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Abstract

Background: In electroconvulsive therapy (ECT), the electrical current must pass 

the scalp, skull, cerebrospinal fluid (CSF) and brain tissues, to sufficiently exceed 

the seizure threshold (ST). 

Objective: To investigate the relationship between these anatomical strata of the 

head and the level of the ST, in both right unilateral (RUL) and bifrontotemporal 

(BL) ECT.

Methods: Observational prospective study among 74 mainly depressed patients. 

STs were measured at the 1st (initial ST), 6th, 12th, 18th and 24th session. MRI scans 

were acquired before the 1st session. Scalp and skull thickness at electrode sites 

were measured on T
2
-weighted images. Volumes of intracranial space (ICV), CSF, 

gray and white matter, and white matter hyperintensities were estimated using 

whole brain isovoxel T
1
-weighted images. Separate multivariate regression analyses 

for RUL (n=55) and BL (n=19) treated groups were used to estimate the predictive 

values of the MRI variables. 

Results: The patients had a mean age of 57.7±14.8 years, and 39% were men. After 

adjustment for age, gender and ICV, CSF volume strongly and independently 

predicted initial ST in both RUL (β=0.31; P=0.049) and BL ECT (β=0.64; P=0.007). 

Using multilevel regression analysis, CSF volume was associated with ST during 

the remaining RUL ECT course (β=0.20; P=0.02). 

Conclusions: Taking into account the limitations in the titration method and MRI 

analysis, volume of CSF strongly and independently predicted initial ST. Therefore, 

the exclusive use of age-based ECT dosing methods may result in suboptimal 

electrical stimulus dosage in patients with CSF volumes that are not within the 

average range.
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Introduction

Electroconvulsive therapy (ECT) is a fast, effective and safe treatment with remission 

rates up to 80% in cases of severe depression.1-3 Generalized seizure activity is 

elicited at several consecutive ECT sessions.4 Seizure activity will only be achieved 

when the patient’s seizure threshold (ST) is exceeded by a flow of electrical current.5 

The initial ST (IST), as measured at the first ECT session, varies among patients over 

a forty-fold range,6 with higher age and bifrontotemporal (BL) electrode placement  

as reported predictors of higher IST.7-9  Also, ST has been shown to change during 

the course, at least in some patients.10-12 For optimal ECT effectiveness, the electrical 

dosage must be substantially increased above the ST, especially in right unilateral 

(RUL) ECT.13,14 Because of the presumed increase in ST, consecutive adjustment of 

electrical dosage during the ECT course has been advised.12,15 In daily clinical 

practice, age-based dosing methods are frequently used to determine the proper 

initial electrical dose.15,16 Alternatively, a stimulus titration method is advised to 

estimate an individualized electrical dose.6,17 

The electrical stimulus must excite sufficient volumes of brain tissue to elicit seizure 

activity, and is determined by several parameters, e.g., pulse amplitude, shape, 

pulse width, train frequency, directionality, polarity and stimulus duration.18 

Higher electrical dosages (i.e., a higher number of pulses) activate larger brain 

regions.5,19,20 Moreover, electrical currents will not move in a straight line between 

the electrodes, but traverse the tissues proportional to its resistances.5,19 To reach 

brain tissue effectively, the electrical stimulus must successively pass through 

scalp, skull, meninges, and cerebrospinal fluid (CSF), with each compartment 

(Figure 1) having a typical resistance to the passage of the electrical stimulus.5,19 

The skull has a high electrical resistance and gray matter has less resistance, 

whereas CSF conducts current very well due to the high concentration of free ions 

in this aqueous solution,5,19 Consequently, the stimulus dose determines whether 

the power of the electrical current is sufficient to pass through the different 

compartments to reach the essential brain tissue. 

Electrode placement and head anatomy determine the electric field distribution in the 

brain.18 The pathway of the electrical current depends on the electrode proximity 

to skull foramina, sutures and eye cavities, as well as on brain surface morphology 

with varying amounts of surrounding CSF.21,22 In RUL application, the distance 

between the electrodes is much shorter than in BL, resulting in a more evenly 

distributed electrical stimulus across the anterior cortex and increased shunting of 

current.5,21,23 Therefore, electrode placement plays an important role in determining 

the spatial distribution of the ECT-induced electric field and, consequently, the ST 



98 | Chapter 6

level. RUL electrodes (positioned more closely together) cause more shunting in the 

scalp and produce more focal and weaker electric fields within the brain. Therefore, 

in RUL ECT, more electrical pulses are needed to elicit seizure activity than in BL 

ECT,18,19 Additionally, after local seizure induction in areas directly beneath the 

electrodes, cortico-(thalamico-)cortical propagation is required to further spread 

the seizure.24 This propagation may be hampered by interruption of these circuits, 

for instance, due to cerebral lesions such as white matter hyperintensities (WMH). 

In clinical studies, subcortico-frontal lesions predicted less effective ECT.25-27 

Therefore, information on the relevance of each barrier for the electrical stimulus 

to excite brain tissue effectively, as well as for the seizure to propagate sufficiently, 

seems important in order to optimize ECT in an individual patient.

However, prospective studies on the relationship between anatomical characteristics 

on magnetic resonance imaging (MRI) of the head on the one hand, and IST and ST 

change on the other, are sparse.28 Therefore, this prospective study explores the 

influence of head anatomy on IST and ST during the ECT course.

Figure 1   Magnetic resonance imaging (MRI)* of scalp, skull, cerebrospinal fluid 
(CSF), gray matter, white matter and white matter hyperintensities 
related to right unilateral (RUL) and bifrontotemporal (BL) electrode 
placement in electroconvulsive therapy

*T
1
-weighted MRI of the head in gray colors of a patient showing the highest volume of CSF. Voxels 

representing CSF are colored blue, gray matter voxels are yellow, white matter is green, and areas 

underneath the voxels that might be detected as white matter hyperintensities are colored red. Gray 

triangles represent electrode placement sites. RUL means 3 cm right of the sagittal midline on the vertex 

and 3 cm above the midline between the right meatus acusticus externa and lateral angle of the right 

orbita. BL means 3 cm above the midline between the meatus acusticus externa and lateral angle of the 

orbita, right and left frontotemporal, respectively.
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Methods and materials

Participants and clinical data acquisition
In this observational prospective study, all consecutive patients indicated for ECT 

in Rijnstate Hospital (Arnhem, the Netherlands, a 36-bed psychiatric facility with 

a catchment area of 600,000 inhabitants), from December 1 2009 until November 

15 2011, were asked to participate. Patients were excluded in case of age < 18 years, 

absence of written informed consent, and a contraindication for dose titration 

(e.g., life-threatening condition, severe cardiovascular comorbidity) or for MRI. 

Within two weeks before the first ECT session, an MRI of the head was made. 

Patient characteristics were extracted from the medical chart. At baseline, severity 

of depression was measured using the Montgomery-Åsberg Depression Rating 

Scale (MADRS) 29 and cognitive functioning using the Mini-Mental State 

Examination (MMSE) 30, both within one week before the start of ECT. Amount and 

severity of somatic comorbidity was rated using a modified Cumulative Illness 

Rating Scale (CIRS) 31. The Medical Ethical committee approved the study protocol, 

and written informed consent was obtained from all participants. 

Patient and clinical characteristics of the study population are described in detail 

elsewhere.7 In short, higher age (β=0.24; P=0.03) and BL electrode placement 

(β=0.42; P<0.001) independently predicted higher IST.7 During the ECT course, 

concomitant medications, including psychopharmacological agents, were continued 

in a similar dosage, and did not predict the level of IST.7 

Electroconvulsive therapy and measurement of ST
ECT was administered using a constant-current (0.9 Ampère), brief-pulse (0.25 

milliseconds [ms] in RUL and 0.5 ms in BL electrode placement) device (Thymatron 

IV; Somatics Incorporation, Lake Bluff, Illinois, USA), after induction of anesthesia 

with intravenous etomidate (1.5 mg/kg body mass), muscle paralysis with 

intravenous succinylcholine (0.5-1 mg/kg body mass), and with appropriate 

oxygenation until the resumption of spontaneous respiration. Electrode placement 

was initially RUL, except in patients at high risk for suicidality and/or somatic 

complications, or if previous ECT had successfully been administered bilaterally. 

STs were measured at the 1st, 6th, 12th, 18th and 24th ECT session, in which the latter 

measurements depended on the duration of the course. The same age-adjusted 

titration schedule was used at each titration session;15 patients aged < 50 years 

started with 25.2 milliCoulombs (mC) and older patients with 50.4 mC. If the first 

stimulus dose failed to elicit a seizure of at least 20 s of motor activity measured 

with the cuff method and/or ≥ 25 s on the electroencephalogram, the stimulus 

charge was doubled according to the titration schedule (see Appendix 1 for the 



100 | Chapter 6

independent stimulus parameters), and the patient was re-stimulated after 30 s. To 

become therapeutic, the consecutive electrical dosage was set at 6 times ST in RUL 

ECT and at 2.5 times ST in BL ECT. Patients were treated twice weekly. At the 

titration session, if the ST was reached and the levels of muscle relaxation and 

sedation were still appropriate, the patient was re-stimulated at a therapeutic dose 

also in this session.

MRI data acquisition
Imaging was performed on a 1.5 Tesla Philips Medical Instruments (Best, the 

Netherlands) MRI scanner, using a 16-channel SENSE receive head coil. The 

scanning protocol included a high resolution T
1
-weighted (T

1
W) turbo field echo 

MRI (sequence parameters: repetition time = 7.6 ms; echo time = 3.5 ms; flip angle 

= 15°; 145 sagittal slices; voxel size = 1.1 mm isotropic), a T
2
-weighted (T

2
W) turbo 

spin echo MRI (sequence parameters: repetition time = 4803 ms; echo time = 100 

ms; flip angle = 90°; 24 transverse slices; in plane voxel resolution = 0.60x0.76 mm; 

slice thickness = 5 mm; slice gap = 1 mm), and a FLuid Attenuated Inverse Recovery 

(FLAIR) image (sequence parameters: repetition time = 8000 ms; echo time = 140 

ms; flip angle = 90°; 26 coronal slices; in plane voxel resolution = 0.9x1.1 mm; slice 

thickness = 5 mm; slice gap = 1 mm).

Measurement of scalp and skull thickness
Since the flow of current through the skull is mostly normal to the surface and 

occurs in the vicinity of the electrodes due to the low conductivity of the skull,5,18 

skull thickness was measured at the electrode placement sites. Furthermore, it 

was considered that scalp thickness measured under the electrodes was 

representative for individual scalp thickness around the head. On T
2
W images, two 

independent raters (BART, TWFP) measured the thicknesses in millimetres (mm) 

at the RUL (i.e., 3 cm right of the sagittal midline on the vertex according to d’Elia 

32 and 3 cm above the midline between the right meatus acusticus externa and 

lateral angle of the right orbita) and at the BL electrode placement sites (i.e., 3 cm 

above the midline between the meatus acusticus externa and lateral angle of the 

orbita, right and left frontotemporal, respectively). Interclass coefficients (ICCs) 

between the raters ranged from 0.6-0.7. Means of the scalp and skull thickness, as 

measured by the two raters, were calculated for the three localisations (vertex, 

right and left frontotemporal).

Structural MRI analysis
All analyses were performed using the Oxford Centre for Functional MRI of the 

Brain (FMRIB) Software Library (FSL) tools (http://www.fmrib.ox.ac.uk/fsl/). Prior to 

analysis, all raw data were visually checked for the presence of (motion) artifacts.



6

MRI predictors of seizure threshold | 101

Brain extraction. 
For each subject, T

1
W and FLAIR volumes were brain-extracted (BETv2.1, manually 

selected individual fractional intensity thresholds).

Mask. 
For each subject, a FLAIR-based mask of WMH was created by manually delineating 

WMH on all coronal slices in FSL view.

Registration. 
For each subject, linear transformation parameters from FLAIR native space to 

T
1
W native space were estimated (FLIRTv5.5) and applied to the FLAIR-based mask 

of WMH, resulting in one T
1
W-compatible probability mask that was then 

thresholded and binarized (automatically calculated individual thresholds to 

preserve total mask volume). All registrations were visually inspected.

Segmentation. 
Each brain-extracted T

1
W was segmented into partial volume maps of total CSF, 

total gray matter and total white matter (FASTv4.1). White matter that was 

erroneously classified as gray matter due to the presence of WMH (as WMH appear 

hypo-intense on T
1
W) was identified using the T

1
W-compatible WMH mask, 

subtracted from the total gray matter segmentation and added to the total white 

matter segmentation. All segmentations were visually inspected; no problems 

occurred during the analysis.

Volumes. 
Volumes of total CSF, total gray and white matter, total WMH, and total intracranial 

volume (ICV) were calculated by multiplying the number of voxels within each 

partial volume map by the mean value of all voxels within each partial volume 

map, then multiplied by the voxel volume (1.1x1.1x1.1 mm) and, finally, divided by 

1000 to obtain volumes in milliliters (mL).

Analysis of data
Data are presented as means ± standard deviations (SD) and ranges, medians and 

interquartile ranges (IQR), or numbers and percentages when appropriate. 

Normally distributed continuous variables (age and MADRS score) between the 

included/excluded groups were compared using t-tests, non-normally distributed 

continuous variables (CIRS score and MMSE score) using Mann-Whitney U tests, 

and categorical variables (gender and diagnosis) were compared using Chi-square 

tests. Descriptive statistics were used to describe the clinical and MRI characteris-

tics. Mean composite scores for the three localizations of scalp and skull thickness 
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were calculated. Z-scores were obtained for all appropriate variables. Continuous 

clinical and MRI variables for RUL and BL electrode placement were compared 

using t-tests, non-normally distributed continuous variables using Mann-Whitney 

U tests, and categorical variables using Chi-square tests.   

Because of the assumed differences between RUL and BL current distributions and 

used pulse widths,5,33 preliminary analyses were performed, showing a significant 

interaction term (CSF*RUL/BL; P<0.001). Therefore, regression analyses were 

performed for RUL and BL groups separately. First, multivariate regression 

analyses, adjusted for age, gender and ICV, were done using the z-scores of the six 

compartments (composite mean scalp and skull thickness, and total volumes of 

CSF, gray matter, white matter and WMH, respectively) as separate independent 

variables, to find variables showing P<0.10 as possible predictor of the dependent 

variable IST. Preliminary analyses were conducted to ensure no violation of the 

assumptions of normality, linearity, multicollinearity and homoscedasticity. 

Hence, because of collinearity between both gray and white matter volumes and 

ICV (tolerance<0.1 and variance inflation factor [VIF] value>10), the latter was 

excluded in the next multivariate analyses. Then, multivariate regression analyses 

were done with IST as dependent variable and age, gender and all MRI variables 

showing P<0.10 as independent factors. Finally, multivariate regression analyses 

were repeated for the ST
6-12-18-24 

measured during the ECT course (if available), and 

combined in a multilevel regression analysis (i.e., mixed linear analysis) entering 

only the previously identified independent predictors of IST, as well as age, gender 

and ICV. All tests were two-sided with P<0.05 denoting statistical significance; 

SPSS for Windows (version 18.0) was used for all analyses.

Results

Participants, clinical and anatomical MRI characteristics
Complete MRI datasets were obtained for 77 patients. Due to excessive motion 

artifacts on the T
1
W images, another three subjects had to be excluded, yielding a 

final sample of 74 patients from the 114 patients indicated for ECT (Figure 2). The 

excluded patients did not differ from the study group regarding mean age (P=0.82), 

gender (P=0.56) and mean MADRS score (P=0.55), but excluded patients had a 

higher median CIRS score (P=0.003), a lower median MMSE score (P=0.02), and 

more often had psychotic depression (P=0.03) and catatonia (P=0.003).

Mean age of the study population was 57.7±14.8 (range: 22-93) years, with 39% men 

(n=29) (Table 1). The median CIRS score was 21 (IQR: 19-23). Of all patients, 99% 
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(n=73) suffered from a mood disorder and most patients used a constant dose  

of concomitant medication. During the index ECT course, an average of 18.1±7.2 

(range: 6-38) ECT sessions was administered to 69 patients who completed the 

course. Anatomical characteristics of the patients are also summarized in Table 1. 

Patients treated with RUL (n=55) and BL (n=19) electrode placement did not differ 

from each other, except for their mean level of IST (45.4±17.8 mC in RUL and 

87.5±52.0 mC in BL; P<0.001), as was expected.

Figure 2   Flow diagram showing the patient selection process

*Magnetic Resonance Imaging

114 patients indicated 
for electroconvulsive therapy (ECT)

23 (20.2%) patients excluded:
0 Age < 18 years
7 Emergency ECT
9 Contraindication for dosage titration
2 Contraindication for undergoing MRI *
5 No informed consent

 

91 included patients

17 (18.7%) No MRI data:
14 Incomplete MRI data-set
3 Motion artifacts

74 patients included 
in the analyses: 

74 with baseline data
70 with 6th titration session

54 with 12th titration session
36 with 18th titration session
11 with 24th titration session
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Anatomical characteristics and ST
Table 2 shows the results of the regression analyses. Because total ICV may 

confound volumes of CSF and brain structures measured, the influence of ICV on 

the level of IST was analyzed first with univariate regression analysis and showed 

no association (in RUL β=-0.14, P=0.31; in BL β=0.08, P=0.73). In both RUL and BL 

groups, the volume of CSF was positively associated with IST (Table 2). Because of 

Table 2   Data on regression analyses to detect independent anatomical 
 characteristics on magnetic resonance imaging predicting the variation 
of seizure threshold (ST) in 74 patients undergoing right unilateral 
(RUL) and bifrontotemporal (BL) electroconvulsive therapy (ECT).

Index-scores in RUL ECT Correlates of initial ST 
(n=55)*

 Multivariate correlates 
of initial ST** (n=55)

 β-coefficient P-value  β-coefficient P-value

Age 0.41 0.002 0.29 0.03

Gender -0.03 0.82 -0.07 0.69

Thickness of the scalp 0.24 0.08 0.19 0.14

Thickness of the skull 0.21 0.11

Volume of total cerebrospinal fluid 0.47 0.02 0.31 0.049

Volume of total gray matter -0.56 0.15

Volume of total white matter -0.74 0.07 -0.30 0.10

Volume of total white matter 
hyperintensities

0.11 0.50

Index-scores in BL ECT Correlates of initial ST 
(n=19)*

 Multivariate correlates 
of initial ST** (n=19)

 β-coefficient P-value  β-coefficient P-value

Age 0.64 0.003 0.33 0.24

Gender -0.02 0.94 -0.14 0.49

Thickness of the scalp 0.02 0.94

Thickness of the skull -0.08 0.71

Volume of total cerebrospinal fluid 0.67 0.03 0.64 0.007

Volume of total gray matter -0.89 0.08 -0.05 0.84

Volume of total white matter -0.66 0.26

Volume of total white matter 
hyperintensities

-0.02 0.96

*All six anatomical structures were adjusted for age, gender and intracranial volume (ICV). **Multivariate 

regression analysis only for variables showing P<0.10 at first regression analysis, adjusted for age and 

gender, and not for ICV due to multicollinearity.
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multicollinearity with gray and white matter volumes, ICV was not entered into 

the multivariate analyses. After entering all variables showing P<0.10 in the first 

step of our regression analyses, only the volume of CSF was an independent 

predictor of the level of IST, in both RUL and BL treated patients (β=0.31; P=0.049 

and β=0.64; P=0.007, respectively; see Table 2). In an additional confirmatory 

analysis, in which age, gender and ICV were entered into the model, the strong 

predictive value of CSF volume persisted in RUL and BL ECT (β=0.47, P=0.02 and 

β=0.67, P=0.03, respectively) (Figure 3). 

Figure 3   Mean values of initial seizure threshold in milliCoulombs (mC;  
with error bars representing standard errors) according to categories 
of volumes of cerebrospinal fluid in milliliters (mL) in patients 
undergoing either bifrontotemporal (BL) or right unilateral (RUL) 
 electroconvulsive therapy *

* The dotted lines represent the regression lines. The size of each square is proportional to the number of 

patients. Mean values are adjusted for age, gender and volume of intracranial space. Beta-coefficients and 

P-values by multivariable regression analyses. The P-value for interaction (i.e., CSF*RUL/BL) was statistically 

significant (P<0.001).
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Subsequently, entering the CSF volume into the linear mixed model and using 

ST
6-12-18-24

 as dependent variables, thereby adjusting for age, gender and ICV, a 

significant association was found with the consecutive ST levels during the RUL 

ECT course (β=0.20; P=0.02). In the BL treated group, the positive association 

appeared to be similar in strength, although not significant (β=0.23; P=0.24). 

Discussion

In this observational prospective study, the total volume of CSF appeared to be the 

only independent and strong morphological predictor of IST in both RUL and BL 

ECT. This relationship persisted after adjustment for age, gender and ICV, and 

showed an even stronger association with BL than with RUL electrode placement. 

Although this relation has previously been hypothesized 28 and was estimated in 

computer models,19 this prospective study is (to our knowledge) the first to 

demonstrate an important role for CSF volume on the level of IST. 

The fact that CSF volume predicted the IST can be explained by its biophysical 

properties. CSF is a relatively cell-free, low-protein ultrafiltrate of blood, and 

contains an abundant amount of ions.34 As a good electric conductor19, CSF may 

serve as a spherical conducting shell (as a Faraday cage) that reduces the size of the 

ECT-induced electric field inside the brain. A weaker and more focal electrical 

field, in case of more surrounding CSF, has to be pulsed more times to trigger a 

seizure.18,19 Therefore, in our patients with a relatively increased CSF volume, 

during titration with fixed current amplitude and pulse width, the number of 

electrical pulses probably had to be increased. 

Different electrical shunting patterns were expected in RUL and BL electrode 

placement,5,21 as was confirmed by the significant interaction term CSF*RUL/BL. In 

BL ECT, the relationship between CSF volume and IST was much stronger than in 

RUL ECT. Possibly, a larger distance between BL placed electrodes, and enhanced 

electrical shunting through more CSF, resulted in higher IST levels than in RUL 

placement. On the other hand, the larger 0.5 ms pulse width used in BL placement, 

which may show higher ST than with 0.25 ms used in RUL,33 may have confounded 

the results. 

Anatomical differences and disruptions of current pathways are suggested to 

explain variations of ST in patients.23,28,35-37 In a recent computerized simulation 

study of ECT in spherical head models, a 15% decrease in volume of gray and white 

matter (corresponding to an increase of CSF volume of 116% and 113%, in the male 

and female model, respectively), led to a 55% decrease of stimulated gray matter 
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volume and about a 36% decrease of the stimulation strength and, thereby, to a 

higher ST.19 Our clinical results seem to be in accordance with these computer 

model calculations, as higher volumes of CSF predicted higher IST. Furthermore, 

large effects of scalp and skull thickness on stimulation strength and excited 

brain volume were estimated in the computer models.19 In detail, the RUL ECT 

model showed that lower scalp thickness resulted in stronger stimulation strength 

and larger stimulated brain volume with, consequently, lower ST. At the same 

time, higher skull thickness resulted in weaker stimulation strength, smaller 

excited brain volume and higher ST.19 However, in our clinical study, these modeled 

influences on IST could not be confirmed, probably because in the computer model 

thicknesses were used derived from the literature, which probably did not exactly 

match ours at the electrode placement sites. Also, due to the sites that we selected 

for thickness measurement, the influence of the inferior portions of the head was 

not taken into account, which may explain the very weak univariate correlations 

between ST and scalp and skull thickness for BL electrode placement compared to 

RUL. Moreover, our MRI estimates of scalp and skull thicknesses were hampered 

by measurement differences between the raters, which could have weakened the 

influence of these variables in the regression models. Furthermore, we hypothesized 

that a higher IST is due to more white matter disruptions in neuronal circuitry; 

however, no predictive value of the total WMH volume on IST could be determined, 

possibly due to some important methodological limitations, which we discuss 

below. 

It is remarkable that, in our study, the influence of CSF volume on IST was 

independent of age and gender, because older people often show increased CSF 

volume due to cortical atrophy,38 especially men.39 In our data, age is indeed 

correlated with CSF volume (r=0.26; P=0.03), and men show higher mean CSF 

volumes than women (P<0.001; data not shown), supporting the clinical experience 

of higher ST in older men.2 It is noteworthy that age and gender did not limit the 

strong associations between CSF volume and IST. However, increased CSF volume, 

due to cortical atrophy, is not determined exclusively by age and gender. Cortical 

atrophy has also been associated with (amongst other parameters) hereditary 

factors, starvation, neurodegenerative and cerebrovascular diseases, alcohol abuse 

and the use of certain medications (e.g., lithium).40 Moreover, compared to normal 

controls, larger CSF volumes have been demonstrated in patients suffering from 

major depression.41 These risk factors for increased atrophy and increased CSF 

volume were present in our study patients.

During the ECT course, in 18-67% of our patients the ST levels increased with a 

median of 25-50 mC versus IST, mostly with BL treatment.7 The CSF volume also 
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predicted the consecutive ST levels during the ECT course, although only reached 

significance in RUL ECT, most likely due to the limited sample size of the BL treated 

group. However, the estimated standardized associations were lower (βs were 0.2 

[ST
6-12-18-24

]  instead of 0.3 and 0.6 [IST], in RUL and BL ECT, respectively). Since it is 

very unlikely that the CSF volume changed significantly during the ECT course, 

other ECT-related factors may have emerged as more dominant determinants of 

the consecutive ST levels.7 For instance, consecutive ECT sessions may have 

decreased neuroexcitability through an increase of the inhibitory (e.g., gamma-

aminobutyric acid) and/or a decrease of the excitatory (e.g., glutamate) neurotrans-

mitter systems.10,21     

Clinical implications
Our study provides new information for clinicians to estimate the proper ECT 

dose. Our results suggest that, in patients with higher CSF volumes on MRI scans, 

a higher electrical stimulus dose may be needed to elicit therapeutic seizures. 

Current age-based dosing methods do not take CSF volumes into account,2 and age 

explained only 8-25% of the IST variance.28 Therefore, with age-based methods, 

younger patients with increased CSF volumes may be treated with ineffectively 

low electrical doses, and older patients with less than average brain atrophy may 

be overdosed and, consequently, prone to more cognitive side-effects. 

Study limitations
The most critical limitation in this study is probably our very crude and 

age-adjusted ST titration method. Substantial steps of 25-100 mC were used, which 

undoubtedly led to overestimation of ST in several patients.7,33,42 Moreover, our 

pulse widths differed between the two electrode placements, which could have 

resulted in higher ST levels in the BL group, compared to the RUL treated patients.33 

Also, our dosage increments were accompanied by higher stimulus frequencies 

and durations (and change in pulse width at the final step in RUL ECT), which will 

have had considerable impact on the level of ST. Possibly, more discrete predictors 

of ST (e.g., anatomical factors) were not detected due to the crudeness of our 

measurements. Furthermore, age probably confounded the anatomical variables 

and choice of electrode placement, because of (severe) somatic comorbidity and/or 

pre-existing cognitive functioning. Despite these limitations, CSF volume was an 

important predictor of ST. Replication of this finding, using a more precise and 

age-neutral titration method, is definitely needed. 

Another important limitation is the FSL program used to determine brain tissue 

volumes. The brain extraction tool limited outer-brain CSF estimates causing a 

systematic error with underestimation of the CSF volume.43 Furthermore, the 
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segmentation process did not always adequately distinguish between CSF and 

brain tissue, and the registration processes had appointed some voxels to wrong 

structures, leading to erroneous calculations of the volumes. For example, Figure 

1 shows that the CSF space between the superficial cortex and the skull was 

occasionally poorly segmented and that parts of the skull and CSF were assigned 

to white matter and gray matter. These errors most probably biased the effect 

estimates towards the null hypothesis implying that the predictive value of CSF 

volume on (I)ST may be even higher. 

Several other potential limitations need to be addressed. Of the 114 potential 

participants, only 74 had complete head MRI datasets; moreover, compared with 

the study population, the excluded patients differed in clinical diagnosis, somatic 

comorbidity and cognitive functioning. Also, in the literature different titration 

methods are used, which limits comparison of our estimated ST levels with others. 

In our study, titration took place under anesthesia with etomidate, an anesthetic 

that has been associated with lower ST than propofol.44 Therefore, our results can 

not be generalized to patients anesthetized with other anesthetics. Furthermore, 

usage of constant doses of concomitant medication during the ECT course could 

have influenced the ST. Although we did not show such association in our 

preliminary clinical study,7 confounding of our results cannot be excluded. 

Finally, measurement of scalp and skull thickness by the two independent raters 

showed ICCs of only moderate strength (0.6-0.7), suggesting a measurement error 

which could have led to an underestimation of the true relationships in our 

regression analyses (type II error). Nevertheless, using the mean of these two raters 

reduced some of this measurement error (by a factor of 1.4) as compared to using 

one rating alone. Especially with RUL ECT, more shunting of current through the 

thicker layers of scalp tissue was expected to predict higher IST; however, in the 

multivariable model the effect was of moderate strength and only tended toward 

significance (β=0.24; P=0.08). 

In conclusion, in this observational prospective study, taking into account the 

methodological limitations, CSF volume predicted the level of IST in ECT, besides 

the well-known predictors of age and electrode placement. Moreover, during the 

RUL ECT course, higher STs were predicted by higher CSF volume. Therefore, it is 

important to take into account that, when exclusively age-based dosing methods 

are used, less effective electrical stimuli may be administered in younger patients 

with increased CSF volumes and overdosing may occur in older patients with 

average CSF volumes. Additional studies relating CSF volume to IST and the clinical 

efficacy of ECT are needed before firm conclusions can be drawn.
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Appendix 1

Independent electrical stimulus parameters in the titration schedule using a constant 

current of 0.9 Ampère ECT device.

E
le

ct
ro

d
e 

p
la

ce
m

en
t

%
 o

f 
m

ax
im

u
m

 
o

u
tp

u
t 

ch
ar

ge
 o

f 
E

C
T 

d
ev

ic
e

C
h

ar
ge

,  
in

 m
il

li
C

o
u

lo
m

b
s

Pu
ls

e 
w

id
th

,  
in

 m
il

li
se

co
n

d
s

Fr
eq

u
en

cy

St
im

u
lu

s 
d

u
ra

ti
o

n
,  

in
 s

ec
o

n
d

s

Right unilateral 5* 25.2 0.25 10 5.60

10 50.4 0.25 20 5.60

20 100.8 0.25 30 7.47

40 201.6 0.25 60 7.47

80 403.2 0.5 60 7.47

Bifrontotemporal 5* 25.2 0.5 10 2.80

10 50.4 0.5 10 5.60

20 100.8 0.5 20 5.60

40 201.6 0.5 30 7.47

 80 403.2 0.5 60 7.47

* Patients aged < 50 years started with 5%, older patients with 10%

 

 

 




