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Introduction

Mood disorders are among the top contributors to the global 
burden of disease.1 However, current treatment options are 
limited by insufficient efficacy for depressive symptoms in 
30% to 40% of patients2 and substantial cognitive impair
ments in 30% to 60% of patients during periods of remis
sion,3–5 for which there are no clinically available treat
ments.6–9 These limitations have led to great research interest 
in identifying neuroimaging and neurocognitive biomarkers 
that predict treatment efficacy for mood symptoms and cog
nition to aid in the development of more effective, personal
ized treatments.

A recent systematic review identified more than 50 studies 
of neuroimaging and neurocognitive biomarkers associated 
with efficacy on mood symptoms in patients with mood dis
orders.10 Larger prefrontal cortex (PFC) volume, greater 

white matter integrity and better cognitive performance at 
baseline have been consistently associated with greater treat
ment success, although smaller hippocampal volume may 
also be related to better response.10 These findings indicate 
that better “brain reserve” and cognitive function increase 
the chances of treatment success for mood symptoms. Nota
bly, only 2 studies have examined baseline biomarkers asso
ciated with efficacy related to cognition.10 These studies were 
based on data from our randomized controlled trials investi
gating the effects of 8 weekly infusions of the multifunctional 
growth hormone erythropoietin (EPO) in mood disorders.11,12 
Both reports documented positive associations between base
line cognitive impairment on neuropsychological tests and 
patients’ chances of achieving treatment efficacy with respect 
to verbal learning and global cognition, respectively.13,14 
However, no study has investigated pretreatment neuro
imaging measures associated with treatment efficacy for 
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Background: Treatment development that targets cognitive impairment is hampered by a lack of biomarkers that can predict treatment effi-
cacy. Erythropoietin (EPO) improves verbal learning and memory in mood disorders, and this scales with an increase in left hippocampal 
volume. This study investigated whether pretreatment left hippocampal volume, interhemisphere hippocampal asymmetry or both influ-
enced EPO treatment response with respect to verbal learning. Methods: Data were available for 76 of 83 patients with mood disorders 
from our previous EPO trials (EPO = 37 patients; placebo = 39 patients). We performed cortical reconstruction and volumetric segmentation 
using FreeSurfer. We conducted multiple linear regression and logistic regression to assess the influence of left hippocampal volume and 
hippocampal asymmetry on EPO-related memory improvement, as reflected by change in Rey Auditory Verbal Learning Test total recall 
from baseline to post-treatment. We set up a corresponding exploratory general linear model in FreeSurfer to assess the influence of pre-
frontal cortex volume on verbal learning improvement, controlling for age, sex and total intracranial volume. Results: At baseline, more 
rightward (left < right) hippocampal asymmetry — but not left hippocampal volume per se — was associated with greater effects of EPO 
versus placebo on verbal learning (p ≤ 0.05). Exploratory analysis indicated that a larger left precentral gyrus surface area was also associ-
ated with improvement of verbal learning in the EPO group compared to the placebo group (p = 0.002). Limitations: This was a  secondary 
analysis of our original EPO trials. Conclusion: Rightward hippocampal asymmetry may convey a positive effect of EPO treatment efficacy 
on verbal learning. Clinical trial registration: Clinicaltrials.gov NCT00916552.
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 cognition in mood disorders. This lack of insight into neuro
imaging predictors of cognitive improvement was high
lighted by the International Society of Bipolar Disorders Tar
geting Cognition Task Force as a key methodological 
impediment for progress in the development of new cogni
tion treatments.15 Specifically, insight into the neurocircuitry 
targets for cognition treatments has the potential to aid 
 patient stratification for cognition trials, which again could 
increase signal detection, minimize the unnecessary exposure 
of patients to novel investigational treatments, and shorten 
the time to bring novel cognition treatments to patients.

The hippocampus is a promising treatment target and 
neuroimaging biomarker for predicting efficacy related to 
cognition because of illnessassociated hippocampal volume 
reductions across affective and psychotic disorders.16,17 Spe
cifically, MRI and postmortem immunohistochemical 
 studies of patients with mood disorders have revealed a re
duction in overall hippocampal volume18,19 and shrinkage of 
hippocampal subregions.20–23 Such hippocampal shrinkage 
may result from dendritic retraction, pyramidal cell death 
and suppression of neurogenesis due to glucocorticoid 
overexposure24–26 — deficits in plasticity that have a nega
tive effect on hippocampusdependent memory.27 Con
versely, there is consistent evidence for an association 
 between hippocampal volume increase and cognitive im
provements across affective and psychotic disorders follow
ing treatment with EPO, lithium or aerobic exercise.28 In 
particular, we have found that EPOassociated improve
ment of verbal learning in patients with mood disorders 
was accompanied by — and correlated with — increased 
subregional left hippocampus volume.29 Hippocampal vol
ume change may thus be a common biomarker of cognitive 
impairment and cognitive improvement in mood disorders. 
Further, loss of interhemisphere hippocampal asymmetry 
has emerged as a putative biomarker of cognitive decline in 
neurologic and neuropsychiatric conditions. In healthy indi
viduals, the right hippocampus tends to be larger than the 
left,30 whereas patients with mild cognitive impairment 
show little hemispheric hippocampal asymmetry31,32 and pa
tients with type 2 diabetes or Alzheimer disease show the 
opposite pattern of asymmetry.32,33 Rightward (left < right) 
hippocampal asymmetry may thus be a marker of “brain 
 reserve” and a possible predictor of patients’ chances of 
treatment efficacy related to cognition.

This report is based on data from our EPO trials in patients 
with bipolar disorder or treatmentresistant unipolar depres
sion.11,12 In this report, we addressed the following question: 
Do pretreatment left hippocampal volume and/or left–right 
hippocampal asymmetry influence EPO treatment response 
for verbal learning? We hypothesized that EPOrelated ver
bal memory improvement would be predicted by smaller left 
hippocampal volume and/or left < right hippocampal asym
metry. For exploratory purposes, we also examined whether 
verbal memory improvement was predicted by larger pre
treatment PFC volume. Our findings may help elucidate 
 neuroimagingbased measures that predict treatment efficacy 
for cognition and can guide future personalized treatments 
targeting cognitive impairments.

Methods

Study participants

A description of the 2 randomized, doubleblind, placebo
controlled EPO trials can be found elsewhere.11,12 In brief, trial 
participants were recruited between September 2009 and 
 October 2012 through the Copenhagen Clinic for Affective 
Disorders and advertisements on relevant websites. Partici
pants were screened using the Schedules for Clinical 
 Assessment in Neuropsychiatry.34 Included participants had 
an ICD10 diagnosis of unipolar disorder that met the cri teria 
for treatment resistance based on the Treatment  Response to 
Antidepressant Outcome35 with moderate depression (Ham
ilton Depression Rating Scale 17item [HDRS17]36 score ≥ 17) 
or bipolar disorder in partial remission (HDRS17 and Young 
Mania Rating Scale37 scores ≤ 14) with subjective cognitive 
problems. There were no differences between the EPO or 
placebotreated participants in terms of diagnosis, symp
toms, age, sex, education or illness load.11,12

Procedures

Patients were randomized to receive 8 weekly intravenous 
 infusions of EPO (Eprex; 40 000 IU; JanssenCilag) or saline 
(NaCl 0.9%; placebo) as an addon to their antidepressant or 
moodstabilizing treatment in a doubleblind manner. Blood 
tests and blood pressure were taken weekly during the trial, 
and the examiners were blind to the results. Screening, blinding 
procedures and safety precautions are reported elsewhere.11,12

Cognition was assessed at weeks 1 (baseline), 9 (1 week after 
treatment completion) and 14 (6week followup) using a 
neuro psychological test battery that included the Rey Auditory 
Verbal Learning Test (RAVLT).11,12 Change in verbal learning 
indexed by RAVLT total recall from weeks 1 to 9 was the pri
mary end point in the bipolar disorder study and a tertiary out
come in the unipolar disorder study (mood symptoms were 
primary and secondary end points). Three equivalent alternate 
versions of the RAVLT were administered at weeks 1, 9 and 14 
in a counterbalanced fashion to limit learning effects. Mood 
symptoms were assessed using the HRDS17, Beck Depression 
Inventory38 and Young Mania Rating Scale37 at weeks 1, 5, 9 
and 14. Wholebrain MRI was performed at weeks 1 and 14.

Patients and outcome assessors were blinded to treatment 
allocation throughout the study and data analysis. The trial 
was carried out in accordance with the latest version of the 
Declaration of Helsinki; was approved by the local ethics 
committee, Danish Medicines Agency and Danish Data 
Agency; and was registered at clinicaltrials.gov (no. 
NCT00916552). After a complete description of the study, 
written informed consent was obtained from all participants.

MRI protocol

Wholebrain structural MRI data were obtained from all par
ticipants at the Danish Research Centre for Magnetic Reson
ance at baseline. The MRI scans were performed on a 3T 
 Siemens Trio MR scanner with an 8channel head array coil 
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and using a highresolution 3D T1weighted spin echo protocol 
with the following parameters: inversion time 800 ms, echo 
time 3.93 ms, repetition time 1540 ms, flip angle 9°, field of 
view 256 × 256, 192 slices.

Structural data processing

We performed cortical reconstruction and volumetric segmen
tation using the FreeSurfer image analysis suite version 6.0.0 
(http://surfer.nmr.mgh.harvard.edu/). The technical details 
have been previously described.39 Briefly, the image analysis 
pipeline included correction for intensity homogeneity, motion 
correction, removal of nonbrain tissue, segmentation of the sub
cortical white matter and deep grey matter volumetric struc
tures (including the hippocampus, amygdala, caudate, puta
men and ventricles), intensity normalization, tessellation of the 
grey matter/white matter boundary, and automated topology 
correction and surface deformation following intensity gradi
ents to optimally place the grey/white and grey/cerebrospinal 
fluid borders at the location where the greatest shift in intensity 
defines the transition to the other tissue class. The resulting cor
tical models were registered to a spherical atlas based on indi
vidual cortical folding patterns to match cortical geometry 
across participants. Automated cortical parcellation was per
formed using the Desikan–Killiany Atlas,40 which labels 34 cor
tical parcellations in each hemisphere with respect to gyral and 
sulcal structure. Finally, several surfacebased data were cre
ated, including representations of cortical surface area, volume 
and thickness.41 The volumetric segmentations and cortical 
 reconstructions were visually inspected for accuracy, and larger 
errors in the reconstruction of the pial surfaces were corrected.

Regions of interest

Based on our a priori hypotheses, we used the FreeSurfer auto
mated volumetric segmentation of the left and right hippo
campi as regions of interest in the statistical analysis of the 
 impact of baseline left hippocampal volume and hippocampal 
asymmetry on treatment response to EPO on verbal memory. 
For the exploratory surfacebased analysis, we initially 
 restricted the search volume to the PFC. Left and right hemi
sphere PFC masks were therefore constructed by adding the 
superior frontal, rostral and caudal middle frontal, pars oper
cularis, pars triangularis, pars orbitalis, lateral and medial orbi
tofrontal, precentral and frontal pole regions from the auto
mated cortical parcellation according to the Desikan–Killiany 
Atlas described above.40

End point

Treatment response to EPO related to verbal learning was 
defined as change in RAVLT total learning scores from 
weeks 1 to 9 (baseline to treatment completion).

Predictors

The predictor variables included in our analysis of whether 
left hippocampal volume influenced EPO treatment response 

on verbal learning were as follows: treatment (EPO, placebo), 
left hippocampal volume, the interaction between treatment 
and left hippocampal volume, right hippocampal volume, 
 total intracranial volume (TIV), age and sex.

The predictor variables included in our analysis of whether 
rightward hippocampal asymmetry influenced EPO treat
ment response on verbal learning were as follows: treatment, 
hippocampal asymmetry, the interaction between treatment 
and hippocampal asymmetry, total hippocampal volume 
(left and right), TIV, age and sex.

We did not include diagnosis in the above models, be
cause we had previously found no effect of diagnosis on the 
cognitive benefits of EPO treatment.14 For significant associ
ations, we added pretreatment depression severity (HDRS17 
score), number of concomitant medications and whether 
 patients received lithium (yes/no) as covariates to explore 
the potential role of these clinical variables.

We calculated the Hippocampus Asymmetry Index (HAI) 
for each participant using the following formula: HAI = 
([right hippocampal volume − left hippocampal volume] / 
total hippocampal volume) × 100% (see Yue and colleagues32 

and Milne and colleagues42).

Statistical analysis

Hippocampal volumetric analysis
We implemented multiple linear regression to associate 
left hippocampal volume and HAI with change from base
line to posttreatment in verbal learning (on a continuous 
scale). All analyses were conducted in SPSS, version 22.0 
(SPSS Inc.).

Surface-based analysis
To address the question of whether there are regional differ
ences in cortical thickness, surface area or volume in the PFC 
at baseline that could influence EPO treatment response on 
the RAVLT, we set up a linear model in FreeSurfer and re
stricted the search volume to the PFC region of interest. We 
examined the association between the 3 cortical representa
tions and baselinetofollowup changes in verbal memory 
(continuous scale). The statistical models included a treat
ment factor (EPO v. placebo) and participants’ changes in 
verbal memory scores and were adjusted for age, sex and es
timated TIV. However, the model for cortical thickness ex
cluded the TIV regressor because of a lack of statistically sig
nificant associations between TIV and cortical thickness.43 
We computed 2 contrasts: the average effect of baselineto
followup change in verbal memory regressing out the effect 
of treatment group, and the interaction effect between 
changes in verbal memory scores and treatment. For 
explora tory purposes, we repeated the analyses extending 
the search volume to the entire cortex. We assessed the sta
tistical significance of the analyses using permutationbased 
clusterwise correction for multiple comparisons using a 
vertexwise clusterforming threshold p < 0.0001.44 We further 
corrected the p values, running the surfacebased models 
separately for the 2 hemispheres. Clusters were considered 
significant at a corrected p < 0.05.
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Results

Patient flow and characteristics

Table 1 displays the characteristics of the EPO and placebo
treated patients with structural MRI data at baseline. Of the 
84 patients randomized to EPO (n = 42) or saline (n = 42), 
1 patient (EPO) withdrew at baseline, and 1 (placebo) chose 
to terminate the trial in week 5. The RAVLT data were miss
ing for 2 patients (1 EPO, 1 placebo). Data were lost because 
of technical problems/artifacts for 4 participants (3 EPO, 1 
placebo). Therefore, baseline MRI data were available and 
analyzed for 76 of the 83 (92%) randomized patients from the 
trials (EPO = 37, placebo = 39). The EPO and placebo groups 
were well balanced for demographic and clinical variables. 
At baseline, the EPO group had smaller HAI than the placebo 
group (mean ± SD = 1.2 ± 2.0 v. 2.3 ± 2.0, respectively). The 
EPOtreated patients displayed a greater improvement in 
verbal memory than the placebotreated patients (4.5 ± 7.6 
v.  1.2 ± 5.8, respectively; t74 = 2.16; p = 0.034). Twentyone 
(57%) EPOtreated patients and 6 (15%) placebotreated 
 patients displayed a clinically relevant verbal memory im
provement (p < 0.0001, Fisher exact test).

Hippocampal volumetric analysis

Does left hippocampal volume at baseline influence EPO 
treatment response for verbal memory?
Left hippocampal volume did not significantly influence the 
effect of EPO on verbal memory (p = 0.51; Table 2). However, 
we did find a main effect of right hippocampal volume on 
nonspecific verbal memory change from baseline to post
treatment (p = 0.019). For every cubic millimetre increase in 
right hippocampal volume, we found a 1.3point (95% confi
dence interval [CI] 0.2–2.4) verbal memory improvement 
across all participants.

Does hippocampal volume asymmetry influence EPO 
treatment response for verbal memory?
Rightward hippocampal asymmetry predicted enhanced 
treatment effects of EPO on verbal memory (p = 0.050; ηp

2 = 
0.06; Fig. 1). Specifically, we found a 54% greater improve
ment on the RAVLT total learning score following EPO treat
ment compared to placebo for every percent increase in HAI 
(95% CI 0.3–307; Table 2). Further, after adding baseline 
HDRS17 scores, number of concomitant medications and 
whether patients received lithium as covariates, we found a 
similar significant association (p = 0.03).

Exploratory surface-based analysis

Do subregional PFC measurements influence EPO treatment 
response on verbal memory?
Within the PFC region of interest, we found a significant 
inter action effect between treatment group and baseline
tofollowup changes in verbal memory scores in the left pre
central gyrus surface area (adjusted p < 0.020). In this region, 
the linear regression slopes of changes in verbal memory 

were significantly different for the EPO and placebo groups 
(Appendix 1, Figure S1, available at jpn.ca/180205a1). Specif
ically, a larger precentral surface area was associated with 
greater improvement in verbal memory in EPOtreated com
pared to placebotreated participants. Analogue analyses 
 using the cortical thickness and volume estimates did not 
show any significant findings. Across both treatment groups, 
we found no significant correlation in the PFC between 
changes in verbal memory and any of the 3 cortical represen
tations. Rerunning the analyses with the search volume ex
tended to the entire cortex revealed no additional regions 
with significant effects on EPOrelated memory improvement.

Discussion

To our knowledge, this report demonstrates for the first 
time that interhemisphere hippocampal asymmetry influ
enced the efficacy of a treatment targeting cognition in 
 patients with mood disorders. Specifically, reanalysis of the 
data from 76 patients in our EPO trials showed that greater 
rightward hippocampal asymmetry — but not left hippo
campal volume — was associated with stronger treatment 
 effects of EPO on verbal learning compared to placebo, with 
a medium effect size. Further, exploratory analysis suggested 
that a larger left precentral surface area, but not regional vol
ume or thickness, influenced memory improvement in EPO
treated compared to placebotreated patients.

The finding that patients with more rightward hippocam
pal asymmetry and larger left precentral gyrus surface area 
displayed greater EPOrelated verbal memory improvement 
was consistent with the evidence that better brain reserve pre
treatment is a predictor of treatment response for mood symp
toms.10 This finding was also in keeping with the observation 
that people with schizophrenia who had a larger pretreatment 
cortical surface area and grey matter volume displayed more 
rapid social–cognitive improvement in response to cognitive 
enhancement therapy.45 Our findings thus contribute to the 
growing evidence that pretreatment brain reserve increases 
patients’ chances of treatment efficacy related to both mood 
and cognitive symptoms.10 The effect of greater rightward 
hippocampal asymmetry at baseline on the cognitive benefits 
of EPO may seem contradictory given our previous observa
tion that EPOrelated improvement of verbal learning was 
 accompanied by increased subregional volume in the left hip
pocampus.46 However, this effect of EPO was merely within a 
subregion of the left hippocampus and had no effect on over
all hippocampal asymmetry.

From a mechanistic perspective, this association between 
greater pretreatment brain reserve and better treatment effi
cacy may be explained by the fact that treatments capitalize 
on a surplus of neural capacity, which has the potential to 
induce more prominent functional reorganization and resti
tution of brain function. This could also explain why we 
found no support for the hypothesized association between 
smaller left hippocampal volume and EPO efficacy on verbal 
memory — a hypothesis that was based on our finding that 
pretreatment verbal memory impairment predicted greater 
cognitive benefits of EPO and on the suggestion by 
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Table 1: Participant characteristics

Characteristic EPO (n = 37) Placebo (n = 39) p value

Bipolar disorder/treatment-resistant depression, n 17/20 19/20 0.81

Age, yr, mean ± SD 40 ± 10 42 ± 12 0.47

Female, n 26 26 0.74

Education, yr, mean ± SD 15 ± 4 15 ± 3 0.75

HDRS baseline score, mean ± SD 15 ± 7 14 ± 8 0.83

Number of previous mood episodes, mean ± SD 11 ± 11 7 ± 6 0.11

Illness duration, yr, mean ± SD 18 ± 11 20 ± 11 0.42

Concomitant medications, n

Lithium 11 12 0.69

Anticonvulsants 22 22 0.33

Antidepressants 21 20 0.53

Antipsychotics 11 10 0.88

Benzodiazepines 10 10 0.40

Melatonin 6 6 0.44

No medications 2 2 0.96

No. of medications, mean ± SD 2.3 ± 1.4 2.3 ± 1.2 0.98

Total hippocampal volume at baseline, mm3

Left 3560 ± 371 3434 ± 328 0.12

Right 3647 ± 371 3601 ± 381 0.60

Hippocampal Asymmetry Index, mean ± SD 1.2 ± 2.0 2.3 ± 2.0 0.02

Total intracranial volume, mm3, mean ± SD 1 803 663 ± 294 324 1 706 446 ± 145 170 0.08

Global cognition composite score, baseline, mean ± SD* −0.4 ± 0.8 −0.2 ± 0.7 —

RAVLT total learning score, baseline, mean ± SD 45 ± 10 46 ± 9 —

RAVLT total learning score, follow-up, mean ± SD 50 ± 9 47 ± 11 —

RAVLT change from weeks 1–9, mean ± SD 5 ± 8 1 ± 6 0.03

EPO = erythropoietin; HDRS = Hamilton Depression Rating Scale; RAVLT = Rey Auditory Verbal Learning Test; SD = standard deviation.
*The cognitive composite score was calculated by summing the z-transformed scores from tests probing the different cognitive domains: RAVLT total recall 
trials I-V (verbal memory), Rapid Visual Processing speed for correct responses and Repeatable Battery for the Assessment of Neuropsychological Status 
coding (attention), Wechsler Adult Intelligence Scale letter-number sequencing, Trail Making Test B and verbal fluency letter D (executive function and 
working memory) as described in our original trial outcome paper.10

Table 2: Linear regression models examining the effect of left hippocampal volume and hippocampal 
asymmetry on the benefits of EPO on verbal learning

Parameter Estimate, β (95% CI) p value

Does left hippocampal volume influence EPO treatment response for verbal memory?

Intercept −13.90 (−102.78 to 74.98) 0.76

Treatment 7.06 (−27.913 to 42.041) 0.69

Age −0.037 (−0.192 to 0.117) 0.63

Sex 0.79 (−2.85 to 4.43) 0.67

TIV −0.0000022 (−0.0000091 to 0.0000047) 0.53

Left hippocampal volume −0.004 (−0.03 to 0.021) 0.73

Right hippocampal volume 0.013 (0.002 to 0.024) 0.019

Treatment × left hippocampal volume −0.003 (−0.013 to 0.007) 0.51

Does hippocampal volume asymmetry (HAI) influence EPO treatment response for verbal memory?

Intercept 5.39 (−21.99 to 32.77) 0.69

Treatment 1.65 (−2.62 to 5.91) 0.44

Age −0.044 (−0.19 to 0.10) 0.53

Sex 0.67 (−2.78 to 4.12) 0.70

TIV −0.0000023 (−0.0000090 to 0.0000044) 0.50

HAI 4.78 (0.84 to 8.73) 0.018

Total hippocampal volume 0.001 (−0.002 to 0.003) 0.55

Treatment × HAI 1.54 (0.003 to 3.07) 0.050

CI = confidence interval; EPO = erythropoietin; HAI = hippocampal asymmetry index; TIV = total intracranial volume.
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 Wüstenberg and colleagues47 that EPO improves cognition 
by restoring lost neuroplasticity, such that those with more 
neuroplasticity loss would show the greatest treatment bene
fits. Instead, the present findings suggest that treatment effi
cacy in mood disorders is predicted by a greater rather than 
a poorer pretreatment brain reserve.

In contrast with the putative benefits of greater brain re
serve for treatment efficacy with respect to both mood and 
cognition, pretreatment cognitive capacity seems to have the 
opposite effects for treatment efficacy in these symptom cat
egories. Better cognition is a predictor of efficacy for mood 
symptoms, but poorer cognition seems to predict stronger 
treatment effects for cognitive impairment.10 Specifically, we 
had observed in the EPO trials that baseline memory deficits 
were associated with greater chances of EPO efficacy related 
to verbal memory,13 and that impairment on 2 or more of 
6 cognitive tests predicted EPO efficacy for global cogni
tion.14 This contrasting influence of brain reserve and cogni
tive capacity can seem counterintuitive. A possible explana
tion is that a combination of good brain reserve and poor 
cognition in EPO responders reflects less illnessrelated 
deteri oration of brain functioning in the early course of ill
ness, which occurs before structural brain changes and may 
be reversed by interventions targeting neuroplasticity. This 
would be in line with the “staging hypothesis” of neuro
psychiatric illnesses, according to which cellular resilience 
mechanisms are more efficient at early illness stages, when 
patients also respond better to interventions,48 including lith
ium treatment49 and cognitive behavioural therapy.50 How
ever, in posthoc exploratory analyses we found no correla
tion between hippocampal asymmetry and the number of 
illness episodes or illness duration (number of episodes: β = 
−0.02, p = 0.42, 95% CI −0.07 to 0.3; illness duration: β = 0.01, 
p = 0.72, 95% CI −0.04 to 0.5) and no impact of illness chron

icity on EPOrelated verbal memory improvement (number 
of episodes: β = −0.05, p = 0.58, 95% CI −0.24 to 0.13; illness 
duration: β = 0.03, p = 0.69, 95% CI −0.12 to 0.17). Greater 
rightward hippocampal asymmetry may therefore not scale 
directly to lesser illness chronicity, but rather may reflect a 
larger premorbid brain reserve.

Limitations

A study limitation was the modest sample size (n = 76), 
which did not allow for more complex analyses of additional 
potential predictors; this would have resulted in suboptimal 
statistical power. Therefore, the findings should be con
sidered only hypothesis generating. Further, because this 
 report was a secondary analysis of our original EPO trials, 
our certainty is limited by the absence of replication in a new 
prospectively planned study. Nevertheless, a strength was 
that the analyses were based on some of the few random
ized, controlled trials showing treatmentrelated cognitive 
improvement. The EPO patient cohort was thus uniquely 
suited for an investigation of baseline predictors of treatment 
efficacy on verbal memory.

Conclusion

Rightward hippocampal volume asymmetry may convey 
greater benefits of EPO treatment for verbal learning in 
 patients with mood disorders. Future studies are warranted 
to investigate whether these findings are generalizable to 
other treatments — such as cognitive remediation in mood 
disorders — and to other neuropsychiatric illnesses. If so, 
rightward hippocampal volume asymmetry may be a pre
dictor of treatment efficacy that can guide personalized 
treatments targeting cognition.

Fig. 1: Association between (A) rightward hippocampal asymmetry and improvement in verbal learning from baseline to post-treatment across 
the 2 treatment groups, and (B) hippocampal asymmetry and greater effect of erythropoietin (EPO) on verbal memory. 

A B
EPO Placebo

10

5

0

15

10

5

0

–5

–10

–15

–20

–4 1 6

–2 0 2 4 6

Im
pr

ov
em

en
t i

n 
ve

rb
al

 le
ar

ni
ng

G
re

at
er

 e
ffe

ct
 o

f E
P

O
 o

n 
ve

rb
al

 le
ar

ni
ng

Left-less-than-right hippocampal asymmetry Left-less-than-right hippocampal asymmetry



Miskowiak et al.

204 J Psychiatry Neurosci 2020;45(3)

Affiliations: From the Neurocognition and Emotion in Affective Dis
order (NEAD) Group, Copenhagen Affective Disorder Research 
Centre (CADIC), Psychiatric Centre Copenhagen, Copenhagen Uni
versity Hospital (Miskowiak, Macoveanu); the Department of Psy
chology, University of Copenhagen (Miskowiak); the Section of Bio
statistics, Department of Public Health, University of Copenhagen 
(Forman); the Danish Research Centre for Magnetic Resonance 
(DRCMR), Centre for Functional and Diagnostic Imaging and Re
search, Hvidovre Hospital, University of Copenhagen (Siebner); the 
Department of Neurology, Copenhagen University Hospital Bispeb
jerg (Siebner); the Institute for Clinical Medicine, Faculty of Medical 
and Health Sciences, University of Copenhagen (Vinberg, Siebner); 
and the Copenhagen Affective Disorder Research Centre (CADIC), 
Psychiatric Centre Copenhagen, Copenhagen University Hospital 
(Kessing), Copenhagen, Denmark.

Funding: The Danish Council of Independent Research, Novo Nordisk 
Foundation, Beckett Fonden, and Savværksejer Juhl’s Mindefond are 
acknowledged for their financial support for the study. The sponsors 
had no role in the planning or conduct of the study or in the interpre
tation of the results. The Lundbeck Foundation and the Weimann 
Foundation are acknowledged for their contribution to K. Miskowiak’s 
salary from 2012 to 2020. 

Competing interests: K. Miskowiak reports consultancy fees from 
Lundbeck, Allergan and Janssen within the past 3 years. M. Vinberg 
reports consultancy fees from Lundbeck within the last 3 years. 
H. Siebner has received honoraria as a speaker from Sanofi Genzyme 
and Novartis, as a consultant from Sanofi Genzyme and as senior 
 editor of NeuroImage from Elsevier. He has received royalties as a 
book editor from Springer Publishers. He also holds a 5year profes
sorship in precision medicine at the Faculty of Health Sciences and 
Medicine, University of Copenhagen, that is sponsored by the Lund
beck Foundation (grant R18620152138). L. Kessing reports having 
been a consultant for Lundbeck, AstraZeneca and Sunovion within 
the last 3 years. No other authors report competing interests.

Contributors: K. Miskowiak, M. Vinberg, H. Siebner, L. Kessing, and 
J. Macoveanu designed the study. K. Miskowiak acquired the data, 
which K. Miskowiak, J. Forman and J. Macoveanu analyzed. 
K. Miskowiak and J. Macoveanu wrote the article, which all authors 
reviewed. All authors approved the final version to be published and 
can certify that no other individuals not listed as authors have made 
substantial contributions to the paper. 

References

 1. Whiteford HA, Degenhardt L, Rehm J, et al. Global burden of disease 
attributable to mental and substance use disorders: findings from the 
Global Burden of Disease Study 2010. Lancet 2013;383:157586.

 2. Rush AJ, Trivedi MH, Wisniewski SR, et al. Acute and longerterm 
outcomes in depressed outpatients requiring one or several treat
ment steps: a STAR*D report. Am J Psychiatry 2006;163:190517.

 3. Cullen B, Ward J, Graham NA, et al. Prevalence and correlates of 
cognitive impairment in euthymic adults with bipolar disorder: a 
systematic review. J Affect Disord 2016;205:16581.

 4.  Jensen JH, Knorr U, Vinberg M, et al. Discrete neurocognitive sub
groups in fully or partially remitted bipolar disorder: associations 
with functional abilities. J Affect Disord 2016;205:37886.

 5. Ott CV, Bjertrup AJ, Jensen JH, et al. Screening for cognitive dys
function in unipolar depression: validation and evaluation of ob
jective and subjective tools. J Affect Disord 2015;190:60715.

 6. Miskowiak KW, Carvalho AF, Vieta E, et al. Cognitive enhancement 
treatments for bipolar disorder: a systematic review and method
ological considerations. Eur Neuropsychopharmacol 2016;26:154161.

 7.  Miskowiak KW, Ott CV, Petersen JZ, et al. Systematic review of 
randomized controlled trials of candidate treatments for cognitive 
impairment in depression and methodological challenges in the 
field. Eur Neuropsychopharmacol 2016;26:184567.

 8. Salagre E, Sole B, Tomioka Y, et al. Treatment of neurocognitive 
symptoms in unipolar depression: a systematic review and future 
perspectives. J Affect Disord 2017;221:20521.

 9. Van Rheenen TE, Lewandowski KE, Lipschitz JM, et al. Conduct
ing clinical studies targeting cognition in psychiatry: guiding prin
ciples and design. CNS Spectr 2019;24:1621.

10. Seeberg I, Kjaerstad HL, Miskowiak KW. Neural and behavioral 
predictors of treatment efficacy on mood symptoms and cognition 
in mood disorders: a systematic review. Front Psychiatry 2018; 
9:337.

11. Miskowiak KW, Ehrenreich H, Christensen EM, et al. Recombi
nant human erythropoietin to target cognitive dysfunction in bipo
lar disorder: a doubleblind, randomized, placebocontrolled 
phase 2 trial. J Clin Psychiatry 2014;75:134755.

12.  Miskowiak KW, Vinberg M, Christensen EM, et al. Recombinant 
human erythropoietin for treating treatmentresistant depression: 
a doubleblind, randomized, placebocontrolled phase 2 trial. 
 Neuropsychopharmacology 2014;39:1399408. 

13. Miskowiak KW, Rush AJ, Gerds TA, et al. Targeting treatments to 
improve cognitive function in mood disorder: suggestions from 
trials using erythropoietin. J Clin Psychiatry 2016;77:e1639e1646.

14.  Ott CV, Vinberg M, Kessing LV, et al. The effect of erythropoietin 
on cognition in affective disorders: associations with baseline defi
cits and change in subjective cognitive complaints. Eur Neuro-
psychopharmacol. 2016;26:126473.

15. Miskowiak K, Burdick K, MartinezAran A, et al. Methodological 
recommendations for cognition trials in bipolar disorder by the 
Inter national Society for Bipolar Disorders Targeting Cognition 
Task Force. Bipolar Disord 2017;19:61426.

16. Bahner F, MeyerLindenberg A. Hippocampal–prefrontal connec
tivity as a translational phenotype for schizophrenia. Eur Neuro-
psychopharmacol 2017;27:93106.

17.  Santos MAO, Bezerra LS, Carvalho A, et al. Global hippocampal 
atrophy in major depressive disorder: a metaanalysis of magnetic 
resonance imaging studies. Trends Psychiatry Psychother 2018; 40: 
36978.

18.  CanalesRodriguez EJ, PomarolClotet E, Radua J, et al. Structural 
abnormalities in bipolar euthymia: a multicontrast molecular dif
fusion imaging study. Biol Psychiatry 2014;76:23948.

19. McKinnon MC, Yucel K, Nazarov A, et al. A metaanalysis exam
ining clinical predictors of hippocampal volume in patients with 
major depressive disorder. J Psychiatry Neurosci 2009;34:4154.

20.  Cole J, Toga AW, Hojatkashani C, et al. Subregional hippocampal 
deformations in major depressive disorder. J Affect Disord 2010; 
126:2727.

21. Elvsashagen T, Westlye LT, Boen E, et al. Evidence for reduced 
dentate gyrus and fimbria volume in bipolar II disorder. Bipolar 
Disord 2013;15:16776.

22.  Huang Y, Coupland NJ, Lebel RM, et al. Structural changes in hip
pocampal subfields in major depressive disorder: a highfield 
magnetic resonance imaging study. Biol Psychiatry 2013;74:628.

23.  Lucassen PJ, Muller MB, Holsboer F, et al. Hippocampal apoptosis 
in major depression is a minor event and absent from subareas at 
risk for glucocorticoid overexposure. Am J Pathol 2001;158:45368. 

24. Alfarez DN, Karst H, Velzing EH, et al. Opposite effects of gluco
corticoid receptor activation on hippocampal CA1 dendritic com
plexity in chronically stressed and handled animals.  Hippocampus 
2008;18:208.

25. Czeh B, Lucassen PJ. What causes the hippocampal volume de
crease in depression? Are neurogenesis, glial changes and apopto
sis implicated? Eur Arch Psychiatry Clin Neurosci 2007;257:25060.

26.  Hageman I, Nielsen M, Wortwein G, et al. Electroconvulsive 
stimu lations prevent stressinduced morphological changes in the 
hippocampus. Stress 2008;11:2829.

27. MacQueen G, Frodl T. The hippocampus in major depression: evi
dence for the convergence of the bench and bedside in psychiatric 
research? Mol Psychiatry 2011;16:25264.

28. Ott CV, Johnson CB, Macoveanu J, et al. Structural changes in the 
hippocampus as a biomarker for cognitive improvements in neuro
psychiatric disorders: a systematic review. Eur Neuropsychopharmacol 
2019;29:31929.

29.  Miskowiak KW, Vinberg M, Macoveanu J, et al. Effects of erythro
poietin on hippocampal volume and memory in mood disorders. 
Biol Psychiatry 2015;78:2707.

30. Lucarelli RT, Peshock RM, McColl R, et al. MR imaging of hippo
campal asymmetry at 3T in a multiethnic, populationbased sam
ple: results from the Dallas Heart Study. AJNR Am J Neuroradiol 
2013;34:7527.



Pretreatment hippocampal asymmetry and improved verbal learning

 J Psychiatry Neurosci 2020;45(3) 205

31. Cherbuin N, RegladeMeslin C, Kumar R, et al. Mild cognitive disor
ders are associated with different patterns of brain asymmetry than 
normal aging: the PATH through life study. Front Psychiatry 2010;1:11.

32. Yue L, Wang T, Wang J, et al. Asymmetry of hippocampus and 
amygdala defect in subjective cognitive decline among the com
munity dwelling Chinese. Front Psychiatry 2018;9:226.

33.  Milne AM, MacQueen GM, Hall GB. Abnormal hippocampal acti
vation in patients with extensive history of major depression: an 
fMRI study. J Psychiatry Neurosci 2012;37:2836.

34. Wing JK, Babor T, Brugha T, et al. SCAN: Schedules for Clinical As
sessment in Neuropsychiatry. Arch Gen Psychiatry 1990;47:58993.

35. Sackeim HA. The definition and meaning of treatmentresistant 
depression. J Clin Psychiatry 2001;62(Suppl 16):107.

36. Hamilton M. A rating scale for depression. J Neurol Neurosurg 
Psych iatry 1960;23:5662.

37. Young RC, Biggs JT, Ziegler VE, et al. A rating scale for mania: re
liability, validity and sensitivity. Br J Psychiatry 1978;133:42935.

38. Beck AT. An inventory for measuring depression. Arch Gen Psych-
iatry 1961;4:56171.

39. Dale AM, Fischl B, Sereno MI. Cortical surfacebased analysis. I. 
Segmentation and surface reconstruction. Neuroimage 1999;9:17994.

40. Desikan RS, Segonne F, Fischl B, et al. An automated labeling sys
tem for subdividing the human cerebral cortex on MRI scans into 
gyral based regions of interest. Neuroimage 2006;31:96880.

41.  Fischl B, Dale AM. Measuring the thickness of the human cerebral 
cortex from magnetic resonance images. Proc Natl Acad Sci U S A 2000; 
97:110505.

42. Milne NT, Bucks RS, Davis WA, et al. Hippocampal atrophy, 
asymmetry, and cognition in type 2 diabetes mellitus. Brain Behav 
2018;8:e00741.

43. Barnes J, Ridgway GR, Bartlett J, et al. Head size, age and gender 
adjustment in MRI studies: a necessary nuisance? Neuroimage 
2010;53:124455.

44. Greve DN, Fischl B. False positive rates in surfacebased anatom
ical analysis. Neuroimage 2018;171:614.

45.  Keshavan MS, Eack SM, Wojtalik JA, et al. A broad cortical reserve 
accelerates response to cognitive enhancement therapy in early 
course schizophrenia. Schizophr Res 2011;130:1239.

46.  Miskowiak KW, Vinberg M, Macoveanu J, et al. Effects of erythro
poietin on hippocampal volume and memory in mood disorders. 
Biol Psychiatry 2015;78:2707.

47. Wüstenberg T, Begemann M, Bartels C, et al. Recombinant human 
erythropoietin delays loss of gray matter in chronic schizophrenia. 
Mol Psychiatry 2011;16:2636.

48. Kapczinski F, Magalhaes PV, BalanzaMartinez V, et al. Staging 
systems in bipolar disorder: an International Society for Bipolar 
Disorders Task Force Report. Acta Psychiatr Scand 2014; 130: 
35463.

49.  Kessing LV, Vradi E, Andersen PK. Starting lithium prophy
laxis early v. late in bipolar disorder. Br J Psychiatry 2014;205: 
21420.

50. Scott J, Paykel E, Morriss R, et al. Cognitivebehavioural therapy 
for severe and recurrent bipolar disorders: randomised controlled 
trial. Br J Psychiatry 2006;188:31320.

Service Information

Subscriptions and sales 

Annual subscriptions are available at the following rates 
in 2020 (Canadian customers pay in Canadian funds and 
add applicable taxes; US and rest of world pay in US 
funds): Can$261 or US$303 individuals, Can$400 or 
US$472 institutions, and Can$52 for Canadian students 
or residents. For more infor mation or to subscribe, 
please contact the Joule Inc. Subscription Office, PO box 
830350, Birm ingham AL 352830350; phone 800 6334931 
(Canada and Continent al US only) or 205 9951567; fax 
205 9951588;  cma @subscriptionoffice.com.

Change of address

Subscribers should send the new address and the effective 
date of change to the CMA Member Service Centre at 
cmamsc@cma.ca. Allow at least 8 weeks’ notice to ensure 
 uninterrupted service.

Reprints

Commercial reprints and eprints, and author reprints can be 
purchased from Isabelle Laurendeau, business development 
manager, at isabelle.laurendeau@cma.ca, 8006637336 x 8441

Permissions

Copyright for all material is held by Joule Inc., a wholly owned 
subsidiary of the Canadian Medical Association. We are a 
member of Access Copyright, The Canadian Copyright 
 Licensing Agency, who may grant organizations and individ
uals, on our behalf, the right to respond to permissions requests. 
Please submit your request to Access Copyright  using the online 
permission request service at http ://discovery .access copyright.
ca. For more information on licensing or to obtain a price esti
mate, visit www .accesscopyright.ca/permissions/

Microform, abstracting and indexing

The journal is abstracted or indexed in: MEDLINE/Index 
 Medicus, Current Contents, Bioresearch Index, Social Sci
ences Citation Index, Biological Abstracts,  Embase/ 
 Excerpta Medica, epsyche, Mental Health Abstracts, ISI Web 
of Science, Child Development Abstracts and Bibliog raphy, 
Standard Periodical Directory, Arts and Humanities Citation 
 Index, Research Alert (formerly Automated Subject Citation 
Alert), Criminal Justice Abstracts, Neuroscience  Citation Index, 
Psychological Abstracts, Socio  logic al Abstracts. JPN is available 
on microform from Pro Quest Information and Learning, PO 
Box 1346, Ann Arbor MI  481061346; il.proquest.com.


