
European Neuropsychopharmacology (2019) 29, 501–508 

www.elsevier.com/locate/euroneuro 

Functional connectivity between prefrontal 

cortex and subgenual cingulate predicts 

antidepressant effects of ketamine 

Matti Gärtner 

a , b , ∗, Sabine Aust 

a , Malek Bajbouj a , Yan Fan 

a , 
Katja Wingenfeld 

a , Christian Otte 

a , Isabella Heuser-Collier 

a , 
Heinz Böker 

c , Josef Hättenschwiler 

d , Erich Seifritz 

c , 
Simone Grimm 

a , b , c , 1 , Milan Scheidegger 

c , 1 

a Department of Psychiatry and Psychotherapy, Campus Benjamin Franklin, Charité – Universitätsmedizin 

Berlin, Hindenburgdamm 30, 12203 Berlin, Germany 
b MSB – Medical School Berlin, Calandrellistraße 1-9, 12247 Berlin, Germany 
c Department of Psychiatry, Psychotherapy and Psychosomatics, Psychiatric Hospital, University of 
Zurich, Lenggstrasse 31, 8032 Zurich, Switzerland 

d Center for Anxiety and Depression (ZADZ), Riesbachstrasse 61, 8008 Zurich, Switzerland 

Received 6 November 2018; received in revised form 12 February 2019; accepted 14 February 2019 

KEYWORDS 

Major depression; 
Ketamine; 
fMRI; 
Functional 
connectivity 

Abstract 
Converging evidence suggests that a single sub-anesthetic dose of ketamine can produce strong 
and rapid antidepressant effects in patients that do not respond to standard treatment. Despite 
a considerable amount of research investigating ketamine’s mechanisms of action, the exact 
neuronal targets conveying the antidepressant effects have not been identified yet. Preclinical 
studies suggest that molecular changes induced by ketamine bring forward large-scale network 
reconfigurations that might relate to ketamine’s antidepressant properties. In this prospective 
two-site study we measured resting state fMRI in 24 depressed patients prior to, and 24 h 
after a single sub-anesthetic dose of ketamine. We analyzed functional connectivity (FC) at 
baseline and after ketamine and focused our analysis on baseline FC and FC changes directly 
linked to symptom reduction in order to identify neuronal targets that predict individual clinical 
responses to ketamine. Our results show that FC increases after ketamine between right lateral 
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prefrontal cortex (PFC) and subgenual anterior cingulate cortex (sgACC) are positively linked to 
treatment response. Furthermore, low baseline FC between these regions predicts treatment 
outcome. We conclude that PFC-sgACC connectivity may represent a promising biomarker with 
both predictive and explanatory power. 
© 2019 Elsevier B.V. and ECNP. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Increasing evidence suggests that a single sub-anesthetic
dose of the N-methyl-D-aspartate (NMDA) receptor antag-
onist ketamine has strong and rapid antidepressant prop-
erties, especially in cases of otherwise treatment-resistant
depression (TRD; Berman et al., 2000; McGirr et al., 2015;
Murrough et al., 2013; Zarate et al., 2006 ). Compared to
other antidepressant treatment strategies, the most re-
markable property of ketamine is the rapid onset of the re-
sponse often within a few hours after initial administration
( Machado-Vieira et al., 2009 ). Discovery of rapid acting an-
tidepressants is crucial because the delayed onset of two or
more weeks of most commonly prescribed drugs in not with-
out serious burden for patients suffering from major depres-
sive disorder (MDD) and bears the risk of suicidality. Despite
the promising discovery of ketamine’s unique antidepres-
sant properties, the exact biomechanisms associated with
ketamine’s antidepressant efficacy remain largely unclear.
Over the past two decades, a large number of preclinical
studies have investigated ketamine’s molecular mechanisms
and putative antidepressant targets have been proposed.
However, ketamine has a heterogeneous pharmacodynamic
profile, and mechanistic evidence from patient populations
is needed to directly link ketamine-induced brain changes
to the improvement of clinical symptoms. 

Animal models suggest that ketamine triggers a cascade
of intracellular events that induce changes in synaptic plas-
ticity ( Duman et al., 2012 ), as well as rapid synaptogenesis
in the prefrontal cortex (PFC; Li et al., 2010 ). These ef-
fects of ketamine on synaptic structure and function have
been related to its antidepressant effects in behavioral an-
imal models of depression ( Autry et al., 2011; Li et al.,
2010 ). Furthermore, it has been suggested that the local
synaptic changes ketamine induces in the brain bring for-
ward large-scale network reconfigurations that may relate
to its antidepressant properties ( Lv et al., 2016 ), and it is
well-established that depression is linked to alterations in
large-scale brain networks ( Brakowski et al., 2017; Kaiser
et al., 2016 ). The neuroimaging literature on how ketamine
affects human brain networks is still at an early stage, and
the majority of studies have been conducted in healthy vol-
unteers. However, previous studies consistently report ke-
tamine effects on brain regions that have also been linked to
depression, such as the subgenual anterior cingulate cortex
(sgACC), posterior parietal cortex (PCC), prefrontal cortex
(PFC), and hippocampus ( Ionescu et al., 2018 ). Among these
regions the sgACC has been repeatedly reported. While
studies in healthy volunteers reported a rapid decrease of
sgACC activity during a ketamine infusion ( Deakin et al.,
2008 ), a ketamine-induced increase in activity has been
described in depressed patients ( Downey et al., 2016; Nu-
gent et al., 2014 ). It remains an open question, though,
whether these contrary findings relate to differential ef-
fects in patients and healthy volunteers, or to method-
ological differences between studies. In a study investi-
gating functional connectivity (FC) changes after ketamine
in healthy volunteers, Scheidegger et al. (2012) found de-
creased FC between the sgACC and the medial prefrontal
cortex as well as within regions of the default mode net-
work (DMN; Raichle et al., 2001 ) such as the pregenual
anterior cingulate cortex (PACC), medial prefrontal cortex
(MPFC) and posterior cingulate cortex (PCC). One of the
very few studies investigating FC changes after ketamine
in MDD patients found that ketamine increased global FC of
the right lateral PFC, and further showed that this increase
was larger in responders than in non-responders ( Abdallah
et al., 2017 ). Another recent FC study in MDD patients found
that connectivity of the DMN to the insula was normalized
after ketamine when compared to healthy volunteers ( Evans
et al., 2018 ). Taken together, these findings suggest that ke-
tamine alters activity in and connectivity between brain re-
gions involved in depression. Furthermore, the current state
of research suggests that the antidepressant effects of ke-
tamine are linked to reduced activity in brain networks re-
lated to self-referential processing, and increased activity
in cognitive control networks ( Ionescu et al., 2018 ). How-
ever, methodological differences, and the limited number of
studies directly linking ketamine-induced brain changes to
the improvement of depressive symptoms, make it difficult
to draw definite conclusions. On the other hand, the exist-
ing findings suggest that the investigation of large-scale con-
nectivity networks using resting-state fMRI in humans might
be particularly useful to study the antidepressant effects of
ketamine. 

Against this background, we measured resting state brain
activity in 24 depressed patients before, and 24 h after a
single sub-anesthetic ketamine infusion in two independent
psychiatric departments. Specifically, we hypothesized that
FC changes after ketamine treatment between regions that
have previously been linked to depression are directly as-
sociated with the improvement of depressive symptoms. In
addition, we exploratively investigated whether baseline FC
can be used to predict the response to the ketamine treat-
ment. 

2. Experimental procedures 

2.1. Participants 

Male and female patients diagnosed with MDD were recruited at
the Department of Psychiatry and Psychotherapy, Charité – Uni-
versitätsmedizin Berlin (CHAR), and at the Department of Psychi-
atry, Psychotherapy and Psychosomatics, Psychiatric Hospital, Uni-
versity of Zurich (UZH). Patients were “treatment-resistant” being
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1
a  
efined as two or more sufficient antidepressant treatment trials 
uring the current episode without achieving remission. There were 
o restrictions regarding antidepressant medication at the time of 
nrolment, however, medication intake was documented (see Re- 
ults section). Exclusion criteria comprised lifetime antidepressant 
reatment with ketamine, lifetime recreational use of ketamine, 
ardiovascular diseases such as hypertonia, cardiac insufficiency 
r myocardial infarct in the past six months, insufficiently treated
nemia, hyper- or hypothyroidism, lifetime increased intracranial 
ressure or glaucoma, chronic physical diseases, in particular hep- 
torenal dysfunction, recent heart or head surgery, current preg- 
ancy, as well as any relevant psychiatric or neurological comor-
idity, in particular dementia, epileptic seizures, schizophrenia, 
sychosis, or post-traumatic stress disorder, substance abuse disor- 
ers, acute suicidality. Additional exclusion criteria regarding the 
canning procedure were metallic body implants and claustropho- 
ia. The study was carried out in accordance with the latest version
f the Declaration of Helsinki and approved by the Institutional Re-
iew Board of Charité – Universitätsmedizin Berlin and the Ethics 
ommittee Zurich. All patients gave written informed consent be- 
ore participation. 

.2. Study design 

ll participants underwent a baseline resting state fMRI scan prior
o the ketamine infusion (2–24 h). After the baseline scan partici-
ants received an intravenous ketamine infusion (45 min) of either
.5 mg/kg of racemic ketamine (R/S, enantiomer ratio of 1:1, re-
eived at CHAR) or S-ketamine (0.25 mg/kg, Ketanest S, received at
ZH). The S( + )-isomer of ketamine is characterized by a 3–4 times
igher affinity or potency at specific receptors, so that a dose re-
uction of 50% is recommended ( Sinner and Graf, 2008 ). Although
ore studies applied racemic ketamine in previous studies, similar 
ffect sizes have been reported for S-ketamine ( Singh et al., 2016 ),
nd differences with respect to antidepressant mechanisms of ac- 
ion are unknown. At UZH, S-ketamine is used to treat depressed
atients and racemic ketamine is used at CHAR. For this study we
ecided not to change the clinical routine, and to investigate po-
ential differences between substances as an exploratory endpoint. 
ince the antidepressant effect of ketamine is most prominent af-
er one day ( Zarate et al., 2006 ), the follow-up fMRI scans were
cheduled 24 h after the ketamine infusion to assess the related
ffects on neuronal network dynamics that might contribute to the
nderstanding of its antidepressant efficacy. 

.3. Psychological assessment 

epression severity was assessed at baseline and 24 h after the
etamine infusion, using the Montgomery- ̊Asberg Depression Rat- 
ng Scale (MADRS; Montgomery and Asberg, 1979 ; at CHAR), and
he Hamilton Rating Scale for Depression (HAM-D; Hamilton, 1980 ; 
t UZH). To achieve comparability between the two different rat-
ng scales, changes in depressive symptoms were calculated as 
ercent-change from baseline for both scales (symptom improve- 
ent = baseline − follow-up / baseline ∗ 100). 

.4. FMRI acquisition and analyses 

unctional data were acquired on a Siemens Trio 3T (CHAR) and
 Philips Achieva TX 3-T scanner (UZH) using standard echo pla-
ar imaging sequences. At CHAR functional data were collected 
n 8-minute runs (210 vol) with 37 oblique axial slices of 3 mm
TE = 30 ms; field of view = 192 mm, 3 × 3 mm in- plane resolution,
R 2300 s, flip angle 70 °). At UZH the functional images were col-
ected in 10 min runs (200 vol) with 32 contiguous axial slices of
 mm (TE = 35 ms; field of view = 22 cm, 2.75 × 2.75 mm in-plane
esolution, TR 3000 ms, flip angle 82 °, and sensitivity-encoded ac-
eleration factor R = 2.0). A 3-dimensional T1-weighted anatomical
can was obtained for structural reference at both scanning sites. 
All resting state fMRI data were analyzed in Matlab (Version

2015a) using SPM12 and the CONN toolbox (Version 17c; Whitfield-
abrieli and Nieto-Castanon, 2012 ). Preprocessing of the fMRI data
as performed using the default preprocessing pipeline “Direct nor-
alization to MNI-space” available in CONN. The pipeline includes 
otion correction (realignment and unwarping), slice-timing cor- 
ection, automatic detection of artifactual scans (ART-based scrub- 
ing), normalization to MNI space, and spatial smoothing (8 mm).
uring the denoising step in CONN single-subject linear regression
nalyses were performed to remove the effects of head motion (12
otal motion covariates: 6 motion parameters plus temporal deriva-
ives), physiological artifacts (10 total CompCor eigenvariates: 5 
ach from eroded WM and CSF masks), and artifactual scans. The
esulting residual BOLD time series were band-pass filtered (0.01–
.1 Hz). 
Seed selection was based on previous literature from our group

 Scheidegger et al., 2012 ), and on a recent review by Ionescu et al.
 Ionescu et al., 2018 ), in which convergent brain regions modulated
y ketamine were identified. The following seed regions of interest
ROI: x, y, z , in Montreal Neurological Institute (MNI) space) were
ncluded: the sgACC (sphere at 2 28 −5 with 5 mm radius), the left
nd right dorsolateral PFC (sphere at ±40 36 32 with 10 mm radius),
he left and right PCC (sphere at ±6 −50 24 with 7 mm radius),
nd the left and right hippocampus (anatomical seeds from the FSL
arvard-Oxford Atlas). 
Single subject seed-to-voxel correlation maps were calculated 

y extracting the residual blood oxygen level-dependent (BOLD) 
ime course from the seed and computing Pearson’s correlation
oefficients between that time course and the time course of all
ther voxels. Correlation coefficients were converted to normally 
istributed z-scores using the Fisher transformation to improve the
alidity of second-level General Linear Model analyses. 
In the statistical group analyses we focused on pre-to-post FC

hanges associated with the change of depressive symptoms af-
er 24 h. In CONN a linear regression analysis was implemented
y defining the simple main effect of symptom improvement
s between-subjects contrast, and time point (pre vs. post) as
etween-conditions contrast. Additionally, scanning site (CHAR ver- 
us UZH) was included as covariate in the analysis. The same anal-
sis was performed using the baseline scans only, to investigate the
redictive power of baseline FC. Statistical thresholds were set to
 < 0.001 (uncorrected) at the single voxel level, and to p < 0.05
FDR corrected) at the cluster level. Strict Bonferroni adjustments
ere applied to correct for the multiple analyses conducted (7
eeds × 2 analyses types), leading to an adjusted alpha thresh-
ld of p = 0.0036. However, unadjusted results are reported as ex-
loratory to account for the rigidity of Bonferroni adjustments, and
o minimize the conduction of Type II errors. Furthermore, post-hoc
orrelation analyses (Pearson’s correlation coefficient, two-sided) 
or separate study sites were performed between mean cluster val-
es and symptom improvement to explore potential differences be-
ween the two study sites. 

. Results 

.1. Participants 

n total 24 MD patients (14 females, mean age: 44.4 SD
1.8) fulfilled the inclusion criteria, agreed to participate, 
nd were included in the study. At CHAR 14 patients (8
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A B C

Fig. 1 Resting state functional connectivity (FC) related to the reduction of depressive symptoms 24 h after ketamine. (A) Yellow 

color marks the seed region in the subgenual anterior cingulate cortex (sgACC) that was used for the seed-to-voxel analysis. (B) 
Red color marks regions whose FC change to the sgACC 24 h after ketamine is positively related to symptom reduction (higher 
connectivity after ketamine = high symptom reduction). (C) Blue color marks regions whose baseline FC to the sgACC is negatively 
related to symptom reduction (low baseline connectivity = high symptom reduction). Statistical thresholds for (B) and (C) were 
p < 0.001 at the voxel level, and p < 0.05 (FDR corrected) at the cluster level. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

females, mean age: 46.0 SD 11.1) were included in the
study, and at UZH 10 patients (6 females, mean age: 42.1
SD 13.0) were included. Patients at the two scanning sites
did not differ in age ( p = 0.44, t-statistic), and sex distribu-
tion ( p = 0.89, chi-square). At CHAR, patients had an aver-
age MADRS score of 26.3 (SD 5.1, range 19–38) at baseline,
and an average MADRS score of 17.3 (SD 5.9, range 10–29)
after 24 h. At UZH patients had an average HAM-D score of
21.8 (SD 4.9, range 16–31) at baseline, and an average HAM-
D score of 15.0 (SD 6.6, range 7–24) after 24 h. Psychophar-
macological medication, either monotherapy or augmenta-
tion / adjunctive therapies, included SSRIs ( N = 7), SNRIs
( N = 7), tri-/tetracyclic antidepressants ( N = 4), anticonvul-
sants ( N = 3), atypical neuroleptics ( N = 9), benzodiazepines
( N = 6), and melatonin ( N = 3). 

3.2. Clinical results 

92% of the patients (22/24) showed a reduction of depres-
sive symptoms 24 h after the ketamine infusion. The mean
symptom improvement was 33.2% (SD 20.6%). In total 33%
(8/24) of the patients were classified as responders (i.e.,
a 50% reduction of symptoms) after 24 h. No differential
effects in symptom reduction ( p = 0.91, t-statistic), or
number of responders ( p = 0.77, chi-square) were observed
between CHAR and UZH. At CHAR the mean Symptom
improvement was 33.6% (SD 20.9%), and 5/14 patients
were classified as responders. At UZH the mean Symptom
Table 1 Seeds and regions showing FC changes related to symptom

Seed Region Direction 

sgACC Right MFG/SFG, SMA, BA6 ↑ 

Right DLPFC BA8, BA9 ↑ 

Right anterior PFC, BA10, BA46 ↑ 

Right OFC/FP, BA10 ↑ 

sgACC – subgenual anterior cingulate cortex; MFG – medial frontal gyru
BA – Brodmann area; DLPFC – dorsolateral prefrontal cortex; PFC – prefr
improvement was 32.6% (SD 21.4%), and 3/10 patients were
classified as responders. 

3.3. fMRI results 

The whole-brain regression analysis revealed significant FC
changes related to symptom reduction for the sgACC seed
(see Fig. 1 (A) for the location of the seed region). All
other investigated seed regions (bilateral dorsolateral PFC,
bilateral PCC, and bilateral hippocampus) did not show
significant FC changes related to symptom reduction. For
the sgACC seed, 4 clusters (2 Bonferroni adjusted, 2 ex-
ploratory) showed that more positive FC after ketamine
was positively related to symptom reduction. All 4 clusters
were located in the right frontal lobe (supplementary mo-
tor area, dorsolateral PFC, anterior PFC, and orbitofrontal
cortex). See Table 1 for a detailed description of all tar-
get clusters, and Fig. 1 (B) for a visualization of the clus-
ters on the cortical surface. Post-hoc correlation analyses
revealed a strong positive relationship between single sub-
ject FC change (mean value of the cluster in the anterior
PFC), and Symptom improvement for both study sites (see
Fig. 2 (A)). 

Furthermore, the second whole-brain regression analysis
conducted to investigate the relationship between baseline
FC and symptom reduction revealed that baseline FC of
the sgACC to the right lateral anterior PFC was negatively
related to symptom reduction, with lower levels of baseline
 reduction. 

Coordinates Cluster size Size p-FDR 

20 22 62 204 0.0002 
42 38 42 138 0.0015 
36 54 10 87 0.012 
32 60 −2 74 0.018 

s; SFG – superior frontal gyrus; SMA – supplementary motor area; 
ontal cortex; OFC – orbitofrontal cortex; FP – frontopolar cortex. 
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A B

R= 0.85 ***

R= 0.78 **

R= -0.88 ***

R= -0.84 **

Fig. 2 Post-hoc correlation analyses of resting state functional connectivity (FC) related to the reduction of depressive symptoms 
after ketamine at separate study sites. (A) Relationship between FC change (sgACC - rPFC, cp. Fig. 1 (B) marked region) 24 h after 
ketamine and symptom reduction. (B) Relationship between baseline FC (sgACC - rPFC, cp. Fig. 1 (C) marked region) and symptom 

reduction. The R -value depicts Pearson’s Correlation Coefficient ( ∗∗∗ the corresponding P -value is < 0.001). Red and blue dots depict 
patients from the two different scanning sites (UZH and CHAR). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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onnectivity corresponding to higher levels of symptom 

eduction 24 h after ketamine. All other investigated 
eed regions did not reach statistical significance after 
onferroni correction, but some exploratory findings were 
bserved for the right PCC, left HC, and left DLPFC. See
able 2 for a detailed description of all target clusters,
nd Fig. 1 (C) for a visualization of the cluster detected
or the sgACC seed. Post-hoc correlation analyses revealed 
 strong negative relationship between single subject 
aseline FC (mean value of the cluster in the anterior
FC), and Symptom improvement for both study sites (see 
ig. 2 (A)). I.e. lower baseline FC between the sgACC and
nterior PFC was linked higher levels of symptom reduction 
fter ketamine. 
An exploratory subgroup analysis showed that ketamine 

esponders (i.e., symptom reduction > = 50%, N = 8) 
ad more negative baseline FC values than ketamine 
on-responders (i.e., symptom reduction < 50%, N = 16, 
 (22) = −4.16, p = 0.0004). Remarkably, all eight respon-
ers (100%) had negative baseline FC values between the 
gACC and the right lateral anterior PFC at baseline. Fur-
hermore, ketamine responders showed larger FC changes 
Table 2 Seeds and regions showing baseline FC related to sympto

Seed Region Direction 

sgACC Right anterior PFC ↓ 

Right PCC Right IPL ↑ 

Left PCC ↑ 

Left HC Right LOC ↑ 

Left DLPFC Caudate ↓ 

sgACC – subgenual anterior cingulate cortex; PFC – prefrontal cortex; P
hippocampus; LOC – lateral occipital cortex; DLPFC – dorsolateral prefro
fter ketamine than ketamine non-responders ( t (22) = 4.58,
 = 0.0002). Seven out of the eight responders (88%) showed
ncreases of FC between the sgACC and the right ante-
ior PFC after the ketamine treatment. Additionally, an ex-
loratory correlation analysis revealed a strong relationship 
etween FC at baseline and FC change after ketamine (see
upplementary Figure S1). 

. Discussion 

n this study we investigated whether FC in large-scale brain
etworks is linked to the antidepressant properties of ke-
amine in depressed patients. Our main results show that
ncreased connectivity after ketamine treatment between 
he sgACC and the right lateral PFC is linked to higher lev-
ls of symptom reduction. Furthermore, our results show 

hat low baseline connectivity before ketamine treatment 
etween the above regions is linked to higher levels of re-
uction of depressive symptoms. 
Accumulating evidence indicates important roles of the 

gACC in regulating stress-related affective responses and 
m reduction. 

Coordinates Cluster size Size p-FDR 

34 60 8 332 < 0.0001 
54 −50 24 106 0.032 
−6 −40 26 90 0.033 
42 −80 14 111 0.042 
−4 8 2 154 0.0079 

CC – posterior parietal cortex; IPL – inferior parietal lobule; HC –
ntal cortex. 
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negative affect states ( Drevets et al., 2008; Shao et al.,
2018 ), and it is well-established that the sgACC is overac-
tive in depressed patients ( Drevets et al., 2008; Mayberg
et al., 1999 ). Furthermore, it has been shown that sgACC
activity and connectivity is normalized after SSRI treatment
( Mayberg et al., 2000; McCabe and Mishor, 2011; Olbrich
et al., 2014 ). Notably, deep brain stimulation of the
sgACC was also found to result in an antidepressant ef-
fect ( Mayberg et al., 2005 ), and the antidepressant effi-
cacy of transcranial magnetic stimulation (TMS) stimulation
at specific loci within the DLPFC was strongly correlated
with functional connectivity between the DLPFC site and
the sgACC ( Fox et al., 2012 ). Our findings strongly support
this line of evidence, by establishing a link between the
rapid antidepressant response to ketamine and increased
functional connectivity between these regions. The right
lateral PFC has been implicated in executive function and
cognitive control ( Goldman-Rakic, 1995; Koechlin et al.,
1999 ), and increased activity in the sgACC in combination
with decreased activity in the right lateral PFC has been
linked to transient and chronic negative mood ( Mayberg et
al., 1999 ). Taken together these findings suggest that higher
lateral PFC-sgACC connectivity might be linked to an en-
hanced prefrontal capacity to (down)regulate the process-
ing of negative emotions in the sgACC. Our findings thus sup-
port the general notion that the central executive network
plays a critical role in modulating emotional processing in
the sgACC, and that ketamine specifically affects this neuro-
circuit to restore more adaptive levels of mood regulation.
Further evidence for this assumption comes from a recent
TMS study, showing that FC between the stimulated rTMS
site (i.e., a region in the lateral PFC) and the sgACC predicts
the antidepressant response to the TMS treatment ( Weigand
et al., 2018 ). 

The assumption of enhanced prefrontal control after
ketamine is in line with molecular studies showing that
ketamine induces rapid synaptogenesis in the PFC ( Duman
et al., 2016 ). The rapid increase in neuronal excitability
in the PFC after ketamine administration is likely to affect
not only synaptic plasticity but also large-scale functional
connectivity. Investigating global brain connectivity (GBC)
in MDD patients Abdallah et al. (2017) found an increased
GBC in the lateral PFC after ketamine that was stronger
in treatment responders. Our study extends this line of
empirical evidence by pointing out a linear relationship be-
tween lateral PFC-sgACC connectivity and clinical response
to ketamine. Increased capacity for adaptive dynamics
in neurocircuits for mood regulation might thus underly
ketamine-induced clinical recovery ( Lehmann et al., 2016;
Scheidegger et al., 2016 ). Ketamine’s metabolism in the
brain suggests that the antidepressant effects after 24 h
are due to secondary processes ( Duman et al., 2012 ).
An interesting question is whether the acute effects and
network modulations induced by ketamine are linked to the
antidepressant response and sustained adaptive changes
in brain dynamics. To that, future studies with multistage
imaging protocols for the dynamic investigation of the
biomechanisms of rapid-acting antidepressants need to be
developed to allow for monitoring of the individual states of
a multiphasic drug response ( Walter et al., 2014 ). Although
ketamine-induced changes in neuronal connectivity and
network function might be transient and heterogenous,
they may nevertheless increase emotion regulation capac-
ities and open plasticity windows for psychotherapeutic
interventions ( Wilkinson et al., 2017 ). 

Previous FC studies have not identified sgACC-PFC
changes after ketamine. This might be due to methodolog-
ical differences for instance in acquisition protocols and
drug administration. Furthermore, it must be noted that
we also do not find absolute pre-to-post FC changes be-
tween these regions. Rather, we identified a specific lin-
ear relationship between baseline FC, FC change, and the
antidepressant response, with potential clinical relevance.
Since a considerable proportion of our patients already
had relatively high FC between sgACC and PFC at baseline
and did not show further connectivity increases or benefits
from the treatment, absolute pre-to-post changes did not
reach thresholds for statistical significance. This supports
our methodological approach to directly investigate the link
between FC and symptom reduction in the whole brain
analysis. 

From a clinical perspective, reductions in depressive
symptoms and the proportion of treatment response was
comparably lower than in other clinical trials with ke-
tamine. Partly, this could be explained by the fact that a
large part of our patients was recruited from wards spe-
cialized in the treatment of chronic and severe affective
disorders. They received ketamine as an alternative to elec-
troconvulsive therapy and had a relatively high degree of
treatment resistance. Thus, the clinical characteristics of
our sample might differentiate from those of other ke-
tamine trials. Furthermore, most of the studies so far have
been conducted with racemic ketamine and some of our
patients received S-ketamine. There is some controversy
about antidepressant efficacy of the S- vs. R-enantiomers
( Andrade, 2017 ). However, good effect sizes have also been
reported for S-ketamine ( Singh et al., 2016 ). 

It must be acknowledged that the majority of patients in
this study were part of a naturalistic clinical trial conducted
at CHAR that did not include a placebo condition. As the pri-
mary endpoint of this study was to link FC changes after ke-
tamine to the improvement of clinical symptoms, we argue
that conclusions can be drawn from this study even with-
out applying a placebo condition. We further argue that it
can be reasonably assumed that brain changes correspond-
ing to the rapid improvement of depressive symptoms 24 h
after ketamine in severely depressed patients can be linked
to the effects of ketamine. Furthermore, ketamine has rel-
atively strong, acute psychotomimetic effects, which puts
into question whether a placebo condition outweighs the
benefits of a naturalistic study design. 

In conclusion, the reported close association of sgACC-
PFC functional connectivity changes with ketamine’s an-
tidepressant response, and converging evidence from other
treatment modalities (e.g., TMS, has the potential to serve
as an imaging biomarker to predict whether a patient will
respond to ketamine treatment. However, these findings
must be confirmed in large independent patient samples.
Furthermore, additional scanning time points would be of
interest, e.g., to investigate how long ketamine-induced
functional connectivity changes persist, and to identify op-
timal time points for repeated ketamine administration. 
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