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Abstract
In this paper we review the parameters that define the ECT electrical stimulus and discuss their
biophysical roles. We also present the summary metrics of charge and energy that are conventionally
used to describe the dose of ECT and the rules commonly deployed to individualize the dose for each
patient. We then highlight the limitations of these summary metrics and dosing rules in that they do
not adequately capture the roles of the distinct stimulus parameters. Specifically, there is strong
theoretical and empirical evidence that stimulus parameters (pulse amplitude, shape, and width, and
train frequency, directionality, polarity, and duration) exert unique neurobiological effects that are
important for understanding ECT outcomes. Consideration of the distinct stimulus parameters, in
conjunction with electrode placement, is central to further optimization of ECT dosing paradigms to
improve the risk/benefit ratio. Indeed, manipulation of specific parameters, such as reduction of pulse
width and increase in number of pulses, has already resulted in dramatic reduction of adverse side
effects, while maintaining efficacy. Furthermore, the manipulation of other parameters, such as
current amplitude, which are commonly held at fixed, high values, might be productively examined
as additional means of targeting and individualizing the stimulus, potentially reducing side effects.
We recommend that ECT dose be defined using all stimulus parameters rather than a summary metric.
All stimulus parameters should be noted in treatment records and published reports. To enable
research on optimization of dosing paradigms, we suggest that ECT devices provide capabilities to
adjust and display all stimulus parameters.
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I. Introduction
In the early years of electroconvulsive therapy (ECT) practice, the commonly accepted belief
was that the parameters that describe the electrical stimulus were clinically irrelevant as long
as a seizure was induced.1,2 Over the last 7 decades, this belief was refuted by a series of studies
demonstrating that ECT-induced seizures can differ markedly in efficacy and side effects,
depending upon manipulations of ECT stimulus parameters.3–5 Thus, in ECT, as in the rest
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of medicine, treatment response depends upon dosage. The observation that ECT stimulus
parameters matter may be key to discovering the mechanisms of the unparalleled efficacy of
ECT as well as to the ability to optimize dosage to reduce side effects while preserving efficacy.
6 However, the best metric(s) to describe the ECT dose and the optimal method of
individualizing ECT dosage remain unresolved challenges.

In pharmacotherapy, the dosage of a medication is described by its physical quantity in
milligrams (mg), and dosage is individualized using a dosing rule (e.g., 2 mg/kg, or raising the
dose until therapeutic effect is perceived or until side effects become prominent) that is based
on theoretical and empirical considerations of the specific pharmacokinetic and
pharmacodynamic properties of each medication. The most appropriate analogue to “mg” in
ECT is not known, nor is the optimal rule to individualize the dosage. Indeed, the ECT stimulus
has multiple characteristics, including electrode placement and stimulus parameters that
describe the electrical pulse (e.g., shape, width, and amplitude) and the pulse train (e.g.,
frequency, directionality, polarity, and duration).

Confronted with the wide parameter space and limited knowledge of the role of the individual
stimulus parameters, the field has adopted summary metrics to describe the “amount of
electricity” delivered by the stimulus. The commonly used summary dose metric was initially
the total energy of the stimulus train (in joules, J),7 later superseded by total charge (in
millicoulombs, mC),8 which is still the metric of choice.9 Thus, it is common in ECT practice
and research to think of charge as the dose (e.g., 96 mC), and to use empirical dosing strategies
(e.g., 6 × seizure threshold in mC). Charge-based dosing has been successfully used with good
clinical outcomes for decades, and it has been productively deployed in research studies that
have identified dose–response relationships. However, a major drawback to this approach is
that it obscures the significance of the individual stimulus parameters, thereby limiting our
ability to refine the dosage to optimize clinical outcomes. For example, the amount of charge
needed to induce a seizure is dramatically lower with a 0.3-ms pulse width than with a 1.5-ms
pulse width,5 thus defining the individual seizure threshold in terms of charge does not yield
a unique quantity (see also discussion in Sec. II.4).

In this paper we discuss the role of the stimulus parameters in the context of brain stimulation
biophysics and current ECT dosing practices and recommend future directions for ECT dosing
research. Better understanding of the significance of the ECT electrical parameters could lead
to more rationally designed dosing strategies that improve the risk/benefit ratio and reduce
interindividual variability of clinical outcomes.

II. Present state of the art of ECT dosing
II.1. The elements of ECT dose

The ECT dose is described by the shape, size, and position of the stimulating electrodes held
on the scalp and by the characteristics of the electric current waveform applied through those
electrodes. Common ECT waveforms and parameter definitions are shown in Fig. 1. Modern
ECT devices, such as the MECTA Spectrum (MECTA Corp., Tualatin, OR) and the Thymatron
System IV (Somatics LLC, Lake Bluff, IL), produce trains of rectangular, constant-current
pulses with alternating polarity, as shown in Fig. 1(b). As indicated in Fig. 1(b), the waveform
is characterized by amplitude (the current strength during the pulse), pulse width (PW, the
duration of each pulse), pulse-pair repetition frequency (the number of pairs of a positive and
a negative pulse per second), and stimulus train duration. The current amplitude is reported in
amperes (A) or in milliamperes (mA). In the now obsolete constant-voltage devices, the pulse
amplitude was reported in volts (V). The pulse width is typically reported in milliseconds (ms),
and the train duration—in seconds (s). The frequency is conventionally reported in hertz (Hz);
however, this unit may refer to either pulse pairs per second (typically for the bidirectional
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stimuli used in modern ECT devices), or pulses per second (typically for unidirectional stimuli).
The pulses per second are twice the pulse pairs per second since each pulse pair is comprised
of two pulses. For consistency, in this paper we will indicate whether we are referring to pulse
frequency (in pulses per second, pps) or pulse-pair frequency (in pulse-pairs per second).
Sometimes it is useful to think of the train length in terms of number of pulses which equals
the train duration times the pulse repetition frequency (Equation 1).

(1)

II.2. Summary metrics to describe ECT dose
By convention, in ECT practice the stimulus parameters are condensed into a summary metric
to describe the ECT dose. Presently, total delivered charge is the most frequently used summary
metric, whereas total delivered energy was more commonly used prior to the 1980’s.10 The
total charge is the integral of the current magnitude over the duration of the stimulus train. For
constant-current, rectangular-pulse trains used by modern ECT devices, the total charge is
equal to the product of the pulse current amplitude, width, repetition frequency, and train
duration (Equation 2).

(2)

The total energy is the integral of the power delivered during the stimulus train, which is equal
to the product of the total charge, the current amplitude, and the dynamic head impedance (the
impedance during the pulse train) for constant-current, rectangular-pulse trains (Equation 3).

(3)

In current ECT practice, the individual dose is typically adjusted by setting the total charge of
the stimulus, as discussed in the next section.

II.3. Conventional procedures to individualize ECT dose
Modern ECT devices provide either individual dials or software menu settings for independent
adjustment of stimulus parameters (e.g., amplitude, frequency, pulse width, and train duration)
or a single dial (e.g., ‘Percent Energy’) that increments the total charge of the stimulus by a
percentage of maximal charge by automatically setting the various stimulus parameters
following a pre-programmed schedule. Conventionally, the stimulus dose is controlled by
adjusting the number of pulses in the train by changing either the train duration or frequency;
in some cases the pulse width is modified as well.11 The current amplitude is conventionally
held fixed at the device maximum (e.g., 800 mA or 900 mA). In single-dial devices,
manufacturers allow the user to select from a set of factory programs or to input a custom
program. For example, the device can be programmed to first increment the stimulus duration
until the device limit is reached and then to increment the train frequency, while keeping the
current and pulse width fixed. An advantage of multi-dial devices is that there is more
transparency over the individual parameter settings, whereas single-dial devices are simpler to
use and may reduce operator error.

Modern ECT devices have constant-current output, meaning that the strength of the current
during each pulse is regulated to be at a constant level regardless of the impedance seen between

Peterchev et al. Page 3

J ECT. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the electrodes.10 Thus, the main advantage of constant-current devices is that the delivered
current is largely insensitive to the electrode–scalp impedance which may vary significantly
among different patients, scalp preparation techniques, and amount of pressure applied to the
electrodes. Nevertheless, the clinician has to ensure adequate scalp preparation and electrode
coupling to avoid high electrode–scalp impedance that can result in delivery of excessive
voltages, local heating, or failure to maintain the current at the prescribed level.9,12

In clinical practice, three approaches have been used to determine the ECT stimulus dose to
be administered.9 With the first approach, the dose is set based on one or more factors that
predict seizure threshold, such as electrode placement, sex, age, anesthetic dosage, and
concomitant medication.13 In the second approach, the dose is specified as a multiple of the
charge needed to induce a seizure in the patient in the first treatment session (the individual
seizure threshold). The seizure threshold is determined via a method-of-limits procedure that
involves delivering stimulus trains with increasing charge until a seizure is elicited.14 The third
approach amounts to administering fixed high charge to all subjects; it is used mostly with
unilateral electrode placement.15,16 The current APA Task Force Report on the Practice of
ECT recommends that the dosage be individualized for each subject by adjusting it relative to
either age/sex or seizure threshold.9

Below we present arguments regarding the limitations of charge as a dosing metric and propose
alternative dosing strategies focusing on the individual stimulus parameters.

II.4. Limitations of defining ECT dose by total stimulus charge
Even though charge is widely used for dosing ECT in clinical practice and research studies,
there are compelling arguments that ECT dose should be defined by the individual waveform
parameters (e.g., pulse amplitude, shape, width, repetition frequency, train duration) rather
than by a summary metric like total charge that absorbs these distinct parameters. The
individual waveform parameters that constitute charge have disparate neurophysiological
effects, as discussed in the subsequent sections. Lumping these parameters into the single
summary metric of charge runs the risk of obscuring their distinct roles.

Infinitely many combinations of pulse width, amplitude, frequency, and train duration can
result in the same total charge, as illustrated in Fig. 2, but the biological action of these different
combinations can be quite distinct. For example, Swartz et al. showed that for fixed total
stimulus charge, seizures are induced with a significantly higher success rate with briefer versus
longer pulse widths.17,18 In these studies the briefer pulse width trains contained twice as
many pulses as the longer pulse width trains in order to maintain fixed charge. Thus, variations
in the pulse width and the number of pulses are not equivalent even if they result in the same
charge. Furthermore, it has been shown that the individual seizure threshold in units of charge
is lower when it is determined by incrementing the train duration than when it is determined
by incrementing the train frequency19 and is lower for briefer pulse widths compared to longer
pulse widths,5 indicating that these ingredients of charge have distinct contributions to the
neurophysiological effect of the stimulus that are not captured by the total charge metric. If
charge were the only salient metric, then the individual seizure threshold in units of charge
would be the same regardless of the constituent parameter settings. Finally, total charge does
not correlate with the safety of the stimulus either. This is clearly demonstrated in transcranial
direct current stimulation (tDCS), a subconvulsive brain stimulation paradigm.20,21 During a
typical tDCS session, a current of 1 mA is applied for 20 min through scalp electrodes; thus,
the total administered electrical dose in terms of charge is 1,200 mC. This amount of charge
is more than ten times the typical seizure threshold in ECT; yet, due to the low amplitude of
the current, tDCS does not trigger a seizure and, in fact, barely produces any scalp sensation.
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Thus, as the field came to appreciate that all seizures are not equal, we also have evidence that
all charge is not equal. Thinking of the ECT dose solely in terms of total charge may limit
understanding of the biophysical mechanisms of ECT, impede attempts to further optimize
dosing paradigms, and confound reporting and interpretation of treatment results and cognitive
side effects. For example, seizure threshold titrations that increment frequency and/or pulse
width deliver relatively inefficient stimuli to patients with high seizure thresholds, which result
in measured seizure thresholds that are higher than they would be if the stimulus were titrated
by increasing the train duration. Consequently, the difference between low- and high- seizure
threshold patients is amplified by a reduction of the stimulus effectiveness at high doses. This
is an artifact of the titration schedule itself, rather than a true indication of biological differences
between patients. In addition, seizure threshold titration schedules vary across clinical
programs, research groups, studies, and devices. These factors may have contributed to the
very wide range of seizure thresholds reported in the literature (up to a factor of 50-fold in units
of charge11,22). Furthermore, the common practice of setting the treatment stimulus charge
at 6 times seizure threshold in unilateral ECT may be relatively less effective if it is
implemented by increasing the frequency and/or pulse width than if it is implemented by
lengthening the train duration, although the same total charge is delivered in both cases. The
clinical relevance of this is still unknown, but it could be one reason for different outcomes
using ostensibly equivalent doses based on charge.

Focusing exclusively on charge as the ECT dosing metric has also obscured the significance
of some key stimulus parameters. For example, the role of current amplitude has been largely
unexplored in modern ECT studies.9 The majority of ECT studies use fixed amplitude of 800
mA or 900 mA, but the theoretical or empirical justification for this practice is unclear. Further,
total charge is insensitive to other stimulus parameters such as directionality (bidirectional
versus unidirectional) and polarity (anode and cathode assignment for unidirectional
stimulation) that may significantly affect the neurophysiological response to ECT.22,23

It should be noted that no other brain stimulation paradigm uses summary metrics such as total
charge or energy to quantify the stimulus. In repetitive transcranial magnetic stimulation
(rTMS), the pulse amplitude and the train frequency and duration are explicitly specified and
adjusted.24 Similarly, the doses of tDCS and of deep brain stimulation (DBS)25 are defined
by the individual stimulus parameters, not by charge or energy.

III. Understanding the ECT stimulus parameters
Various authors have acknowledged that there is insufficient understanding of the role that
ECT stimulus parameters play in clinical outcome and have called for more research in
optimizing these parameters.10,26–28 In this section we attempt to link the biophysics of ECT
to empirical evidence of the role of individual stimulus parameters, which may guide future
work on a rational approach to optimizing ECT dosage.

III.1. Overview of biophysical mechanisms of ECT
ECT induces an electric field in the brain which results in modulation of neural activity and
seizure induction. Here we focus on the biophysical mechanisms linking the electrical stimulus
parameters to neural activation and seizure induction, which have received relatively little
coverage in the ECT literature to date. Understanding of these mechanisms can inform
empirical studies to optimize the ECT parameters on a physiological basis. This analysis can
be readily extended to magnetic seizure therapy (MST) which uses magnetically induced
currents, instead of currents delivered through cranial electrodes, to elicit therapeutic seizures.
29,30 For a discussion of the putative therapeutic mechanisms of seizures, the reader is referred
to other publications.16,22
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III.1.a. Induced Electric Field—The ECT device applies an electrical potential across the
ECT stimulating electrodes held on the scalp. This induces an electric field in the brain that
varies in strength depending on the location within the brain. When a train of electrical
potentials (pulses) is applied, the induced electric field varies over time synchronously with
the electrical potentials.

At the relatively low frequencies used in ECT, the electric field can be modeled using the
quasistatic approximation.31–33 Essentially, the quasistatic approximation assumes that at the
macroscopic level the head tissues are purely resistive, ignoring tissue capacitance. Even
though the electrode–scalp impedance is nonlinear and has capacitive components,7,10 these
impedance characteristics do not substantially affect the shape of the current pulses injected
in the head since modern ECT devices have constant-current output. Thus, the electric field
variation over time is directly proportional to the electrode current waveform for constant-
current ECT devices. That is, if we measure the electric field waveform at any point inside the
brain, it will look like the waveform of the ECT stimulus current. Importantly, the magnitude
of the electric field is directly proportional to the stimulus current amplitude. The distribution
of the electric field strength in the head (i.e., the strength of the electric field at one location in
the brain versus another) depends on the electrode geometry, size, and position; the spread of
the electrode gel; and the geometry and conductivity of the various tissues in the head (head
anatomy).

The key insights from this analysis are that (1) the ECT electrode configuration and the patient’s
head anatomy determine the electric field distribution in the brain, (2) the strength of the electric
field can be directly controlled by adjusting the amplitude of the ECT stimulus current, and
(3) the temporal variation of the electric field seen by the individual neurons approximately
matches the ECT stimulus current waveform. Thus, the ECT operator can manipulate the
electrode configuration and the stimulus parameters in order to control the electric field
characteristics.

III.1.b. Neural Response to Induced Electric Field—The electric field induced by ECT
affects brain activity by depolarizing and hyperpolarizing neuronal membranes.34 Stimulation
with extracellular electric fields initiates action potentials in the axon, and not in the soma or
dendrites.35–39 The sites where action potentials are most likely to occur are the initial segment
of the axon close to the soma, the axonal synaptic terminals, or sharp bends in axons such as
those of pyramidal neurons.36,40–45 An action potential is followed by depolarizing and
hyperpolarizing afterpotentials of the neural membrane46,47 as well as by modulations of
activity in the associated neural networks,48 which can alter the effect of subsequent pulses.

III.1.c. Mechanisms of Seizure Induction—Work with in vitro brain slices has revealed
some aspects of the mechanisms involved in seizure elicitation by electrical stimulation.49 A
cascade of reactions involving metabotropic glutamate receptors and GABA50 eventually
result in accumulation of extracellular potassium that can sustain persistent neural activity over
relatively long periods of time.51 The activity of individual neurons becomes synchronized via
a combination of mechanisms including synaptic interactions and non-synaptic field effects.
Repetitive synchronous discharges are likely to promote epileptic activity by potentiating
excitatory synapses,52 and by decreasing the efficacy of inhibitory synapses.53,54 Thus, the
elicitation and maintenance of ictal activity involves complex acute and cumulative processes
at the level of the individual neuron and neural ensembles.

It should be noted that a seizure is not sufficient for therapeutic benefit. Generalized tonic-
clonic seizures can be therapeutically ineffective, as in the case of low-dose right unilateral
(RUL) ECT4,55,56 and ultrabrief-pulse bilateral (BL) ECT.5 The electrical stimulus affects
clinical outcome beyond its role as an ictal trigger, as exemplified by the efficacy of markedly
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suprathreshold RUL ECT.4,5 Thus, besides inducing a seizure, the stimulus train may effect
other neuromodulatory processes that could be therapeutically salient26 (see also discussion
in Sec. II.2.h).

III.2. Role of individual ECT stimulus parameters
In the subsequent sections we review evidence of the role of individual stimulus parameters in
seizure induction and in the clinical outcome of ECT, and attempt to link it to underlying
biophysical mechanisms.

III.2.a. ECT electrode configuration—The geometry of the ECT electrodes and their
position on the head are the major determinants of the spatial distribution of the induced electric
field, as discussed in Sec. III.1.a. Therefore, it is not surprising that the electrode configuration
plays a central role in the therapeutic action and side effects of ECT. The electrode
configuration determines the relative degree of stimulation of the various brain regions and
can, therefore, be used to target specific structures that may confer therapeutic benefit, while
avoiding other regions that may contribute adverse side effects. Electrodes spaced close
together produce more focal electric field but they also effect more current shunting in the scalp
and a weaker electric field in the brain (which could be compensated for by administering
higher amplitudes as long as the charge density in the scalp stays within safe limits). When the
electrodes are close together, as in some unilateral configurations, the electric field maximum
in the cortex lies between the two electrodes, whereas when the electrodes are far apart, as in
conventional BL configurations, there are local electric field maxima under each electrode.57

Further, smaller electrodes are more focal than larger electrodes, although shunting in the scalp
limits the focality achievable in the brain.22,57

Here we provide a brief overview of electrode configurations used in ECT which are more
thoroughly discussed in the article by Kellner et al. in this edition. The two most commonly
used ECT electrode configurations are the conventional bifrontotemporal BL placement in
which the electrodes are positioned at the midpoint between the canthus and the tragus, and
the d’Elia RUL placement in which one electrode is located frontotemporally and the other is
located parietally, lateral to the vertex.9 Brief-pulse bifrontotemporal ECT is highly effective
with 70–80% response rate; however, it may result in significant adverse cognitive side effects.
4,5,56 Adequately dosed RUL ECT can be as effective as BL ECT but with fewer cognitive
side effects,4,5,15,58 putatively because it produces more focal stimulation with relatively less
involvement of temporal regions.3,59,60

In addition to the conventional BL and RUL placements, a number of alternative electrode
configurations have been explored as a means of enhancing therapeutic efficacy and reducing
side effects. These include RUL with more closely spaced electrodes,61,62 frontotemporal–
mastoid,63 and left unilateral placement.16 There is significant interest in anterior electrode
positions that target frontal circuits involved in the etiology of depression and in treatment
response64–66 while diminishing temporal lobe stimulation which is linked to cognitive side
effects.67 Proposed configurations include bifrontal,68–78 left anterior–right temporal
(LART),79–81 fronto–vertex,82 right fronto–parietal,83–86 right fronto (small electrode)–
partietal (large electrode) (for focal electrically administered seizure therapy, FEAST),22,23
as well as frontal coil positions in magnetic seizure therapy (MST).30,87,88

The biophysics of ECT argues that refinements of electrode configuration are key to targeting
the intervention, but the optimal electrode configuration remains a matter of considerable
debate. Advancements in understanding of the neural circuits involved in depression66,89

coupled with anatomically-accurate computer models of the induced electric fields90–92 could
be harnessed to elucidate the mechanisms of ECT with conventional electrode placements as
well as to aid the development of novel, rationally-designed electrode configurations.
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III.2.b. Pulse amplitude—The magnitude of the induced electric field is directly
proportional to the amplitude of the ECT current pulses, as noted in Sec. III.1.a. Depolarization
and hyperpolarization of neural membranes are, in turn, proportional to the local electric field
magnitude.34 Neurons that are depolarized to their firing threshold generate action potentials.
Therefore, of all waveform parameters, the pulse amplitude provides the most immediate
control over the volume of neural tissue that is directly activated by the ECT stimulus.

The central role of the pulse amplitude in controlling the volume of stimulated neurons is widely
recognized in DBS and in rTMS; the pulse amplitude is, therefore, a key dosing parameter in
these brain stimulation therapies. In clinical practice, the DBS pulse amplitude is empirically
adjusted to be below the threshold of adverse side effects which is linked to the extent of electric
field spread beyond the targeted brain structures.93 Recently developed detailed computer
simulations can predict accurately the volume of neural activation by DBS94,95 which could
be used as a more systematic approach to choosing the pulse amplitude than trial and error. In
rTMS, the pulse amplitude is routinely set relative to the patient’s motor threshold which is
derived by single-pulse amplitude titration.24 In some cases, the rTMS pulse amplitude is also
adjusted based on the coil-to-cortex distance.96,97

Within a brain region, incrementing the pulse amplitude increases the number of recruited
neurons until the entire neuronal population is activated, as demonstrated by measurements of
motor input-output curves with transcranial electrical stimulation (TES) and TMS.98 On a
larger scale, the dependence of the volume of neural activation on the pulse amplitude has been
directly demonstrated by measuring the latency of corticospinal volleys evoked by TES and
TMS for various pulse amplitudes in anesthetized humans99 and nonhuman primates.100
Increasing the amplitude of the TES pulses shifts the site of action potential initiation from the
level of the cortex to deeper locations, reaching as deep as the brain-stem.

Fig. 3 illustrates with a computer simulation the effect of current amplitude on the volume of
neurons directly activated by individual ECT pulses. At the conventional 800/900 mA current
levels, the whole brain is exposed to suprathreshold electric fields in both BL and RUL ECT.
60 Lowering the current amplitude reduces the activated brain volume. This relationship is
more linear for the RUL configuration which is fundamentally more focal. Finally, a simulation
of MST provided for comparison in Fig. 3(a) demonstrates that electric fields that are
substantially more focal and less intense than those in ECT can be used for seizure induction.
This simulation suggests that reduction of the current amplitude along with the use of focal
electrode configurations could achieve more targeted stimulation in ECT, though the clinical
impact of such manipulations will need to be determined.

Given its central role in governing the spatial extent of neural activation, it is surprising that
pulse amplitude has received relatively little attention in contemporary ECT studies.9 As
previously noted, conventional ECT paradigms use a fixed current amplitude of 800 mA or
900 mA. The lack of attention to the concept of pulse amplitude modification is reflected in
the design of ECT devices which provide only a fixed current amplitude (e.g., 900 mA for
Thymatron System IV) or a narrow range of adjustability (500–800 mA for MECTA
Spectrum). The choice of these current levels has not been rigorously justified and may have
originated as a consequence of the relatively short train durations (≤ 2 s) used in early models
of these devices, since briefer train durations require larger current amplitude to induce seizures
(see Sec. III.2.h). Indeed, while present practice is to leave the current setting fixed at 800 mA
or 900 mA for all patients, below we discuss evidence that current amplitudes lower than these
levels can trigger adequate seizures and can have therapeutic effect with potentially reduced
side effects.
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Based on computer simulations, the motor excitation threshold for TES with a unilateral
electrode configuration in humans has been estimated to be 175–269 mA corresponding to
pulse widths of 1–0.05 ms, respectively.101 These data are consistent with measurements in
anesthetized humans where motor thresholds of 170–420 mA for 0.05-ms pulse width were
reported.102 Further, cadaver measurements and computational modeling show that for 800-
mA, 0.5-ms current pulses, the electric field in the brain exceeds the threshold for robust neural
activation by a factor of five or more.60,90,103 Finally, computational modeling studies have
also shown that the individual variability of anatomical parameters such as scalp and skull
thickness and conductivity, and skull-to-cortex distance can substantially alter the electric field
magnitude in the brain with conventional electrode placements and fixed current.60 To
compensate for these individual differences, the current amplitude could be individualized to
yield comparable cerebral electric field magnitude.

Few studies have measured the seizure threshold in terms of pulse amplitude in humans, but
available data support the presence of significant individual variability and the adequacy of
currents lower than 800/900 mA. Friedman and colleagues reported thresholds of less than 100
mA with half-sine pulses (vertex–temporal, unidirectional, PW = 8.3 ms, frequency = 60 pps
continuous or in bursts repeating at ≤ 10 Hz, duration = 0.1–4 s).104,105 Liberson reported
current thresholds of 233–540 mA (vertex–temporal, unidirectional, PW = 0.5–0.7 ms,
frequency = 120 pps, 120 pulses) and 400–650 mA (bitemporal, unidirectional, PW = 0.7 ms,
frequency = 120 pps, 156 pulses), with older patients having higher thresholds.106 Liberson
claimed that this ECT technique had excellent therapeutic benefit with minimal side effects.
Weaver et al. reviewed the ECT literature and found a current amplitude range of 30–2,000
mA used for seizure induction.107 In their own study, this group determined pulse amplitude
seizure thresholds of 110–250 V (corresponding to 363–825 mA at the reported nominal
impedance of 303 Ω) (RUL, bidirectional, PW = 1 ms, frequency = 91 pps, 150–300 pulses),
108 and later summarized the current amplitude data from various protocols yielding a mean
of 587 mA and a range from 300 mA to over 900 mA.109 Gordon observed typical current
thresholds in the 250–600 mA range (unidirectional, PW = 1 ms, frequency = 50 or 100 pps),
with some patients seizing with currents as low as 70 mA.110,111 Zyss et al. quoted a seizure
threshold range of 300 mA for younger patients to 500 mA for elders.112 Furthermore, some
studies have used fixed pulse amplitudes that are significantly lower than those used in modern
ECT. Hilkevitch reported successful seizure induction with current amplitudes of 250 mA
(unidirectional, PW = 2 ms, frequency = 200 pps).113 Finally, MST can induce generalized
tonic-clonic seizures with electric field pulse amplitudes and pulse widths much lower than
those induced by conventional ECT.60,88,114

The wide range of current amplitudes in the above reports is likely due in part to differences
in the other pulse train parameters (such as pulse width, frequency, and number of pulses) and
other aspects of the ECT procedure (such as anesthesia). Nevertheless, it is clear that (1) current
amplitudes below the conventionally used 800/900 mA can elicit adequate seizures, and (2)
there likely is variability in the individual current amplitude threshold that could be due to
differences in head anatomy, age, neural excitability, and other physiological factors. Indeed,
the variability of ECT seizure threshold and clinical outcome10,11 may be due, in part, to
anatomical variability which is not properly accounted for with conventional train duration and
frequency titration, but could be accounted for by amplitude adjustment.

Notably, early attempts to introduce low-amplitude, ultrabrief-pulse ECT paradigms may have
failed to gain ground in part due to the lack of significant cognitive disruption.62 Since
anesthesia was not used in early ECT, the patients could remain conscious and remember the
painful sensation associated with the initial moments of stimulation with low-amplitude,
ultrabrief pulses before a grand mal seizure is induced, which would cause apprehension of
continuing the treatment.106,115,116 In contrast, the conventional sine-wave technique would
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produce instant unconsciousness and complete amnesia of the treatment session.115,116 Since
anesthesia is used in modern ECT, the diminished ability of low-amplitude, ultrabrief pulses
to induce unconsciousness and amnesia appears to be beneficial rather than detrimental as it
could be indicative of reduced adverse cognitive sequelae.

III.2.c. Pulse shape—Modern ECT devices use trains of monophasic rectangular pulses with
alternating current direction [Fig. 1(b)]. Rectangular pulses are universally used for neural
stimulation;117 however, the alternating polarity of the pulses is unique to ECT. The origins
of the shape of the ECT pulse train are historical. Originally, ECT was delivered with sine
waves at the power-line frequency (50 Hz in Europe, 60 Hz in the USA).118 The sine wave
has both positive and negative phases [Fig. 1(a)]. After it was recognized that the long duration
and the slow rise and fall times of the line-frequency sine wave are physiologically inefficient
and cause adverse side effects, the pulses were made shorter by substituting brief rectangular
pulses where the peaks of the sine wave would have been.7 A biophysical rationale for this
characteristic waveform of ECT has not been presented, and there is renewed interest in the
use of unidirectional pulse trains [Fig. 1(c)] for improved specificity of stimulation22,23,26

(see also discussion in Sections III.2.e–d).

Regardless of the directionality of the stimulus train, it has been established that brief
rectangular pulses with almost instantaneous rise time are more efficient for neuronal excitation
than 50/60 Hz sine waves (PW = 8.3/10 ms).8,119 In this case, the advantage of the rectangular
pulse likely stems not only from its brevity, but also from its almost instantaneous rise and fall
times compared to the slow rise and fall times (~ 4 ms) of the sine wave, since slow rise times
cause accommodation resulting in an increased action potential threshold.10,117 By
dramatically lowering the cognitive side effects of ECT without sacrificing efficacy, the shift
from sine-wave to brief-pulse stimuli represented a major advance in the risk/benefit ratio of
ECT.

Over the years, in addition to sine-wave and rectangular pulses, a variety of other pulse shapes
have been used in ECT devices;105,110,120,121 these shapes, however, typically resulted from
limitations of contemporary technology rather than from sound biophysical considerations.
Offner theoretically proved that a rising exponential current waveform uses the least amount
of energy to depolarize a neuron, but noted that rectangular pulses use only 22% more energy
and recommended use of the latter since they are easier to generate electronically.122 Indeed,
it has been pointed out the shape of the pulse is of less importance than the pulse width which
should be close to the chronaxie.119 Thus, rectangular pulses appear a sound choice for the
ECT stimulus; research efforts should be directed at optimizing the parameters of the
rectangular pulses (width and amplitude) and of the pulse train (frequency, directionality, etc.).

III.2.d. Pulse width—Modern ECT uses rectangular, constant-current pulses that are briefer
that the 8.33–10 ms sine pulses of the original ECT technique. Pulse widths in the 0.5–2.0 ms
range, classified as “brief,” have been standard since the 1980’s. However, interest in ultrabrief-
pulse (PW < 0.5 ms) paradigms is growing due to evidence of their comparable efficacy but
reduced side effects relative to the conventional brief-pulse technique.

Some early studies provided evidence of preserved efficacy and lower side effects with brief
and ultrabrief stimuli compared to sine-wave ECT.62,68,106,119,120 Other studies, however,
concluded that ultrabrief pulses were not superior to wider pulse widths.121,123 Some of these
studies were poorly controlled and were confounded by simultaneous variations in multiple
parameters124 and may have used suboptimal stimulus dosing.22 It was not until the 1980’s
that conclusive evidence emerged that brief-rectangular-pulse ECT could match the efficacy
of sine-wave ECT while dramatically reducing the adverse cognitive side effects.3,125,126 Since
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then there has been growing interest in reducing pulse width into the ultrabrief range to further
enhance the risk/benefit ratio.

It has been firmly established that briefer pulses require less total energy and charge to induce
seizures than do longer pulses.5,109,119,120,127–129 It has also been shown that briefer pulses
result in weaker seizure expression and fewer EEG abnormalities following treatment.107,
119,130 Modern studies providing evidence that ultrabrief-pulse ECT can be as effective as
brief-pulse ECT, while having reduced side effects, have appeared only recently. Sackeim et
al. compared ultrabrief (PW = 0.3 ms) and brief (PW = 1.5 ms) stimuli in RUL ECT at 6 ×
seizure threshold and in BL ECT at 2.5 × seizure threshold (bidirectional, 800 mA, 80–100
pps).5 Ultrabrief BL ECT was found to be ineffective, whereas the other three conditions were
equally effective (within the limitations of the study size of 22–23 patients per group). The
lack of benefit with ultrabrief BL ECT was an unexpected outcome that complements the data
on inefficacy of RUL ECT at doses close to seizure threshold4 to provide a stark demonstration
that an “adequate” seizure is not sufficient for efficacy and that therapeutic benefit is powerfully
affected by the electrical stimulus parameters. The two ultrabrief ECT groups had less cognitive
side effects compared to the brief groups, which is remarkable since the former received 1.5–
3 times more pulses during treatment than the latter. Studies by Loo and colleagues replicated
the findings of equivalent efficacy and lesser cognitive side effects of ultrabrief (0.3 ms) relative
to brief (1 ms) RUL ECT, although they noted slower response rate with the ultrabrief stimulus.
129,131 This group has also noted diminished adverse cardiac effects with ultrabrief pulses
(0.3–0.7 ms) compared to brief pulses (1 ms).78 Some reports of the use of ultrabrief RUL
ECT in hospital settings have supported its efficacy and reduced adverse sequelae,132 although
McCormick et al. have shown slower response and diminished efficacy with this paradigm
compared to brief BL ECT.133 It should be noted that in the McCormick et al. study the
tabulated ultrabrief treatment dose was only 4 × seizure threshold, even though it was reported
as 6 × seizure threshold, which could have resulted in reduced efficacy. Sienaert et al. compared
ultrabrief (0.3 ms) unilateral and bifrontal ECT, and found both to be efficacious and lacking
cognitive side effects.77,134 Finally, Pisvejc et al. compared brief (1 ms) and ultrabrief (0.2–
0.4 ms) unilateral ECT in a sample of mostly schizophrenic patients, and reported marked
efficacy and lack of deleterious effects on cognition and memory, with no differences between
the two groups.135 However, the latter study is confounded by variation in multiple parameters
besides the pulse width between the two groups.

Reduced charge and energy required for seizure elicitation with briefer pulses has a relatively
simple explanation when the biophysics of neural stimulation with extracellular electric fields
is considered. The electrical response of neuronal membranes is associated with a characteristic
time constant (or chronaxie); therefore, the membrane depolarization resulting from the
externally applied electric field depends not only on the electric field pulse amplitude, but also
on the pulse shape and width.136 For pulse widths below the chronaxie, the depolarization is
directly proportional to pulse width, whereas for larger pulse widths the depolarization reaches
a plateau that is independent of pulse width [Fig. 4(a)]. The chronaxie for transcranial
stimulation is around 0.1–0.2 ms matching the values of axonal chronaxie35,137–139 since
extracellular electric fields preferentially activate axons rather than soma.35,36,45

Consequently, the relation between the pulse width and the threshold current amplitude
required to induce neuronal firing is described by the well-known strength–duration curve
shown in Fig. 5(a).10 Similar curves can be constructed for the pulse charge and pulse energy
for threshold stimulation, as shown in Fig. 5(b) and Fig. 5(c), respectively.140 The longer the
pulse is relative to the chronaxie, the more charge and energy are used to depolarize the neuron
to the action potential threshold. Therefore, it is not surprising that ECT paradigms using briefer
pulses are more efficient in terms of total charge and energy delivered.
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Whereas the reduction of total charge and energy with briefer pulses is largely explained by
the charge–duration and energy–duration curves, the reduction of cognitive side effects with
briefer ECT pulses is not readily accounted for. The charge density and charge per pulse have
been linked to tissue damage in neural stimulation,141,142 and the total energy is proportional
to tissue heating;122 there is, however, no evidence of tissue damage in ECT.12,143–146 A more
plausible explanation is that decreasing the pulse width reduces the volume of directly
stimulated tissue, since the briefer pulses produce less membrane depolarization. From the plot
in Fig. 4(a), it can be shown that a 0.3-ms ECT pulse induces 14% less axonal depolarization
than a 1.5-ms pulse, implying that some neurons that are activated by the 1.5-ms pulses will
not be activated by the 0.3-ms pulses. Further, briefer pulses preferentially affect the axons,
whereas longer pulses may also have a significant effect on the soma and dendrites.27 The
membrane of the soma and dendrites has a time constant that is two orders of magnitude larger
than that of the axon;35 therefore, the axonal and somatic/dendritic membrane potentials can
have substantially different dynamic response when exposed to various pulse widths, as shown
in Fig. 4(a). Fig. 4(b) indicates that the ratio of soma and dendrite depolarization to axon
depolarization is more than 4 times larger for PW = 1.5 ms compared to PW = 0.3 ms. These
estimates are derived from a very simplistic model, but they do illustrate the possibility of
differential impact of pulse width on the distinct neuronal processes (soma and dendrites versus
axons) which could have wide-ranging implications on how individual neurons and neural
networks respond to ECT with various pulse widths.

Finally, the above discussion suggests that there is no compelling reason to push pulse width
below 0.2 ms, because for PW < 0.2 ms the differential effects between the axons and soma/
dendrites disappear [Fig. 4(b)], tissue capacitive effects start to reduce the effective electric
field magnitude,33 and exponentially higher voltages are required to induce adequate neural
depolarization [Fig. 5(a)]. Thus, empirical evidence and biophysical considerations suggest
that the pulse width should be kept around 0.2 ms.

III.2.e. Directionality—Even though most modern ECT devices deliver bidirectional stimuli
[Fig. 1(b)], unidirectional stimuli in which the pulses are of only one polarity [e.g., see Fig. 1
(c)] have also been widely used in various ECT devices and studies.58,104,106,110,120,121,147

There is renewed interest in the use of unidirectional pulse trains as a means of enhancing the
stimulus efficiency and focality;22,23,26 however, there still is a notable paucity of research to
elaborate the significance of current directionality.

Early ECT studies with unidirectional stimuli reported substantially lower seizure thresholds,
comparable clinical efficacy, and significantly lower memory deficits compared with
bidirectional ECT.68,104,105,148,149 In these studies, however, current directionality was
confounded with other factors such as pulse amplitude, shape, and width, and train frequency
and duration. Other authors have asserted that there is no substantial difference between
unidirectional and bidirectional stimulation threshold for after-discharge induction150 and
seizure elicitation.119

More recently, rTMS studies have compared the neuromodulatory effectiveness of
unidirectional and bidirectional stimulation. rTMS is typically given with devices that induce
bidirectional current flow in the brain; however, a series of findings indicates that unidirectional
rTMS produces stronger cortical inhibition and facilitation at low and high frequencies,
respectively, relative to bidirectional pulse trains.151–157 These observations support a
reexamination of unidirectional stimulation in ECT.

Based on work showing polarity-specific response characteristics in TES,40,41 Sackeim
hypothesized that unidirectional currents coupled with different size electrodes (FEAST)
would increase the focality and efficiency of the ECT stimulus.22 To evaluate this idea,
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Spellman et al. compared unidirectional and bidirectional currents in nonhuman primates,
showing that unidirectional stimulation has 12.8% and 8.1% lower seizure threshold with
FEAST and BL electrode configurations, respectively.23

A factor contributing to the threshold reduction with unidirectional stimuli could be their non-
zero average current which is not present in bidirectional stimuli where each pulse is
counteracted by an identical pulse in the opposite direction. The average current of
unidirectional rectangular stimuli equals the product of the pulse amplitude, width, and
repetition frequency. For example, for amplitude = 800 mA, PW = 0.5 ms, and frequency =
100 pps, the average current is 40 mA, which is 40 times the current typically used in tDCS.
This average current component could produce polarization effects in the soma and dendrites
which have large (10–30 ms) time constants35 and, therefore, act as integrators. However, if
this effect is present it must be small. Liberson experimented with introducing a direct current
bias in the unidirectional stimulus to make the average current zero and concluded that this
bias did not affect the seizure threshold, although he did not present quantitative data to support
this claim.119 Of course, there is the possibility that the non-zero average stimulus current
may affect other aspects of the neural response besides the seizure threshold.

Finally, no safety concerns specific to unidirectional ECT pulse trains have been reported.
Thus, in view of the evidence of some potential advantages of this paradigm, unidirectional
ECT stimuli should be explored further.

III.2.f. Polarity—Polarity is irrelevant to conventional bidirectional ECT where the pulses
alternate polarity; however, it may have significance in unidirectional ECT paradigms. The
use of unidirectional stimulation enables one to spatially separate the anode (positive electrode)
from the cathode (negative electrode), whereas in conventional bidirectional ECT the two
electrodes alternate between serving as the anode and the cathode during the stimulus train.

Studies with TES have found lower thresholds for motor response when the motor cortex is
stimulated with the anode than when it is stimulated with the cathode.158,159 Similarly, direct
stimulation of motor and somatosensory cortices has revealed lower thresholds with anodal
than with cathodal stimulation.160 Furthermore, anodal stimulation appears to excite white
matter fibers resulting in a highly consistent response, whereas cathodal stimulation activates
the initial axonal segment close to the soma producing a more variable response.40,41 The
threshold and latency of motor evoked potentials induced by TMS depends on the orientation
and polarity of the current flow in the motor strip suggesting that different neural populations
or different axonal sites are recruited.161,162 Finally, work with tDCS which stimulates below
threshold for action potentials indicates that the anode potentiates whereas the cathode inhibits
endogenous activity and responses to suprathreshold stimulation.20,21

On the other hand, there is evidence that the sensitivity of neurons to the polarity of pulsed
stimulation is limited. The application of extracellular electric fields results in both regions of
depolarization and regions of hyperpolarization within the same neuron.45,163 Even when the
electric field pulse produces initial hyperpolarization in certain parts of the neuron, the neuron
can still fire after the end of the pulse due to a depolarizing overshoot of the membrane potential
during recovery from hyperpolarization (anodic break)117,164 and/or due to transfer of charge
from depolarized compartments of the neurons such as the soma.45 It has also been noted that
the polarity of unidirectional stimuli is relatively unimportant for after-discharge induction.
150 Thus, electric field pulses of either polarity may trigger action potentials with comparable
thresholds.

Data on the effect of polarity of unidirectional stimuli in ECT are scarce. Working with low-
amplitude unidirectional currents, Friedman and Wilcox observed lowest seizure thresholds
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with negative electrode on left temple and positive electrode on vertex104 and adopted this
placement and polarity in other studies.105 More recently, it has been argued that ECT stimuli
can be made more targeted by the use of unidirectional stimuli with the anode providing
preferential activation, as noted in the previous section.22 Studying the FEAST electrode
configuration in nonhuman primates, Spellman et al. did find polarity dependence of the EEG
response but not of the seizure threshold:23 positive frontal electrode yielded higher ictal power
and more lateralization, whereas negative frontal electrode yielded more post-ictal suppression.

Thus, at present there are limited data on the effects of stimulus polarity; this parameter should
be explored further within studies of unidirectional ECT.

III.2.g. Frequency—Even though stimulus frequency is commonly adjusted to individualize
the ECT dose, its role in seizure induction and clinical outcome is not well understood. The
interpulse interval, equal to the inverse of the pulse repetition frequency, affects the neural
response to the stimulus. Each stimulus pulse sets off a cascade of dynamic processes that
transiently alter the state of the activated neurons and neural networks. Therefore, the
subsequent stimulus pulse impinges upon a modulated state of the system that depends on the
time elapsed since the previous pulse, i.e., it depends on the stimulus frequency.

rTMS studies have shown that frequencies around 1 pps have a lasting inhibitory effect,
whereas frequencies ≥ 3 pps can have an excitatory effect and could trigger a seizure if delivered
with a sufficiently high pulse amplitude and train duration.165,166 Effective frequencies for
photic seizure induction are in the 3–20 pps range.167 For the induction of after-discharges,
which are considered precursors to a seizure, frequencies below 10 pps are ineffective,
frequencies in the range of 25–60 pps are optimal, and frequencies above 100 pps are still
effective but less suitable for the production of long-lasting after-discharges.150 In line with
this view, high-frequency (> 50 pps) stimulation has been shown to suppress ongoing ictal
activity,168 suggesting that high frequencies may not be efficient at triggering seizures.
Furthermore, very high frequencies (> 500 pps) may be inefficient due to stimulation of the
neurons during their absolute refractory period which lasts for 1–2 ms—this phenomenon has
been called “stimulus crowding”.10

Consistent with these considerations, data from ECT studies suggest that low frequencies are
more efficient for seizure induction than high frequencies. Weaver et al. studied frequencies
in the range of 20–91 pps (RUL placement, bidirectional, amplitude = 200 V, PW = 1 ms, 150
pulses), and chose 32 pps as optimal since for these settings initiation of convulsive activity
coincided approximately with the end of the stimulus train, whereas with lower and higher
frequencies it occurred before or after the end of the stimulus, respectively.108 The authors
also noted that based on clinical observations, 20 pps (10 pulse pairs per second) may be close
to the lower limit of usefulness. These data can also be interpreted to indicate that frequencies
in the range of 20–32 pps are more efficient than 32 pps, since the convulsion is initiated during
the pulse train, i.e., with fewer pulses than required at 32 pps. A study by Swartz and Larson
suggests that stimulus frequency of 60 pps was more efficient than 120 pps at inducing seizures
(BL placement, bidirectional, amplitude = 800 mA, PW = 1.5 ms, 120 pulses).17 However, a
similar study found no difference in seizure induction efficiency between 60 pps and 120 pps
frequency (LART placement, bidirectional, amplitude = 900 mA, PW = 0.5 ms and 1 ms,
charge = 2.27 mC per patient’s year of age).18 Devanand et al. showed that the seizure threshold
is lower when titrated by stimulus duration (0.5–4 s) than when titrated by frequency (40–280
pps) with BL ECT (bidirectional, amplitude = 800 mA, PW = 1 ms),19 supporting the view
that lower frequencies are more efficient. Direct evaluation of seizure threshold at 50 pps and
200 pps with BL169 and RUL170 placements (bidirectional, amplitude = 800 mA, PW = 1
ms) confirms that the lower frequency requires a smaller number of pulses (and, hence, total
charge) to trigger a seizure. Further, the two frequencies are found to result is equal seizure
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duration, cardiovascular response, and efficacy, with a trend of lower cognitive side effects
with 50 pps.170 Thus, the evidence suggests that low frequencies compared to high frequencies
are more efficient for seizure induction, although an optimum frequency has not been
determined. The data on frequency dependence of efficacy and side effects are limited.

Finally, above we discussed ECT stimulus trains delivered at a single, constant frequency.
There are also neural stimulation paradigms that use temporal pulse patterns having two or
more frequency components. For example, theta-burst stimulation consists of brief high-
frequency bursts (e.g., 50 pps) repeated at a lower frequency (e.g., 5 pps), and sometimes
interrupted at an even lower frequency (e.g., 0.1 pps). Theta-burst stimulation has been used
in long-term potentiation (LTP) and long-term depression (LTD) protocols, and in rTMS
paradigms to effect rapid, strong neuromodulatory effects that can be excitatory or inhibitory
depending on the specific stimulus parameters.171,172 Intermittent ECT stimuli similar to
theta-burst have been deployed in a number of older ECT studies,58,68,104,105,120,123,148

were in common use for decades in Europe as a feature of the Siemens Konvulsator device
(50-Hz bursts of 4 unidirectional quarter-sine pulses, repeated at 6 Hz),58,147 and are an option
is some modern devices such as the Thymatron System IV.173 Some researchers have
recommended the use of intermittent stimuli as superior to continuous pulse trains;147
however, a systematic comparison of these two paradigms is lacking and should be addressed
in future studies.

III.2.h. Number of pulses—Every ECT stimulus pulse results in the depolarization of a
large numbers of neurons. This causes the release of neurotransmitters and other biochemical
changes at neuronal level, resulting in modulation of the neural network. When a sufficient
number of pulses are delivered, the cumulative effect of these processes yields a seizure (see
Sec. III.1.c). In subconvulsive neuromodulation paradigms such as rTMS the duration of neural
excitability changes following the stimulus is directly related to the number of pulses in the
stimulus train.165,171,174,175

Thus, the number of pulses in the stimulus is a key parameter for seizure induction. Modern
ECT devices typically control the dose by adjusting the number of pulses by varying the
stimulus train duration and/or frequency, since the number of pulses equals the product of the
train duration and frequency (see Equation 1). Conversely, in subconvulsive brain stimulation
paradigms such as rTMS the number of pulses is limited to prevent seizures.165,166 Compared
to stimulation with fewer pulses, trains consisting of more pulses require smaller pulse
amplitude and/or pulse width to elicit a seizure.5,106,107,112,165,176–178 Stimuli with matched
total charge are more efficient when containing more pulses than when having longer pulse
width or larger amplitude.17,18,179 In RUL ECT, the efficacy of treatment grows with
increasing dose (number of pulses) above threshold.4,180

It is remarkable that a very wide range of parameters can be used to induce seizures, ranging
from single pulses with large amplitude and pulse width107,181 to hundreds of pulses at
relatively low amplitude and/or pulse width.5,105,106 An accumulating body of evidence
suggests that ECT paradigms using lower amplitude and/or pulse width, and larger number of
pulses can be as effective but have fewer side effects than paradigms using larger amplitude
and/or pulse width, and smaller number of pulses.5,28,62,119,182 For example, a RUL
treatment dose with PW = 0.3 ms and 429 pulses (on average) had the same high efficacy but
substantially fewer side effects than a dose with PW = 1.5 ms and 265 pulses.5 Furthermore,
MST induces electric fields with lower amplitude and pulse width, and requires a larger number
of pulses to induce a seizure than ECT.88 Studies of ultrabrief (PW = 0.3 ms) RUL ECT at
maximum dose (1,920 pulses with a MECTA Spectrum 5000Q device) were effective and well
tolerated.182 ECT paradigms with such a large number of pulses are in stark contrast to early
sine-wave ECT which typically had stimulus duration less than 0.4 s, corresponding to less
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than 48 pulses, and which was associated with significantly higher cognitive side effects.3,
106,118 The trend toward stimulus trains with larger number of pulses is reflected in the
evolution of modern ECT devices such as the MECTA and the Thymatron whose present
models offer train durations up to 8 s, constituting an increase of more than two-fold over the
capabilities of earlier models.

The large number of pulses used in modern ECT paradigms appears to have importance for
the therapeutic effect beyond the stimulus role as a seizure trigger. RUL ECT is typically dosed
to deliver six or more times the number of pulses required to elicit a seizure (6 × seizure
threshold) since this produces robust therapeutic effect, whereas stimuli close to the seizure
threshold are ineffective.4,180 Thus, to confer therapeutic benefit, the stimulus should continue
after a seizure is already induced. The implication of this finding is that the electrical stimulus
itself, and/or its interaction with an ongoing seizure, is a critical element for treatment outcome.
This observation supports a view of ECT as an electric neuromodulation therapy with
similarities to subconvulsive neuromodulation interventions such as rTMS rather than as
merely an electric means of inducing seizures. rTMS effects lasting changes in neural activity
by delivering stimuli with a large number of pulses, typically around 3,000 per session.24
Modern seizure therapies are approaching these values, with maximum ECT and MST doses
reaching 2,000 and 1,000 pulses, respectively.129,182,183 Possible clinical advantages of ECT
paradigms using large number of pulses, potentially coupled with reduced current amplitude,
should be explored further.

IV. Summary and recommendations for ECT stimulus dosage
IV.1. Dosing

Based on the arguments above, we recommend that all ECT stimulus parameters should be
considered explicitly in dosage since summary metrics like charge do not uniquely determine
the stimulus and its physiological effects. Biophysical considerations and mounting empirical
evidence suggest that the individual stimulus parameters have distinct neurostimulation roles
and effects on the clinical outcome that are not captured by the summary metrics. ECT
practitioners should be familiar with all components of the stimulus; further clinical trials are
encouraged to couple this knowledge with clinical practice to ensure that patients receive an
individualized treatment that maximizes efficacy and safety, and minimizes cognitive side
effects which are the main drawback of ECT.

Spatial targeting of the electrical stimulation is thought to be central to eliciting the desired
therapeutic effect while minimizing adverse side effects. The key variables that control the
focality of ECT are the electrode configuration and the current amplitude. The most common
electrode positions are bifrontotemporal and RUL. When adequately dosed, RUL ECT can
match the efficacy of bifrontotemporal ECT while having lower cognitive side effects. Other
electrode placements, such as bifrontal and FEAST, are of significant interest as they may
provide additional means of reducing side effects. Contemporary understanding of the brain
circuits involved in depression, coupled with anatomically-realistic computer simulations of
the electric field distribution, should be used to generate testable hypotheses for optimal
electrode configurations, as has been done with DBS for the treatment of depression.184

The pulse amplitude is another key variable for targeting as it controls the volume of neural
tissue directly activated by the induced electric field. Reducing ECT pulse amplitude, in
conjunction with an appropriate electrode configuration, can enable focusing of the neural
stimulation to particular brain regions salient to therapeutic effect, while minimizing the
electric field strength in areas that could result in undesirable side effects. Furthermore,
individual amplitude adjustment appears to be the most appropriate approach to compensate
for anatomical variability across patients, as it could provide comparable electric field
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magnitude in the brains of all patients. For these reasons, the pulse amplitude is a central dosing
parameter in other brain stimulation therapies such as rTMS and DBS. Some older ECT studies
have used amplitude titration for individual dosing, yielding current amplitudes significantly
below presently used values (800/900 mA). However, there has not been significant effort to
explore this parameter in recent studies, which could be explained in part by the non-existent
or limited amplitude control features of common ECT devices. Amplitude titration could also
reduce adverse side effects associated with seizure threshold titration procedures, since it
employs a gradual increase of the volume of activated neural tissue until a seizure is elicited,
thus avoiding excessive stimulation of large portions of the brain that would occur at
conventional current amplitudes. The potential clinical value of lowering pulse amplitude and
of amplitude titration to individualize dosage should be examined.

While there are compelling reasons to individualize the current amplitude, there is at present
no strong rationale for individualizing other pulse train parameters such as the stimulus train
frequency and the pulse width. These parameters should be optimized in careful preclinical
and clinical studies for best risk/benefit ratio, and subsequently these fixed optimal values could
be used in ECT administration. In contrast, present dosing paradigms commonly scale train
frequency, and sometime pulse width, to individualize the stimulus. The available data and
theoretical considerations suggest that the optimal pulse width is in the ultrabrief range (~ 0.2–
0.3 ms) and that the optimal frequency is on the low end of the currently used frequency range
(20–40 pps, or 10–20 pulse pairs per second). Stimulation paradigms with intermittent (burst)
pulse patterns have also been successfully used, and their potential advantages should be
evaluated further. Unidirectional stimuli should also be studied for potential advantages over
conventional bidirectional trains. Finally, the number of pulses is a key parameter for building
up the neuromodulatory effects of electrical stimulation, and should be explicitly considered
in ECT studies. ECT paradigms with large number of pulses (> 1,000) are becoming common,
associated with reduction in the pulse width. At present, the ECT dose is individualized by
adjusting the number of stimulus pulses based typically on the patient’s seizure threshold or
age. The most efficient way to increment the number of pulses appears to be lengthening the
stimulus train duration, rather than increasing the frequency. If individualization of the pulse
amplitude is adopted, as suggested above, it may be advantageous to keep the number of pulses
at a relatively high value.

The role of the stimulus parameters can be further clarified by considering the basic biophysics
of neural stimulation, coupled with empirical studies. In this respect, the ECT field can benefit
from research on other brain stimulation paradigms such as rTMS, tDCS, epidural cortical
stimulation, and DBS, which share biophysical principles with ECT, and whose mechanisms
have attracted a substantial amount of research interest in the past decade. Better understanding
of the mechanisms of ECT could lead to more rationally designed dosing strategies that
potentially result in high efficacy, low side effects, and reduced interindividual variability of
clinical outcome.

IV.2. Reporting
Since summary quantities such as charge and energy do not uniquely determine the stimulus,
the independent stimulus parameters (pulse amplitude, shape, and width, and train frequency,
directionality, polarity, and duration/number of pulses) should be reported in publications and
in clinical records both for titration procedures and for treatment administration, in addition to
other treatment variables such as electrode position, anesthesia, etc.185
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IV.3. Device capabilities
To enable research on optimization of dosing paradigms, ECT device manufacturers should
consider implementing the following features, at least in research versions of their machines
and with proper FDA approvals:

• Adequate range of current amplitude adjustment (e.g., 100–900 mA).

• Pulse width selection down to 0.2 ms or less.

• Pulse-train frequency selection down to 20 pps (10 pulse-pairs per second) or less.

• Limit on the maximum number of pulses (e.g., ≤ 2,000), rather than limit on the train
duration, thus allowing low-frequency pulse trains with adequate length.

• Unidirectional pulse train option, with polarity of electrode clearly marked on the
ECT paddles.

• Option for programming intermittent trains (e.g., theta burst) with adjustable
parameters, and/or external pulse trigger feature to enable computer control of the
pulse train.

• Transparency/display of the stimulus parameter settings, in addition to or in lieu of
indication of summary metrics such as charge and energy.

Furthermore, manufacturers should always indicate in the device manual the instrument output
specifications and tolerances, including pulse amplitude, shape, width, and rise and fall times.

IV.4. Conclusion
There is strong theoretical and empirical evidence that individual stimulus parameters exert
unique neurobiological effects that are important for understanding and controlling the clinical
outcome of ECT, and that are not adequately captured in summary metrics such as charge and
energy. Therefore, we recommend that ECT dose be defined using all stimulus parameters
rather than a summary metric. Dosing paradigms, record-keeping and reporting of studies, and
device design should take into account the distinct roles of the stimulus parameters.
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Figure 1.
Example ECT stimulus waveforms: (a) sine wave, (b) bidirectional rectangular pulses with
indicated parameter definitions, and (c) undirectional rectangular pulses.
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Figure 2.
Three ECT stimulus trains that each have a total charge of 3.2 mC but have widely different
parameters. From top down: (1) bidirectional pulse train, amplitde = 800 mA, PW = 0.5 ms,
frequency = 100 pps (50 pulse-pairs per second), 8 pulses; (2) unidirectional pulse train,
amplitde = 800 mA, PW = 2 ms, frequency = 25 pps, 2 pulses; (3) bidirectional pulse train,
amplitde = 50 mA, PW = 8 ms, frequency = 100 pps (50 pulse-pairs per second), 8 pulses.
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Figure 3.
(a) Computer simulation with a spherical head model illustrating the electric field strength (E)
relative to neural activation threshold (Eth) for conventional bilateral (BL) and right unilateral
(RUL) ECT with a range of current amplitudes (PW = 0.5 ms). Coronal view is shown with
tissue layers consisting of (from outer shell inward) scalp, skull, cerebrospinal fluid, gray
matter, and white matter. Simulations of MST with circular (CIRC) and double-cone (DCONE)
coils at 100% maximum amplitude (MA) of the Magstim Theta device (Magstim Co.,
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Whitland, UK) are shown for comparison. Simulation methods are described by Deng et al.
60 (b) Percentage suprathreshold stimulated brain volume as a function of ECT current
amplitude derived from the spherical head model simulation.
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Figure 4.
(a) Soma and axon depolarization induced by a single rectangular electric field pulse. Curves
are normalized to depolarization by direct current (infinite PW). The soma and axon are
assumed to have chronaxies of 10 ms and 0.1 ms, respectively. (b) Ratio of soma depolarization
to axon depolarization.
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Figure 5.
Strength–duration (a), charge–duration (b), and energy–duration (c) curves for ECT, assuming
neural chronaxie of 0.1 ms. The curves are normalized to unity for PW equal to the chronaxie.
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