiograms have been obtained, stakileates will not be able to be produced if —sasfien
the case with electrocardiograms obtained at tebeasame time of day — the heart rate varied wilyin a
narrow range.

Most of our experience of formula-based heart-aajestment has used the family of curves defined by
Equation 1 and a few others.(136) While themoia priori reason to restrict attention to any family of
curves, or even to require that all of the subjétts study be fitted with curves from the sameifam
experience with different mathematically definedves suggests that QTc values at moderate heast i
rarely differ by more than 5 milliseconds when canegl by individualized curves from different farasi
Even at very slow or very fast heart rates, we hteseen differences between individualized cufi@s
different families greater than 15 ms.
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Two large databases (Fenichel and Malik, unpubtisiteservations) were explored with individualized
curves from the family of Equation 1. The resalts shown infable 5 parameters of a new population might
be as different from each of these as these wene &ach other.

Study 1 Study 2
N 50 229
data quality excellen less precige
minimum 0.23 0.06
1* quartile 0.33 0.20
a | median 0.37 0.27
3 quartile 0.41 0.34
maximum 0.49 0.78
minimum 0.37
1* quartile 0.39
B | median 0.40 N/A
3 quartile 0.41
maximum 0.45

Table 5,numerical values of parameters of Equation 1 fromwo unpublished studies
5.1.6.2.3 Norms derived from the study population

The data requirements can be reduced still futigditting a single curve to pooled off-
drug data from all of the subjects in a study, thig approach brings problems of its own. A
curve that attempted to describe the 2-subjectlptipa of Figure 11, for example, would
pass somewhere through the middle of that graphtréatment (RR, QT) pairs seen in these
subjects might lie directly on the population-dedJine and still be grossly abnormal for
either subject.
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Conversely, any number of on-treatment (RR, QT)speéen in these subjects might lie
far from the central line and still each be typichthe baseline RR-QT pairs of the affected
subject. A non-individualized RR-QT formula candggimal for the population overall, but
still a very poor fit to many (or even all) of isembers, so specificity may be extremely
poor. Because the population QT/RR slope may therdnt from the mean of the individual
slopes, such a formula may provide biased estinudti® average change in QT interval,
and it is totally inappropriate for identificatiaf noteworthy responses in individual subjects.

In terms of Equation 1, an erroneoubigh value fora causes one to expect that with increasing heart
rate, the QT interval will decrease more rapidirilit actually does. As a result, normal reductiohQT
duration with heart rate will be perceived as ifisidnt, falsely suggesting that some concomitantess is
prolonging the QT interval. With decreasing heaté, an erroneously high valuecofvill lead to acceptance
as normal of QT durations that are actually abntiyni@ng. Erroneouslyow values ofo have, of course, the
opposite effects.

5.1.6.2.4 Assumed, population-independent norms

Instead of fitting a curve to the mean RR-QT relaship of the population to be studied, one mayt pos
standard relationship, choosing (for example) drite@formulas offable 4or another of the 30 or 40
formulas in the literature. With luck, one miglg bo worse off (but surely no better off) than wath
population-fitted formula.

5.1.6.2.4.1 The Bazett formula

Every formula from the Equation 1 family (with> 0) postulates that the QT interval should shoas
the heart rate increases, and for most clinicgbgses it may make little difference which is udeeen so, the

lasting popularity of the Bazett formula € 0.5) is difficult to understand.

The Bazett formula was derived empirically by pratistical methods, using data from a small
population,(111) and the exponent 0.5 appearsue heen chosen fairly casually, as much on thergloof
ease of computation as anything else. cAralue of 0.5 would be greater than any of thoss $e the 50
subjects of the better-quality study described alipvSection 5.1.6.2.2.2, so at heart rates abOyvaré/ QTc
values computed by the Bazett formula would beefglslevated in each of these subjects, and at retas
below 60 (where the risk ofrsade is greatest), the Bazett formula would give faksgssurance in every case.

Even in evaluating patients whose heart rate istgx&0/min, clinicians are probably carrying unweah
baggage from the years of uncritical acceptandbeoBazett formula. When the heart rate is 60/mhia,
accepted upper limit of normal for the QT durati®igiven in most texts as 440 ms. This range ntighe
been obtained by studying a population of subjetisse heart rates happened to be 60/min, but vesus
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that it was actually obtained by pooling the QTtuea, computed by the Bazett formula, of subjettaeous
heart rates, mostly greater than 60/min. Becehesgiteat majority of these QTc values will haverbizdsely
elevated as described above, the actual upperdimibrmal QT duration at a heart rate of 60 ispialy
somewhat lower than the accepted upper limit. énlittht of such considerations as these, it imgiao see
the Bazett formula being occasionally defendedhengrounds that its errors are always conservatide
prudent.

5.1.6.2.5 Mixed strategies

For operational robustness, some recent investgjhtve used mixed strategies. For example, at
least one group (unpublished data) organized a#gled’s baseline data into bins, but also compated
best-fit formula to the baseline data for each ecthjand finally computed a best-fit formula to the
baseline data for the whole population. Then, #ngluated each on-treatment (RR, QT) pair

e by comparing its QT value to those of the subjegpropriate bin, if that bin was
adequately populated;

» otherwise, by using the subject-specific formuiahé baseline data had been adequate for
stable parameter estimation for this subject; and

e otherwise, by using the study-population-specificrfula.

5.2 Interpretation

QT prolongation is a mediocre predictortafsade or other ill effects. Some drugs (amiodarone,
pentobarbitaletc.) can cause large QT prolongations, but — by redutiansmyocardial dispersion of
repolarization — they actuallyeduce the likelihood oftorsade. At the other extreme, some patients with
congenital long-QT syndromes have normal QT dumatiut they still have an increased risk of suddiesth.
Small studies in patients with cardiovascular diedaave tended to show an association between tQdes
prolongation and mortality, but in a review of ‘bgpective studies of 3B1 persons, Montaneral. found
no such association, except possibly in the sulpgobpersons with pre-existing cardiovascular disgd.46)

Notwithstanding these caveats, it is reasonabietooncerned about large QT prolongations, and to
derive some comfort from QT intervals that remaichanged during drug treatment. In fastery drug
convincingly associated with humartorsade has been shown — perhaps only at supratherapeutitbses
and/or in the presence of co-administered metabolinhibitors — to cause QT prolongation of at leas60
ms. This is not to say that all humaersade-inducers cause large QT prolongations at conveatidoses. As
is well known, metabolically-intact subjects whae&e normal doses of cisapride or terfenadineasuT
prolongations of only a few milliseconds, scaragistinguishing these drugs from placebo. But tlisgs
can easily be made to cause large QT changes Based dosing and/or metabolic inhibition.
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5.2.1 Early trials

These considerations suggest a strategy for earhah studies of a new drug. The purpose of such
studies should be to observe the QT effects ofrtheimal possible exposurdo the drug and/or —if the
electrophysiological effects of the drug are mestigty metabolites — to its metabolites. Includingdireds
of subjects is not likely to provide additionaldniation, if a dozen or so subjects have beenesudith
adequate intensity. QT responses in women andtiargs with heart failure are typically greatearitthose in
healthy young men, but the differences are noelaagd the quality and stability of electrocard&gs in
heart-failure patients is frequently problematic.

Two or more waves of these studies may be necestdrg first studies are begun before all of the
human metabolites are identified and characterizetefore the pertinent metabolic pathways hawesbe
identified. If an electrophysiologically-active tagolite accumulates only very slowly, studies @iximal
exposure may entail direct administration of theéahelite. Multiple on-treatment measurements are
necessary, to be sure that the measurements hewertaele near the times of peak activity of alhef t
relevant molecular species.

New drugs are often potential replacements forralidegs that were never properly studied. To siiypl
interpretation of weakly positive findings, it wdbmetimes be prudent to include dosing of oldegsliof the
same therapeutic class in parallel arms of eathesk early trials. Ziprasidone, for example, foasid to
cause non-zero changes in the QT interval, busdhge studies were able to show that older meditatio
(phenothiazines and butyrophenones) caused siofitarges.(147) Similarly, some agents used as wiatab
inhibitors .g., ketoconazole) turn out to have small non-zero Qa&cés of their own,(148) so it may be
necessary to include arms for these as Well.

In most respects, aggressive maximization of exgosuearly trials is appropriate regardless of the
adverse effect of interest, but repolarization ¢gjesnare special in two ways. First, the associdggé&ddeath
as the result of malignant tachyarrhythmias) is fooe which — by intensive monitoring — Phase 1jsats
can be relatively well protected. When an appaiply monitored Phase 1 subject has had a suspiciou
electrocardiogram, the option to continue dosinghihbe more reasonable than it would be if theenilfjad
had an equally suspicious panel of hepatocelluiaymes.

Second, a subject with an unusual repolarizatispaese to a new drug is reasonably likely to have
similar responses to others, and electrophysiokb@ealuation of the subject is therefore in theriast of both

H Grapefruit juice, also important as a CYP3A4 intdhimay have a similar effect.(149) Unfortunatehe studies
reported used Bazett correction of machine-measematdings from two fixed leads. The reportediifiigs may therefore not
be reliable enough to mention, but possibly thelylva repeated with more up-to-date technology.
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the drug developer and the subject. No similaestants can be made when a subject's responstudied
drug suggests hematologic or hepatic toxicity.

The observation of large drug-induced QT changéisase trials is important, even if such changes ar
seen in only one or two subjects, and only at extrdoses. The subjects exhibiting the large craslgeuld
be studied further, possibly identifying speciakrfactors (such as polymorphisms in genes knovieto
associated with congenital long QT syndrome). \Wéeor not special risk factors are identified, the
observation of large QT changes might make it vwehile for the developer to return to preclinicaldies,
possibly demonstrating that the drug is — like aai@ne — one of the few whose QT-prolonging effeces
associated with a reduced, rather than an increaskaftorsade.

If exposure was limited (say, by other adversect$jeto only small multiples of that seen with
therapeutic dosing, then the non-observation gelalrug-induced changes is relatively uninformatirethis
situation, the preclinical data are of increasepdrtance.

If only small QT changes are observed, despite sxmoexceeding that of ordinary dosing by one ar tw
orders of magnitude, then these trials can be takée strongly reassuring.

5.2.2 Later trials and post-marketing surveillance

It is rarely feasible to subject the numerous sutbjand patients in later trials to the extensiageline
studies and intensive monitoring that are appropiiaearly studies. For these reasons, precise QT
interpretation will generally not be possible i flater studies, and aggressive maximization obsxpe may
be open to ethical question. Some patient pofuat{notably patients with congestive heart faillr&0)) are
known to be at increased risktofsade, but even in these populationigrsade has not been attributed to drugs
that could not, in normal subjects, be made toéedarge QT changes. The only interpretable evaritger
reports will be large QT changes and occasionalmences oforsade. These should be followed up, but
important repolarization-related discoveries irsth&ater trials are unlikely if proper attentiorstieeen given
to early ones.

6 Risk and benefit

The first step in any discussion of risk must bedecision as to whether risk is actually present.
Unconfounded observation of humi@nsade de pointes speaks for itself, anitrsade induced in animals or
wedge preparations should also be taken as satiémse of risk — albeit unquantified — in humans.

Once a drug has been found to carry genuine righdoicingtorsade, it is reasonable to expect the
duration of the QT interval — properly measurede-bé positively associated with the magnitude sK.riln
particular, risk may be expected to be reduced vausing is guided by QT measurement. On the dthed,
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the rate of increase of risk with increasing QEimal may differ from drug to drug, just as it dif§ from one
congenital LQT syndrome to another.(151)

More often, preclinical and early clinical studigdl provide no direct evidence of risk. They may
provide evidence of.g., HERG blockade and QT prolongation, but these phemanare easily produced by
agents that do not indutarsade de pointes or other malignant tachyarrhythmias. HERG blockade QT
prolongation by themselves are not strong evidefigenuine risk.

On the other hand, to date there has been no egahplmartorsade de pointesinduced by a drug that
does not blockg or by a drug that cannot cause substantial inesei@sQT duration. We say “to date”
because (as noted abova)sade certainly occurs in congenital LQT syndromes inafhic, is unaffected, and
it even occurs in LQT patients who have the culpitations but normal electrocardiograms. Drug:oed
polymorphic ventricular tachycardia unrelatedgoand with minimal (or no) QT prolongation will prably
sooner or later be reported. Nevertheless, forthment one can be comforted upon finding thaug does
not block k;, or upon finding that it cannot be made to greptlylong the QT interval.

These comforting findings of inactivity should beneincing only when they are the results of due
experimental diligence. For example, normal dasesrfenadine lead to QT prolongations averaginky a
few milliseconds when given to metabolically-comgrdtsubjects, but the prolongations can be more dha
order of magnitude higher when drug metabolisnmigdired;(152) the latter effects are the effectaitafrest.
Before concluding that the QT-prolonging effects o& drug are small, the investigator must have
explored the full range of tolerated dosegjnder all relevant conditions of metabolic integfece.

The techniques ah vitro studies and QT interpretation described above besatly increased the
precision with which electrophysiological effectsdougs can be detected and compared. Even whrarirge
risk has not been demonstrated, one might be tehtptese these measurements as figures of relatvit.

For example, developers might be tempted to abaddwelopment of an antibiotic whoses}@or Ik, was 300
nM, preferring to develop a related compound wH@sgin the same assay was 400 nM. Such temptations
should be resisted. It is unlikely that differemod this magnitude have any predictive value labald other
features of the two drugs.g., subtle differences in antibiotic efficacy) are likéo be much more important.

When there is evidence of genuine risk (that isy@ed above, reports tdrsade or presumptiveorsade
in humans or other intact or near-intact highenes), this evidence must be combined with theenie of
unrelated risks and with the evidence for benefit.

Unrelated risks will in many cases be more impdrthantorsade, even if they are not associated with
convenient markers like the electrophysiologic atettrocardiographic markers of altered repolaiopat
When drugs are used in intensive-care settitogsade de pointes should rarely lead to irreversible harm,
while other toxicities€.g., hepatotoxicity or myelotoxicity) may be much mortficult to reverse, even if
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they are detected equally promptly. When drugpeescribed for outpatient use, whésesade is more likely
to be lethaltorsade may still be so rare that it is outweighed in impace by other toxicity.

The ultimate evaluation of risks and benefits widtasionally be simple. Compared to older druws, t
new drug might provide greater benefits at the samreduced risk, or — as with fexofenadine comgaoce
terfenadine — equal benefits at lower risk. Intsacase, the older drugs are what economists call
“dominated strategies,” and the new drug is unigadractive. Conversely, the new drug might b&lga
rejected if it differs from older alternatives onityproviding similar or lesser benefits at greaisk.

If the new drug is not a dominated or dominatingtsygy, but there is evidence of benefit with respe
a mortality endpoint, the decision is again simgRegardless of wheth&rsade was or was not seen in the
clinical trials, mortality trials have by definitioincorporated the ill effects ¢drsade. If there is convincing
evidence of net benefit (as in trials of highlysmdogenic arsenic compounds in the treatment ¢éacu
promyelocytic leukemia (153-157)), then — unlessré¢his doubt about the generalizability of thelsria-
there should be no residual concern alortsade.

Sometimes the expected benefit of a drug is a temuim irreversible harme(g., a reduction in the
incidence of stroke), but the available data shaly benefit with respect to a surrogate endpaér.
reduction in blood pressure). These cases areudiffalthough it may sometimes be possible whgk ltas
been boundede(g., no cases aorsade in 10000 patient-years of exposure) to compare the dippend risk
of torsade to the benefit thought to be linked to the effettioe surrogate endpoint.

If none of the above cases apply, and the expdapdfit of the drug is symptomatic, then the ingign
of risk and benefit may need to be deferred taaffected patients. It is sometimes said that arsible harm
is never acceptable for “mere” symptomatic treatimleut as a description of how informed people camiyn
behave, this statement is simply false. Some peaqept the small mortal risks of taking acetapiien for
common headache, or ibuprofen for dysmenorrheapthers do not. Some people would choose surgey o
radiation therapy for laryngeal cancer becausenpfoved survival, but others would choose radiatimrapy
because of improved preservation of speech.(168hd same vein, the recent U.S. Preventive Sexviask
Force report on postmenopausal hormone replacetmenatpy (159) acknowledged that “the harmful eHeft
[such therapy] are likely to exceed the [irreveisibarm] prevention benefits in most women,” bated that
in view of the symptomatic benefits “the balancéefefits and harms for an individual woman will be
influenced by her personal preferences. . ..” FDAcent re-approval of alosetron for irritablensd
syndrome (160) appears to have been based ondhesatilar reasoning.

When the risks are even more extreme, societywertess; therapies carrying high risks and only remot
possibilities of benefit are not offered by cliins, and drug therapies with these characteratecaot
approved for marketing. Short of that point, namihated pharmacologic therapy for minor symptoeesch

G:\science\Qt\task force\for Web expanded.doc 120086 18:43 Page 41



not be risk-free to be appropriately developedisteged, and — when the patient informedly agrees —
prescribed.

7 Summary and future directions

Put most simply, there is concern about drug-induoesade de pointes, buttorsade is so rare that
seeking it is an impractical, insensitive studyheest predictor of humaorsade is increased transmural
dispersion of repolarization, but this is measweaiily in preclinical studies of limited availabjli The
situation is unsatisfactory.

One might hope that ongoing rapid genetic advanidésallow populations at higher risk to be iderif,
so that detection of risk becomes a practical meéssreening, and so that patients at increas&cdan be
identified and, perhaps, excluded from some thempThese hopes may be unrealistic. Genotypingrip
of the hundreds of LQTS variations is now so expenthat such screening must be limited to research
settings. Technological advances may substantiadlyce these costs, but even if they do, widedprea
screening appears unlikely to be adopted rapithg say this because humans with known charactevisti
leading to adverse reactions to some pharmacoth¢@P2D6 poor metabolizers, for example, or pesson
with pseudocholinesterase deficiency) have beeityédsntifiable for many years, but few such pateare
in practice identified prospectively. In a riskease regulatory environment, the prospect of thesap
indicated for, or contraindicated in, only peopfeertain genotypes is sure to be problematic.

Unlike the overall QT interval, some T-wave-derivadasurements appear — as described in Section
5.1.5 — to be more directly linked to transmuralpgdirsion of repolarization. These measurements are
promising, but their validation may be difficult ine absence of an accepted methodology in popokatit
high risk of drug-inducetbrsade de pointes.
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