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Abstract

Rationale Depression, with variable longitudinal patterns, recurs in one third of patients. We lack useful predictors of its course/
outcome, and proton magnetic resonance spectroscopy (IH-MRS) of brain metabolites is an underused research modality in
finding outcome correlates.

Objectives To determine if brain metabolite levels/changes in the amygdala region observed early in the recovery phase indicate
depression recurrence risk in patients receiving maintenance therapy.

Methods Forty-eight patients on stable-dose antidepressant (AD) maintenance therapy were analyzed from recovery onset until
(1) recurrence of depression or (ii) start of AD discontinuation. Two 1H-MRS scans (6 months apart) were performed with a focus
on amygdala at the beginning of recovery. N-acetylaspartate (NAA), choline-containing metabolites (Cho), and Glx (glutamine/
glutamate and GABA) were evaluated with regard to time without recurrence, and risks were assessed by Cox proportional
hazard modeling.

Results Twenty patients had depression recurrence, and 23 patients reached AD discontinuation. General linear model repeated
measures analysis displayed three-way interaction of measurement time, metabolite level, and recurrence on maintenance
therapy, in a multivariate test, Wilks’ lambda = 0.857, F(2,40) =3.348, p=0.045. Cho levels at the beginning of recovery and
subsequent changes convey the highest risk for earlier recurrence. Patients experiencing higher amygdala Cho after recovery are
at a significantly lower risk for depression recurrence (hazard ratio = 0.32; 95% confidence interval 0.13-0.77).

Conclusion Cho levels/changes in the amygdala early in the recovery phase correlate with clinical outcome. In the absence of
major NAA fluctuations, changes in Cho and Glx may suggest a shift towards reduction in (previously increased) glutamatergic
neurotransmission. Investigation of a larger sample with greater sampling frequency is needed to confirm the possible predictive
role of metabolite changes in the amygdala region early in the recovery phase.
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Introduction

Following the initial episode, depression recurs in approximately
35% of patients. Remission is considered to begin after 3 con-
secutive weeks of minimal symptom status. Recovery is reached
if stable symptom status continues for at least 4 months.
Recurrence is when another depressive episode emerges during
the recovery phase (Rush et al. 2006). In general, recurrence risk
is increased by the number of past episodes and decreased by a
longer time span after the previous episode, although there is
considerable intra-individual variation (Solomon et al. 2000).
Other recognized risks include previous history of dysthymic
disorder, early onset, residual depressive symptoms, and family
history of recurrent depression (APA 2010). Patients who expe-
rienced three or more prior depressive episodes should continue
maintenance therapy in the continuation phase at the full thera-
peutic dose used to achieve remission; otherwise, the risk of
recurrence approaches 100%.

Proton magnetic resonance spectroscopy (1H-MRS) evalu-
ates brain metabolites in vivo, measuring their quantities against
standard metabolic curves. 1H-MRS is most widely used mo-
dality because of its high sensitivity, high signal-to-noise ratio,
and the use of standard radiofrequency coils (van der Graaf
2010). Neurochemicals identified by 1H-MRS include N-
acetyl aspartate (NAA), creatine (Cr), choline-containing me-
tabolites (Cho), GIx peak-containing glutamine/glutamate and
y-aminobutyric acid (GABA), myoinositol, glycine, glucose,
lipids, lactate, alanine, acetate, succinate, and taurine.

NAA is considered a putative marker of neuronal integrity
(Stanley 2002) and functionality (Sager et al. 2001; Tsai and
Coyle 1995), as well as an MRS marker for neuronal health,
viability, and number (Moffett et al. 2007). Several studies
reported altered NAA levels following antidepressant (AD)
treatment in various brain regions (Caverzasi et al. 2012).
Cho is considered a potential marker of membrane phospho-
lipid metabolism and membrane turnover (Frahm et al. 1989;
Petroff 1988; Stanley et al. 2000), and increased Cho levels in
depression therapy responders do not seem to be medication
specific (Bernier et al. 2009; Luborzewski et al. 2007; Zhang
et al. 2015) and appears to be resistant to some comorbidities
(Henigsberg et al. 2011).

The finding of decreased GlIx in depressed patients is fre-
quently described, but it is inconsistent among different brain
regions. Studies of the GIx peak and its individual components
were mostly targeted at GABA given the well-grounded ob-
servation of GABAergic dysfunction in depressed patients,
but glutamate is also thought to have a prominent role in
depression (Arnone et al. 2015).

The amygdala has a significant role in affective modula-
tion, in particular for associating environmental stimuli with
emotionally charged inputs including the processing of nega-
tive, unpleasant emotions (e.g., fear) and positive ones such as
stimulus-reward processing (Baxter and Murray 2002).
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Amygdala volume abnormalities do not appear consistent-
ly and may depend on the illness phase, medication use, and
family history of major depressive disorder (MDD) (Kerestes
et al. 2013; Schmaal et al. 2016). Preserved and increased
volumes have been reported in those with recurrent episodes
(Bellani et al. 2011), with the proposed explanation that in-
creased brain-derived neurotrophic factor (BDNF) promotes
neurogenesis and protects against glucocorticoid toxicity in
the amygdala of medicated persons (Hamilton et al. 2008).

Details of amygdala-dependent plasticity in MDD remain to
be characterized (Kuhn et al. 2014), but it is hypothesized that
abnormalities in neuronal density, dendritic arborization, and
synapse density may underlie impoverishment of glutamatergic
neurotransmission, emphasizing that additional studies focusing
on these relationships would be valuable (Yiiksel and Ongiir
2010).

The amygdala and dorsolateral prefrontal cortex (DLPFC)
are tightly coupled (Clark et al. 2018; Connolly et al. 2017,
Dannlowski et al. 2009; Murrough et al. 2011), and in de-
pressed patients, the relationship between activities in these
areas is decreased (Chen et al. 2008; Fales et al. 2009; Siegle
et al. 2007; Tao et al. 2012).

Despite a growing knowledge base of amygdala involve-
ment in affect processing, emotional reactivity, and chronic
stress, this is one of the less studied brain regions in MDD
(Marsden 2013). Amygdala MRS studies are particularly rare,
due to technical complexities of small volume, high field in-
homogeneity, and a shared boundary with the hippocampus
(Nacewicz et al. 2012). Michael et al. longitudinally analyzed
1H-MRS parameters in the amygdala and adjacent anterior
hippocampus in depressed patients before and after treatment
and found a significant increase in NAA in patients who
responded to electroconvulsive therapy (ECT) responders. A
study performed by Kusumakar et al. (2001) analyzed Cho/Cr
ratios in early onset depression and found significantly lower
left amygdala values in patients compared to controls. Block
et al. (2009) analyzed the amygdalar/hippocampal region
(most of the hippocampal body and parts of its head, of the
amygdala, and of the parahippocampal gyrus) in depressed
patients and found individual AD treatment effect to correlate
with an increase in NAA and Cho.

We previously reported no NAA changes in the left amygdala
before and after an 8-week long AD treatment (Janovié et al.
2014). Michael et al. (2003) analyzed MRS changes in the amyg-
dala of treatment-resistant MDD patients and found a significant
increase in NAA in ECT monotherapy responders, as well as
after ECT was combined with AD therapy in non-responders.
In all successfully treated patients, an increased Glx level was
observed, whereas Cho and Cr remain unchanged. Ende et al.
(2000), when applying ECT without AD, did not replicate NAA
changes in the hippocampus after ECT, but described an increase
in Cho in depressed patients compared to healthy controls (Ende
et al. 2000). We were not able to identify any studies that
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compared 1H-MRS parameters in the amygdalar region after the
acute treatment phase in relation to MDD episode recurrence.

The aim of this work was to assess the relationship between
changes in 1H-MRS parameters at the start of the recovery
phase and its duration (i.e., episode-free period) in patients
suffering from recurrent depression receiving maintenance
therapy. This approach is unique in correlating 1H-MRS
changes at the beginning of the recovery period with clinical
outcomes in the subsequent course of illness.

In our previous research on the same cohort, we showed that
decreases in Cho/Cr and NAA/Cr ratios in the DLPFC after
recovery were related to a higher risk of a recurrent episode
during maintenance therapy; specifically, a decrease in Cho/Cr
was associated with 2.7-fold higher risk (Henigsberg et al. 2017).
Now, we hypothesize that our findings in the DLPFC study
would be in contrast to those in regions oppositely involved in
negative affective processing. Another, even self-limiting, factor
in the selection of amygdalar region as the region of interest in
the present study was that, among regions involved in affective
processing, we only have raw data conformant to the same me-
tabolites, study subjects, and periods for the amygdalar region.

Being aware of obstacles in interpreting 1H-MRS findings of
the amygdalar area as region specific, we hypothesize that there is
an increase in Cho levels, without significant NAA increase, in
the amygdalar region during the recovery phase. Such changes
would be concordant with the assumption of continued mem-
brane consolidation without brain structural changes that would
indicate enhanced arborization or other significant structural
changes. This hypothesis is also in accordance with amygdala-
PFC restructuring observed in volumetric and functional research.

We also assumed that the rise in Glx peak would be asso-
ciated with a greater recurrence risk, as glutamate is the
highest constituent of the Glx peak and amygdalar levels of
this neurotransmitter decrease after depression treatment. We
expect those changes to be observable if the hippocampus-
originating signal does not obscure changes we expect to orig-
inate from the amygdala. Still, changes in Glx peaks were not
included in our primary hypothesis, knowing the general dif-
ficulties in collecting and interpreting that metabolite in MRS
(Nacewicz et al. 2012) and especially in the amygdala.

Methods

This study identified participants among patients who had
already participated in research of therapeutic response pre-
dictors. The patients had to fulfill the following inclusion
criteria: diagnosis of unipolar depression (single or recurrent
episode) diagnosed by a qualified psychiatrist based on
International Classification of Diseases 10 (ICD-10) and con-
firmed by Mini international Neuropsychiatric Interview 5.0
(MINI v. 5.0.), two MRS acquisitions, no other psychiatric
diagnoses, no significant somatic diagnoses requiring

pharmacotherapy, on AD monotherapy during the study peri-
od with permitted stable dose of benzodiazepine treatment,
not receiving any other therapy (e.g., psychotherapy, transcra-
nial magnetic stimulation, etc.). ADs were prescribed in a
stable dose, as reached over the remission period. All the
patients participating in the study previously signed informed
consent for long-term evaluation. The study was conducted in
accordance with the Declaration of Helsinki and was ap-
proved by the Ethics Committees of the School of Medicine,
University of Zagreb and Polyclinic Neuron.

The patients were followed up from depressive symptom
remission and entrance into the recovery phase (recovery de-
fined as remission of depressive symptoms for 4 consecutive
months) until the recurrence of depression. Depressive symp-
tom remission was confirmed by a Montgomery-Asberg rat-
ing Scale (MARDS) score <10. The first MRS acquisition
was scheduled at the beginning of the recovery phase and
the second one 6 months later. All 48 patients completed both
MRS scans. During the whole study period, patients had reg-
ular check-ups by their treating psychiatrist that included the
psychiatric interview and MARDS evaluation. The check-ups
were required at least every 6 months, but most patients had
regular monthly doctor visits to obtain the necessary AD ther-
apy via national health insurance.

Five patients were excluded from the study due to conversion
to bipolar disorder (2 patients), adverse events (1 patient suffered
from serotonergic syndrome), or loss to follow-up (2 patients).
Of the remaining 43 patients, one group had recurrence of de-
pressive symptoms while on maintenance therapy, whereas the
other group experienced a sufficiently long recovery to be ta-
pered off the prescribed pharmacotherapy. For the purpose of
this study, discontinuation was defined as the first time point in
the study when the AD medication was tapered off (Fig. 1).

TH-MRS analyses

1H-MRS was performed after the psychiatric evaluation. All 1
H-MRS data acquisition in this study was performed on a
2.0 T system (Gyrex 2T-Prestige, GEMS/Elscint, Haifa,
Israel) using a quadrature head coil. The subject was posi-
tioned supine on head foam pads to prevent head movements.
The intersection of the frontal bone and two nasal bones
(nasion) served as a landmark. Imaging was performed by a
radiologist experienced in MRS acquisition. Standard T1 and
T2 sequences completed in the coronal, sagittal, and axial
planes and covering the entire brain were acquired for each
subject to account for the effect of spectral localization and
exclude possible structural brain damage. The spectroscopic
volume of interest (VOI), 15 x 15 x 15 mm, was selected in
the left amygdala region. The VOI was positioned to maxi-
mize amygdala content and avoid brain structures that could
possibly interfere with magnetic field homogeneity (e.g., cen-
tral cerebral arteries in front of the amygdala and medially
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Fig. 1 Study schematic

up

2 subjects
converted
to bipolar
disorder

positioned bone structures). The VOI contained the amygdala,
as the primary target, but also part of the parahippocampal
gyrus, hippocampus head, and minor parts of the temporal
horn of the lateral ventricle. An example of voxel positioning,
brain structures adjacent to target VOI and typical spectrum is
shown in Fig. 2.

1H-MRS was performed using a point-resolved spectros-
copy sequence (1500/35 [repetition time/echo time]), with
100 averages. Each spectrum was re-evaluated for peak
NAA (at 2.02 ppm), Cho (at 3.2 ppm), GIx (at 2.2—
2.4 ppm), and Cr (at 3.03 ppm). The absolute NAA, Cho,
and GIx values and their ratios to Cr were used for the
analyses.

Analyses of the spectral dataset were performed using the
software package supplied by the manufacturer of the mag-
netic resonance system (Gyrex 2T-Prestige, GEMS/Elscint).

Statistical analysis

The primary variable of interest in our research was time sur-
vived without an episode, specifically if differences in metab-
olite markers observed early in recovery would sustain as a
risk/protective marker for a more distant time period. For this
study, we employed the Cox proportional hazard (CPH), since
it is suitable in situations when either the form of the true
hazard function is unknown or is complex and assumes that
predictors act multiplicatively on the hazard function but does
not assume that the hazard function is of any particular form
(Harrell 2001). This method accounts for both for survival
time and censored information, while simultaneously
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2 subjects
lost to follow-

48 subjects entered in the study
and
were evaluated by 1H MRS scan at
recovery and 6 months later; intended
follow-up every 6 months by psychiatric
assessment, including MADRS

43 subjects

reached end-time point in this
study: recurrence of depressive
episode or tapering-off medication

1 subject
discontinued
due to AE

23 subjects 20 subjects
started

tapering-off
medication

experienced
recurrence

assessing the effects of several risk/protective factors over
time. Steps in the CPH model are described in detail in the
Results section. We performed CPH analysis in two ways: first
by using absolute changes of metabolites to Cr ratios as inputs,
and second by dichotomization of those inputs (rise or fall
between measurements).

Prior to displaying the CPH analysis results, to illustrate
directions of changes in metabolite levels, and for the ease
of comprehension of CPH results, we performed general lin-
ear model (GLM) multivariate analysis of metabolite levels in
relation to the outcome of reaching the tapering period without
a recurrence (sustained or recurred conditions). We performed
GLM with two levels of within-subject factor (measurement
time) and three levels of metabolite to Cr ratios. We consid-
ered multivariate testing appropriate as changes across levels
(measurement times) were correlated across subjects.

Statistical analysis was performed in version 13 of the
Statistica software package (TIBCO Software Inc., 2017).
The level of statistical significance was set to 0.05.

Results

In total, 48 subjects entered the study. Patients underwent two
1H-MRS scans of the left amygdala region: one at the beginning
of recovery and another 6 months later. In the later period, they
were followed up every 6 months until the endpoint, which was
defined as a time either until the start of medication discontinu-
ation (i.e., tapering-off medication in 23 subjects) or until recur-
rence of the next depressive episode (20 subjects). For the
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Fig. 2 Voxel positioning, brain

structures adjacent to amygdala in

coronal plane (a), sagittal plane

(b), and typical spectrum acquired

from amygdala region (c). Am

amygdala, Lv temporal horn of

lateral ventricle, Ec entorhinal

cortex, Hi head of hippocampus, {
Cho choline, Cr creatine, NAA N- “
acetyl aspartate (illustration by \
Milan Rados, neuroradiologist)

remaining five patients, data on type and time of cutoff point
were missing. Among them, two patients were lost to follow-
up, two converted to bipolar disorder, and one patient abruptly
stopped medication due to an adverse event (serotonergic
syndrome).

Thirty female and 18 male patients entered the study. The
type and time of endpoint are missing for 4 female and 1 male
patients, while the remaining 26 female and 17 male patients
were followed until the tapering phase or episode onset.
Demographic characteristics and current episode descriptors
are displayed in Table 1.

Patients went without a recurrent episode on average for
2.42 years (SD = 1.53), and this was expectedly higher in the
group that sustained until the tapering period (3.03; SD =
1.67) compared to patients who relapsed over time on full-
dose medication (1.63; SD =0.89). Kaplan—Meier curves of
survival without another episode are displayed in Fig. 3.

GLM repeated measures analysis was conducted to com-
pare the effect of metabolite levels on recurrence of a depres-
sive episode before reaching tapering-off medication. There
was a significant effect of a three-way interaction of measure-
ment time, metabolite, and recurrence in a multivariate test,
Wilks’ lambda = 0.857, F(2,40) = 3.348, p = 0.045. The direc-
tions of changes in metabolite levels based on the status of
recurrence during maintenance therapy are shown in Fig. 4.

In preparation for CPH analysis, we confirmed the absence
of the time-varying effect, to ensure that observed metabolite
changes were not correlates of neurochemical changes already
occurring in a not yet clinically manifested episode.
Proportional hazard assumptions were verified by construct-
ing a product between the variable and linear function of time,
adding an interaction term, and testing for its significance. We
also assessed the proportionality assumption by visually
checking plots of the log—log [S(t)] functions and confirmed
constant hazard ratios.

In the initial model, we added variables related to our
neurometabolites (values at the first scan and differences in
the second scan), and three disorder and three current episode
descriptors confirmed from literature sources as indicators of
the severity and longitudinal course of the current episode.

The initial CPH model had nominal statistical significance (—
2 log likelihood = 101.802; x* =33.147; df = 12; p=0.0009),
but evaluation of beta coefficients, risk ratios with their 95%
confidence intervals (CIs), ¢ value approximations, and Wald
statistics indicated significant contributions of five variables, all
of them related to our neurometabolites of interest (Table 2).
Among these, three measure metabolite levels at recovery,
reflecting the significant differences already observed in these
levels at the first scan. Changes in Cho and GIx from the first
to the second scans were also statistically significant.
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Table 1 Demographics and
current episode descriptors

To further evaluate individual variable contributions, we
entered five identified variables into the CPH forward step-
wise likelihood ratio model, which consisted of two steps.

Sustained antidepressant Episode

response recurrence

n=23 n=20
Variable Mean SD Mean SD p
Age at first evaluation 44.48 13.23 43.58 11.59 0.8700
Age at disorder onset 28.21 7.75 27.59 8.98 0.8088
Years with depression 16.27 10.15 15.99 11.13 0.9328
No. of prior episodes 3.78 1.73 4 241 0.7332
Months to remission 593 14 5.81 1.65 0.7945
MADRS at episode onset 25.79 4.13 25.9 4.07 0.9305
MADRS at recovery onset phase 54 1.33 5.61 1.07 0.5696
MADRS 6 months after recovery onset 5.55 0.88 5.29 1.41 0.4575
MADRS at the visit prior to the last evaluation ~ 5.34 1.1 5.44 1.27 0.7733
MADRS at the last evaluation 532 0.87 20.3 1.44 <0.0001

1.0

0.2

0.1

Cumulative Proportion Surviving w/o Recurrence

In the first step, Cho change at 6 months after recovery was
included [B=—2.139; SE=1.006; Wald=4.523; df=1; p=
0.033; Exp(B) =0.118]. The final model consisted of two
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Fig. 3 Kaplan—Meier plots of time to recurrence or start of tapering-off
medication for all subjects in the study (a), time to recurrence for patients

Years to Withdrawal

who relapsed during maintenance therapy (b), and time to withdrawal of
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medication for those who sustained without relapse over the course of
maintenance therapy (c)
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Fig. 4 MRS measurements of a NAA/Cr, b Cho/Cr, and ¢ GIx/Cr.
Recurrence—followed up until the start of AD medication discontinua-
tion. No recurrence—followed-up until recurrence of a depressive

variables: Cho level at recovery [B=—4.735; SE =1.405;
Wald = 11.349; df=1; p=0.001; Exp(B)=0.009] and Cho
change 6 months after recovery [B=—4.550; SE=1.314,
Wald=11.988; df=1; p=0.001; Exp(B)=0.011], so both
variables included related to Cho levels (— 2 log likelihood =
118.867; X2 =16.032; df=2; p=0.0032). Parameter esti-
mates of the final model are displayed in Table 3.

It is difficult to generalize a multivariable model based on
ratio to Cr units. For this reason, and to present the results in a
simplified way, we dichotomized the variable measuring
change in Cho after 6 months. Even this univariate model
with one dichotomized variable alone sufficed to produce
significance (—2 log likelihood =— 134.95; x*=6.42; df =
1; p=0.011). Subjects with a rise in Cho after recovery have
a risk of subsequent episode, at any particular time point, that
is only a third (31.56%) of that compared to subjects
experiencing Cho decrease (HR =0.32; 95% CI 0.13-0.77;
t=—2.55; p=0.011).

Recovery + 6 months

Recurrence

episode. Horizontal axis: recovery—start of the recovery phase; recov-
ery + 6 months—start of the recovery phase + 6 months. Error bars denote
95% ClIs of means

MADRS score significantly improved from the beginning
of an episode to the start of the recovery phase (20.3, SD =4.1
in the group with recurrence vs. 20.4, SD=3.8, p=0.93, in
the group that started therapy discontinuation). At the 6-month
follow-up, MADRS changes were only minor: (0.2, SD=1.7)
on average in subjects who entered the therapy discontinua-
tion period and (— 0.3, SD =1.6) in those who experienced a
recurrent episode.

Concerning ADs in treatment, escitalopram was the most
frequently used medication—in 5 patients who entered the
tapering-off period and in 6 patients who experienced a recur-
rent episode. In patients who experienced recurrence, other
used ADs were sertraline (5), mirtazapine (2), fluoxetine (1),
venlafaxine (1), reboxetine (1), citalopram (1), fluvoxamine
(1), paroxetine (1), and imipramine (1). The tapering-off
group used fluoxetine (4), sertraline (4), venlafaxine (3), am-
itriptyline (2), reboxetine (1), citalopram (1), fluvoxamine (1),
paroxetine (1), and mirtazapine (1).
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Table 2 Parameter estimates of

the initial model Factor

Relative risk (95% CI) P

1H-MRS metabolite levels at recovery

NAA/Cr 0.0314 (0.0011-0.9367) 0.0458

Cho/Cr 0.0054 (0.0002—-0.1951) 0.0043

GLX/Cr 68.9960 (2.4546-1939.3790) 0.0129
1H-MRS metabolite changes 6 months after recovery

NAA/Cr 1.1188 (0.1714-7.3025) 0.9066

Cho/Cr 0.0007 (0-0.0263) 0.0001

GLX/Cr 18.0679 (1.2155-268.5807) 0.0356
Current episode descriptors

Months to remission 1.4762 (0.9179-2.3741) 0.1081

MADRS improvement at recovery 1.0284 (0.8816-1.1996) 0.7216

MADRS change 6 months after recovery 0.8131 (0.5219-1.2668) 0.3604
Disorder course descriptors

Age at onset 0.9961 (0.9151-1.0844) 0.9289

Years with depression 1.0144 (0.9487-1.0846) 0.6754

No. of prior episodes 1.1749 (0.8297-1.6637) 0.3638

Five of 23 (21.7%) patients who sustained until AD discon-
tinuation and 4 of 20 (20%) who relapsed in continuation phase
were under a stable dose of medication in the benzodiazepine
class. In the sustained group, no apparent differences were ob-
served in changes of NAA levels (—0.0811, SD=0.5697 in the
benzodiazepine group vs. —0.0519, SD =0.3458 in others), Cho
levels (0.2134, SD=0.1409 in the benzodiazepine group vs.
0.2302, SD =0.2965 in others), or GIx levels (—0.1541, SD =
0.1669 in the benzodiazepine group vs. —0.233, SD =0.5029 in
others). These differences were not observed in relapsed patient
NAA levels (0.008, SD=10.3473 in the benzodiazepine group
vs. 0.0118, SD=0.3997 in others), Cho levels (0.061, SD =
0.2495 in the benzodiazepine group vs. 0.041; SD=0.2171 in
others), or Glx levels (—0.06, SD=0.4964 in benzodiazepine
group vs. —0.1724, SD =0.4681 in others). None of the 5 pa-
tients lost to follow-up received a stable dose of medication from
the benzodiazepine class.

Discussion

To our knowledge, this is the first study to identify 1H-MRS
correlates of recurrence risk in the amygdalar region in

patients with depression on maintenance therapy during the
recovery phase. We demonstrated that Cho level in the left
amygdala at recovery onset and changes 6 months later in
recurrent MDD patients receiving AD continuation therapy
predict a longer episode-free period, and the effect is not time
varying (i.e., decreased Cho could not be attributed to a chem-
ical change in already started but not yet clinically manifested
episode). We also observed a significant Glx decrease in non-
recurrent patients.

Even when only analyzing the rise or fall of Cho in the
recovery phase, regardless of the magnitude, a rise in Cho is
associated with only one third the risk (HR =0.32; 95% CI
0.13-0.77) at any time compared to the risk in patients
experiencing no change or fall of Cho.

A direct comparison of our results with previous studies
that measured metabolite levels in the amygdalar region is
not possible because of considerable differences in the popu-
lations studied, employed treatments, periods between MRS
scans, scanning techniques, and differences in voxel position.

The rise of Cho-containing compounds in the amygdalar re-
gion was notably higher in patients with better prognoses.
Meanwhile, NAA did not change considerably. As NAA is con-
sidered a neuron-specific marker of integrity and neuronal

Table 3 Parameter estimates of

the final model Factor

Cho/Cr at recovery

Cho/Cr change 6 months after recovery

After dichotomization (only rise or fall monitored)

Cho/Cr changes 6 months after recovery

Cho/Cr decreases
Cho/Cr remains equal or rises

Relative risk (95% CI) p
0.0088 (0.0006-0.1381) 0.0008
0.0106 (0.0008-0.1389) 0.0005
1.0000

0.3156 (0.1301-0.7656) 0.0108
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energetic processes, and Cho is a marker of membrane metabo-
lism and turnover, our findings are in line with previous research
showing variations in neuronal plasticity after AD therapy.

Differences in Glx levels already existed at the first scan
and increased further 6 months later. The decrease in Glx was
considerably higher in the group with good prognosis. This
trapezoid-like pattern indicates the possibility that changes we
observed in recovery existed even before, and we simply ob-
served the continuation of this trend. This does not necessarily
imply that changes of the same metabolites started from the
beginning with the same magnitude. We reiterate that the pe-
riod of our research was affer acute and remission phases
when patients still remained on the same AD therapy used
earlier in the treatment.

We were only able to measure composite GIx peaks, not
separate GABA peaks, so we could not unequivocally relate
observed Glx changes to any particular metabolite. Analyzed
voxels inevitably contained some portion of brain tissue other
than the amygdala, so we cannot claim that the Cho turnover
and Glx decrease were amygdala specific.

However, we made our best effort to position VOIs to
contain the largest volumes of amygdala nuclei. Considering
all the limitations associated with collecting and analyzing
amygdalar region data (Brierley et al. 2002), we could claim
that Cho and GIx compositions changed considerably be-
tween the two periods, irrespective of brain tissue composition
in the voxels. Still, analyzed voxels inevitably contained some
structures adjacent to the amygdala. The structures most likely
to be captured together with the amygdala are illustrated in
Fig. 2.

Lack of a water reference dataset is a limitation of our
study, and normalization to Cr was the only feasible option.
Still, there was noticeable interscan variability of the Cr peak,
with a coefficient of variability of 11.3%.

It seems reasonable to assume that Glx change is largely
attributable to glutamate, as it is the most prominent compo-
nent of GIx peak and the most abundant brain neurotransmit-
ter. If hippocampal tissue accounted for a considerable portion
of the analyzed voxel, one could contemplate that Glx de-
crease would reflect correction of the glutamatergic hyperac-
tivity present in depression. However, the observed Glx de-
crease is more congruent with the hypothesis and findings of
decreased glutamatergic activity in the amygdala during re-
covery from depression, but it is highly speculative to relate
our finding to any specific brain structure, as glutamate/
glutamine even in postmortal analyses of the same brain re-
gions in depression are not uniform and differ by symptom
severity (Zhao et al. 2016).

Several confounding facts complicate the interpretation of
eventual changes in glutamate levels. Glutamatergic downreg-
ulation is not necessarily linked to changes in neuronal func-
tion, since glutamate is also present in astrocytes (Marquez
et al. 2009). It cannot be excluded that glutamate is only

mirroring changes in neurotransmission of mineralocorticoid
and glucocorticoid receptors. It is also possible that changes in
glutamatergic neurotransmission are at least partially treat-
ment-specific, as ADs used for a longer term cause consider-
able increases in AMPA receptor subunit protein expression
(Barbon et al. 2011). These changes occur regardless of sero-
tonin or noradrenaline AD selectivity, but it is yet unknown
how long these changes last. Hypothetically, upregulation of
receptors may be related to changed ligand levels.

A concomitant Cho increase and Glx decrease, in absence
of NAA changes, may indicate a shift towards “non-gluta-
mate”-mediated neuronal function, which would support the
glutamate/GABA hypothesis of depression. Decreasing from
high to lower levels of the main excitatory neurotransmitter
may be linked to decreased negative emotive processing,
which occurs in all regions involved in affective processing,
except for certain PFC regions, and tend to normalize with
treatment (Jaworska et al. 2015). However, evidence for the
neurorestorative effects of AD treatment in humans is still
rare, and it is difficult to directly relate an eventual
neurorestorative effect to a particular chemical substance or
class used in therapy.

We expected to observe a change in Cho; however, that
hypothesis was based on consistent findings of increased
Cho prior to the recovery phase. We assume that the observed
Cho change is consequent to a PC-to-GPC-mediated
synthesis-to-breakdown overbalance, reflecting consolidation
rather than increase in neuronal mass, volume, or activity. This
would be congruent with the amygdala-to-DLPFC functional
connectivity shift reported in neuroimaging studies.

When changes in metabolite levels in the amygdalar region
are contrasted to our previously reported DLPFC findings, our
results provide further support of an amygdala-DLPFC inter-
connectivity shift in MDD on the biochemical level. Whereas
our results indicate excitatory diminishment in the amygdala
and restructuring without an increase in neuronal density or
metabolism, we had earlier shown opposing directions of
change, presumably consequent to regeneration processes in
the DLPFC.

There are several limitations of our study. Like all MRS
studies using the technique applied in our study, it is not fea-
sible to separate neuronal and glial signals. Therefore, all our
findings might not be attributable solely to neuronal changes.
Astrocytes and oligodendrocytes are directly or indirectly in-
volved in the life-cycles of metabolites analyzed in this re-
search. So, the terms used here to describe changes, like
integrity, viability, plasticity, or restructuring refer to all cellu-
lar entities composing an analyzed voxel.

In discussing our results, we presume that analyzed me-
tabolites are directly related to pathophysiological process-
es in determining the course of depression. On the other
hand, it is also plausible they are only indirect correlates of
yet unknown processes.
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As mentioned earlier, difficulty delineating the amygdala is
a considerable limitation of this study. This is not specific to
our research but relates to all types of MRI measurements
claiming to show amygdala volumes or structures. There is
high within-subject variability in measuring metabolites in the
amygdala, and GIx in particular, since less abundant metabo-
lites are difficult to quantify due to coupling and peak overlap
(Nacewicz et al. 2012). However, we believe it is unlikely that
the high differences in Glx we observed in this study were
false positives, as within-group variances are in the range of
a more advanced MR technique we are currently using. Real
within-subject differences and those not caused by errors in
measurement could be high in the developing brain but could
be considered negligible in our sample, as enlargement of any
particular structure between two scans is unlikely in adult
subjects.

Another limitation is related to study design and endpoint
definition. By setting the endpoint to the start of tapering-off
medication and episode recurrence, we superimposed future
knowledge to a historical time point. This was inevitable in
our present research, in order to maintain the same study con-
ditions in both groups. For an eventual definition of clinical
outcome predictors, a study would also have to consider the
outcomes in terms of recurrence after medication discontinu-
ation. However, a considerably larger sample would be re-
quired to accurately evaluate covariates of that type.

There was a limited range of episode severity in our
sample, and we could not perform an analysis of the rela-
tionship of baseline severity of an episode to 1H-MRS
metabolite changes. We did not include several identified
risk factors of recurrence such as the presence of residual
depressive symptoms prior to the current episode, previous
history of the dysthymic disorder, and family history of
recurrent depression. We were aware of this limitation pri-
or to the study, but we considered that the information was
not fully reliable when sourced from a patient rather than
medical documentation.

Although the sample size was relatively large for the re-
search of this type, it was underpowered to detect meaningful
clinical sensitivity and specificity. Replication of our findings
is certainly necessary, preferably in a prospective stratified
design, with a wider battery of psychometric instruments
and more frequent MRS evaluations, ranging from the begin-
ning of the episode until its resolution. More frequent data
collection would eliminate potential temporal fluctuations
and improve model specificity and sensitivity.

More advanced MR techniques with refined post-
processing will reduce the margins of error in defining candi-
date MRS predictors of MDD recurrence risk. Reproduction
of our study design in a larger sample and with more frequent
metabolite measurements is needed to validate the use of early
1H-MRS metabolite changes as biomarkers of the future lon-
gitudinal course of depression.
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