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BACKGROUND: Neuromuscular blockade is required to control excessive muscle contractions
during electroconvulsive therapy (ECT). In a crossover, assessor-blinded, prospective random-
ized study, we studied the minimum effective dose (MED) of succinylcholine and rocuronium for
ECT. The MED was the lowest dose to provide a predefined qualitative measure of acceptable
control of muscle strength during induced convulsions.

METHODS: Succinylcholine (0.8 mg kg=1) or rocuronium (0.4 mg kg*) was randomly adminis-
tered in 227 ECT sessions to 45 patients. The dose was incrementally increased or decreased
by 10% based on 2 psychiatrists’ (blinded to treatment) assessment of “acceptable” or “not
acceptable” control of evoked muscle contractions (sufficient versus insufficient or excessive
paralysis). The neuromuscular transmission was monitored quantitatively until full recovery.
RESULTS: In our study, the MEDs of succinylcholine and rocuronium to produce acceptable ECT
conditions in 50% of patients (MED50¢.;) were 0.85 mg kg (95% confidence interval [CI], 0.77—
0.94) and 0.41 mg kg=* (95% Cl, 0.36-0.46) and in 90% of patients (MED90.;) were 1.06 mg kg-*
(95% Cl, 1.0-1.27) and 0.57 mg kg=* (95% Cl, 0.5-0.6), respectively. Nadir twitch height for
acceptable muscle activity was 0% (0—4) and 4% (0-30; P < 0.001), respectively, and the time to
recovery of the neuromuscular transmission was 9.7 + 3.5 and 19.5 + 5.7 minutes, respectively.
CONCLUSIONS: A twitch suppression of >90% is needed for control of motor contractions dur-
ing ECT. The initial ECT dose of succinylcholine should be selected based on each patient’s
preprocedural condition, ranging between 0.77 and 1.27 mg kg=* to produce acceptable muscle
blockade in 50% to 90% of patients. Rocuronium-neostigmine combination is a safe alternative
if appropriately dosed (0.36-0.6 mg kg-1) and monitored. (Anesth Analg 2016;XXX:00-00)

which generalized seizures are induced by transcu-
taneous electrical stimuli to the brain to treat specific
psychiatric conditions such as major depressive or cyclo-
thymic disorders.!? The quality and duration of the induced
seizure by ECT have been associated with the efficacy of the
procedure. Anesthetic drugs and neuromuscular blocking
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agents (NMBAs) are administered to ensure patient com-
fort and safety but need also be titrated to provide optimal
conditions for the induced seizure activity during the treat-
ment while allowing a rapid recovery on its completion.?
Because of its rapid onset and short duration of action,
succinylcholine is considered the NMBA of choice for
ECT; however, a nondepolarizing NMBA needs to be con-
sidered in some patients with metabolic, neuromuscular,
or neurologic comorbidities or other contraindications to
succinylcholine (e.g., immobilization or pseudocholines-
terase deficiency).* Despite the importance of NMBAs to
provide favorable conditions for ECT, the NMBA dose to
achieve acceptable level of muscle contracture via the use
of neuromuscular blockade without excessive or untoward
effects has not been identified in a prospective random-
ized fashion and via the use of objective monitoring tech-
niques.® The aim of this study is, therefore, to identify the
minimum effective starting NMBA doses of 2 commonly
used neuromuscular blocking drugs (succinylcholine
and rocuronium), defined as the lowest dose to provide
optimized muscle strength modulation during ECT.

METHODS

This crossover, randomized controlled, assessor-blinded
clinical trial was conducted in the postanesthesia care unit
at Massachusetts General Hospital in Boston, Massachusetts.
The IRB approved the study protocol, and written informed
consent was obtained from all participating patients. The
study was registered before patient enrollment. Registry Url:
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http://clinicaltrials.gov/ct2 /show /NCT01441960. Identifier:
NCT01441960.

Patients

Two hundred twenty-seven ECT sessions were conducted in
45 hospitalized patients aged 24 to 80 years with ASA physi-
cal status I to III admitted for a series of ECT treatments at a
frequency of 3 times per week. The indication for ECT in all
enrolled patients was major depressive disorder or bipolar dis-
order, and all patients were taking psychotropic medications,
including antidepressants and antipsychotics, as indicated by
their psychiatric condition. Only patients within 20% of the
ideal body weight were included. Exclusion criteria included
age <18 years, patients with illness or medications known to
influence neuromuscular transmission, significant renal or liver
dysfunction, electrolyte abnormalities, and pregnant women.

Protocol

The flow of patients through the study is depicted in
Figure 1. After screening by the psychiatrist and anes-
thesiologist responsible for the clinical treatment of each
patient, informed consent was obtained and patients were
enrolled. After preoxygenation with 100% oxygen for 3
minutes through a facemask, anesthesia was induced with
propofol (1.2 mg kg! TV over 5 seconds). Continuous neu-
romuscular transmission monitoring was applied after stabi-
lization and baseline calibration to establish a control twitch
response before NMBA injection (see the Neuromuscular
Transmission =~ Monitoring  section).  Succinylcholine
(Quelicin®, Hospira Inc., Lake Forest, IL) 0.8 (2.67 x EDgys) mg

kg! or rocuronium-bromide (Zemuron®, Organon USA Inc.,
a subsidiary of Merck & Co. Inc., Roseland, NJ) 0.4 mg kg™
(1.33 x EDy5) was then administered IV over 5 seconds through
an IV catheter in the arm contralateral to the side of neuro-
muscular transmission monitoring, which was then flushed
with a 10-mL bolus of normal saline. These initial doses
were selected as the median of applied succinylcholine and
rocuronium doses to achieve acceptable ECT-induced motor
activity in a pilot study of 10 patients. Ventilation was assisted
until recovery of normal spontaneous ventilation through a
facemask and an Ambu-bag with supplemental 100% oxygen.

After the peak effect of neuromuscular transmission
blockade was established, an electrical stimulus at approx-
imately 6x seizure threshold was delivered with right uni-
lateral application of electrodes with a MECTA Model SR II
apparatus (MECTA Corp., Portland, OR). The treating psy-
chiatrists, blinded to the type and dose of the NMBA (see
Discussion), determined the stimulus parameters for the
applied ECT (level, dynamic, energy, intensity, and dura-
tion of stimulus) and the subsequent duration of seizure
(Table 1). The duration of seizure was monitored by elec-
troencephalogram (EEG) and recorded from EEG activity.

Systolic blood pressure (SBP) and diastolic blood pres-
sure (DBP) were recorded every 3 minutes, and the heart
rate (HR) and oxygen saturation (Spo,) were monitored and
recorded continuously throughout the procedure and until
the patient’s full recovery. Temperature was monitored and
maintained at >35°C. Labetalol (10-50 mg IV) or esmolol
(40-80 mg IV) was administered to treat hypertension and
tachycardia, when necessary.

39 Patients scheduled for series of ECT
approached for consent after screening

l ———— > 5 declined to participate

34 subjects randomized to start crossover
treatment with succinylcholine or

rocuronium
L

|
v

Interim data review

14 were excluded

1 Received rocuronium in error

1 Received succinylcholine in error

1 Withdrew consent

2 Did not complete series of ECT

9 Had technical errors (twitch monitoring failure
resulting in non-captured or disqualified data)

11 additional subjects were enrolled and

randomized
(Total N=45)

v

31 had Complete and reliable twitch monitoring data
obtained after both NMBAs

N

98 ECT trials with succinylcholine

89 ECT trials with rocuronium

Figure 1. Schematic representation of the study methods. After screening for eligibility criteria, we enrolled consecutive patients who sched-
uled for series of ECT after consenting to participate in the study. Only captured data from patients who completed the series of treatments
with reliable neuromuscular monitoring were used for analysis. ECT = electroconvulsive therapy.
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Table 1. ECT Parameters and Hemodynamic, Acceleromyographic, and Clinical Characteristics of Subjects
After Muscle Relaxation with Succinylcholine or Rocuronium Under Optimized ECT-Induced Seizure Activity
Optimized ECT-induced

neuromuscular transmission Mean
Succinylcholine Rocuronium differences
Variables (n=31) (n=31) (SD) P value Correlation P value
ECT parameters (range)
Pulse width (mA) 0-2 0-2
Energy (J) 38-110 32-116 2.1 0.631 -0.1 0.54
Duration (s) 3-8 2-8 -0.14 (1.9) 0.642 -0.02 0.32
Mode (up/down) Up Up
Frequency (Hz) 40-90 40-90
Duration of seizure (s)
Mean (SD) 27 (14) 31 (11) -4 (18) 0.0037? -0.03 0.85
Range 10-90 10-51
Nadir preprocedural Spo,
Mean (SD) 92% (4%) 94% (3%) -2 (4) 0.011 0.16 0.33
Range 79%-99% 85%-100%
Propofol dose (mg)
Mean (SD) 100 (28) 107 (29) —7(33) 0.463 0.16 0.334
Pre-ECT heart rate (per min)
Mean (SD) 80 (18) 81 (16) -1(17) 0.818 0.46 0.81
Range 42-119 53-125
Pre-ECT systolic blood pressure (mm Hg)
Mean (SD) 130 (17) 128 (15) 2 (25) 0.655 =8B 0.412
Range 101-175 94-159
Pre-ECT diastolic blood pressure (mm Hg)
Mean (SD) 72.3 (12) 71.8 (10) 0.5 (15) 0.845 0.063 0.7
Range 54-102 53-94
Post-ECT heart rate (per min)
Mean (SD) 76.1 (18) 77.6 (17) -1.5 (20) 0.647 0.37 0.65
Range 37-118 46-115
Post-ECT systolic blood pressure (mm Hg)
Mean (SD) 147.6 (33) 152.6 (42) -5 (53) 0.564 -0.027 0.87
Range 85-208 65-215
Post-ECT diastolic blood pressure (mm Hg)
Mean (SD) 81 (19) 86 (23) -5 (29) 0.337 0.081 0.62
Range 51-132 33-131
Nadir T1
Median, mode 0,0 4,0 -4 (7) <0.0012 -0.15 0.36
Range 0-10 0-30
Time to 100% T1 recovery (min)
Mean (SD) 9.7 (3.5) 13.2 (3.3) -3.5(5) <0.0012 -0.19 0.25
Range 3-20 7-24
Time to TOF >0.9 (min)
Mean (SD) n/a 19.5 (5.7) — — — —
Range 8-30
Time to first spontaneous breathing (min)
Mean 4.4 (1.2) 6.6 (1.6) -2 (1.5) <0.0012 0.18 0.27
Range 2-9 4-10
Time to eye opening (min)
Mean (SD) 10 (3.3) 13 (3.4) -3(3.3) <0.0017 0.134 0.4
Range 2-18 6-22

ECT = electroconvulsive therapy; TOF = train of four.
aSignificant at P value cutoff of 0.01.

After termination of seizure and when appropri-
ate, as determined by the practicing anesthesiologist,
the rocuronium-induced neuromuscular blockade was
reversed with 50 pug kg™' neostigmine in conjunction
with 10 pg kg glycopyrrolate.® After return of nor-
mal spontaneous breathing, patients were placed in a
lateral decubitus position. Neuromuscular monitoring
was continued until full recovery of the neuromuscu-
lar blockade was recorded (T1 = 100% or train-of-four
[TOF] ratio of >0.9 for succinylcholine and rocuronium,
respectively).”
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Neuromuscular Transmission Monitoring

Neuromuscular transmission was monitored using accel-
eromyography, and a TOF-Watch SX® monitor (Organon)
was connected to a laptop computer. Before induction of
anesthesia, the subject’s arm was taped in a stable and com-
fortable position, skin was cleansed, and surface electrodes
were placed (3-5 cm apart) over the ulnar nerve at the
wrist. A hand adaptor (Organon) was used to fix the thumb
position to minimize the potential variability in evoked
muscle contraction. The TOF-Watch was calibrated by use
of the standard calibration with default supramaximal
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stimulation (CAL1: 10-second stimulation current of 50
mA), and ulnar nerve stimulation was resumed with single
twitch stimulation at 0.1 Hz and continued till observation
of <5% variation of twitch heights for 2 to 3 minutes, after
which a bolus dose of the NMBA was injected.? The same
mode of stimulation was continued until the peak effect of
neuromuscular transmission blockade was established (first
of 3 consecutive twitches with the same/increasing value or
295% depression of twitch).?

After completion of the ECT-induced seizure, twitch stim-
ulation was continued in patients who had received succi-
nylcholine until a twitch height of 100% of control (baseline)
with response variation <5% for 2 minutes was recorded.®
For rocuronium-treated patients, the mode of stimulation
was changed to TOF stimulation with square wave pulses of
0.2-milliseconds duration delivered at 2 Hz every 15 seconds
and continued until 3 consecutive responses with a TOF
ratio >0.9 were recorded. All twitch height values during the
recovery phase were normalized to final twitch value and
were expressed as percentages of control values.?

NMBA Randomization and Crossover

Patients were assigned randomly to receive either succinyl-
choline or rocuronium at a standard initial dose, as listed
previously, during their first ECT. During each subsequent
ECT treatment (2 days apart), patients received a 10% higher
(if insufficient paralysis) or lower (if sufficient or excessive
paralysis) dose of the same NMBA until the minimum effec-
tive dose (MED) that resulted in acceptable neuromuscular
blockade (MEDyr) was identified. When the MEDy; dose
of the first NMBA was identified, each patient received the
second NMBA (i.e., succinylcholine if rocuronium had been
administered, and vice versa) for his or her subsequent ECT
treatments, and the dose was increased or decreased in 10%
increments according to the same protocol until the MEDgc¢
dose for the second NMBA was established (Supplemental
Digital Content 1, Supplemental Fig. 1, study design,
http:/ /links.lww.com/AA /B372).

Quality Assessment of Neuromuscular Blockade

The quality of neuromuscular blockade during seizure
was independently assessed by the use of a dichotomous
scale of “acceptable” or “not acceptable” by 2 psychia-
trists blinded to the dose and type of NMBA. A grading
system was used to score the 2 psychiatrists” evaluation.
Each psychiatrist provided a single score based on the
defined criteria for “acceptable” or “not acceptable” ECT
conditions (Table 2). A summed score of >2 was consid-
ered as acceptable level of induced muscle relaxation. Any
summed score of <2 was considered as a not acceptable
level of induced neuromuscular blockade. Consequently,
NMBA trials were continued until the lowest dose that
provided acceptable neuromuscular blockade during
induced seizure was identified.

Outcome Variables

The primary clinical outcome of the study was to define
the MEDgc; of succinylcholine and rocuronium for each
subject to achieve our definition of an acceptable level of
neuromuscular blockade. MED50g-; was, hence, defined

4 www.anesthesia-analgesia.org

as the smallest dose of succinylcholine or rocuronium that
resulted in adequate muscle relaxation and safe application
of ECT in 50% of the cases. We also provide the NMBA dose
that resulted in adequate relaxation in 90% and 95% of the
population (MED90gcr and MED95;r, respectively) and the
nonparametric bootstrap confidence intervals (CIs) for the
upper tail distribution of the optimal doses. The measured
MED50¢¢r of succinylcholine and rocuronium and the cor-
responding T1 suppression for acceptable motor activity
during ECT were compared with their EDyss (median dose
corresponding to >95% adductor pollicis twitch depres-
sion?), i.e., m x EDys under the conditions studied (ECT). As
a coprimary outcome, the estimated Cls for each MED¢¢ are
calculated to identify the range of MEDs for each applied
NMBA for ECT.

The secondary outcome was the duration of the neuro-
muscular transmission blockade defined as the time to com-
plete recovery from neuromuscular blockade after a single
bolus dose of the MED50gr, i.e., return of the twitch height
to its baseline if succinylcholine had been administered or
TOF ratio 20.9 if rocuronium was used. All patients were
monitored until full recovery from neuromuscular blockade
(twitch height of 100% or TOF ratio 0.9 for succinylcholine
and rocuronium, respectively).

Statistical Analysis

Data are presented as mean + SD or (range) unless other-
wise specified. On the basis of results from previous NMBA
dose-response studies, we considered a minimum sample
size of 24 to be adequate for the estimation of MED50gc; with
80% power and with a reasonable degree of assurance.!!!
We also used resampling and bootstrap method for estima-
tion of MED50g; Cls to investigate the adequacy of sam-
ple size on the estimated confidence limits (Supplemental
Digital Content 2, http://links.Iww.com/AA/B373). In
addition, we conducted a power analysis to determine the
sample size needed for our secondary outcome parameters,
i.e., the duration of block and time to recovery. In our pilot
data from10 patients, a 3-minute difference in recovery end
points (100% twitch height recovery or TOF 20.9 for suc-
cinylcholine and rocuronium, respectively) with a SD of 5
minutes was observed. Assuming a normal distribution of
the data, we calculated a sample size of 31 to achieve 90%
power to detect a mean of paired differences of 3.0, with a
known SD of differences of 5.0 and with a significance level
(o) of 0.05 using a 2-sided Wilcoxon test. Accordingly, we
concluded that a sample size of 31 would provide adequate
power for both of our clinical outcome parameters.

All the calculations were performed using SPSS Statistics
for Windows, version 19.0 (IBM Corp., Armonk, NY, 2010),
PASS 11 (NCSS, LLC., Kaysville, UT), and SigmaPlot 11
(Systat Software, San Jose, CA).

Normality assumption of the measured variables was
assessed using the Lilliefors test (all P> 0.12 and N = 31). The
Welch t test was conducted to compare the measured vari-
ables (e.g., recovery time, duration of seizure, and hemo-
dynamic variables) obtained under succinylcholine and
rocuronium conditions (P > 0.01).!>!* Cohen x for interrater
reliability was used to assess interrater reliability between
the 2 assessors of motor seizure activity during ECT. The
MED of NMBA was defined as the lowest dose that provided
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Table 2. Definitions of Conditions and Terms for Assessing the Quality of “Acceptable” or “Not-Acceptable”

Muscle Relaxation During ECT-Induced Seizure

Condition

Excessive relaxation
during seizures

Insufficient relaxation
during seizures

Adequate relaxation
during seizures

seizure of >15 s

Term Score
Evidence of electric seizure present from EEG monitoring or increase in heart rate, but complete absence
of clonic movements or generalized tonic—clonic seizure of <15 s
Sudden/brisk muscle jerks at the stimulus delivery in the limbs, trunk, or neck, or subsequently during
the seizure presence of tonic—clonic movements in 1 or more limbs (entire limb), or trunk
Freely movable joints from loss of muscle tone, absence of a plantar withdrawal response,
disappearance of deep tendon reflexes, disappearance of fasciculation, and generalized tonic—clonic

0 (Poor)
0O (Poor)

1 (good) or
2 (excellent)

Each assessor (psychiatrist) provided a separate score. A minimum summed scores of 2 or more was considered as “acceptable” muscle relaxation.

ECT = electroconvulsive therapy; EEG = electroencephalogram.

completion of ECT under our definition of acceptable con-
ditions (MEDxcr). The minimum acceptable doses obtained
from the study patients (31 minimum doses for either of
crossed-over groups, succinylcholine or rocuronium) were
resampled 10,000 times using the nonparametric bootstrap
method.™ The 25th, 50th (median), 75th, 90th, and 95th per-
centiles of these samples (MED25g-r, MED50gcr, MED75;¢r,
MED90¢cr, MED95¢cr, and MED99;+, respectively) and the
corresponding 95% and 99% ClIs were then calculated.

Covariates included were age, ASA physical status, anes-
thetic dose, and the ECT parameters. A P value <0.05 (unless
otherwise specified) was considered statistically significant
and reported for a 2-tailed test.

RESULTS

Two hundred twenty-seven ECT treatments in 45 enrolled
subjects were recorded. Thirty-one subjects completed their
series of treatment, generating a total of 187 qualified ECTs
for data analysis (Fig. 1). To identify the optimal dose of each
NMBA, a range of 2 to 4 observations was needed, yielding
a total of 187 qualified ECTs for data analysis. The mean age
and body weight of the subjects were 50 + 8 years (range,
24-80 years, female/male: 15/16) and 80 + 20 kg (range, 49—
109 kg), respectively. Median of ASA physical status was II.
There were no significant differences between the 2 groups
(treated patients with succinylcholine or rocuronium) in
baseline values of Spo,, HR, SBP, and DBP. The dose of
propofol used to induce anesthesia was not different in the
succinylcholine and rocuronium groups (100 + 28 mg vs
105 + 29 mg, P > 0.05). No significant difference was
observed between the groups in the dose of any medica-
tions administered during ECT (e.g., esmolol and labetalol).

Primary Clinical Outcome: Minimum Effective
Dose of NMBA and Onset Time
MED50gcr of succinylcholine and rocuronium were 0.85 mg
kg™ (95% CI,0.77-0.94) and 0.41 mg kg~ (95% CI, 0.36-0.46),
respectively. The MED90g-r and MED95¢; doses (the MEDs
that provided optimal ECT conditions in 90% and 95% of
patients, respectively) were 1.06 mg kg (95% CI, 1.02-1.27)
and 1.16 mg kg (95% CI, 1.08-1.5) for succinylcholine and
0.57 mg kg™ (95% CI, 0.51-0.61) and 0.59 mg kg™ (95% CI,
0.56-0.63) for rocuronium, respectively. The range of applied
MEDx; for succinylcholine and rocuronium were 0.46 to
1.22 mg kg and 0.26-0.59 mg kg, respectively. Table 3
demonstrates 95% and 99% CI of the MED percentiles.
Acceptable ECT-induced seizure contracture after apply-
ing MEDgs was achieved after 1.4 + 0.5 minutes and 3.7
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Table 3. Ninety-Five Percent and 99%
Nonparametric Bootstrap Confidence Intervals

of the Percentiles of MEDs for Succinylcholine
and Rocuronium to Achieve Acceptable Induced
Neuromuscular Blockade During ECT (MEDg.;)
Dose (mg/kg) 95% ClI 99% ClI

Succinylcholine

MED25¢¢; 0.70 0.60-0.74 0.56-0.78
MED50¢gc; 0.85 0.77-0.94 0.72-0.95
MED75¢¢; 1.02 0.87-1.09 0.86-1.10
MED90¢q; 1.06 1.02-1.27 1.02-1.50
MED95¢:; 1.16 1.08-1.50 1.06-1.50
MED99¢¢; 1.40 1.16-1.50 1.13-1.50
Rocuronium
MED25¢:; 0.36 0.32-0.39 0.30-0.39
MED50¢gqr 0.41 0.36-0.46 0.35-0.47
MED75¢¢; 0.51 0.43-0.55 0.43-0.55
MED90¢¢; 0.57 0.51-0.61 0.51-0.61
MED95¢¢; 0.59 0.56-0.63 0.52-0.63
MED99¢¢; 0.60 0.57-0.63 0.56-0.63

The intervals calculated using the adjusted bootstrap percentile method.
Cl = confidence interval; ECT = electroconvulsive therapy; MEDs = minimal
effective doses.

+ 1 minutes in the succinylcholine and rocuronium groups,
respectively (P < 0.001). Nadir twitch suppression to achieve
an acceptable controlled seizure quality (muscle activity)
was 0% = 2% (0-10, frequency of 0: 92.5%) for succinylcholine
and 4% + 6% (0-30, frequency of 0: 40%) for rocuronium. An
adductor pollicis twitch suppression of 0% to 10% resulted in
100% acceptable neuromuscular blockade after succinylcho-
line (97.5%: 0%—4%,; 2.5%: 5%-10%). When rocuronium was
used, a T1 twitch value of 0% to 10% of baseline resulted in
acceptable level of neuromuscular blockade in 95% of cases
(60% of these patients had a T1 value of 0%—4% baseline, and
35% had T1 of 5%—-10% baseline).

Secondary Clinical Outcome: Time to Recovery
from Neuromuscular Blockade

The time to 90% twitch recovery after succinylcholine was
9.37 + 3.2 minutes, whereas 100% twitch recovery was obtained
after 9.7 + 3.5 (3-20) minutes (Fig. 2). The time to TOF recovery
>0.9 was 19.5 + 5.7 minutes after rocuronium (Table 1).

ECT Parameters, Hemodynamic Variables, and
Ancillary Data

No clinically significant differences were identified in the
recorded EEG parameters or seizure quality when adequate
neuromuscular blockade was obtained with rocuronium
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Figure 2. Time course of single twitch height (percentage baseline) after injection of succinylcholine or rocuronium (means + SE) in optimized
electroconvulsive therapy-induced seizure quality. *P < 0.05. A, Onset of action and suppression of twitch height; B, recovery of twitch height.

instead of succinylcholine. ECT parameters including pulse
width, energy, frequency, and duration were similar in
both groups (Table 1). No differences in HR, SBP, and DBP
data were observed between or within the succinylcholine
and rocuronium groups. Nadir Spo,, defined as the lowest
recorded periprocedural oxygen saturation, was 94% * 3%
(85-100) and 92% =+ 4% (79-99) for rocuronium and succi-
nylcholine, respectively (P > 0.05).

The interrater reliability for the raters was found to
be x = 0.862 (P < 0.001; 95% CI, 0.801-0.923). Duration of
motor seizure activity after succinylcholine and rocuronium
amounted to 27 + 14 and 31 + 11 seconds, respectively
(P <0.001, Table 1).

DISCUSSION

The findings reported herein indicate that near-complete
twitch suppression is required for optimal neuromuscular
blockade during ECT. The MED50¢; for succinylcholine
and rocuronium was 0.85 mg kg™ (95% CI, 0.77-0.94) and
0.41 mg kg (95% ClI, 0.36-0.46), respectively. The time to
achieve acceptable neuromuscular blockade was increased
by approximately 2.3 minutes with rocuronium compared
with succinylcholine, resulting in a total of approximately
12 minutes increased procedure time.

Minimum Effective Dose of Succinyicholine and
Time to Onset of Maximal Effect
Although a single best dose of succinylcholine for ECT has
not been identified in the literature, doses between 0.5 and 6
mg kg, 0.8 and 1 mg kg, and even up to 1.4 mg kg! have
been recommended on the basis of the anecdotal reports,
previous experience of anesthesia providers, or limited
clinical studies.>!>” The methodologic differences of these
observations, interindividual and intraindividual vari-
ability, and particularly the lack of objective assessment in
most occasions could explain the wide range of the recom-
mended effective doses of succinylcholine for ECT.

The optimal dose of an NMBA is determined not only
by its pharmacodynamics but also by its clinical use and
the individual patient’s preexisting medical conditions.
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As an example, the recommended intubating dose for
rocuronium is 2 x its adductor pollicis EDy;, whereas for
rapid sequence intubation, a significantly greater dose
of 4 x EDq; is used. Similarly, for an elderly patient with
severe osteoporosis, a clinician may choose to start the ECT
treatments using a greater dose of NMBA (e.g., MED90¢cr)
to minimize the risk of insufficient neuromuscular block-
ade, excessive muscle contractions, and potentially bone
fractures, whereas in a younger and healthier patient,
MED50gr may be more desirable because of the lower risk
for complications from a “suboptimal” muscle relaxation
and the benefits of a more rapid recovery from anesthesia
and the procedure. The applied initial dose in both exam-
ples can then be adjusted in subsequent ECT treatments
based on the initial response.

Consistent with the reports from the study by Murali
et al.?® and Bryson et al.?! our data suggest that succinyl-
choline doses close to 1 mg kg (MED90g; in this study)
may provide acceptable ECT conditions in most patients
and also highlight the importance of avoiding early appli-
cation of ECT after the administration of succinylcholine
(<1.4 minutes, time to onset of acceptable neuromuscular
blockade), even in the absence of a twitch response to nerve
stimulation. This observation also is consistent with the
previous finding by Beale et al.?? that the muscle response
to ulnar nerve stimulation can be extinguished long before
cessation of muscle fasciculation and suggests that the time
to onset of adequate relaxation for ECT is longer than the
traditional 60 seconds used for rapid sequence intubation
(1 mg kgof succinylcholine, 3.5 x its adductor pollicis
ED,;).%% This difference in time to obtain acceptable ECT
conditions compared with that for endotracheal intuba-
tion may be attributed to a difference in sensitivity to suc-
cinylcholine in different muscle groups (e.g., oropharynx
versus extremities) but also can indicate that a deeper neu-
romuscular blockade is needed for acceptable ECT condi-
tions compared with endotracheal intubation. Kopman et
al.? showed that the onset speed of succinylcholine might
be dependent on the rapid plasma clearance such that, in
patients with normal plasma cholinesterase activity, after an
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EDy; dose of succinylcholine, time to peak effect (95% twitch
depression) occurs in <2 minutes (109 + 15 seconds).

The MED90g of 1.06 mg kg! succinylcholine (*3.5 x its
adductor pollicis EDys) in our study and an induced twitch
height suppression of 0% to 4% for acceptable motor seizure
modification are in line with the findings by Murali et al.%,
who recommended a dose of 1.0 mg kg~! and twitch suppres-
sion to 0% to 5% of baseline. The MED95;.; (1.16 mg kg™)
has also been used in other clinical trials (1.2 mg kg1).2-%0

Duration of Paralysis and Time to Recovery After
Succinylicholine

The time required for 90% twitch recovery (9.4 minutes)
after succinylcholine in each subject is comparable with
the reported recovery time by others after a single dose of
1 mg kg™! (9.3 minutes).’'? Similarly, the time required for
100% twitch recovery (9.7 minutes) in our study is similar
to that in previously published pharmacokinetic studies of
this NMBA (10 minutes after applying the dose of 1.0 mg
kg™1).33% Accordingly, our data suggest that the seizure-
induced release of acetylcholine into the neuromuscular
junction does not significantly alter the duration of succi-
nylcholine-induced neuromuscular blockade.

Rocuronium as an Alternative to Succinyicholine
During ECT

Rocuronium is used increasingly as an alternative to suc-
cinylcholine for neuromuscular blockade during ECT, pri-
marily in the elderly and in patients with cardiovascular
and neurologic comorbidities. Immobilized patients and
elderly or those who have suffered a stroke are particu-
larly susceptible to succinylcholine-induced hyperkalemia
because of depolarization of upregulated nicotinic (neuro-
nal) a-7 acetylcholine receptors.’ Conversely, ECT is highly
effective and is increasingly applied in the elderly and those
with increased incidence of prolonged immobilization and
higher risk of hyperkalemia.’ Nondepolarizing NMBAs do
not cause hyperkalemia and can be given to these patients
and those with susceptibility to malignant hyperthermia or
with contraindications to succinylcholine.

Currently, rocuronium is given as a single bolus of 0.3 to
0.6 mg kg~! before ECT treatment.’ Our result is consistent
with the previous applied doses and provides the estima-
tion of recommended initial doses in the range of 0.36 to 0.6
mg keg! (MED50;;—MED99;;). Our study also confirms
that, in patients with contraindications to the use of succi-
nylcholine,® the rocuronium-neostigmine combination can
provide a safe and relatively time-effective alternative to
succinylcholine if appropriately dosed and monitored.

Minimum Effective Dose of Rocuronium and
Time to Onset of Maximal Effect

The MED90g in our study (0.57 mg kg™! = 2 x EDy;) is com-
parable with the dose that has been reported to induce >95%
block in 98% of subjects.* The time needed to achieve
acceptable conditions for ECT is also consistent with pre-
vious studies, with a twitch suppression to 10% baseline
after 2.9 + 1.0 minutes and 0% after 3.7 + 1.0 minutes. The
time from NMBA injection to acceptable ECT conditions is
hence approximately 2.3 minutes longer with rocuronium
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compared with succinylcholine. As anesthetics affect the
duration of the ECT-induced convulsions, clinicians should
consider this difference in time from anesthesia induction
to ECT application with rocuronium versus succinylcho-
line and adjust the dose and timing of their hypnotic agents
accordingly.

Duration of Paralysis and Time to Recovery After
Rocuronium

Bevan et al.¥ reported the time to 90% recovery of the first
twitch (T1 90) to be >10 minutes. Consistent with their data,
our study showed that a twitch value of 90% was obtained
12 minutes after rocuronium was administered; however,
in the former study, the TOF ratio of 0.9 (indicating the
average recovery time for induced acceptable neuromus-
cular blockade) was achieved 28 minutes after rocuronium-
induced paralysis (0.45 mg kg™'), whereas it was recorded
after only 19.5 minutes in this study. This time is also
shorter than the recovery time reported by Wierda et al.®
(0.4 mg kg™! rocuronium), but it is comparable with a recov-
ery time of 19.4 + 5.1 minutes reported by Lederer et al.,*
who applied 0.05 mg kg™ neostigmine 5 minutes after
injection of 0.4 mg kg~! rocuronium.

Similarly, the observed recovery times after 0.5 to 0.6 mg
kg™ rocuronium for some subjects to achieve acceptable
induced seizure activity in our study were shorter than what
has been reported after a comparable dose in procedures
other than ECT.*#! This observed difference may imply that
during induced convulsions, the release of acetylcholine
into the neuromuscular junction may reduce the duration
of the induced neuromuscular blockade from rocuronium.

In line with our findings, in an ECT study by Turkkal et
al.*? the reported recovery time for the tongue depressor
test was 15 + 2 minutes after a single dose of 0.3 mg kg™
rocuronjum and after reversal with 20 pg kg=! of neostigmine.
Of note, the tongue depressor test is considered a sensitive
and practical bedside test to assess the recovery from neuro-
muscular blockade, and it is reported to correspond with a
TOF ratio recovery to 0.8.# These observations may indicate
that the recovery time is dependent not only on the applied
dose and the time at which reversal agent is given but also
dependent possibly on the quality and vigor of the induced
seizures. Regardless of these observations, it is prudent to
use standard neuromuscular reversal criteria and monitoring
before allowing the patient to emerge from anesthesia.

ECT Quality and Seizure Duration After
Rocuronium Versus Succinyicholine

By using subjective tools to assess the recovery from neu-
romuscular blockade and as stated earlier, Turkkal et al.*?
reported that motor seizure duration was greater after 0.3
mg ke™! rocuronium compared with 1 mg kg™! succinylcho-
line (33 and 24 seconds, respectively). Similarly, Hoshi et
al.# reported longer duration of seizure with rocuronium
compared with succinylcholine. Our data are consistent
with these previously published studies confirming a small
difference in seizure duration, which may be attributed
to a decline in propofol-induced EEG suppression® after
rocuronium associated with the 2-minute delay in achiev-
ing appropriate muscle relaxation. Because there is an
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association between clinical effectiveness of ECT and the
duration of induced seizure* the American Psychiatric
Association task force advocates seizure lengths >20 sec-
onds for effective ECT outcome.*” This recommendation
underscores the importance of titrating the dose of the
NMBA to achieve an adequate neuromuscular blockade.
EEG monitoring is also recommended for induced sei-
zure monitoring,* particularly in patients who might need
greater doses of an NMBA to achieve acceptable modified
seizure. Further studies are needed to assess the therapeu-
tic effects of the cumulative seizure time in a series of ECTs
using optimal doses of these NMBAs.

CLINICAL IMPLICATIONS

In a single-dose approach, an initial MED50gr dose of
each NMBA can be considered if a 50% risk of providing
suboptimal relaxation as defined in this study (Table 2) is
clinically acceptable. If there are clinical concerns that our
definition of adequate neuromuscular blockade is insuffi-
cient for a specific patient (e.g., in an elderly patient with
severe osteoporosis), clinicians should instead consider an
initial greater dose of each NMBA, such as an MED90c¢
dose of succinylcholine at 1 mg kg~!, or rocuronium at 0.57
mg kg™! to provide controlled seizure activity during ECT.
Subsequent adjustments may be needed to further optimize
the ECT response with the minimal dose of either NMBA.
Accordingly, the presented data suggest that an initial
succinylcholine dose of 0.85 mg kg™ is reasonable for the
first ECT session in most patients, with dose adjustments
in 0.1 to 0.2 mg kg™ increments or decrements, based on
the quality of the observed motor seizure activity for each
individual during subsequent treatments. As an alternative
and if clinically indicated, we suggest a 0.4 mg kg~! bolus
of rocuronium as the initial dose of the applied NMBA in
healthier patients without osteoporosis. ECT should be
applied after a twitch suppression of >90% is documented
or, if twitch monitoring is not available, after sufficient time
has been provided to ensure >90% peak effect from the
administered rocuronium (i.e., 3 minutes).

If excessive or insufficient neuromuscular blockade is
noticed during the induced seizure, dose adjustment with
0.05 to 0.1 mg kg! decrements or increments is advisable.
After the treatment, the rocuronium-induced neuromus-
cular blockade should be reversed in the regular fashion
with neostigmine (50 pg kg™'). Quantitative neuromuscular
transmission (NMT) monitoring should be used to evalu-
ate adequate suppression of neuromuscular blockade, and
to ensure sufficient recovery of the induced neuromuscu-
lar blockade, to minimize the risk for adverse respiratory
events.5>* Clinicians should ensure that all patients remain
under close observation by appropriately trained personnel
and should continue to monitor the neuromuscular function
until complete recovery of the neuromuscular transmission
has been verified (e.g., tongue depressor test).*

Alimitation of this study was our inability to completely
blind the seizure quality assessors to the type of NMBA,
because we could not mask the fasciculations (if significant)
after succinylcholine. Moreover, this study does not system-
atically explore a single optimal dose for each NMBA that
requires several further treatment sessions of each subject
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and a notably larger sample size to apply the identified
MED for capturing the intrasubject variability of response
to neuromuscular blockers. In general, using >1 crossover
could be a better approach for defining the optimal doses of
NMBAs for each patient and for determining its variability
for any given patient or population.

In summary, the presented data show that a twitch sup-
pression of >90% is required for acceptable neuromuscu-
lar blockade during ECT. The time to achieve acceptable
neuromuscular blockade is increased by approximately 2.3
minutes when rocuronium is used instead of succinylcho-
line, resulting in an average of 12 minutes increased pro-
cedure time. When appropriately dosed and monitored,
rocuronium can be a safe alternative NMBA for ECT in
patients with contraindications to succinylcholine. §§
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=a LETTERS TO THE EDITOR

Muscle Relaxation With Succinylcholine
in Electroconvulsive Therapy

To the Editor

e read with interest the carefully performed study
Wby Mirzakhani et al' regarding dosing of mus-

cle relaxants during electroconvulsive therapy
(ECT). In our practice, we have reached similar conclusions
about the optimal mean dose of succinylcholine for accept-
able muscle relaxation during ECT. We previously pub-
lished these data showing a mean succinylcholine dose of
0.9 mg/keg? this is very similar to the reported 0.85-mg/kg
dose of the Mirzakhani et al’s study. We would like to
point out, however, that a small but not insignificant num-
ber of patients are outliers in regard to their succinylcho-
line requirements. Some patients will need dose increases,
whereas others will need far less succinylcholine than pre-
dicted. This may be because of various reasons, including
genetic variability in enzyme level, concomitant medica-
tions, or other, harder-to-elucidate mechanisms.

We reviewed 500 patients who received ECT at Mount
Sinai Hospital in New York. Assuming that these data fit a
standard normal distribution, we found that the mean dose
of succinylcholine required was 0.96 mg/kg with a stan-
dard deviation of 0.26 mg/kg. The minimum required dose
in our sample was 0.29 mg/kg, whereas the maximum
dose was 2.10 mg/kg. Six patients (1.2%) required succi-
nylcholine doses >2 standard deviations below the mean,
or <0.43 mg/kg. Twenty-three patients (4.6%) required
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succinylcholine doses >2 standard deviations above the
mean, or >1.48 mg/kg. In this sample, patients were more
likely to need and to tolerate higher doses of succinylcho-
line rather than lower doses for adequate muscle relaxation.
In medicine, we strive to achieve predictability, replicabil-
ity, and patient safety. Among the drugs we use in ECT, suc-
cinylcholine is the least predictable. Our data suggest that
standard dosing will result in inadequate muscle relaxation
for approximately 5% of patients. Inadequate muscle relax-
ation results in cosmetically unattractive treatments and a
small risk of musculoskeletal injury. Most of the drugs used
in ECT are highly predictable, including succinylcholine for
most patients. However, providers must be aware that sig-
nificant variability in response does exist and should adjust
succinylcholine dose accordingly for efficacy and safety.

Erin H. Li, MD

Ethan O. Bryson, MD

Charles H. Kellner, MD

Icahn School of Medicine at Mount Sinai
New York, NY 10029
Charles.kellner@mssm.edu
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In Response

Effective Doses of Neuromuscular Blockers During
Electroconvulsive Therapy

e thank Drs Kopman and Naguib for their interest
Win our recently published article on neuromuscu-

lar blocking agents (NMBAs) for electroconvul-
sive therapy (ECT), particularly Dr Kopman who also served
as 1 of our reviewers in the peer review process.! They made
a number of comments, most of which were also discussed
and addressed during the review process.

In our study, we aimed to investigate the minimum effec-
tive doses (MEDs) of succinylcholine and rocuronium to
provide adequate control of muscle activity during induced
seizure activity with ECT based on defined clinical criteria.
We applied creative use of the randomized crossover design
combined with up and down dose adjustment, because the
2 NMBAs have short half-lives, much reducing the risk of
carryover effects between each treatment. Needless to say,
randomized controlled crossover experiments are espe-
cially important in health care given that adequate power
can sometimes be achieved with a relatively small number
of patients. Our randomized clinical trial was a repeated-
measures design, in which the same measures were col-
lected multiple times in each subject. Our crossover design
helped to achieve proper “balance” with all subjects receiv-
ing a similar number of treatments with both NMBAs.

The Dixon’s Up and Down method that was used in our
study estimates the median and standard error of the ED50 for
a population and not for each subject. Dr Kopman’s comments
are inconsistent with the use of Dixon’s method along with the
fact that ED50 is a population measure ? It is illogical to discuss
the ED50 for an individual. In our study, an optimal dose for
each individual was estimated, and these individual estimates
from multiple subjects were then used to calculate the ED50
for the population. Although the number of measurements per
individual was partly reduced because of the crossover design
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of the study, well-validated methods (bootstrap resampling
and mixed modeling) were used to account for both intrain-
dividual and interindividual variabilities in the analysis. In
addition, through exploration of the existing data and those
from our pilot studies of 10 subjects, we narrowed the starting
dose of each NMBA (0.4 and 0.8 mg/kg for rocuronium and
succinylcholine, respectively) to achieve ideal control of the
induced motor activity with minimal titration required, hence
reducing the required ECT sessions in each subject to identify
the actual MED50 by approximately 30% to 40%.3

Dr Kopman also seems surprised that an “intubating
dose” of rocuronium would be insufficient to provide opti-
mal conditions for ECT in some patients. Would not the
dose of rocuronium needed to provide total body relaxation
intuitively be expected to exceed the dose needed to relax
the laryngeal muscles? Rocuronium doses of up to 1.2 mg/
kg intravenously are commonly used for intubation when
shorter onset time and potentially increased probability of
successful intubation might be desired (ie, rapid sequence
induction).*® Furthermore, it is well known that anesthet-
ics potentiate the effects of NMBAs, and the duration and
dose of anesthetics used for intubation of a patient and for
ECT are therefore not comparable.® Moreover, ECT and
the induced seizure can result in an excessive release of
acetylcholine into the neuromuscular junction, which can
potentially interfere with the neuromuscular effects of the
administered NMBA (ie, reducing the effect and duration
of rocuronium). In our study, the MED90 of rocuronium
(0.57 mg/kg) is the 90th percentile of doses resulting in
adequate seizure activity, demonstrating that only 10% of
population might need a higher dose to achieve this end-
point. Our estimated MED99 (99th percentile) is, neverthe-
less, only slightly higher (0.6 mg/kg), meaning that almost
all patients will achieve adequate muscle relaxation for ECT
with a dose of 0.6 mg/kg rocuronium.

Dr Kopman’s comments on the recovery time after
administration of rocuronium are similar to those on its
effective ECT dose. The estimated recovery time to train of
four (TOF) 0.9 in our study is simply the average of recov-
ery times of subjects who had optimized induced seizure
activity. First, comparing the average recovery time after
0.41 mg/kg (MED50) rocuronium in our study with 0.6
mg/kg in other studies is irrelevant. In addition, volatile
anesthetics are used in many of the previously mentioned
studies but not during ECT.® Considering that the median
of applied doses (0.4 mg/kg) might only provide a com-
parable estimate under similar conditions, whereas ECT
and intubation are 2 different clinical conditions, the com-
parison of results is therefore not necessarily conclusive.
Interestingly, the recovery times in our study are compa-
rable with what was reported by Lederer et al” and Turkkal
et al® but was longer than what was reported by Wright et
al,’ as explained in the manuscript. Again, this observed
difference may imply that during induced convulsions, the
release of acetylcholine into the neuromuscular junction
may reduce the duration of the induced neuromuscular
blockade from rocuronium.™

With regard to Dr Kopman’s comments on the criteria for
assessing the quality of induced seizures in our study, it is
important to note that such assessment is by necessity clinical,
because no alternative techniques exist. Are similar clinically
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subjective approaches not applied for the assessment of intu-
bating conditions?'1? Both psychiatrists involved in the study
have >40 years combined experience in ECT practice and have
used standard and well-defined criteria for the assessment of
the ECT quality. We agree that future research that addresses
the letter writers” question of “what degree of neuromuscular
block is required to prevent traumatic injury from an induced
seizure” would be valuable. However, it is perhaps of greater
clinical value to optimize the quality and adequacy of seizure
and the efficacy of the ECT treatment. Accordingly, it is more
prudent to define the MED of NMBAs under the optimum
defined seizure quality.'*'

We would like to emphasize that, contrary to studies for
intubation condition, few studies have systematically and
objectively investigated different NMBAs during ECT. We
not only believe that our results provide important clinical
implications in this context, but also hope that they inspire
other investigators to conduct relevant research within this
important area of clinical practice.

Hooman Mirzakhani MD, MMSc, PhD
Edward Bittner, MD, PhD

Matthias Eikermann, MD, PhD

Ala Nozari, MD, PhD

Department of Anesthesia and Critical Care
Massachusetts General Hospital

Harvard Medical School

Boston, Massachusetts
hoomi@post.harvard.edu
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Does the Device Matter in
Goal-Directed Fluid Therapy?

To the Editor

read with interest the debate on the role of goal-directed
Iﬂuid therapy (GDFT) in the context of enhanced recovery

after surgery (ERAS) protocols.'? A meta-analysis on this
topic has been published in the time between acceptance and
publication of these articles in Anesthesin & Analgesia® The
pooled analysis suggested that ERAS pathways and improved
perioperative care of surgical patients have lessened the impact
of GDFT on postoperative outcomes. This raised the question
of whether GDFT was beneficial in an ERAS setting. However,
there was huge variation between clinical trials in the method
of deploying GDFT. Notably, esophageal Doppler monitoring
was used in 9 of 10 (90%) ERAS pathway trials but in only 3 of
13 (23%) trials conducted in a traditional care setting.

The discussion in this journal highlighted the different tech-
nologies used to measure stroke volume and cardiac outputand
how there is poor agreement between monitors. However, this
factor appears to be more important than previously thought.
A recent study found that different devices varied widely in
their accuracy and sensitivity to detect a statistically significant
change in stroke volume.* The LiDCOrapid (LiDCO, London,
UK) was able to detect this change after a 2.5% blood loss, the
USCOM 1A (USCOM, Sydney, NSW, Australia) at 7.5%, and
the CardioQ esophageal Doppler (Deltex Medical, Chichester,
West Sussex, UK) and Vigileo FloTrac at (Edwards Lifesciences,
Irvine) 12.5%. Mean stroke volume at baseline also varied
from 90.8 to 138.9 mL depending on the device used. This was
despite being deployed in young, healthy volunteers without
the physiologic derangements of surgery, which may com-
pound device-related inaccuracies.

To date, systematic reviews of perioperative GDFT have
all failed to consider the actual method of delivery as a dis-
tinct category of analysis. As such, studies using a multitude
of different devices have been included in pooled analysis. It
is clear that GDFT needs to be considered in relation to the
method of delivery and devices are not interchangeable. In
addition, it is important to remember that national guidelines
in the United Kingdom recommend esophageal Doppler
monitoring and not GDFT in general. It would be mislead-
ing, as has been done, to challenge this using evidence from
non-esophageal Doppler monitoring trials. Device variability
is only part of the high degree of heterogeneity, which exists
between study groups and within studies. The added nuance
that these monitors may not all be equally able to accurately
and reliably track changes in stroke volume makes the con-
troversies surrounding perioperative GDFT even harder to
untangle. Large-scale randomized controlled trials that tackle
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