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A Review of Longitudinal Electroconvulsive
Therapy: Neuroimaging Investigations

Christopher C. Abbott, MD, MS/', Patrick Gallegos, BA',
Nathan Rediske, MD', Nicholas T. Lemke, MS',
and Davin K. Quinn, MD'

Abstract

Electroconvulsive therapy (ECT) is the most effective treatment for a depressive episode but the mechanism of action and neural
correlates of response are poorly understood. Different theories have suggested that anticonvulsant properties or neurotrophic
effects are related to the unique mechanism of action of ECT. This review assessed longitudinal imaging investigations (both
structural and functional) associated with ECT response published from 2002 to August 201 3. We identified 26 investigations that
used a variety of different imaging modalities and data analysis methods. Despite these methodological differences, we summarized
the major findings of each investigation and identified common patterns that exist across multiple investigations. The ECT response is
associated with decreased frontal perfusion, metabolism, and functional connectivity and increased volume and neuronal chemical
metabolites. The general collective of longitudinal neuroimaging investigations support both the anticonvulsant and the neurotrophic

effects of ECT. We propose a conceptual framework that integrates these seemingly contradictory hypotheses.
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Introduction

Electroconvulsive therapy (ECT) is the most effective inter-
vention for treatment-resistant depressive episodes when a
rapid response is clinically indicated as in acute suicidality
or severe anorexia. By the time patients with a depressive epi-
sode are referred to an ECT service, they have typically failed
to respond to multiple antidepressant trials, psychotherapy,
and various augmentation strategies. Up to 80% of these
treatment-resistant patients respond to the ECT series, with
many achieving full remission of their symptoms and resum-
ing their previous level of functioning.' Despite its irrefutable
success, ECT is also associated with significant risks, includ-
ing exposure to general anesthesia, cardiovascular stress, and
cognitive impairment. A barrier to the development of safer,
more effective treatments is the lack of understanding regard-
ing physical changes in the brain occurring with ECT and the
therapeutic underpinnings of ECT response. The general col-
lective of longitudinal neuroimaging investigations support
both the anticonvulsant and the neurotrophic effects of ECT.
We propose a conceptual framework that integrates these see-
mingly contradictory hypotheses. Greater understanding of
the biological markers (ie, biomarkers) and mechanism of
action of ECT response, unique among antidepressant treat-
ments, will lead to improvements in other types of neural
modulation and deepen knowledge of the pathophysiology
of depressive episodes.

The anticonvulsant hypothesis posits that the increase in sei-
zure threshold and decrease in seizure duration observed during
an ECT series are linked to the therapeutic effect of ECT.>?
Many clinical and imaging studies have lent support to this
hypothesis over the last 3 decades. Among these, several have
shown increased seizure threshold, and indices of postictal sup-
pression correlate with the antidepressant response.>* Further-
more, therapeutic outcome after an ECT series has been
associated with decreased posttreatment cerebral blood flow
and increased postictal electroencephalographic slow-wave
activity.”” Finally, the hypometabolic state that occurs after
ECT may be related to increased concentrations of y-aminobu-
tyric acid (GABA), the main inhibitory neurotransmitter in the
brain.*®

In contrast, the neurotrophic effect hypothesis posits that
molecular and cellular investigations of animal models support
short- and long-term neurotrophic effects of electroconvulsive
seizures (ECSs).” After a single ECS, expression of neurotrophic
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(brain-derived neurotrophic factor, vascular endothelial growth
factor, and fibroblast growth factor), neuropeptide molecules
(vascular endothelial growth factor), transcription factors
(c-fos, indicating neuronal activity), and arachidonic acid path-
way (cyclooxygenase 2) is increased in the hippocampus.'®'?
After multiple ECSs, more neuropeptide factors (neuropeptide
Y and thyrotropin releasing hormone) are released, and the tran-
sient increase in nerve growth factors persist for a longer period
of time.'®'? Most of the evidence of ECS neurotrophic effects
comes from the dentate gyrus in the hippocampus,'® the site of
ongoing neurogenesis throughout the life cycle,'* but neuro-
trophic effects and cell proliferation have also been observed
in the prefrontal cortex,'> amygdala,'® and hypothalamus.'”

In general, patients with severe depression will have a larger
magnitude of response, thereby increasing the ability to detect
biomarkers of therapeutic response in depression.'® Furthermore,
the high rates of response and rapid clinical improvement in ECT
further support its use in identifying biomarkers. In spite of these
advantages, reviews of longitudinal imaging studies in ECT prior
to 2002 have reported conflicting results and been hampered by
significant methodological confounds.'®?' This review will
assess longitudinal imaging investigations (both structural and
functional) associated with ECT response published after 2002.
We summarize the major findings of each investigation and com-
mon patterns with each imaging modality. In the discussion sec-
tion, we interpret these findings in light of the anticonvulsant and
neurotrophic theories of ECT’s mechanism of action.

Methods

We performed a PubMed search with the following Medical
Subject Headings terms: “tomography” AND “electroconvul-
sive therapy” AND “depression” between January 2002 and
September 2013. We further limited the results to “English”
and “Humans.” We screened the abstracts to find investiga-
tions that met the following criteria: (1) publication date on
or after 2002; (2) longitudinal design with pre- and post-ECT
imaging assessments; (3) group statistics (excluded case
reports and case series); and (4) human with a depressive epi-
sode (either unipolar or bipolar disorder). We also reviewed
references from selected sources.

Results

We identified 26 longitudinal investigations published between
2002 and 2013 for a detailed review that met our inclusion cri-
teria. The imaging modalities included single-photon com-
puted emission tomography (SPECT, n = 6; Table 1),
positron emission tomography (PET, n = 7; Table 2), electro-
encephalography (EEG, n = 2; Table 3), structural magnetic
resonance imaging (n = 1; Table 4), proton magnetic resonance
spectroscopy ('H-MRS, n = 6; Table 4), and functional MRI
(fMRI, n = 4; Table 5). The tables describe the clinical charac-
teristics of the sample (diagnosis, sample size, age, gender, and
ratio of ECT responders), ECT parameters (stimulus delivery,
waveform, intensity, and number of treatments), the number

of days from ECT series to the first post-ECT imaging assess-
ment, the presence or absence of a healthy comparison (HC)
group, and the main imaging findings. The sample size
recorded in the tables includes the number of patients with a
post-ECT scan entered in the final analysis. We used the term
“responder” as defined in the investigation to mitigate issues
related to the variability among the different studies (clinical
opinion vs different percentage decreases in diverse depression
rating scales at variable time points). Most investigations were
obtained post-ECT imaging assessment within 7 to 14 days
after the ECT series. Several investigations had longer
follow-up periods (up to 1 year). In the following sections, the
results are categorized by imaging modality, and the main find-
ings of each investigation are summarized. Different imaging
modalities and analysis methods precluded systematic meta-
analysis; however, when possible, general patterns among sim-
ilar analysis methods are identified.

Single-Photon Emission Computed Tomography

Six longitudinal SPECT studies assessed ECT-associated
changes in regional cerebral blood flow (rCBF; Table 1).>*27
Longitudinal changes in rCBF between the pre-ECT and 14
days post-ECT imaging assessment were divergent, demon-
strating both increased and decreased rCBF associated with
ECT response. These differences were largely dependent
on analysis methods that included region of interest (ROI)
with cerebellar uptake normalization and whole-brain voxel-
wise analysis. In the normalized ROI method, rCBF ratios
increased in posterior cerebral regions,*” anterior cingulate,
and frontal regions.26’27 In contrast, whole-brain, voxel-wise
analysis was more variable but generally showed decreased
rCBF after ECT in the parietotemporal cortices.”>*¢ In 1
study, greater reductions in depression severity were associ-
ated with greater decreases in rCBF in the left frontopolar
gyrus, amygdala, nucleus accumbens, globus pallidus, and
superior temporal gyrus.?’

Kohn et al recognized the discrepant findings related to
analysis methods.®® Their whole-brain analysis found
decreased cerebellar rCBF after ECT. They hypothesized that
the decreased cerebellar rTCBF would affect the ROI approach
since the cerebellum was used as the reference region. To
address this issue, they reanalyzed their whole-brain data
(showing decreased rCBF) with ROI and cerebellar normaliza-
tion. Utilizing an ROI approach on the same data set showed
the opposite pattern (ie, increased rCBF ratios after a course
of ECT). These results mirrored an earlier investigation show-
ing increased mean rCBF ratios and reduced rCBF in whole-
brain, voxel-wise analysis.”> These examples illustrate the
importance of analysis method when interpreting the direction-
ality of change associated with ECT response.

Several investigations included long-term imaging assess-
ments from 32 to 365 days either as the first** or as the second'*'®
post-ECT assessments. The investigations with multiple post-
ECT imaging assessments demonstrated continued perfusion
changes long after the ECT series. In particular, the left posterior
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Table 3. Electroencephalography (EEG) and Longitudinal Changes in ECT.

n Diagnosis Stimulus Delivery
Mean Age (SD) Stimulus Waveform
Male/Female Stimulus Intensity

Ratio of Responders/Total
Author (Year) Medication Status

(When Reported)

Number ECT Sessions (SD)

Time From ECT

Series to Post-ECT

Imaging Assessment

HC Group: Yes/No Image Analysis

Longitudinal
Neuroimaging Results

Quantitative EEG

McCormick 17 MDD with 9 RUL/8 bitemporal
etal® psychotic features (at completion of
(2009) 46 years (10) ECT series)

7 male/10 female Brief pulse

15/17 responders Seizure threshold, RUL
Patients remained on
medications 2.5x threshold

12 treatments (7)

Motor cortex excitability

Casarotto 8 MDD 8 bitemporal
etal®® 52 years (7) Constant current pulses
(2013) 2 male/6 female Seizure threshold,

2x threshold
6 treatments (1)

Responders not specified,
but 5/8 with 50%
reduction in HDRS

Patients remained on
medication

6 threshold; bitemporal

14-21 days (range) Whole-brain qEEG; ECT time | vs time 2:

HC: no whole brain qEEG revealed
and ROI low- increased 6 band
resolution elec- activity (4-7.5 Hz);
tromagnetic whole-brain analysis
tomography with LORETA con-
(LORETA) firmed that the sub-
genual cingulate was
the primary site of
0 activity; increased
0 activity in the sub-
genual cingulate was
associated with per-
centage change in
psychotic symptoms
| day HC: no Transcranial ECT time | vs time 2:
magnetic The percentage
stimulation- reduction in HDRS

evoked poten-
tials via an ROI
analysis (6 neigh-
boring EEG
channels with the
largest
amplitude)

was nonsignificantly
correlated with the
increased cortical
activation

Abbreviations: HC, healthy comparison; HDRS, Hamilton Depression Rating Scale; MDD, major depressive disorder; qEEG, quantitative EEG; ROI, region of

interest; RUL, right unilateral.

cortex showed rCBF reductions at 168 days relative to 32 days
after the ECT series.?* This particular investigation had 3 patients
who relapsed during the longitudinal follow-up, but differences in
rCBF between participants with a sustained response and relapse
were not assessed. The longest follow-up interval of 365 days
demonstrated increased rCBF ratios in frontal regions among all
of the ECT responders with a sustained response.”*

The majority of SPECT investigations published since 2002
used a demographically matched HC group to establish normal
rCBF patterns.?>**2® The pre-ECT/HC contrasts consistently
demonstrated aberrant rCBF or rCBF ratios in the patient
group. The longitudinal pattern again depended on the method
of analysis. In ROI studies, rCBF ratios “normalized” with
ECT (ie, no differences between post-ECT and HC imaging
contrasts).”*?* In contrast, the pattern of aberrant rCBF
assessed with voxel-wise, whole-brain analysis persisted and
failed to normalize at multiple post-ECT time points.*>>-2¢

Positron Emission Tomography

Four longitudinal PET studies assessed ECT-associated changes
in [18F]-fluorodeoxyglucose (FDG) to measure the regional

cerebral metabolic rate of glucose (Table 2).2*>' Analysis was
confined to the whole-brain, voxel-wise analyses completed
with the majority of the studies to identify the common patterns
among the different FDG studies.”®>° The most consistent find-
ing of the pre-/post-ECT imaging contrasts was reduced glucose
metabolism in the bilateral frontal medial and inferior frontal
regions®®*° and right frontal operculum.* The left frontal basal
region also had a nonsignificant trend of decreased glucose
metabolism.>' Three of these same studies also identified
increased glucose metabolism in the hippocampus and medial
temporal lobes.””*! Other areas associated with increased meta-
bolism included the left occipital and parietal lobes>® and pons.*°

Two of the FDG investigations included an HC group to
assess normalization of aberrant glucose metabolism.**° In
both investigations, the pre-ECT imaging assessment demon-
strated decreased glucose metabolism relative to HC in the
frontal cortex”®° and left caudate®® and increased metabolism
in the left parietal cortex, right paracentral gyrus,”® and bilat-
eral temporal gyri.*® Twelve days after finishing the ECT
series, the aberrant pre-ECT metabolism persisted and failed
to normalize.*® Thirty-three days after finishing the ECT series,
the decreased metabolism in the dorsal lateral prefrontal cortex

Downloaded from jgp.sagepub.com at UNIV OF NEW MEXICO on February 3, 2014


http://jgp.sagepub.com/
http://jgp.sagepub.com/

"3po|, uonisinboy oys3 pasenwi] S (VI LS (UONBIASP pJepuels ‘(S ‘[ed91e|un Y3l ‘MY ‘9eldedse-|A190e-N ‘YN ‘SuiSew) sdueuosau dnsudew ‘Y| 49pJosip aAlssaudap Jolew ‘g ‘Adodsourdads sdueuosau dnsudew

uoloud ‘SUW-H, tuostiedwod Ayafeay ‘HH ‘suiwelnid x|9 areweln| ‘njo ‘pioe dukingqoulwe-A ‘ygyo ‘Adesay SAIS|INAUOD0.1I3J9 ] DT X102 [eauoje.d [e1a1e|0SIop ‘Dd4T( duneaJd ‘D) Buljoyd ‘oY) SUONEBIASIGQY

passasse 10N :DH SA 7 swin |D7
a3en3uId JoLI9IUE 3Y) Ul NS pue
VVN Pa2npau pey sauaned :D447Q ay3 wl
S311|0qEIBW Ul SDUBIYIP ON| :DH SA | Wi 13
91e|n8uld JoLISIuE 9yl Ul YN
pasea.Jdul pue Dd47Q 9Y3 Ul YN pPases.dsp
pey sJspuodsad | HJ iz awn sA | dwn |3

(DH ©2 2AnE|aJ 9duRIRYIp Ou ‘Bl) suapuodsau
123 ul pazifewou X|5 DH sA Z swin |53
DH ©3 aAneR.
X|© PaseaJdap pey sauaned :DH SA | dwn [HJ
sJapuodsau ] 53 ul 7 swn o1
| SWIN WOouy pasea.dul X|9) 17 Wil SA | awn D7

(DH ©3 2AnE[4 9dUSIBYIp OU ‘BI) SISpUOSa
1253 ul pazijewiou X|9 DH sA 7 swn |53
DH 03 2AneRd
X|©) PaseaJdap pey SIudned :DH SA | awin |7
sJapuodsau | H3 ul 7 dwn 03
| QW WO.y pasea.dul X|9 17 dWil SA | dwi )7

passasse 10N :DH SA Z awn 1D3
X9

paonpaJ pey sauaned QQ DH SA [ dwn 1DF
pasea.dul X|9 pue yyN

‘suopuodsau | D3 Suowy iz dwn sA | awn )3

VVN pue 4D
‘oyD ‘n|5 paJnsesw

o1 (;wd 8) D4d1A 3|
pue (;w> og) 21en3urd

Jolaiue ayy ul Adoos
-0J30ads paAjosad
ulod [9xoA-3|3ulg

VVN Ppue 3
‘oyD ‘X|9 pa.Jnsesw
(qw> g¢'g) wnndup
|enuadaud ys| a3

Ul WWV3LS [9x0A-3j3ulS

VVN Pue 4D ‘oyd
X|D paJnseaw AmEu
8€'€) Dd41Q H3I Y2

ul WY3ALS [ex0A-3j3uls

VVN
pue 4D ‘oyd X9
pa.nseaw (W> g¢'e)
elep3Awe 13| aya

Ul WYILS [9xoA-2j3ulg

sak :DH

(sjreasp 4oy

1X3) 995) JUBWILALY YIUlu
J9)4' panUNUOD SaISS | DJ

isoh :DH
(98ued) skep 7 01 |

sak :DH
(98ued) skep ¢ 01 |

sak :DH
(s8ued) skep 7 01 |

(paxy) sausunesay ¢
Ploysaays x|
pue ‘x/ ‘X
0} UO[EZ|WOpUE.
‘Ploysady3 a.nzisg

asind jouq | jRlqe|N T

[edodwa31q Z/1NY €T

(g) syusunean ¢|
ploysaiypa

X T |e4odwianiq ‘pjoysauyy
X 6T 1NY ‘Ploysa4ys 2.unz1dg

as|nd jarig
[eaodwaniq 7/1NY S|

(g) syusunean |
ploysaayy xqg

‘Ploysa.y3 a.nzieg

as|nd joug

nd 2l

(g) syusunean 7|
Ploysaay xq°g
‘Ploysa.y3 a.nzieg
as|nd joug
[etodwang |/1NY LT

saJ4n1ea) dljoyduePWw Yum aaid Tl

UONEDIPSW UO pauleWa. sjusney
(auswissasse 3uidew) g swn e
suapuodsau A|1es, G7/g ‘saluds | D]

Jo uonsjdwod 1e) suspuodsad G7// |

(€1) sreak g
suapuodsad | D3 (1107)
aawm st e»|2 32 PLB

Juswssasse Suidew sy 03 Jolud
sAep G paNUIUODSIP SEM UONEBIIP3||

saapuodsad /|/z|

U_NEwm N_\U_NE q
(11) saeak |9 (€007)
ddwn Ll B 3° 19PIBld

Juawissasse SuiSew! 1s4y ay3 03 Jod
sAep G paNUIUODSIP SEM UONEBIIP3|

suapuodsad 7|/8
S9[BW) g/oeW §

(11) s4eak €9 (£002)
1418 30 [PEYPIIN

Juawissasse Suiew! 141 oY1 03 Jolid
sABp § PaNUIIUODSIP SEM UONEIP3||

w_mrcwm m_\m_mrc N
(91) su4eaf g uejodig
(1) s1eak 09 :qAW (€002)
Jejodiq §| ‘AW €I

op|E 32 [PRYIIY
Juawissasse Suiew! 1sJ1 aya 03 Jolud
SAep ;| PSNUNUODSIP SEM UONEDIP3L
Japuodsauuou |
‘suopuodsau [enJed g ‘suenwed g

ou :DH (7) sausunesn ¢ SewWa) g/9RW §
X102 [231dI1220 8Y3 Ul SUOIIR.IUSIUOD (qw> §°6) 2qo| (uoneirsp as|nd joug (g) saeah 94 (£002)
VgVO paseasdu] iz awn sa | awn |57 [eadiddo ur [9xoA 9j8ulg pJepuels G|) sAep 7 [eaodwaq g// adw 8 oclE 2@ BJOJRUES

SYWH,

UONEDIPAW UO paulewaJ siuaneyd

ou:DH sJapuodsau 7|/8

(y swn ¢z = u) sjusunes.3 Q| aeWay 7/3BW |
(Ajuo sawin|oA sAep $9¢ pue ‘(g swn a3e Joy paasnlpe ssoQq (91) s4eak oy (g102

7 dWN 01 | SWI) WO} 3SBa.IdUl SWN|OA
|edwedoddiy |edsae|ig :7 awi sA | dwn |HF

|edwesoddiy)
159.491U1 Jo uoISay

as|nd jarig
[esodwau9/1NY T “1NY 0|

‘01 = u) skep g9| pue
(zawn ‘7| = u) skep />

Z dwn 1e (saunies) d11oydAsd

‘0100) ggyel® 3
yum ) Jejodig 9 :adml 9

SodjsuepaopN
WA [e4n32N135

syjnsay Suiewioinap [euipniiduo sisA[euy a3ew| (@s) suolisseg 1D JoquinN (aeaA) Joyany

(pa140oday usypn)
Aysuazu| snjnwing
WLIOJOABAA SNNWINS
AszAp@ sninwing

oN/sa A :dnoun HH
JUSWISSISSY
Suiew| | H3-1s04 o1

S91I9S | D wo.4 swi |

SNJeIS UONEBdIPaL
|10 /suopuodsay jo oney
Slewa4/9e

(Qs) 28y ues|y

sisoudeiq u

"1D3 ui sa8ueyD) [eulpn2iduo pue (SYIW-H,) Adodsodads uoloud ‘NYiA [e4nIoNnas p dqe L

Downloaded from jgp.sagepub.com at UNIV OF NEW MEXICO on February 3, 2014

40


http://jgp.sagepub.com/
http://jgp.sagepub.com/

"UONEIASP pJepuels ‘S ‘[eJa1e[iun 3ysid “JNY saJ91ul Jo uoiSad |OY ‘Buidewr adurUOSaI dnBUSEW ‘Y|

t1apJosip aAIssaudap Jolew ‘g ‘uosiiedwod Ayjesy ‘DH ‘pioe dlkinqoulwe-4 ‘ygyo ‘Adeaayl sAIS|NAUOD0.1DBD ‘| DT X2140D [eIuoljaud [ea91E|0SIOp ‘DT X140 [eIuoljaud [eIpaWos.Iop ‘“D4dIN( SUONEBIARIQQY A

JUsWIER.I) YUM pazijewou sdiysuonea
5OMIBU USIMID] JUBIIDQY DH SA 7 dwin [T

sared Jusuodwod aAoqe Yy

4O 430Q Ul AJAI3ID3UUOD HJOMIBU [BUOIIdUNY
paseaJdap pey sjuafied :DH SA | dwn [)7

24d1d

3J3|/opow 3jneyap Joliaasod syl pue D4dINa

/apow 1nejep Jolsisod syl usamiaq

AIIAI3O9UUOD >JOMIBU [BUOIDUN) PISERIDU
pey sJanwRJ | DT 17 dwn SA | wi |)F

uoiSau [e3sred 9| ‘s,D447Q [B493E|Iq

‘X91J0D [B3UO.} [BIPAW ‘DJB|NSUID JOLISIUE JY)

Ul A31AI329UUOD PIsEa.IdIp PI|BIA SUONIE[DI

-10D |9XOA-pa3s ‘paas e st uoldaJ siy3 Suisn

‘94d71Q H3| 2Y3 ul paseaudsp A1ANIBUUOD
[eqo|3 PaIYSIOAA 17 SwWi sA | dwn [HF

YA} 93€35-3uUnIsau pue dsel Alowaw
3upjJom ay3 Ul uondaII0d suosiiedwod
3|dnnw 3AIAINS J0U PIp S} NSaJ Y3 jsel
9ANDaYe 3y ul a8ueyd sSuned uolssaidap
UM paleja.Jod a3ueyd UONEBANDE

X3140D [BIUO) [B3QUQ 17 WM SA | dwn [)T

UOIIBANDE P3IE|DJ->SBI Pasea.dul
9ABY 03 PANUIIUOD SIUBNIRY D SA £ dwin |7
seaJe [ed13J0oqgns pue [eididdo ‘fedod
-Wwa3 3Y3 U] UOIIBAIIDE dJow pey sjudired
‘sisAjeue |OY @Y3 ul ‘ureaq aya Inoy3nouyy
UONEBAIDE pale[aJ-)se) aJow pey siusied
‘SISK[RUE 3SIM-[9XOA Y U] :DH SA | dwn [DF
$9201402
a1en3uId Jolialue pue ‘eadiddo ‘[elatted
‘ledodwia) ‘[eIUOU Ul UOITBANIDE PISED.IDDP
‘sISA[BUB SSIM-[9XOA dY3 U] £ dW SA | dwil [DF

$954n0d
awn jusuodwod usamiaq
SUONE[S.J10D dJnsesw
03 AJIAI3D9UUOD SIOM
-18U [BUONDUNY “IS3431U
Jo sausuodwod 13995
01 sisAJeue Jusuodwod
Juapuadapuy :siskjeue agew|
1IN} 3'3s-8unsau Dise3 [yl

SUONE[D.I0D [9XOA-PISS
404 Dd41Q Yo Ut uoiBau
poss 109[as 01 pasn A1l
-AI323UU0D [eqO|8 paySlom
ur sadueyd :sisAjeue agew|
(>jsea Buissed |eq [eniIA)
1IN} 3'3s-8unsau Dise3 [y}

[N} S3e3s-8unsad

3yl ul |OY 03 |OY ‘syser

9ANO9YE pue Alowsw

Supjiom aya ui (JOY ue

UIY3IM) UOIBANDE PUE [OY
01 |OY Y20q :siskjeue agew|

12V

a1eys-3unsau ¢(sudisap

>20|q) $>|SB3 9ARdBYE puE
Alowaw 3upjIom :$3SBY YN}

sanisualul
UOITBAIDE SSISSE 01 |OY
‘sisAjeue (uredq sjoym)

3SIM-[OXOA :sisA[eue adew|
wgipeJed uonenwns

A1011pne :s)Se1 YN}

sak :DH
(#1) skep 1T

ou :DH
payads 10N

ou :DH
(8ueu) shep |z 01/

sak :DH
(payads
J0U dWN) SALIBS | DT
ay1 Joye parejdwod ¢
awn ‘uauneany | D3 8
9Y3 J9)JB JUDWISSISSE
BuiBewn 7 swij

(g) swuswieony ||
PloysaJya
X T [e1odwiaiq ‘pjoysauys
X9 INY ‘PloYsa4y3 d4nzidg
as|nd jouig
[esodwiaaiq Z/1NY O

sjuswieal g
ploysaJya

X T ‘Ploysa4y3 a4nzidg

as|nd jouig

|edodwaiiq ¢

(y) sausunesay ¢

a3e Joj paasnlpe ssoq
as|nd jorig
|edodwaq 9

(9) sauswieenn 7|
Ployssdys Xgq'g
‘PloysaJy aunziag
as|nd jouig
[elodwaiq y/1NY £

uopnedipaw
Uo paurewsaJ sauaney
sJemIWal 71/6
aewWway g/oeW §
(01) sreak 99
saumes} dnoydAsd
(6 = u) 3noym pue
(€ =u) yum Qaw 71

uopnedipaw
Uo paurewsJ sudliey
sJapuodsal g/6
dewWwsy £/3eW 9
sueak 9

adw 6

suapuodsad 9/9
SewWa) 7/oeW
(g) saeak g€
adn 9

salds | D3 ay3 o1 Jolud
sAep ¢ panunuodsip
SEM UONEdIP3||
suapuodsad | |/€

(11) sreak gg

Jejodiq pue QAW | |

(z107)
,IE 3@ 130qqy

(z107)
oyl 39 ULLId

(z109)
S LECRILEE!

(8007)
I8 32 35LIYD

(W) 1YW [eUOROUNY

s3|nsay SuidewioanaN| euipniiSuo

sisjeuy a3ew|
dsel [d}

ON/sa A :dnoun HH
JUSWISSOSSY
SuiSew| ] H3-1504 01

Sa119S | HJ wWou4 dwi|

(@s) suorssag | D3 JaquinN
(pa1aoday usypn)

Asusiu| sninwing
WIOJBABAA SNINWIG
AsdAIIpQ snjnwiiag

SNjejig uonedIpal|

[e30] /suapuodsay jo oney
Sewa4/dely

(@s) 98y uesyy

sisoudeiq u

(4eap) Joyany

"1D3 1 seBueyD [euipnaiBuo pue (1Y) NI [euOnDUNg *§ 3jqe L

Downloaded from jgp.sagepub.com at UNIV OF NEW MEXICO on February 3, 2014


http://jgp.sagepub.com/
http://jgp.sagepub.com/

42

Journal of Geriatric Psychiatry and Neurology 27(1)

and increased metabolism in the right paracentral gyrus had nor-
malized (ie, no difference between post-ECT imaging assess-
ment and HC).

Three investigations assessed changes in specific neuro-
transmitter receptors including dopamine (D,)*? and serotonin
(5-HT; 4).>*** The D, receptor binding decreased in the right
rostral anterior cingulate with ECT response. Despite the long-
itudinal changes associated with the ECT series, no differences
were evident between D, receptor binding in the patient group
relative to HC.*> With 5-HT, 5 receptor binding, the results
were mixed. One investigation found no longitudinal changes
but overall decreased 5-HT, binding in the midbrain raphe
relative to the HC before and after ECT.*® In contrast, Lan-
zenberger et al found widespread cortical and subcortical
reductions in 5-HT A receptor-binding potentials from pre-
to post-ECT.** Peak differences in 5-HT 5 receptor binding
occurred in the anterior cingulate (including subgenual), orbi-
tal frontal cortex, insula, hippocampus, and amygdala.>*

Electroencephalography

The EEG has measured longitudinal changes associated with
ECT at rest®> and during transcranial magnetic stimulation-
evoked potentials (TEPs; Table 2).*° Quantitative EEG (qEEG)
measured standard frequency bands at rest before and after the
ECT series.”® The qEEG revealed increases only in the 0 band
activity (4-7.5 Hz). Whole-brain analysis with low-resolution
electromagnetic tomography confirmed that the subgenual cin-
gulate was the primary site of 0 activity. The increased 0 activ-
ity in the subgenual cingulate was associated with percentage
change in psychotic symptoms. Pre-ECT low 6 wave activity
within the subgenual ACC also served as a predator of the anti-
psychotic response of ECT.

In the second study, TEPs were measured using 6-channel
EEG in the prefrontal region of patients before and after ECT.*
The immediate response area (a measure of cortical excitability
generated from the biphasic wave of TEPs) increased after
ECT for each patient. When assessed as a group, the correlation
between the percentage reduction in the Hamilton Depression
Rating Scale and the increased immediate response area had
a nonsignificant trend.

Structural MRI

A longitudinal volumetric study assessed changes in volume
with a focused ROI analysis of the bilateral hippocampi (Table
4).>738 The heterogeneous sample of 12 patients included uni-
polar/bipolar, nonpsychotic/psychotic, and responders/nonre-
sponders and had significant attrition from 1-week post-ECT
assessment (n = 12) to 1-year post-ECT assessment (n = 7).
Reasons for patient attrition included refusal (n = 2), death
(n = 1), and relapse (n = 2). Bilateral hippocampal volume was
increased at the 1-week post-ECT imaging assessment but had
decreased back to the pre-ECT volumes at the longer follow-up
assessments at 180 and 365 days and was not correlated with
antidepressant response or side effects.

Proton Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy investigations routi-
nely measure several metabolites N-acetyl-aspartate (NAA) as
an indirect measure of neuronal functionality, choline (Cho)-
related compounds involved in membrane metabolism, creatine
(Cr) as a marker of energy utilization, GABA, and glutamate
or glutamate/glutamine (Glu or GIx) in a single cubic voxel
(Table 4).* Six studies used '"H-MRS to assess ECT effects
on cerebral metabolite levels. In general, strengths of the longi-
tudinal '"H-MRS investigations included larger sample sizes
(up to 28 patients with a depressive episode*’) and use of an
HC group. With the exception of 1 investigation,** a medication
wash out preceded the pre-ECT imaging assessment. Two inves-
tigations obtained the final imaging assessment after a fixed
number of treatments**® and continued ECT for a variable
number of treatments after the post-ECT imaging assessment.
Clinical outcomes (final depression rating scale or determination
of clinical response to ECT) occurred at the final imaging assess-
ment*® or at both the final imaging assessment and the end of the
ECT series.*’

Three investigations measured chemical metabolites in the
anterior cingulate. The longitudinal investigations demon-
strated both decreased*® and increased*® NAA in the dorsal
anterior cingulate. In the latter investigation, the pre-ECT
assessment identified decreased NAA relative to HC suggest-
ing a trend toward normalization.*> The third study focused
on the pregenual cingulate and did not find any differences in
NAA associated with the ECT series.** In these same studies,
glutamate (Glu) and glutamate + glutamine (Glx) in the ante-
rior cingulate were decreased prior to ECT relative to HC and
increased or normalized during the ECT series.***® Glutamate
elevations also correlated with the decrease in depression rating
scores.*®

Two investigations measured chemical metabolites in the
left dorsal lateral prefrontal cortex.*'** In the smaller investi-
gation (n = 12), Glx was decreased prior to ECT relative to
HC and increased over the longitudinal course of ECT*! until
differences with HC were no longer evident after the series.
The larger investigation (n = 25) demonstrated increased NAA
over the course of the ECT series while the comparison with
HC did not reveal any differences before or after ECT.*?

One investigation assessed changes in chemical metabolites
in the left amygdala.*® Both NAA and Glx increased during the
ECT series. The pre-ECT Glx was reduced relative to HC sug-
gesting normalization of GIx in the amygdala with ECT response
(not assessed). Only the ECT responders had longitudinal
changes in the amygdala, left dorsal lateral prefrontal cortex, and
anterior cingulate.**** Nonresponders received additional
follow-up with ECT and pharmacotherapy. Many of these
patients eventually responded and demonstrated the same
changes in chemical metabolites as the earlier responding group.

The last investigation assessed changes in GABA with a
single-voxel in the occipital cortex in a group of mixed respon-
ders (2 remitters, 5 partial responders, and 1 nonresponder).*’
The GABA concentrations increased after the ECT series, but
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changes in GABA concentrations did not correlate with clinical
response.

Functional MRI

Affective,*> working memory,*> and auditory processing**
tasks have been used in 2 studies to assess changes in fMRI
activation patterns associated with ECT response (Table 5).
During passive viewing of affective pictures task, diminished
negative activation of the orbitofrontal cortex correlated with
changes in depression ratings.*> In a novel auditory processing
task, ECT patients had more task-related activations through-
out the brain relative to HC.** These activations decreased in
frontal, temporal, parietal, occipital, and anterior cingulate cor-
tices but failed to normalize with ECT (ie, differences persisted
in the post-ECT/HC contrast).

Complimentary analysis methods have been used in
resting-state fMRI investigations to assess changes in func-
tional connectivity. Global weighted connectivity, a measure
that quantifies the interconnectivity from each voxel to all of
the other brain voxels, was used to demonstrate connectivity
changes in the left dorsal lateral prefrontal cortex associated
with the ECT series.*® Seed-voxel correlations with this region
demonstrated widespread reductions in functional connectivity
in the anterior cingulate, parietal, medial frontal, and dorsal lat-
eral prefrontal cortices. Another resting-state fMRI investiga-
tion used independent component analysis to identify brain
regions with temporally coherent hemodynamic signals.*” The
focus of this investigation was to assess changes in network
relationships between regions (or components) of interest
affected in depressive episodes. The results showed increased
correlations between the posterior default mode network (ie,
posterior cingulate) and the left dorsal lateral prefrontal cortex
and the dorsal medial prefrontal cortex. Compared to HC, these
changes normalized with ECT response.

Discussion

The reviewed investigations assessed neural correlates of
ECT response with longitudinal imaging assessments. Despite
heterogeneity in imaging modalities, data analysis methods,
and included sample, these investigations consistently
demonstrated trait-related neural correlates associated with
ECT. Several investigations took additional steps such as
symptom correlations and assessments by clinical outcomes
(ECT responders or remitters analyzed separately) to sub-
stantiate trait-related markers of ECT response. The overall
results demonstrated that the identified neural imaging
changes are indicative of the therapeutic underpinnings of
ECT response and not epiphenomena from seizure activity
(ie, general effect of the seizure on blood flow). Furthermore,
the direction of the change (ie, increased or decreased perfu-
sion, metabolism, chemical metabolite, etc) is likely to be
dependent on the specific anatomic region. The patterns iden-
tified in these investigations support both the anticonvulsant
and the neurotrophic models of ECT.

Decreased perfusion, decreased metabolism, or increased
inhibitory chemical metabolites would provide support for the
anticonvulsant hypothesis of ECT. This conceptual model
received support from complimentary imaging modalities
reviewed here. The SPECT studies assessed with whole-
brain, voxel-wise analysis exhibited reduced rCBF in the par-
ietotemporal cortices.”>**® The FDG PET studies were more
heterogeneous showing both increases and decreases in meta-
bolism. One FDG PET investigation used an ROI analysis in
the subgenual cingulate of patients with psychosis to show
increased metabolism after ECT.>® The remaining investiga-
tions with whole-brain, voxel-wise analyses demonstrated
reduced metabolism in the frontal cortices.”*>° In the spectro-
scopy studies, technical considerations prompted placement of
the 'H-MRS voxel to assess changes in GABA in the occipital
lobe.*” The increase in occipital cortex GABA concentrations
associated with ECT added support to previous investigations
showing increased GABA in serum* and cerebral spinal fluid
following ECT treatment.’® Seed-voxel correlations in resting-
state fMRI demonstrated reduced connectivity in the left dorsal
lateral prefrontal cortex.*® The results were interpreted in the
context of the hyperconnectivity hypothesis of major depression,
which posits that depression is associated with increased connec-
tivity in limbic and cognitive networks and successful treatment
would be associated with reduced connectivity.”' Although not
tested, the reduction in connectivity may be related to ECT’s
anticonvulsant effect and promotion of inhibitory processes.

Increased perfusion, increased metabolism, and increased
neuronal markers (NAA) in 'H-MRS investigations support the
neurotrophic model of the ECT response across imaging mod-
alities. This model also received support from studies included
in this review. The parahippocampal gyrus and the medial fron-
tal gyrus demonstrated increased perfusion in association with
ECT response.”” Interestingly, the increased rCBF in the med-
ial frontal gyrus was not apparent at an earlier imaging assess-
ment that was completed 5 days after the ECT series and was
only evident 30 days after completion of the series. With FDG
PET, cerebral metabolism increased in the medial temporal
lobe including the parahippocampus and hippocampus.?®=!
The ECT response was associated with increased volume®” in
the bilateral hippocampi and increased NAA in the amygdala,
consistent with the neurotrophic effects.*

Longitudinal ECT changes in neural correlates associated
with ECT response appear to support both the anticonvulsant
and the neurotrophic models. Furthermore, each model appears
to have an anatomic focus: anticonvulsant effects appear to be
predominately frontally mediated and neurotrophic effects
appear to be focused on the medial temporal lobes. The
changes in perfusion and metabolism also appear to continue
to change long after the ECT series is completed.?*>

A conceptual framework that integrates these seemingly dis-
crepant findings and supports both anticonvulsant and neuro-
trophic models after taking into account the time frame of
perfusion changes as well as clinical response has not yet been
proposed. After an ECT response, relapse rates are as high as
40% despite optimal continuation therapies.’>>* The majority
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of patients that relapse do so within 6 to 9 weeks of completing
an ECT series. We propose a model of ECT therapeutic effect
in which the reduced perfusion and metabolism to the frontal
lobes are sufficient for the immediate ECT response but insuf-
ficient to protect ECT responders from relapse. Neurotrophic
changes (increased NAA, hippocampal volume, and new pat-
terns of functional connectivity) are necessary for a sustained
response. The ECT nonresponder will have no changes in fron-
tal perfusion or metabolism and no neurotrophic changes. The
ECT responder who immediately relapses will have perfusion
changes but no neurotrophic changes. The ECT responder who
has a sustained response will have perfusion changes and neu-
rotrophic changes. The diminished frontal activity during the
immediate response period may be necessary for remodeling
aberrant disease-related connectivity patterns.

Longitudinal ECT studies present many logistical and meth-
odological challenges. Patients meeting the indications for
ECT are often hospitalized and in need of urgent treatment.
Scheduling imaging assessments in this context presents logis-
tical difficulties reflected in several of the limitations of these
investigations: small sample sizes, medication effects, and
variability in ECT treatment parameters. The small sample
sizes (mean sample of included studies, n = 12) limit the ability
to detect differences with whole-brain analyses and correlations
with symptom improvement. With respect to medication status,
investigators either performed a medication wash out in the days
preceding the imaging assessment or did not make any medica-
tion changes during the ECT assessment. Both approaches have
limitations. Medication wash outs were often incomplete (a
minority of patients could not tolerate the wash out but were
included in the final analysis) and completed only days prior
to the initial imaging assessment likely introducing an additional
confound (ie, medication withdrawal or discontinuation syn-
drome in some cases). Patients remaining on medications limit
the veracity of the conclusions that the observed changes are
solely related to ECT. Consistent with clinical studies, synergy
may exist between pharmacotherapy and ECT,>* and the results
must be interpreted in this context. Finally, ECT treatment con-
siderations are often naturalistic and deferred to the ECT clini-
cian resulting in mixed methods of stimulus delivery and even
transitioning from one stimulus delivery to another in the context
of nonresponse.

Conclusion

This review found consistent changes in neural correlates that
bridged methodological differences. The pattern of change sup-
ports both the anticonvulsant and the neurotrophic models of
ECT. We proposed a conceptual model that integrates the accu-
mulating evidence supporting both theories and provides a tes-
table framework for both immediate ECT response (decreased
perfusion, metabolism, and functional connectivity) and ECT
relapse (presence of neurotrophic effects). Relapse has been
called the “most pressing issue in the field.”>* To date, disease
chronicity (odds ratio = 1.84) and treatment resistance (odds
ratio = 1.67) have been the only predictors of nonremission and

relapse.> A neuroimaging assessment that could identify

patients with increased risk of relapse following completion
of the ECT series would significantly add to the clinical reper-
toire of treating psychiatrists.
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