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ABSTRACT

Background: Meta-analytic results indicate that posttraumatic stress disorder (PTSD) is asso-
ciated with hypoactivation of the medial prefrontal cortex (mPFC), hyperactivation of the
amygdala, and volume reductions of the hippocampus. Effective psychotherapeutic treat-
ments were hypothesized to normalize these neural patterns via upregulation of prefrontal
structures, which in turn downregulate limbic regions.

Objective: To gain a sound understanding of the effects of successful psychotherapy on the
brain, neural changes from pre- to post-treatment in PTSD patients will be aggregated.
Method: A systematic literature search identified 24 original studies employing structural or
functional MRI measurements both before and after treatment of patients diagnosed with PTSD.
Results: In conjunction, the review returned little evidence of an activation increase in the
mPFC/rostral anterior cingulate cortex (rACC) following successful treatment. Five out of 12
studies observed such an increase (especially during emotion processing tasks), albeit in
partially non-overlapping brain regions. Conversely, neither the putative related activation
decrease in the amygdala nor volumetric changes or altered activation during the resting state
could be convincingly established.

Conclusion: Successful psychological treatments might potentially work via upregulation of
the mPFC, which thus may be involved in symptom reduction. However, the role of the
amygdala in recovery from PTSD remains unclear. There is currently no indication that the
various PTSD treatment approaches employed by the reviewed studies differ regarding their
action mechanisms, but further research on this topic is needed.

¢La psicoterapia centrada en el trauma cambia el cerebro? - Una revision
sistematica de los correlatos neurales de los beneficios terapéuticos en el
TEPT

Antecedentes: Los resultados de metanalisis indican que el trastorno de estrés postraumatico
(TEPT) se asocia con la hipoactivacion de la corteza prefrontal medial (CPFm), la hiperactivacion
de la amigdala y la reduccion del volumen del hipocampo. Se hipotetizé que los tratamientos
psicoterapéuticos eficaces normalizan estos patrones neuronales a través de la regulacién
aumentada de las estructuras prefrontales, que a su vez regulan a la baja las regiones limbicas.
Objetivo: Para obtener una comprension solida de los efectos de la psicoterapia exitosa en el
cerebro, se agregaran los cambios neuronales de antes a después del tratamiento en pacientes con
TEPT.

Método: Una busqueda bibliografica sistematica identificé 24 estudios originales que emplea-
ban mediciones de resonancia magnética estructural o funcional antes y después del trata-
miento de pacientes diagnosticados con TEPT.

Resultados: En conjunto, la revisién arroj6 escasas pruebas de un aumento de la activacion en las
cortezas CPFm y cingulada anterior rostral (CCAr) tras el éxito del tratamiento. Cinco de 12 estudios
observaron dicho aumento (especialmente durante las tareas de procesamiento de emociones),
aungue en regiones cerebrales parcialmente no superpuestas. Por el contrario, no se pudo esta-
blecer de forma convincente ni la supuesta disminucién de la activacion relacionada en la amigdala
ni los cambios volumétricos o la activacion alterada durante el estado de reposo.

Conclusion: Los tratamientos psicolégicos exitosos podrian funcionar potencialmente a través
de la regulacion aumentada de la CPFm, que por lo tanto puede estar involucrada en la
reduccion de los sintomas. Sin embargo, el papel de la amigdala en la recuperacién del TEPT
sigue sin estar claro. En la actualidad, no hay indicios de que los diversos enfoques de
tratamiento del TEPT empleados por los estudios revisados difieran en cuanto a sus mecanis-
mos de accidn, pero es necesario seguir investigando sobre este tema.
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HIGHLIGHTS

« There is little evidence for
an activation increase in
mPFC/rACC following suc-
cessful PTSD treatment.
Most studies detected no
significant activation
changes in amygdala,
insula, or hippocampus.
There is no consistent evi-
dence for post-treatment
volume changes in any
brain region.
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1. Introduction

Every year, posttraumatic stress disorder (PTSD) affects
1.1-2.9% of the general population in Western societies
(Wittchen et al., 2011), causing severe distress as well as
high societal costs (Habetha, Bleich, Weidenhammer, &
Fegert, 2012). PTSD is defined as the exposure to
a traumatic event (Criterion A) complemented by four
groups of symptoms: persistent re-experiencing of the
traumatic event (Criterion B), avoidance of trauma-
associated stimuli (Criterion C), negative thoughts or
feelings (Criterion D), and increased arousal (Criterion
E) (American Psychiatric Association, 2013). Various
evidence-based PTSD treatments show large treatment
effects (Cusack et al., 2016; Watts et al., 2013) including
e.g. Cognitive Behavioural Therapy (CBT), Prolonged
Exposure Therapy (PE), and Eye Movement
Desensitization and Reprocessing (EMDR). These
approaches have in common that they are trauma-
focused and exposure-based. However, drop-out rates
(e.g. Imel, Laskab, Jakcupcakc, and Simpson (2014)
report 18%) and non-response rates remain relatively
high across different treatments (Schottenbauer, Glass,
Arnkoff, Tendick, & Gray, 2008). A detailed understand-
ing of how neural processing needs to be altered in order
to achieve recovery may help identify mechanisms of
change and thus inform the enhancement of treatments.

2. Neural correlates of PTSD

The standard neurobiological model of PTSD assumes
insufficient top-down regulation, i.e. hyperactivation
of limbic structures facilitated by hypoactivated pre-
frontal structures (Rauch, Shin, & Phelps, 2006).

In line with this view, the (ventro)medial prefrontal
cortex (vmPFC), which subserves emotion regulation
as well as the inhibition of acquired fear responses
(Fitzgerald, Digangi, & Phan, 2018; Nicholson et al.,
2017), has been shown to be hypoactivated in PTSD by
various meta-analyses (Hayes, Hayes, & Mikedis,
2012; Patel, Spreng, Shin, & Girard, 2012) (Figure 2,

left side). Structural alterations in grey (Wang et al,,
2020) or white matter (Dennis et al., 2019) have not
been convincingly established.

Convergently, hyperactivation of the amygdala has
been reported by several meta-analyses (Patel et al.,
2012; Hayes et al., 2012) (Figure 2, left side); however,
potentially associated with trauma exposure rather
than PTSD development (Patel et al., 2012). The
amygdala plays a crucial role in diverse processes
such as emotional responding, memory formation,
fear conditioning, but also fear extinction (Fitzgerald
et al., 2018; Koenigs & Grafman, 2009; Maren &
Holmes, 2016). However, as recent studies suggested
an involvement of the amygdala in extinction learning,
the meaning of specific activation differences might be
quite ambiguous unless their exact location can be
determined (Zhang, Kim, & Tonegawa, 2020). Its
morphology seems to be unaltered (Kithn & Gallinat,
2013; Logue et al., 2018), indicating that full normal-
ization of neural processing might be achievable.

The hippocampus, however, exhibits significant
volume reductions associated with PTSD symptom
severity (Kithn & Gallinat, 2013; Logue et al, 2018;
Nelson & Tumpap, 2017). A recent mega-analysis also
identified aberrations in its interhemispheric structural
connectivity (Dennis et al., 2019). However, activation
changes of the hippocampus are still contentiously
debated; whereas no activation alterations were observed
in two meta-analyses (Hayes et al., 2012; Sartory et al,
2013), a third one found hyperactivation in the right
hippocampus (Patel et al.,, 2012). Take together, these
results seem crucial as the hippocampus subserves con-
text-encoding (such as during the traumatic event) as well
as extinction memory recall and thus likely plays an
important role in context differentiation (Rauch et al,
2006; Shin, Rauch, & Pitman, 2006).

Going beyond the standard neurobiological model
of PTSD, hyperactivation in precuneus and hypoacti-
vation in the thalamus have been observed in several
meta-analyses (Hayes et al.,, 2012; Patel et al., 2012;
Sartory et al.,, 2013) (Figure 2). Conversely, it remains



unclear whether the insula shows altered activation as
two meta-analyses reported hyperactivation/alteration
of this structure (Patel et al., 2012; Stark et al., 2015),
while this was not confirmed by two others (Hayes
et al., 2012; Sartory et al., 2013).

3. Neural correlates of treatment effects

It has been suggested that top-down inhibition is gener-
ally a crucial component of psychological treatment
approaches (Quidé, Witteveen, El-Hage, Veltman, &
Olff, 2012), presumably acting via extinction learning,
which involves activation of brain regions subserving
threat appraisals such as the dorsal ACC, the anterior
insula, and the amygdala (Suarez-Jimenez et al., 2020).
For extinction learning to occur, recall of trauma mem-
ories seems necessary (Maeng & Milad, 2017), which
would implicate brain structures subserving autobiogra-
phical memory during the recovery process. In turn,
extinction recall is necessary to translate learning into
stable therapeutic gains, which would require recruit-
ment of the anterior hippocampus, amygdala regions,
and medial prefrontal areas (Suarez-Jimenez et al., 2020).
In summary, the current literature provides good evi-
dence that the main neurobiological correlates of PTSD
are alterations of the mPFC, the amygdala, and the hip-
pocampus as well as that PTSD treatment processes seem
to be related to these regions as well as to the dorsal ACC
and the anterior insula. The aim of the current systematic
review is to investigate whether the available evidence
supports these models and whether recovery from
PTSD can indeed be understood as a normalization of
neural activation patterns as observed in trauma-exposed
healthy subjects. Specifically, we aim at i) gaining a better
understanding of the neural alterations induced by psy-
chological treatment, ii) identifying which brain regions
exhibit such alterations consistently across studies, iii)
noting which pre-treatment differences might predict
treatment success, and iv) whether there are substantial
differences between the different treatment forms.

4. Method
4.1. Study selection

Following PRISMA guidelines (Moher et al, 2015),
a literature search was conducted with the scientific
search engines Cochrane, PsycINFO, Pubmed,
PubPsych, Scopus, and Web of Science using the search
terms: (i) neuroimaging, brain imaging, fMRI, MRI, mag-
netic resonance imaging, BOLD, blood oxygen level depen-
dent, VBM, voxel-based morphometry, voxelwise, voxel-
wise, DTI, diffusion tensor imaging, white matter, cortical
thickness, grey matter which were fully crossed with the
search terms (ii) therapy, psychotherapy, therapeutics,
therapeutic, treatment, intervention and again fully
crossed with the terms (iii) posttraumatic stress disorder,
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posttraumatic stress syndrome, PTSD, PTSS, posttrau-
matic stress, traumatic stress, psychological trauma with-
out searching for the following terms animals, non-
human, rodent, mice, SPECT, single photon emission com-
puterized tomography, PET, positron emission tomogra-
phy, CT, and computer tomography. Peer-reviewed
original articles published in English, German, and
French from January 2005 up to the end of
October 2019 were selected from the search results. An
initial search omitting duplicates automatically and
manually revealed 2627 peer-reviewed articles (see
Figure 1). Title and abstract of all articles were screened
by two scientists (AS and AM) for meeting the inclusion
criteria: (i) pre- and post-measurement by MRI or func-
tional MRI (fMRI) technique, (ii) psychological treat-
ment between the two neuroimaging scans, and (iii)
PTSD diagnosis by using Clinician-Administered PTSD
Scale (CAPS-IV; Blake et al., 1995) at pre-treatment in
order to have a comparable diagnostic. Theoretical work
and reviews were only used for the search of additional
articles. In total, 107 full-texts were assessed of which 29
articles met our criteria. In a subsequent consideration
process, five studies were excluded: Roy et al. published
two studies (Roy, Costanzo, Blair, & Rizzo, 2014; Roy
et al,, 2010) with the same paradigm, of which only the
more recent and extensive was included. A study by Jung,
Chang, and Kim (2016) with participants with partial
PTSD with a very low baseline CAPS score of 29.4 was
excluded as it was challenging to conclude on PTSD
diagnostic status. Further, Shou et al. (2017), Yang et al.
(2018a), and Yang et al. (2018b) were excluded because
they examined patients with major depressive disorder
(MDD) and PTSD, but gave little information on PTSD
alone. In sum, 24 studies are included in this review.

4.2. Study analysis

From the studies meeting the above criteria, we
extracted information concerning i) treatment (inter-
action) effects or pre-post-treatment comparisons, ii)
correlation results between CAPS change and neural
change, and iii) baseline predictors related to treat-
ment outcome. Because of the focus on treatment-
specific changes, group-differences (without treatment
interaction) are not reported in this review. In addi-
tion, only results that remained significant after cor-
rection for multiple comparisons are considered.

Of the 24 identified papers, 17 studies analysed func-
tional alterations after psychotherapeutic treatment (incl.
five resting-state studies) and seven studies analysed
structural alterations (see Figure 1). A total of 351
PTSD patients (range = 8-39 per study) and 447 controls
(range = 8-70; no control group in three studies) were
included. Out of the 24 papers, some were based on
overlapping or identical samples (five of the studies co-
authored by Van Rooij and Kennis, three by Helpman
and Rubin, two each by King et al. and Fonzo et al.).
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Figure 1. Stepwise inclusion of studies for the current analysis.

4.2.1. Subject characteristics

4.2.1.1. PTSD diagnosis. Along with the CAPS cut-
off reported by Weathers et al. (1999), all studies
included patients with an average total CAPS value >
45 pre-treatment (cf. Tables 1, 2, and 3), 23 studies
even reported average CAPS values > 60. 21 studies
reported post-treatment total CAPS scores of treated
PTSD subjects (or information from which this could
be calculated) with a mean = 379 (SD = 21.8,
range = 16.29-80.67, as four outliers showed post-
treatment scores > 50).

4.2.1.2. Different trauma types. One half of the stu-
dies (n = 12) included patients with mixed trauma
events such as (sexual) assault, violent crime, traffic
accident, environmental disaster, and injury/illness.
Ten studies exclusively included combat veterans or
police officers who witnessed gunfire attacks and two
studies included patients exposed to interpersonal vio-
lence (intimate partner violence or child abuse).

4.2.1.3. Comorbidity of MDD. There were varying
degrees of comorbidity, with the majority of patients
reporting MDD in five studies, half of the patients
diagnosed with MDD in nine studies and six studies
analysed patients with no or few depressive symptoms.

4.2.1.4. Psychotropic Medication. Patients took no
or very little medication in ten studies, approximately

half of the patients were medicated in seven studies,
and almost all patients in three studies (20 out of 24
studies allowed to draw conclusions on the subject
number with regard to MDD and psychotropic med-
ication; cf. Supplement Table A.1).

4.2.2. Treatment approach and fMRI tasks

4.2.2.1. Form of psychotherapy. PE and CBT-based
interventions including exposure elements or EMDR
were employed in the majority of treatment approaches
(cf. Tables 1-3, and Supplement Table A.2).

4.2.2.2. FMRI paradigms. Emotionally valenced
tasks without high cognitive demands predominate
in nine out of 12 functional MRI studies (cf. Table 1).

5. Results
5.1. Treatment effects

5.1.1. Altered brain activation patterns following
treatment

In total, 12 out of 24 studies used behavioural para-
digms, out of which 10 analysed activation differences
in specified regions without whole-brain correction
(cf. Table 1 and Supplement Table A.3). However,
activations outside of the a priori determined regions
of interest (ROIs) were also reported by some studies
but should be considered exploratory (cf. Table 1).



EUROPEAN JOURNAL OF PSYCHOTRAUMATOLOGY . 5

(panupuo))
(9= ‘L00=d) sndwe>oddiy ybu |
(Ly=) snuAB |esodwiarolaued Yya| |
(£5=Y) snuAb [eyuouy Jousjur ybu |
(€17=X) snIAB |eiodwia) 3jppiw Ya| |
(Ly=) snAB |esodws) Jouadns Ysj| 1
(67=Y) snAB |esodwsl a|ppiw 1ybu 4
(z£1=Y) snuAb [enuamisod ybu 4
:siskjeue uleiq-a|oym
(9€= ‘9€0'=d 3ybu SU0ISsas
(10>d ‘sg-=1) ‘01=Y ‘Lz0'=d :y3|) DDV [esRdeyiq UL | Appam-aduo g 91035 SdYD uspide Jed
ejepbAwe |eae)iq 1 :(DDV ‘elepbAwe :s|0Y) sashjeue |0y Bunninisas |BIO) Ul UONDNP3I %0E 10 }jnesse (£007)
(10>d ‘¥8'=1) 1$3JJ |RJINBU 3 [NjIed) 1SeIIU0D) suolssaidxa dAINubOd 15e9| 1€ syuaned ||y «— (sajew ¢) ‘le1w
Aiande )y ybu | :uosiiedwod-150d-ald  [eIde) [R1INSU 3 [NJIRS) JO UONEIUSSI 7@ Dinsodxa [eulbew) ¥ :poopy (€07) 68T (07) L'8L dnoub josu0d oN g8  weybuiwia4
/1L HKiaxuy (1eL)
JupdyIubls Jou :SasADUD UILIG-3]0YM (pazAjeue ase uanibuod 9/t7L :pool VL
(Ajuo dnoib y-uon pjppbAwp 1 :y-uon Ajuo ‘sainyid |euojows 0€'2/9°01 :(3504/21d) Y-uoN (€£51) 099 Y-UoN
ur abupy> £q pauipjdxa abupy> ou moys say-H pup y pai1ejaiun-ewneu) ‘aAnebau :(ueaw) Y-uoN/y 7/ 19piosip Aiaixuy y-uoN  (9°Tl) SUBJIDIDA JBM
aq up> Inq (9z0'=d {(D4dwA ‘sndwiedoddiy ‘aniysod ‘lennau bunes g buimaia) 4aw3 Jo/pue L/0L :43piosip pooly ((R4VE%74 €99 TT=Y-uoN (o]ew |le)  (9107) '|e
‘be*-=1) pjppbAwp 1) ‘ejnsul‘)Iyp ‘elepbAwe :s|0Y) sashleue |OY ysel buissadoid [euonowy gD pasndoj-ewnel| :(150d/31d) ¥ RY| RY| €7=59Y-H Lz=y4 19 fiooy uep
(buipuewsap AjaA1ubod Jou Kjurew) swhbipesed Y3 buissadoad jeuoows (jeos)
uone|a1I0d
‘bau sueaw 4 $2102$
uone|a1I0d SdvD
'sod sueaw | |e10)
sabueyd Jo (as JUSAS ewines}
Jeuoinau 3 (sa103s pue) Jo adA ‘spalgns
SdVy)D ul uondnpal) uespy spafqns Sew Jo Jaquinu
juawaAosdwy (uadiad ut Jo azis $103S $910S |o1u0> ‘syuaned
woldwAs usamyaq jusweadsy sueds judwlealy 9)dwesqgns ui) dnoab jusned |e101 JO (QS PUe) UBS)N  SdVD J0 3d£) pue (panwRI=Y)
sisfjeue uoneja.a10) -jsod 03 -aid wouy suonyedlje jeuoinan I4W(@) ulyum whipesed jo adA]  jo uoneinp 3 adK} ul sanIpIqiowod duleIYdAsqd $3103s SdyD-1s0d -9ld (u) azis ojdwes  jo (u) azis ajdwes Apms

‘(buipuewap ARAIHUBOD “sA jeuonows Ajuiew) pajdde wbhipesed jo adAy ayy Aq padnoib
dJe S3IpNIs [enpIAIpUl 3y ‘pamodal ale (0'0>d) synsas Juedyiubis AjuQ ‘ueds ||} PUOISS Y3 pue Juswieal) paia|dwod oym pauonuaw Je s13[gns jo sjdwes pue synsal AjuQ "susened |einau pue
(3uswanoadwi wordwiAs o Jo3edipul) sbueyd 3103s SdyD U3IMIQ SisKeue uoI1e[34103 Jo sbulpuy (1) pue ‘s10349 uolldeiaul swil-Ag-dnoib pue saduasayip Juswieall-1sod-aid jo sbuipuy (1) Yyim synsai
Huibewioinau se [[am se ‘wbipesed [Y N4 pakojdws ‘Juswiessy Jo uoneinp pue adA} ‘sonsusideieyd uedpiyied buipnjpul swbipeled [pUOIIdUNY YIIM SIIPNIS PIMBIASI Y} UO UOIBWIOUI SapIAoid *| 3|qel



(panunuo))

(SL=Y) ease ejepbAwe
-uad/ejepbAwe Yya| |
(cr=1"0Lve
/T€VE) D4dW/DDV4 |
15308}
Kibue 0y asuodsal Ui

sdnoib juawieal yioq ul
:sask|eue |0Y

wn||2qaiad Y3
:sdnoJb ay) usamiaq palaylp suoibay
AJAIID3UUOD Ul UOLIINPAI PIIN 1Y-UON
sniAb [eyuosy
3|ppiw/e|nsui 1o11d)sod-piw b1
sniAb [eyuoyy eipaw/arenbui 1ybu
Yum ANADSUU0D | Yy
‘(e[nsul J0LIAJUR [RIJUSA
13| :paas) sisAjeue A1A1d3ULOY [eUOIOUNS
e[nsul JolIdJUe [RIJUDA 13| | Y-UON
:(Juswieasy
1aye) uonedpnue aaisod Buung
eNSuUl JOLIDIUR [RIJUIA 13| | Y
‘(Juawieas
Jayje) uonedpnue saiebau buung
:uoldeIdUI dwi-Ag-dnoio
(9€=X 'z1"L1=4) Apoq 33epnes 13|
(4= 'LT°T1=4) snahB [enbuy) 1o
(0€=) 8T’ L1=4 ‘Y| "LL=) '08'07=4
:ybu) sniAB [enbuij/wioyisny (eialejq |
1908} [RAINAN
O1=1"6LL1=4
‘0Lvg) snik6 [ejuoly [elpaw 13| |
15308} |njIeaq
(S1=2'9£'01=4) 22d
(20z=¥ ‘1 1'81=4) snaundaad 1y6u
(9e=A
'8'07=4) snaAb6 jenbuij/wiopsny 1ybu |
(SZ=Y ‘¥’ Lz=4) sndwe>oddiyesed 1ybu
(91=3 '59°0L=4) ejepbAwe ya| |
15908y A1Buy
{(19Dd ul Jou) syuaped 13gW
:uodeldul-awn-Ag-dnoin
{(DDV/24dw ‘ejepbAwe

510Y) sash|eue |OY 3 Uleiq-a]oyMm

(sabew
9A1)IS0d/pajeai-Jequioduou
'sA sabew aAnebau /palejal-1equiod)
yse} uonedidue dANIYPY

(sade) OM)

uaaM13q 19h1e) 3500Y) :UONONIISUI
‘sadey [es1nau ‘|nued) ‘Kibue)
yse) buiydrew sadey [euonow

/1 :13pIosip A}jeuosiad

paseq-ssaujnypuliy

(reL)
L'L6
(T9l) L'SL *Y-UON
Y-uoN  (¥'SL) SURIDIA 1equIod
(591) 8'ST 198 (3eW j1B)  (€£107) 'Ie
o ] G1=Y-UON 6=Y 19 suowuwis
(Juswiean
asltd
EYVRETTL
JO SJUBWSD
‘Put 193d
(evo=p  (ve'SL) ‘sueaaA
§3) swuiod 7 abeiane LL'yZ  1eqwod ‘Bew |je
JO 3SBAIIP :S|0AU0d  sjosuod  ‘syusned gSld) SUBJIDIINA JequIod
(z6'0=p :s3) swod  (ze8l) g=Adesayp @Erewe)  (q9107)
9| abeiane jo asealnsq 6C'CL dnoib |o1uo) €l ‘e 19 Bury

—
<
-
i
>
w
T
=
P4
<<
=
<

“(panunuod) 'L 3|qeL



EUROPEAN JOURNAL OF PSYCHOTRAUMATOLOGY . 7

(panuruo?)

(Eww 8yy ‘€1:v4)
e[nsul Joualsod 9| |
:A|jeuonippe sasfjeue |0y

(eww
968) Apoq a1epned 4
(eww
0v8€) wnj|3qa4ad
(eww
YPEL ‘Lt vd) snIkB
|esodwa) 3siaAsuel)
/aouadns 1ybu
(sww gpy) snIkB
|edodwia) JoLiajul
(eww
8707) wn|j2qalad
(Eww gLzl
‘g1 yg) snakb jenbui)
(Eww9lzl ‘v
vg) snakb jeayuadasd
(eww 0z61 ‘9 va)
snIAb |ejuouy jeipaw |

—

—

(Sww gpv) ejepbAwe 1ybu 4

(Eww 08zl ‘6YQ) D4dIP U3 +

(fww (cwuwi 968 ‘Leyg) snaundaid 1ybu |
€8 1€ ve) 20d WBU | (cww 968 ‘LEve) DDd ‘snaundaid 3| |
(fww (EWw tYEL ‘Ovve)

$991 ybu ‘sww |e3aned Jouayur ‘snaundaid 1ybu |

¥¥€6 ‘W3l ‘61381 Y4)

snaundaud [eidle|iq

:aseyd 'sbupuy [puonippp oy :(a3pjnbur>

uonpjuasaid abew|
(Eww y8¢) eynsul

(eww €8 ‘€Lyg) ensuj piw 1ybu 1

soudysod 1ybu | (Eww
:Alleuonippe saskjeue |0y 096 ‘0LVg) SnAB [eauosy appiw 1ybu 4
(eww (Eww $991)
968 ‘2 ¥g) snaundaid {  snikb esodwa) a|ppiw/ionadns 1ybu |
(sww (fww 8goL) wiN||aqa1dd Y| |

(Eww 807) win|j2qa43> 1ybu

Tyl '6T vE) I2d t (eww z/yl ‘Te
(eww oLzl ‘€L ¥a) '8 6¥Q) SNIAB [ejuoly [eipaw DDV B3| |
e[nsul Joliajue 19| » AMEE 9/17=31zIs 121sn|d dN<mv J)d 43| &

8 ‘LE Vg {0y ‘Eww

-~

:aseyd :sasAjeue ule1g-3joym

uonpdpiup abew|
:sask|eue
129)49 paxiw Jeaur]

:(sabew anisod

:A|jeuonippe saskjeue |0y

:sasA|eue uleig-ajoym
:aseyd uonpjuasaid sbew)

‘jopbAwp ‘pjnsul [p1a1pjiq) sashipup |0y

-annebau) aseyd uonpdpiup abew)
Juswiealy-1sod-03-aid wol4

(09°1=as)
sabew /S| L=SUOISSIS
dA1D3Ye dAlebau 1§ dAnIsod ueaw “uiw

40 uoneyuasaid pasiadsiaul
(2) '8 (nwis Inoge sand yum)
¥se1 Sduewsopad snonunuod (1)

sse1 uonedpiuy

06 & suolssas Aaam
uaWoM pasdlieq
1oy Adesayy

ewnes} ARIubo)

(100>

d 1/ %=(£1)1) aulpap “ubis <

£0°2/05°0
:(1sod/a.d) uvaw ||-|gg

92U3|0IA
Jauyped ajewul
(Srew3y |je)
Qasld |emued g=u

%0S < uondnpai ‘ela1d
woldwAs :susned g1 uj (8£91) asSLd (In} 198w [ L=u
(18'91) 6791 £099  dnoib joi3uod oN vl

(€100) 'le
19 apaddny

‘(panuiuod) L 9|qeL



—
<
-
i
>
w
T
=
P4
<<
=
<

(panunuo))

(0>
(OAS)d) 2DV [esiop ¢
pue u:wEw>o._QE_
SdvD usamiaq
UOI1e[9110D SAINISOd
Spiom |ennau
‘SA ewnesy/annebaN
jse} doouys [euonowy

(X21103 [DIUOI)
Joniadns ‘pjnsuy 1013UD )Y [DSIOP JOY)
(8£0'=(DAS)d) ensui Jouzue 3| ¢
(2€0'=00AS)
d 3| '800'=(JAS)d :1y6u) JDV |esiop 4
:(ud>150d) dnoab gx3 ur Juswieall-1sod
:uoldeIIUI dW-Aq-adA) Juswieas]
»sel doouls [edisse])
(o1oz “Ip
12 foy) JDV ‘sndwdoddiy ‘ojopbAwp :sj0Y)
2V
:sabew [esnau 03 asuodsay
Jddwa |
ejepbAwe 1ybu 1
:sobew aAnebau 0} asuodsay
:uoieIRul
awi-Ag-uonows dnoib Juswieal]
3d + 134A
— :s9sk|eue uleig-3joym
'SadUIAYIP JUDIYIUDIS
ou :s|0Y 4ay10 pup sisAipub uiviq-ajoym
(€291=4 "1L00>102d) D4dw 1
(9£5=) '100>1103) ejepbAwe ya| |
:ueds-aid 31| — ueds 3sod 3e 31| e
(2S81=Y '100">4100d) D4dw |
(z€T=x '100">41024) ejepbAwe 33| 1
'S9Y-H pue y
1USWIEJ) J3)R ISI| JIEM J0J URY] D4dw |
(26=2 'L00™>1102d)
Juswieal) a10jaq uey) ejepbAwe 13| 1
HEIEINE]
Kiowaw direwnesy buunp dnoib asid
:(sndwedoddiy
‘snwejey} ‘ejnsul ‘ejepbAwe Iy ‘saqo|
[e1aued “34d ‘D40 'sI0Y) sasAjeue |OY
:uosiedwod-3sod-aid

(v0'=d '98'0-=1)
ejepbAwe 19| 4
(to=d 'z8'=l) J4dw |
1y ut Aluo

(spiom jenynau
1 ‘annebau [eauab ‘JueAsRI-BLINEI])
yse3 dooiis aAndIYe B [edIsse|)

(le1nau ‘annisod ‘aAiebau :suonowa)
yser dooiis dAIdAYY

yse3 uonedonold woldwAs=
S3LIOWAW dljewines) 1§
‘lesinau quesea)d Ag pand [eAal3al
/lleva1 ;wibipesed and-d13snody

syuow
9 INOCe UOISSDS
inoy z Apjam 0z

(Adesayooewueyd

/a1e3
aaipoddns) 7 = nyL
(nv1
01 pappo Adesayy
dnoib buizijiqeys
|eolnRYaq
aAIubod
Jeuol}edINPa-0ydAsd)
6=dx3
sjuswieal) 7

‘ulw
06 © suolssas 0Z-7 L
(9=u) 3d

10 (p=u) 134N

Adesay)

BuunidnIsay

aAIHubo)
pue ainsodx3

(6TL)0'LL
‘vl
VL0 ¥'79
X3
sjusW1eal] Yyloq
ulaM1aq “YIp ubis ou <
uolpnpal "ubis <
(022) T99
‘NVL pue dx3

(L'zz=s3Q)
swoydwAs aAneossIq
%G/ :A1[euosiagd
%9 POOW
%9L :Kdixuy

abueyd ‘ubis ou <

(6LL1) 6'SL

3d

abueyd “ubis <

(£0°€2) S'¥9

134A

(8=U "(0L0TZ “Ie 12 Aoy) wouy) abueypd ‘ubis ou <
swiean-aid 7'/z :1dg (L6'¥1) L9708

3d 3d + 134N

abueyp "ubis ou <
(0£77) 9%
sl Hem
swoldwiAs
QSLd 19M3) %€ 15e3] 1B <
(€0'9) 61

SanIpIgIoWwod o sjuaned

(Sz1)
L'€8
‘vl
(s'6) £'T6
dX3

(6€1)
5’88

‘nvl
pue d4x3

(Loel)
Lre
‘3d
(Leel)
08
JERTY
(x40
L'v8
ad
+ 1347

(z87) €7
381 Hem
(z9€) 8%
sjuaned

dnoib

jusWIeas)
nvl pue
(312w |Ie)
CC=H

pasodxa-1eqwiod
81=524-H

(uawiadijod)
TL=S3Y4-H

(@sLd [ensed)
TL=1S1 Wem

asld xojdwod
palejaI-asnge pjyd
(3jewdy |le)  (Z107) |8
91 19 ssewoy]

(0L02)

‘|e 19 Aoy wioly
‘191 yum Ajed)
SUBRIDISA Jequiod

(3(ew Ajurew) (¥107)
oL ‘e 19 £oy
syoene
a1yunb ‘uswadijod
(Srew |je)
asld [enued (L107)
4} ‘e 13 saiad

“(panunuod) 'L 3|qeL



EUROPEAN JOURNAL OF PSYCHOTRAUMATOLOGY . 9

(panunuod)

(500'=d ‘LLL=TX
plem) swoldwiAs
lesnosesadAy sdyd

ul syuswanosdwi yum

L=y
'6/8 ¥4) snaAb |eyuoay ajppiw 13| |
(61=X '£/1€¥8) snaundaid/3Dd |
syuawbpnf
Bujuoseal [e1os ‘sa Ayjiqeaibio
(Fz=A
‘Lz vg) snikb [erodwa) ajppiw 13| |
:suawbpn( Bujuoseal [ed0s *sA diyledwy
“JUdWIeaI}-24d-SNUIW-1SOd
'SNIDIS UOISSILWAI JO S193)a [DUOIPPD ON
YD1 121yu0d 40 AIAIIDAI [DUOIIOWS
ul s13a “ubis ou !(pjnsui JoLUD
‘pjopbAwip [pIA1DJIq :S|0Y) SasAipup |0y

10 UIDIG-3j0YM JO SUOIBaI JDYIO Ul SIDaYd

UOIDIBIUI WD JUaWIDaII-AG-awi) “ubils oN
winjews [enudA/(snikb [eugio-piw
IV ‘X203 K10108)j0 bujuueds) J4dwa
Yum (1dd Aq) AuAosuu0d Juspuadap
-1x91u0> Jejodojuoly [eidle| P3| |
(dnoub js1j 3ipm ur abupyd op)
(0L Vg ‘snukb [eyuoly
9|ppiw) X340 Jejodojuosy [esdre] 3| |
:dnoJb jJuaweas)

(sey uonuauy
(¥ ‘Aujigeaibioy (€ “Juawbpn(
d1yzedws (z ‘auljaseq se buiuoseas
1e120s (| :soueudds buibpn( g buipeal)
Bujuoseas
|e1os 1 syuswbpn( Ayyedwy

sain1did aAiebau buimala

9|IYM SS2UISIP [EUOIIOWS SONP3J 0}

£11 () ‘saunydid aAinsod 3 aanebau

Buimala ajiym asuodsal jeuonowd
2duauadxa (e) Hsey [esiesddesy (1)

19puab Aynuapl

() ui se [Inwins |eidey awes :(ysel
|043U0D SE) ¥{Se] 1IJUO JAPUID (§)

UoNOWS AJUSP! ‘SPIOM UOOWD

SUOISSAS

(#'7 F) €L sbesane uy
jusuodwod
ssauanibioy

® Ym 319D PayIpow sa1pIgIowio? o

juapde
|ersnpul
1o “oyjesy ‘ynesse
(sejew 6) (5002)
0z S dnoub josyuod o €1 °[e 1 moueq

J9)sesip |einjeu
“Jequiod ‘Ainful
‘Jnesse [ea1sAyd

X3)40) Jejodojuosy :(saanyd1d aaiebau JuanJIbuod(-ur) yum sadey Addey 66'71) /|enxas Ajurew
|eadie] Y| | 1e bupoo| 1snf 01 asuodsas [euonow 13 [NyIedy Bjsel PIuod [euonows (7) L€1L (9]ewdy £7)
:dnoib Jusawieal| Buppnpal Jo 1ses3uod) ysey |esiesddeay s38} [RJINSU ‘ujw (LL1D) €TY9 351 Mem JusWIeas}
|apow 1S129)49 WIe Judwieall-Ag-awl]  /|nyieay pajun pajuasaid Jo 10jod 06 © SUOISSaS 71-6 asi uepy (Z1°SL) (syuaned gsid) 01 syuaned gs1d (q107)
Jesul| pazijessusn :(d0y 150d yum) sashjeue asim-[axop  Auapi ysey Aiaindeas jeuonows (1) id (%%9) €g=u :poo (9T'127) 09°6T €€99 97=3s!| 1lem ST ’|e 39 ozuog
(nwnys jeuonowd yum Kjurew) sysey [yw; buipuewsap Apaniubo)
*sasAipup 1ayyiny Joj Juawiajddns aas
9102s SdyD) Ul dseanap Juadiad
yam pajeposse Ajpuedyiubis asam <
uoibai |edwedoddiyesed 4
(Lloo=d
Sy = 9zis 121snd) [edwedoddiy 33| 4
(£1070=d
‘pg=azIs J21SN]2) DIV [enuabqns 1ybu 4
:dnoib
aS.1d buowe sabuby> s4y) pue |jedal
Bupinp sabueyd juswieasy-3sod o} -aid
(6L0'=d "L9=) ‘9£°€=(S1)}) DddWA 13| |
:S9Y-H
(Lz0=d ‘s=X ‘6£°€=(S1)3) DD¥4 b 4 syleap
:dnoib asid $7<31025 /saunfur snouas
:(D4dwn ‘snwiejeyl IV 40 D4dw £1-Q-WYH ‘syauow om) Buissaunm
‘X31402 |eso||eagns ‘ejnsul ‘sndwedoddiy 150d uryum asnqo Jo syauow (L00°0 = d '6¥°€=1S ‘€667 ‘synesse
abubyd Dy ‘elepbAwe :s|0Y) sask|eue |0y X1s 1spd ay3 ulyum aduapuadap (LeolL) |edisAyd 1o [enxas
pup Sdy) uaamiaq HI[:s5)] 7 Aep uo @231 uodUNXa ‘| Aep SEE Joyodp /aoup)sqns ‘sisoydAsd ueaw) dnoib gs1d €5'8/ ‘syuapidde Jed  (e9107) ‘e
uolpja1103 “ubls oN uonPUNXa buunp uosuedwod-1s0d-aid U0 UOIDUNXS pue HujuonIpuod Jed d Jo sisoubpip b} UOISNiIXF Ul SdyD Ul uoidnpal "ubis :as.ld 91=53Y4-H 9l 19 uewd|sH

(panupuod) °| 3|qe]



10 A. MANTHEY ET AL.

5.1.1.1 Cortical regions. Of the 12 studies investigat-
ing activation changes in mPFC, rACC, or orbitofrontal
cortex, five studies reported an increased activation of the
mPFC/rACC region following successful treatment
(Aupperle et al., 2013; Felmingham et al., 2007; King
et al, 2016b; Peres et al, 2011; Roy et al, 2014)
(Figure 2, right side). Conversely, Helpman et al.
(2016a) observed decreased activation in the right
rACC, while the remaining six studies did not reported
any change in these regions (Farrow et al., 2005; Fonzo
et al,, 2017b; Simmons et al.,, 2013; Thomaes et al., 2012;
Van Rooijj et al., 2015a; Van Rooij et al., 2016). However,
all reported activation changes were found in studies
employing a ROI approach and thus were not whole-
brain corrected. The exact positions of the peak coordi-
nates only partially overlapped across studies (see
Supplement Table A.4).

Two studies did not employ any control group, limit-
ing their ability to attribute the observed changes to the
intervention (Aupperle et al., 2013; Felmingham et al,
2007). The type of task needs to be taken into account
when interpreting these findings, as activation increases
in mPFC/rACC was shown after emotion processing
tasks, whereas the activation decrease was observed dur-
ing extinction recall. All of these six studies evaluated

orbitofrontal

Eye Movement
standard deviation,

region of interest, SD=

healthy, resilient controls (healthy, trauma-exposed

dorsolateral prefrontal cortex, EMDR

Mindfulness-based exposure therapy, OFC

brain or ROl analyses (ROIs: amygdala,

dACG, insula, hippocampus, vmPFC, left
motor cortex, rlFG, right striatum).

rostral ACC, ROI

No group-by-time interactions in whole-
decrease in mentioned region.

All patients vs. H-Res:

dorsal ACC, dIPFC

healthy, trauma-unexposed subjects (without traumatic event in the past), H-Res

non-responder (with persistent PTSD diagnosis after therapy; ‘non-remitted’), MBET

responder, rACC

cues for anticipation (contextual

stop-signal anticipation task
withholding response (inhibition) &
cue processing)

Inhibition task
Cognitive Behavioral Therapy, dACC

Prolonged exposure therapy, R
significant increase (of activation) in mentioned region, |

=
[=a]
v Py
g 5 § diverging exposure-based treatment approaches (see
£5% I Table 1)
g S« & )
S <ZC>§ 880 Of the 12 studies (with a ROI approach in three
soEe % < studies), only one study reported a significant activation
Q. .
S g decrease in dorsal ACC by treatment (Thomaes et al,
= =
@ = 2012).
IS Q «—
3 32 Regarding the lateral PFC, divergent treatment
3 Legoz effects were reported. While two studies indicated
Y= . ’ . . . . .
$aogt § wo| 8 59 o significant activation increases in the left middle fron-
=TT EaSS T8 x55 3 . .. .
%; $€c2:£1284388 tal gyrus using rather cognitively demanding fMRI
SSEf5SE5|EESES tasks (Farrow et al, 2005; Fonzo et al., 2017b),
E S §% % a study by Aupperle et al. (2013) indicated an activa-
2E5b03 tion decrease in the right middle frontal gyrus during
583942 C e o
TE3 e the anticipation of negative images.
v Il . . . B . .
. T £ Activation changes in the insula were investigated by
o ~N = O o . . . . .
SR 5T T 12 studies, of which two reported a significant decrease in
P Scouwm o s .
853 - é o ER the left (ventral) anterior insula after successful interven-
S S ® o . .
= - é T % S = tion (Simmons et al., 2013; Thomaes et al., 2012) and one
= S_E 28 study observed a decrease in the right middle insula
= S o SE oy . . : .
e~ =R j'l é 28 s (Aupperle et al,, 2013). The remaining studies (of which
285 L five defined the insula as ROI) returned no further sig-
s 288 2 . .
- £9sT & nificant results, although all findings employed compar-
TR S Il X' g i
il é € g = ; ‘% < able tasks (cf. Table 1). However, these results could be
S = = .a > . . .
==x= %g’éj,—t ) driven by high degrees of comorbid MDD (see Table 1
2 £05% and Supplement Table A.1).
L oK% > . . . . .
) @ g %&_ 8= Finally, some individual results across diverging
= © c °c_ 3 . . . .
§ ol FL o283 functional paradigms were reported, such as activation
=R U € .= n . . . .
S| E S <€ % 2 changes in dorsolateral PFC, in parietal, posterior and
x & =2 w = . .
§ _ £ 2 of £ temporal cortical regions as well as the cerebellum, but
2|5 8 SRSESR . . o .
==z 858 E § still await replication (see Table 1 for details).
@|£5 s8] With regard to the different symptom clusters such
e LELE s : ymp
== < as re-experiencing, avoidance, or hyperarousal, only
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Before treatment
PTSD correlates
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After treatment
Treatment-induced correlates

Middle/dorsal ACC d

Precuneus

Thalamus
" 3

Amygdala

Amygdala

Figure 2. PTSD correlates found in meta-analyses (see Introduction) (left column, 2a,b,c) and treatment-induced activation
changes discussed in this review (right column, 2d,ef). Red spheres mark the neural regions. In the left column, upward and
downward arrows indicate hyperactivation and hypoactivation of the regions before treatment, respectively, and in the right
column upward and downward arrows indicate increases and decreases in activation changes following treatment, respectively.
Limited and inconsistent findings are marked with hatched arrows. Abbreviations: ACC: anterior cingulate cortex, (v)mPFC:

(ventro)medial prefrontal cortex.

three of the 12 studies analysed associations with
neural outcomes, two of which reported significant
associations (between left lateral frontopolar reapprai-
sal activation and CAPS hyperarousal symptoms in
Fonzo et al. (2017b) and between left inferior parietal
lobe activation and re-experiencing symptoms before
treatment in Van Rooij et al. (2015a)) (cf.
Supplement).

5.1.1.2. Subcortical regions. Of the 12 studies investi-
gating activation changes in the amygdalae, three studies
reported an activation decrease (right-lateralized during
exposure to negative stimuli (Aupperle et al., 2013; Roy
etal., 2014) and left-lateralized during traumatic memory
retrieval (Peres et al., 2011). One study reported a left-
lateralized increase in response to angry faces (King et al.,
2016b). The remaining eight studies (of which 5 chose an
ROI approach) returned null results. Comparing the peak
coordinates, the amygdala findings overlap across studies,
including the correlations between symptom improve-
ment and amygdala change (cf. 3.2), but again partly in
different hemispheres (cf. Supplement Table A.4). The

choice of the control group might have impacted these
findings as activation decreases were found in compar-
ison to healthy, trauma-exposed controls (Peres et al.,
2011; Roy et al,, 2014), or no controls (Aupperle et al.,
2013), whereas activation increases were found in com-
parison to other PTSD patient groups (King et al., 2016b;
Peres et al., 2011). The activation decreases were observed
after CBT (Aupperle et al., 2013; Peres et al., 2011) and
PE/Virtual reality exposure therapy (Roy et al., 2014)),
activation increase after group Mindfulness-based expo-
sure therapy (MBET) (King et al., 2016b), thus, different
treatment forms could affect the amygdala differentially.

However, as the remaining five studies did not find
any evidence of altered processing in the amygdalae it
seems unlikely that such neural changes are central to
the recovery from PTSD.

Similarly, there is no convincing evidence that success-
ful treatment is associated with altered processing in the
hippocampi. Of the 12 studies (of which five chose the
hippocampi as ROI), only one study reported
a significant right-hemispheric activation increase
(Felmingham et al., 2007), but the small cluster of six
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voxel and the lack of a control groups limit the interpret-
ability of this result.

Across the studies examining brain activation, no clear
association between therapy effects and comorbid anxiety
disorders (which could potentially explain the non-
convergence of results) emerged (details in Table 1 and
Supplement 3.1.1). Despite the varying degree of post-
treatment CAPS scores, no pattern can be detected with
respect to specific neural changes.

No associations emerged between specific character-
istics of the samples, such as age, gender, or ethnicity, and
the aforementioned treatment-induced cortical and sub-
cortical activation changes (cf. Supplement 3.4).

5.1.2. Treatment effects in resting-state analyses
Three out of five studies investigating treatment-
associated changes in resting-state activation reported
significant alterations. As various seed regions were
employed by these studies, results (see Table 2 and the
Supplement) were not directly comparable and still
await replication.

5.1.3. Treatment effects in morphological analyses
Four of six studies investigating changes in grey matter
volume reported significant group-by-time interactions,
albeit in five different brain regions. Significant volume
increases post-treatment were each reported by one study
in the bilateral hippocampus (Levy-Gigi et al., 2013), the
left parahippocampal gyrus (Bossini et al., 2017), and the
left amygdala (Laugharne et al., 2016). Further, volume
decreases were reported for the left thalamus (Bossini
et al, 2017) and the left rACC (Helpman et al., 2016b)
(see Table 3, Supplement A.5). In the only study analysing
treatment-associated changes in white matter integrity,
only non-responders showed a significant increase in
fractional anisotropy in the left dorsal cingulum over
time (Kennis et al., 2015). Neither differences in medica-
tion status nor comorbidity are likely to fully account for
these inconsistencies (see Table 3 and Supplement A.1).
Hence, there is currently no converging evidence that
successful intervention is associated with significant mor-
phological changes.

5.2. Correlation analyses between clinical
improvement and brain changes

Eight studies using functional paradigms analysed
correlations between changes in symptom severity
and brain activation. Increased rACC/mPFC activa-
tion correlated with clinical improvement in three of
these eight studies (Felmingham et al., 2007; King
et al., 2016b; Peres et al,, 2011). Regarding the amyg-
dala, two studies reported a negative correlation with
symptom improvement (bilaterally in Felmingham
et al, 2007; left-hemispheric in Peres et al., 2011),
one study observed a positive correlation (King et al.,
2016b), while one study could not confirm this

relationship for remitted subjects (Van Rooij et al.,
2016). Concerning morphology, one study found
a positive correlation between symptom improvement
and total hippocampal volume (Levy-Gigi et al., 2013)
which could, however, not be replicated by another
study (Van Rooij et al., 2015b).

In summary, the evidence for changes in brain
activation or morphology associated with symptom
improvement is currently weak (see Table 1 and
Supplement for individual findings).

5.3. Baseline predictors related to treatment
outcome

Four studies with functional paradigms additionally
analysed the predictive value of baseline brain activa-
tion for treatment outcome, of which three studies
found pre-treatment activation of the dorsal ACC as
a significant predictor (Aupperle et al.,, 2013; Fonzo
et al., 2017a; Van Rooijj et al., 2016) and two studies
found amygdala and insula activation as significant
predictors (Fonzo et al, 2017a; Van Rooij et al,
2016). These results appear consistent, as the fourth
study analysed a different ROI, the inferior parietal
lobe (and found that activation of this structure, too,
had predictive value (Van Rooij et al., 2015a)). (See
Supplement with Table A.5; including individual find-
ings of two resting-state and two morphological
studies.)

6. Discussion

Given its comparatively high prevalence, surprisingly few
studies have investigated the neural correlates of success-
ful PTSD treatment to date. The identified 24 studies only
converge to a certain degree, with altered activation pat-
terns in the prefrontal cortex associated with successful
intervention receiving the most, but overall weak, sup-
port. In light of the central role of the amygdala in PTSD,
the findings regarding this structure appear more incon-
sistent than expected. Further, there is currently no con-
vincing evidence that therapeutic gains are accompanied
by morphological changes.

6.1. Discussion of functional treatment-induced
findings

An increase in mPFC/rACC activation was the most
frequently observed treatment-associated alteration.
However, the evidence for such alterations needs to be
considered weak at this point as seven out of 12 studies
did not observe any such changes and the studies which
reported these alterations only overlap partially with
regards to the exact brain regions involved. Since pre-
vious meta-analyses indicate that a hypoactive mPFC is
an important neural correlate of PTSD, the current evi-
dence would be in line with the hypothesis that successful



treatment can compensate for PTSD-related neural aber-
rations. Psychotherapy has been suggested to strengthen
especially the mPFC, enabling this structure to better
contribute to the extinction of conditioned fear and the
volitionally downregulation of negative emotions
(Koenigs & Grafman, 2009). It is assumed that this is
achieved via inhibition of the amygdala, i.e. by top-down
regulation (Etkin, Egner, & Kalisch, 2011; Marek, Sun, &
Sah, 2019).

However, there is also surprisingly little evidence for
parallel changes in the amygdala. Five out of nine studies
investigating the role of this brain structure reported no
treatment-induced change. Only three studies found the
predicted decrease in activation, the extent of which was
correlated with clinical improvement. Conversely, one
study reported a treatment-induced increase in activa-
tion. Additionally, two (out of three) studies found that
higher pre-treatment amygdala activation predicted
a better treatment outcome. Considering these highly
inconsistent findings, the role of the amygdala (and its
putative increased downregulation by the mPFC) in
PTSD recovery remains unclear.

Some of the reported discrepancies could poten-
tially be explained by different subregions of the
amygdala being involved. The peak coordinates in
the three studies reporting activation decreases after
successful intervention seem to lie mainly in the
basolateral amygdala (BLA). In two recent non-
treatment studies, PTSD patients showed hyperacti-
vation in the BLA to trauma-related words
(Neumeister et al., 2018a) and fearful faces during
unconscious face processing (Neumeister et al,
2018b). While the BLA has direct and indirect (via
the thalamus) projections to the mPFC (Kelly &
Stefanacci, 2009), these potentially show reduced
connectivity in PTSD patients (Aghajani et al,
2016).

Concerning other brain regions, there is no
robust evidence of therapy-induced changes as of
now. Three out of four studies investigating brain
activation in the hippocampi returned null results.
Concerning dorsal ACC, no robust conclusions can
be drawn, as only one out of 12 studies found
a change in activation by treatment and three stu-
dies found baseline activation as a predictor of treat-
ment outcome. Similarly, there is little evidence for
significant pre-post-changes in insula activation as
this was only reported by three out of eight studies.
Two (out of three) studies found baseline insular
activation to be a significant predictor for treatment
outcome.

6.2. Discussion of treatment-induced
morphological findings

Another main finding was that treatment-induced
changes were more frequently observed on the level of
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brain activation rather than brain structure. Significant
structural changes by treatment were found in five dif-
ferent structures, but each was only reported once and
not confirmed by another study. No pattern of comor-
bidities or medications can be seen as an explanatory
factor for these differences. The latter seems relevant as
Quidé et al. (2012) and Thomaes et al. (2014) discussed
that pharmacotherapy may especially have an effect on
brain morphology, while psychotherapy may affect in
particular the brain activation.

As meta-analyses consistently documented hippo-
campal volume reduction in PTSD patients, a volume
increase following successful treatment might have been
expected. However, only one out of six studies reported
a significant volume increase (Levy-Gigi et al., 2013).
Similar to the amygdala subregions, it seems more likely
that only certain subregions are associated with PTSD
changes. This was supported by Suarez-Jimenez et al.
(2019) reporting that specifically the pre-treatment
volume of the anterior hippocampus, which seems to be
related to extinction recall (Suarez-Jimenez et al., 2020),
predicted clinical improvement. Concerning the thala-
mus, only one out of six studies found a volume decrease
following treatment.

In summary, these findings are still too heteroge-
neous and scarce to allow for robust conclusions
regarding the psychotherapeutic effect on brain mor-
phology. Future studies should focus on the hippo-
campal and amygdala subregions, comprehensively
reporting coordinates.

6.3. Discussion of treatment forms

Significant pre-post-activation-differences in the mPFC/
rACC and the amygdala were observed following differ-
ent treatment forms: Imaginal Exposure and Cognitive
Restructuring Therapy, Exposure and Cognitive
Restructuring Therapy, PE and Virtual reality exposure
therapy, group MBET, and individual and group CBT.
Since all of these are trauma-focused and contain ele-
ments of exposure (see Supplement Table A.2), the
observed brain alterations might be best conceptualized
as neural correlates of extinction learning (Ball, Knapp,
Paulus, & Stein, 2016; Graham & Milad, 2011). In order
to help elucidate which specific changes in symptomatol-
ogy drive the observed neural changes, future studies
should report cluster-level symptom severity scores
such as re-experiencing, avoidance, or hyperarousal.
This might then also facilitate conclusions regarding
which treatment or treatment component is associated
with which brain activation changes. Similarly, other
aspects of the sample composition should be explored
regarding their effects on neural alterations such as
trauma type, time since traumatic event, age, and gender.
However, no diverging patterns of neural change asso-
ciated with the different forms of psychotherapy can be
identified based on the current state of evidence.
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6.4. Comparison with the existing body of
literature and new findings

Earlier reviews on therapy-associated alterations reported
decreased activation of the amygdala (Malejko, Abler,
Plener, & Straub, 2017; Thomaes et al., 2014), as well as
decreased activation of the insula and increased activa-
tion of the dorsal ACC and hippocampus (Malejko et al.,
2017) following successful treatment. However, including
all null findings published to date brings us to the con-
clusion that the robustness of these observations is very
limited. Further research is needed to substantiate or
falsify the previous conclusions. Similarly, this review
does not support the assumption of activation changes
in the dorsolateral PFC since this was only found in one
out of 12 studies (Aupperle et al., 2013).

However, there is agreement between the present
review and previous reviews (Colvonen et al., 2017;
Malejko et al., 2017) that pre-treatment dorsal ACC,
amygdala, and insula activation might be potential
predictors for treatment outcome (see Supplement).

The current review further extends the existing body
of literature by carefully analysing the existing evidence
for mPFC activation by treatment. The inconsistent
findings on treatment-induced amygdala change chal-
lenge the standard PTSD model assuming that amyg-
dala plays a key-role for therapeutic success. Thus, this
review highlights the need for further research in PTSD
to either verify or improve the standard model of PTSD.

6.5. Limitations and directions for future research

The results reviewed here potentially reflect heteroge-
neities regarding the inclusion of subjects who experi-
enced different traumatic events, received different
forms of treatment and medication, and exhibited
comorbid disorders to a different degree. We opted
to not conduct a meta-analytical review due to limited
overlap regarding the employed methods and beha-
vioural paradigms. Different fMRI paradigms trigger
activation in different brain areas and can thus also
only detect therapy-associated changes in these
regions. For example, treatment-specific increases in
mPFC/rACC activation were reported by studies
which used emotion processing paradigms, while two
studies using cognitively demanding tasks reported
increases in the left middle frontal gyrus. Thus, the
current review describes the state of the empirical
evidence, but cannot directly account for the impact
of diverging methodological and technical procedures.
Future studies should focus on replicating previous
studies with regards to the employed paradigms to
allow for such an aggregation of data.

In many cases, it remains unclear whether the
observed results are indeed disorder-specific. For exam-
ple, as hypoactivation in the rACC (Diener et al., 2012) as

well as treatment-induced activation increase in the
rACC (Sankar et al., 2018) were also reported in MDD,
the fact that four of the five studies which reported an
activation increase in the mPFC/rACC used samples with
high comorbidity of MDD might be relevant. Future
studies should attempt to disambiguate which symptom
changes are associated with which neural alterations, for
example by masking with or covarying for changes in
comorbid symptoms. In addition, future studies should
explore associations with differential symptom profiles.

Thirdly, many studies likely suffered from limited
statistical power due to small sample sizes ranging
from 8 to 39 with a mean value of 18.25 across all
studies. As some findings in mPFC/rACC and amyg-
dala are based on less than 15 subjects (Felmingham
et al., 2007; King et al., 2016b; Roy et al., 2014), the
robustness of these results could be adversely
impacted. Further, several studies used overlapping
samples (cf. 2.2), which might render their results
not fully independent.

Lastly, many studies did not include a control
group. This means that the observed neural altera-
tions could, in theory, also be an effect of the repeated
scans, low retest reliability of the employed para-
digms (Dichter, Sikich, Song, Voyvodic, & Bodfish,
2012) or other non treatment-related factors.
Correlations with symptom severity or change scores
as well as responder/non-responder analyses amelio-
rate these concerns to a certain degree. But future
studies should aim to control for such effects, albeit
costly.

7. Conclusion

Our systematic review identified limited evidence for
a treatment-induced increase in mPFC/rACC activa-
tion. This would align well with the concept of ther-
apy-induced normalization of brain processes, as
previous meta-analyses found hypoactivation of the
mPFC as a neural correlate of PTSD. However, one
would then also expect to observe associated decreases
in amygdala activation, which was not consistently the
case. The putative increase in prefrontal activation
seemed unrelated to the treatment approach; however,
only trauma-focused and exposure-based approaches
have been studied so far. The available data appear too
inconsistent for valid conclusions regarding the role of
the insula, or the hippocampus in therapeutic gains in
PTSD. Further, there is little convergence regarding
treatment-specific changes in brain morphology or
resting-state activation.
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