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ABSTRACT
Introduction: Depressive disorders are a leading cause of global disease burden, particularly with the challenge of treatment-
resistant depression (TRD). Research points to a complex bidirectional relationship between cardiovascular (CV) risk factors 
and TRD, with CV risk negatively impacting brain structure and potentially influencing antidepressant resistance. Moreover, 
the association between depression and the genetic vulnerability to cardiovascular disease suggests a shared pathophysiological 
process between the two. This study investigates the mediating role of brain structural alterations in the relationship between CV 
and cerebrovascular (CeV) risk and treatment resistance in depression.
Methods: We assessed 165 inpatients with Major depressive disorder. Each patient's CV risk was assessed via the QRISK 3 calcu-
lator. For a subset of patients, CV and CeV disease polygenic risk scores (PRS) were obtained. All patients underwent a 3 T MRI 
scan, and white matter hyperintensities estimates and indicators of brain trophic state were obtained.
Results: Both CV risk and CV disease PRSs are associated with treatment resistance status, white matter hyperintensities, and 
indicators of brain atrophy. Mediation analyses suggested that CV-induced brain alterations might underlie the relation between 
CV genetic and phenotypic risk and antidepressant treatment resistance.
Conclusion: These results underscore the need to explore cardiovascular risk management as part of treatment strategies for de-
pression, pointing toward a shared pathophysiological process linking heart and brain health in treatment-resistant depression.

1   |   Introduction

Depressive disorders are among the leading causes of disease 
burden worldwide, ranking first among psychiatric conditions 
[1]. Available treatment strategies for depression show moderate 
efficacy in real-world studies [2], and the increasing number and 

availability of antidepressant treatments over time have not so 
far produced a reduction in depression prevalence [3]. Focusing 
specifically on treatment-resistant depression (usually defined 
as treatment failure on at least two oral antidepressants given 
at adequate dose and duration) a grim picture emerges, with a 
vast majority of subjects exhibiting no response after one year 
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of follow-up [4]. Accordingly, a recent population study found 
more than 30% of treated MDD patients in the United States to 
meet the criteria for TRD and to account for almost 50% of MDD 
disease burden [5].

Among risk factors for TRD, cardiovascular (CV) disease and 
CV risk factors have often been identified [6]. Large popula-
tion studies consistently find higher rates of cardiovascular 
(and cerebrovascular) disease in TRD patients compared with 
treatment-sensitive ones [7–9] as well as a higher prevalence of 
cardiovascular risk factors, such as systemic autoimmune dis-
eases and diabetes [9, 10], while the presence of TRD appears 
to be associated with poorer prognosis and higher mortality in 
coronary heart disease [11].

The relation between cardiovascular disease and depression 
appears indeed to be a bidirectional one, with coronary heart 
disease predicting the subsequent onset of depression [12], 
and depression being a robust risk factor for cardiovascular 
disease [13, 14]. Possible pathophysiological mechanisms un-
derlying this association include immune-inflammatory alter-
ations, autonomic and endothelial dysfunction, and changes 
in platelet function [15]. Interestingly, a recent mendelian 
randomization study performed on UK biobank data found a 
positive family history of heart disease to be associated with 
an increased risk of depression, but at the same time, coronary 
heart disease genetic risk score was found to have little asso-
ciation with depression risk: to solve this apparent paradox, 
the authors investigated and identified an association between 
depression and the genetic vulnerability to known cardiovas-
cular risk factors (specifically triglycerides, CRP and IL-6 lev-
els) suggesting a shared pathophysiological process—possibly 
involving dyslipidaemia and inflammatory alterations—to 
underlie the development of both depression and cardiovas-
cular disease [16].

However, how cardiovascular risk or disease translates to de-
pressive symptomatology and antidepressant resistance remains 
a largely open research question. CV risk and disease have det-
rimental effects on the brain, having been associated with grey 
matter volumetric reductions [17], increased white matter hy-
perintensities and mean diffusivity [18], and accelerated brain 
aging [19]. The largest study to date (15,104 available MRI scans) 
[20] robustly associated cardiovascular risk (measured via 
Framingham General Cardiovascular Risk Score) with lower 
whole brain grey matter and higher white matter hyperinten-
sities volumes. While both grey matter volumetric reductions 
[21] and WMH load [22] have been associated with treatment 
resistance in depression, to our knowledge no study investigated 
their role as a possible pathophysiological link between cardio-
vascular risk and antidepressant resistance.

In the present study, therefore, we aimed to investigate the possi-
ble mediating role of brain structural alterations on the relation 
between cardiovascular and cerebrovascular risk and treatment 
resistance in a sample of MDD inpatients in a real-world clinical 
setting.

2   |   Materials and Methods

2.1   |   Participants

Our study was performed on 165 inpatients consecutively 
admitted to San Raffaele Hospital psychiatric ward in Milan 
(recruitment interval: January 2015—December 2023). Our 
inclusion criteria were diagnosis of Major depressive disorder 
(DSM 5 criteria), ongoing non-psychotic depressive episode, 
and ability and willingness to undergo a 3 Tesla MRI scan. 
Our exclusion criteria were: age below 25 or above 69 years, 
presence of other psychiatric diagnoses, intellectual disabil-
ities, drug and alcohol abuse or dependency, and pregnancy. 
The lower age limit of 25 was set on the basis of QRISK cal-
culator 25–84 age interval validity (https://​qrisk.​org/​), while 
the higher bound was selected to avoid heterogeneity and con-
founding effects on MRI findings associated with advanced 
age [23].

Concerning medical comorbidities, as per QRISK calculator 
indications, patients with a prior diagnosis of coronary heart 
disease or stroke/transient ischaemic attack were excluded from 
the study. After a complete description of the study was given to 
the participants, written informed consent was obtained. All the 
research activities were approved by the local ethical committee 
(Approval Protocol Number 10-06-SO).

2.2   |   Treatment Resistance Status 
and Cardiovascular Risk Determination

Resistance status was investigated through the patients' clin-
ical history up until the moment of MRI scan: specifically, a 
trained psychiatrist assessed resistance status investigating 
patients' reports, available clinical documentation, and clin-
ical notes. TRD was defined as failure to respond to at least 
two separate antidepressant treatments, administered with 
an adequate dose and duration [24, 25]; non-adherence or 

Summary

•	 Significant outcomes
○	 Both cardiovascular risk and cardiovascular disease 

genetic liability are associated with antidepressant 
treatment resistance, brain volumes, and white mat-
ter hyperintensities.

○	 Individuals with treatment-resistant depression ex-
hibited lower normalized brain volumes and higher 
white matter hyperintensity load.

○	 Indirect associations of cardiovascular risk and 
cardiovascular disease genetic predisposition with 
treatment resistance through brain MRI markers 
were identified.

•	 Limitations
○	 The cross-sectional nature of the study limits our 

ability to draw causal inferences.
○	 Recruitment in a single centre hampers generaliza-

bility, while the absence of a healthy control group 
does not allow us to establish whether our findings 
are specific to MDD patients.

○	 Genetic data were available only for a subset of pa-
tients, while resistance status was assessed retro-
spectively from each patient's clinical history.
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treatment discontinuation was not considered sufficient to in-
dicate treatment failure.

Individual cardiovascular risk was assessed via the QRISK 
3 calculator (https://​www.​qrisk.​org/​), a validated algorithm 
used to calculate a person's risk of developing a heart attack or 
stroke over the next 10 years [26]; beside QRISK, a relative risk 
(i.e., the individual risk divided by the score of a healthy per-
son of the same age, sex and ethnic group) and an Heart Age 
score (the age at which a healthy person of the same sex and 
ethnicity has the same 10-year QRISK score) were obtained. 
Subsequently we subtracted patients' anagraphical age from 
the identified heart age to obtain the difference between the 
two (AGEDIFF).

2.3   |   Genetic Sequencing and Polygenic Risk 
Scores Calculation

For a subsample of 113 patients, genetic data were available. 
Details on genetic quality check and imputation can be found in 
Supporting Information.

PRS calculation was performed through the Polygenic Score 
Calculation extension of the Michigan Imputation Server 
[27–29]: among PRSs available in the PGS Catalog [30], the fol-
lowing were selected for cardiovascular disease (PGS002682, 
PGS002633, PGS002584, PGS002535, PGS002388, PGS002316) 
[31] and cerebrovascular disease (PGS002053) [32].

2.4   |   MRI Acquisition, White Matter 
Hyperintensities, and Brain Volume Calculation

All patients underwent 3 T MRI acquisition. 33 patients un-
derwent a 3 T MRI scan in a Philips Gyroscan Intera scanner, 
while 132 patients were acquired in a Philips Ingenia CX scan-
ner. Details on MRI sequences can be found in Supporting 
Information.

T1 sequences were analysed using SIENAX 2.6, as imple-
mented in FSL 6.0 [33, 34], to estimate brain tissue volume, 
normalized for subject head size (NBV); separate estimates of 
volumes of grey matter (NGV), white matter (NWV) and ven-
tricular CSF (NCSF) were also obtained. All measures were 
expressed in cm3.

White matter hyperintensities were estimated from FLAIR 
sequences via the lesion prediction algorithm (LPA) as imple-
mented in the LST 3.0.0 toolbox for SPM12 [35]. Lesion prob-
ability maps were used to extract total lesion volume (in mL) 
(WMH-V) and number (WMH-N) with the default threshold of 
0.5 for the computation of binary lesion maps.

2.5   |   Statistical Analyses

Statistical analyses were performed through commercially 
available software (StatSoft Statistica 12, Tulsa, OK, USA; 
Hayes' Process macro for IBM SPSS statistics 23). Normality 
of distribution of brain MRI indexes was tested through the 

Kolmogorov–Smirnov test: variables with non-normal distribu-
tion were both analysed through non-parametric statistics and 
log10 transformed to be entered in parametric models.

The association between variables of interest was tested through 
linear and logistic regressions. Further, we tested the combined 
predictive value of variables related to cardiovascular health 
on treatment resistance through a ridge regression model. To 
test the possible indirect effects of CV indicators on resistance 
status through MRI indexes, we performed mediation analyses 
through Hayes' Process macro [36].

Further details on statistical analyses can be found in Supporting 
Information.

3   |   Results

Details on the clinical and demographic characteristics of the 
sample can be found in Table 1. The average age of participants 
was 51.74 ± 9.76, with a majority of women (n = 103, 62% of the 
sample) and an average of 12.94 ± 3.79 years of education.

White matter hyperintensities (WMH-V), normalised CSF 
(NCSF) and white matter (NWV) volumes were not normally 
distributed (K-S d = 0.29, p < 0.01; K-S d = 0.11, p < 0.05; K-S 
d = 0.12, p < 0.05, respectively). After log10 transformation, 
WMH-V and NCSF were normally distributed (K-S d = 0.04, 
p > 0.20; K-S d = 0.06, p > 0.20 respectively) while NWV re-
mained non-normally distributed (K-S d = 0.11, p < 0.05).

Significant positive correlations were identified between cardio-
vascular disease PRSs and individual patients' cardiovascular 
risk, specifically between: relative risk and PGS002584 (r = 0.21, 
p = 0.028), PGS002316 (r = 0.19, p = 0.044); heart age and 
PGS002682 (r = 0.21, p = 0.030), PGS002584 (r = 0.24, p = 0.010), 
PGS002316 (r = 0.23, p = 0.017); difference between heart 
and anagraphical age (AGEDIFF) and PGS002682 (r = 0.20, 
p = 0.036), PGS002584 (r = 0.24, p = 0.013), PGS002316 (r = 0.22, 
p = 0.020). No significant association were identified between 
patients' cardiovascular risk and the PRS for cerebrovascular 
disease (PGS002053).

Both log10 transformed WMH-V and WMH-N correlated with 
NBV, NGV, and log10 transformed NCSF (WMH-V with NBV, 
r = −0.27, p < 0.001; with NGV, r = −0.26, p = 0.001; with NCSF, 
r = 0.37, p < 0.001; WMH-N with NBV, r = −0.32, p < 0.001; 
with NGV, r = −0.28, p < 0.001; with NCSF, r = 0.25, p = 0.001). 
WMH-N also negatively associated with NWV (r = −0.19, 
p = 0.015).

3.1   |   Effect of CV Risk and PRSs on Treatment 
Resistance

Cardiovascular risk is significantly associated with treatment 
resistance. Specifically, this was observed for QRISK (OR = 1.14, 
LRχ2 = 4.84, p = 0.028) (Figure 1a) and relative risk (OR = 1.60, 
LRχ2 = 4.24, p = 0.039) (Figure  1b), with a statistical trend for 
heart age (OR = 1.06, LRχ2 = 3.66, p = 0.056) and AGEDIFF 
(OR = 1.06, LRχ2 = 3.66, p = 0.056).
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TABLE 1    |    Clinical and demographic characteristics of the sample.

Whole sample (n = 165) Non-TRD (n = 73) TRD (n = 92) χ2/t-test pa

Age 51.74 ± 9.76 49.49 ± 10.22 53.52 ± 9.05 0.008

Sex (F/M) 103/62 50/23 53/39 0.151

Education (years) 12.94 ± 3.79 12.89 ± 3.50 12.99 ± 4.02 0.800

MRI scan 33/132 18/55 15/77 0.183

Duration of episode (weeks) 39.11 ± 43.24 29.96 ± 28.08 46.37 ± 51.23 0.015

Age at onset 34.34 ± 12.92 34.97 ± 12.52 33.84 ± 13.27 0.576

BMI (kg/m2) 24.71 ± 4.44 24.14 ± 4.29 25.16 ± 4.53 0.151

QRISK (%) 5.79 ± 4.87 4.32 ± 4.17 6.96 ± 5.09 < 0.001

Relative risk 1.37 ± 0.75 1.23 ± 0.61 1.48 ± 0.83 0.032

Heart age 54.78 ± 12.85 51.47 ± 11.76 57.41 ± 11.30 0.001

AGEDIFF 3.04 ± 5.39 1.97 ± 4.75 3.89 ± 5.72 0.023

WMH-V (mL) 2.08 ± 3.79 1.19 ± 1.49 2.78 ± 4.79 0.014

WMH-N 11.41 ± 7.62 9.83 ± 6.00 12.65 ± 8.52 0.018

NBV (cm3) 1392.17 ± 61.21 1411.26 ± 58.21 1377.01 ± 61.39 < 0.001

NGV (cm3) 699.20 ± 42.16 708.97 ± 44.75 691.45 ± 38.49 0.008

NWV (cm3) 692.96 ± 59.43 702.29 ± 61.89 685.56 ± 56.66 0.114

NCSF (cm3) 48.29 ± 14.81 45.44 ± 14.16 50.55 ± 15.02 0.011

Note: Italic indicates significant tests.
aNormally distributed variables were tested through independent sample t-tests. Non-normally distributed variables were tested through Mann–Whitney U test.

FIGURE 1    |    Association between indicators of CV risk, brain structure, and treatment resistance. Points represent mean values; whiskers repre-
sent 95% confidence intervals.

 16000447, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acps.13793 by C

ochraneItalia, W
iley O

nline L
ibrary on [18/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 10

Significant associations emerged between cardiovascular and 
cerebrovascular disease PRSs and treatment resistance status 
(PGS002535, OR = 2.22, LRχ2 = 5.92, p = 0.015; PGS002584, 
OR = 2.40, LRχ2 = 4.38, p = 0.036; PGS002053, OR = 1.20, 
LRχ2 = 4.22, p = 0.040).

3.2   |   Ridge Regression

The ridge regression predictive model reached a balanced accu-
racy of 66%, with sensitivity of 69% and specificity of 63%, pos-
itive predictive value of 69%, negative predictive value of 63%, 
and area under the curve of 0.66. The model was found to be sig-
nificantly different from a distribution of permuted models with 
p-value = 0.014. The most predictive features were the QRISK 
(median weight = 0.22; 95% BCa CI [0.09, 0.32]), heart age (me-
dian weight = 0.14; 95% BCa CI [0.0004, 0.27]), PGS002535 (me-
dian weight = 0.13; 95% BCa CI [0.02, 0.22]), and PGS002053 
(median weight = 0.17; 95% BCa CI [0.005, 0.32]), with a positive 
association with treatment resistance (Table 2).

3.3   |   Effect of CV Risk on White Matter 
Hyperintensities and Brain Tissue Volumes

Cardiovascular risk is significantly associated with white matter 
hyperintensities and indicators of brain atrophy.

Specifically, positive associations were found between QRISK 
and WMH-V (rs = 0.53, p < 0.001) (Figure  1c), NCSF (rs = 0.30, 
p < 0.001); relative risk and WMH-V (rs = 0.20, p = 0.009); heart 
age and WMH-V (rs = 0.55, p < 0.001), NCSF (rs = 0.28, p < 0.001); 
AGEDIFF and WMH-V (rs = 0.21, p = 0.006).

Controlling for age, sex, education, and scan, only the associ-
ations between WMH-V and QRISK were confirmed (β = 0.33, 

F = 10.19, p = 0.002), while the other associations with VMH-V 
and NCSF were no longer significant.

Furthermore, VMH-N is positively associated with all indexes 
of CV risk (QRISK: β = 0.58, F = 32.02, p < 0.001; RR: β = 0.16, 
F = 5.85, p = 0.017; heart age: β = 0.45, F = 9.36, p = 0.003; 
AGEDIFF: β = 0.21, F = 9.35, p = 0.003), and QRISK is negatively 
associated with NBV (β = −0.29, F = 8.37, p = 0.004) (Figure 1d).

3.4   |   Effect of PRSs on White Matter 
Hyperintensities and Brain Tissue Volumes

Concerning cardiovascular disease PRS, significant positive asso-
ciations were found between PGS002682, PGS002584, PGS002535, 
and PGS002388 and WMH-V (rs = 0.21, p = 0.026; rs = 0.19, 
p = 0.040; rs = 0.19, p = 0.044; rs = 0.19, p = 0.048, respectively).

Controlling for age, sex, education, and scan, strong associa-
tions between all cardiovascular disease PRS and white matter 
hyperintensities emerged: PGS002682 with WMH-V (β = 0.25, 
F = 9.77, p = 0.002) and WMH-N (β = 0.23, F = 8.27, p = 0.005); 
PGS002633 with WMH-V (β = 0.21, F = 7.01, p = 0.009) and 
WMH-N (β = 0.19, F = 5.21, p = 0.024); PGS002584 with WMH-V 
(β = 0.25, F = 9.93, p = 0.002) and WMH-N (β = 0.27, F = 11.65, 
p < 0.001); PGS002535 with WMH-V (β = 0.24, F = 9.14, p = 0.003) 
and WMH-N (β = 0.23, F = 8.77, p = 0.004); PGS002388 with 
WMH-V (β = 0.21, F = 7.36, p = 0.008) and WMH-N (β = 0.23, 
F = 8.45, p = 0.004); PGS002316 with WMH-V (β = 0.23, F = 8.51, 
p = 0.004) and WMH-N (β = 0.24, F = 8.71, p = 0.004). No associ-
ation was, on the other hand, found for CeV PRS (PGS002053).

No association emerged between PRSs and indexes of brain 
atrophy.

3.5   |   Effect of White Matter Hyperintensities 
and Brain Tissue Volumes on Treatment 
Resistance Status

A significant positive association emerged between WMH-V and 
treatment resistance (OR = 1.20, LRχ2 = 5.69, p = 0.017) (Figure 1e). 
Furthermore, inverse associations were found between NBV and 
NGV and resistance status (OR = 0.99, LRχ2 = 6.57, p = 0.010; 
OR = 0.99, LRχ2 = 6.77, p = 0.009 respectively) (Figure 1f).

3.6   |   Mediation Analyses

Finally, significant mediations were found between cardiovascu-
lar risk and CV PRSs, indices of brain atrophy and white matter 
hyperintensities, and treatment resistance status (Figure 2); spe-
cifically, significant indirect effects were found for the association 
of QRISK and treatment resistance through NBV (effect = 0.0281, 
95% BCa CI [0.0016, 0.0730]) (Figure  2a) and WMH-V (ef-
fect = 0.0405, 95% BCa CI [0.0049, 0.1220]) (Figure 2b).

Among CV PRSs, PGS002535 was found to significantly as-
sociate with treatment resistance status through its effect 
on WMH-V (effect = 0.1629, 95% BCa CI [0.0017, 0.5870]) 
(Figure 2c).

TABLE 2    |    Results of 5000-bootstrap procedure of the ridge 
regression predictive model.

Feature
Median 
weight SD

95% BCa 
confidence 

interval

QRISK 0.22 0.06 0.09, 0.32a

Relative risk 0.05 0.06 −0.09, 0.15

Heart age 0.14 0.07 0.0004, 0.27a

AGEDIFF 0.04 0.06 −0.08, 0.16

PGS002682 −0.04 0.06 −0.15, 0.08

PGS002633 0.05 0.06 −0.08, 0.17

PGS002584 0.06 0.06 −0.07, 0.16

PGS002535 0.13 0.05 0.02, 0.22a

PGS002388 0.03 0.06 −0.1, 0.14

PGS002316 0.06 0.06 −0.06, 0.17

PGS002053 0.17 0.08 0.005, 0.32a

a95% BCa CI not including 0.
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FIGURE 2    |    Results of mediation analyses. Direct and indirect effects of X on Y are on a log-odds metric.
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Adding the duration of the current depressive episode as a co-
variate to the analyses investigating resistance status produced 
largely overlapping results, with the exception of the effect of 
PGS002053, which was no longer significant (see Supporting 
Information).

4   |   Discussion

Our study provided several results. First, we identified a posi-
tive association between cardiovascular risk and antidepressant 
treatment resistance: higher QRISK and CV relative risk scores 
increased the likelihood of treatment resistance, with trends in 
the same directions for other CV indicators. This is in line with 
results from previous large population studies that repeatedly 
found CV risk and disease to be associated with TRD [6–9].

Interestingly, we identified an analogous relation with resistance 
status for cardiovascular (specifically PGS catalog PGS002535 
and PGS002584 “cardiovascular disease” PRS) and cerebrovas-
cular (PGS catalog PGS002053 “cerebrovascular disease” PRS) 
genetic risk. Furthermore, cardiovascular disease PRSs exhib-
ited significant correlations with observed “phenotypic” cardio-
vascular risk, highlighting their impact on individual patients' 
CV health. Of particular note, on the other hand, cerebrovascu-
lar disease PRS had no correlation with any measure of CV risk, 
possibly suggesting its connection with distinct (albeit certainly 
partially overlapping) pathophysiological processes. Finally, our 
ridge multivariate analysis identified both phenotypic CV risk 
(QRISK and Heart age) and cardiovascular (PGS002535) and 
cerebrovascular (PGS002053) genetic risk as significant inde-
pendent predictors of treatment resistance status.

While the association between CV risk and antidepressant re-
sistance appears to be robustly established, whether cardiovas-
cular genetic risk contributes to the genetic architecture of TRD 
is still an open question. In recent years, however, substantial 
progress has been achieved in this regard. Conceptually differ-
ent but closely related to treatment resistance, antidepressant 
treatment response has been associated with both higher PRS 
scores for coronary artery disease and obesity [37], as well as 
to the genetic risk for various types of stroke [38]; concerning 
treatment-resistant depression, its association with the genetic 
risk of known CV risk factors, such as obesity, type 2 diabetes, 
and cigarette smoking, has also been reported [39, 40].

Cardiovascular risk and CV disease genetic liability are also sig-
nificantly associated with brain structure in our sample. This 
was true both in the case of white matter hyperintensities and, 
only for phenotypic CV risk, of brain and grey matter volumes.

White matter hyperintensities (WMH) of presumed vascular 
origin are white matter lesions that appear hyperintense in 
FLAIR sequences  [41]: being an extremely common finding 
with increasing age, their clinical significance is still a matter of 
debate [42], despite having been associated with increased risk 
of stroke, cognitive decline, and overall mortality [43, 44]. They 
are classically associated with cardiovascular risk factors [42] 
and they are a regular finding in individuals with cerebral small 
vessel disease [45]: accordingly, a recent large study associated 
CV risk with higher WMH burden [20]. However, their exact 

pathophysiology is still debated and likely multifactorial, having 
been linked to cerebral hypoperfusion and chronic ischemia, 
but also to endothelial, microglial, astrocytic, and oligodendro-
cytic dysfunction and to increased blood–brain barrier perme-
ability, in a pathological process that likely encompasses the 
whole neuro-glio-vascular unit [42, 46]. Accordingly, a recent 
UK biobank study found cardiovascular risk factors to account 
only for about 32% of the variance in WMH volume, leaving the 
remaining majority of the variance unexplained [47].

Phenotypic CV risk is also associated with reduced total and 
grey matter volumes in our sample, again mirroring the results 
of a recent large UK biobank study [20], and of numerous other 
investigations [17, 48, 49]. Nonetheless, while again frequently 
reported, the association between cardiovascular health and 
brain volumes appears to be a complex one, with various patho-
physiological mechanisms implicated [50]. Cerebral small vessel 
disease (SVD) might again underlie part of the association, as 
among its neuroradiological features (besides white matter hy-
perintensities and lacunae) is also brain atrophy [51, 52]. Indeed, 
brain volumes and WMH load were inversely correlated in our 
sample, even after controlling for age. A specific subtype of SVD 
appears to be mainly linked to CV risk factors (such as diabetes 
and hypertension), associated with small vessels loss of smooth 
muscle cells, wall thickening and narrowing of the lumen: this 
pathological process could then lead to brain damage through 
various processes, including reduced blood flow with chronic 
ischaemia, blood–brain barrier damage and perivascular leak-
ages, and vessel rupture with microscopic bleedings [52, 53]. 
Furthermore, other processes could link CV risk to reduced 
brain volume, such as cerebral atherosclerosis, hypoperfusion 
and amyloid-β peptide deposition [51].

Both WMH burden and brain and grey matter volumes were 
associated with resistance status in our sample: individuals 
with higher WMH volume and number, and with lower brain 
and grey matter volumes, were more likely to be treatment re-
sistant. Higher WMH load has been repeatedly associated with 
hampered response to both antidepressant and ECT [22, 54]. 
Surprisingly, on the other hand, the relation between whole 
brain volumes and antidepressant efficacy has been rarely in-
vestigated and usually yielded negative results, with the excep-
tion of a single study associating larger ventricular volumes 
with non-response [22, 55]. However, it must be noted that re-
duced response to antidepressants has been associated with 
grey matter volumetric reductions in widespread brain regions 
[21], which could also translate to whole brain volumetric re-
ductions. Furthermore, reduced hippocampal volumes, one of 
the most replicated predictors of poor antidepressant response 
[21, 56], are classically regarded as an early marker of brain atro-
phic states and have repeatedly been found to be affected by CV 
risk [57–59].

Finally, brain structural alterations significantly mediated the 
relation between cardiovascular risk and treatment resistance 
in our sample. This was true for phenotypic CV risk (QRISK) 
through its association with brain volume and WMH load, and 
for CV genetic risk (PGS002535) through its association with 
WMH. While in some cases the individual paths of this medi-
ation model had already been reported [6, 20–22, 37] no study 
to our knowledge explicitly tested a possible indirect effect of 
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CV status on antidepressant resistance through its effect on 
brain structure. This adds to our current understanding of TRD, 
providing a possible mechanistic path through which both phe-
notypic and genetically determined CV risk could affect antide-
pressant efficacy.

Despite their long history, the biological bases of antidepressant 
effects are not yet completely understood [60]; however, in recent 
years, enhancement of BDNF–TrkB transmission has emerged 
as a putative final path through which the plethora of available 
antidepressant drugs with different mechanisms of action could 
lead to mood elevation [61, 62]. A surprising bidirectional rela-
tion appears to exist between BDNF and CV health [63]. BDNF 
levels are reduced in patients with coronary artery disease [64] 
or subclinical cardiac dysfunction [65] and have been linked to 
the development of depressive symptoms [66]; at the same time, 
direct cardioprotective effects of BDNF have been postulated 
[64, 67]. Furthermore, BDNF levels have also been associated 
with brain volume and trophic state [68, 69] and with WMH load 
[70]. While the relation between peripheral BDNF levels and 
brain concentration is controversial [71], it is possible to spec-
ulate that BDNF alterations associated with CV factors might 
underlie at least part of the association we identified between 
CV risk, brain structure, and antidepressant resistance.

Finally, it is worth noting that while we also identified cerebro-
vascular disease genetic risk (PGS002053) to influence treat-
ment resistance, no association was found between this genetic 
trait and brain structure or phenotypic CV risk. This might sug-
gest that cerebrovascular genetic risk affects antidepressant effi-
cacy through distinct pathophysiological mechanisms, partially 
independent from CV status and its effects on brain structure. 
The possible biological underpinnings of this association will 
have to be investigated in future research.

This study has several limitations. Recruitment was performed 
in a single centre, thus limiting the generalizability of our find-
ings. The absence of a healthy controls group does not allow us 
to estimate how our findings could compare to a general popula-
tion sample, that is, if there is a specificity in CV risk and its rela-
tion to MRI findings in MDD. Our sample size, albeit typical for 
a neuroimaging study, is smaller than those usually employed in 
genetic analyses. Further, CV genetic risk estimation is still in 
its infancy, with poor individual level agreement between sev-
eral coronary heart disease PRSs [72]: while our findings par-
tially replicate other published studies [37–40], much research 
is still needed to confirm our results and ultimately translate 
them at the individual clinical level. Resistance status was retro-
spectively assessed from the patient's clinical charts and might, 
therefore, be susceptible to recollection bias; likewise, while we 
did not consider incorrect drug intake or drug discontinuation 
for the determination of TRD, information on treatment ad-
herence was obtained from patients' clinical history, as drugs 
plasma level determination was not available. Furthermore, we 
couldn't specifically investigate residual symptom domains that 
could be more directly related to cardiovascular health, such 
as fatigue and anhedonia [73]. Given the real-world nature of 
our study, patients were prescribed a wide variety of pharmaco-
logical treatments, both during their disease history and at the 
moment of assessment, which could have influenced both CV 
status and MRI data and that we could not control for.

A crucial limitation of our work is its cross-sectional nature, which 
limits our ability to draw causal inferences: this is particularly true 
for the association between CV risk and TRD, for which a bidirec-
tional causal link could be at least hypothesized; future longitu-
dinal studies with long-term follow-up will help disentangle this 
likely complex relation, allowing an evaluation of the effects of 
CV health and risk factors on the subsequent development of MRI 
alterations and ultimately of antidepressant resistance.

5   |   Conclusion

Despite these limitations, this study sheds light on the biological 
basis underlying the association between CV risk and treatment 
resistance in depression, identifying the crucial role of CV risk-
induced brain alterations in affecting antidepressant efficacy. These 
findings can not only improve our understanding of TRD patho-
physiology, but they might also suggest novel treatment approaches 
in selected cases of TRD, through an intervention on modifiable 
CV risk factors. Indeed, while the heart might not be the seat of the 
soul, it may very well prove to be crucial in its healing.

Acknowledgements

Funded by the European Union—Next Generation EU—NRRP M6C2—
Investment 2.1 Enhancement and strengthening of biomedical research 
in the NHS—Italian Ministry of Health, BANDO PNRR—PNRR-
MAD-2022-121375859_COORD.BRESC_CUP_C43C22001600007. 
Open access funding provided by BIBLIOSAN.

Consent

Written informed consent was obtained for all participants in the study. 
All the research activities were approved by the local ethical committee.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Peer Review

The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​acps.​13793​.

References

1. GBD 2019 Mental Disorders Collaborators, “Global, Regional, and 
National Burden of 12 Mental Disorders in 204 Countries and Territo-
ries, 1990–2019: A Systematic Analysis for the Global Burden of Disease 
Study 2019,” Lancet Psychiatry 9, no. 2 (2022): 137–150.

2. B. N. Gaynes, A. J. Rush, M. H. Trivedi, S. R. Wisniewski, D. Spen-
cer, and M. Fava, “The STAR* D Study: Treating Depression in the Real 
World,” Cleveland Clinic Journal of Medicine 75, no. 1 (2008): 57–66.

3. J. Ormel, S. D. Hollon, R. C. Kessler, P. Cuijpers, and S. M. Monroe, 
“More Treatment but No Less Depression: The Treatment-Prevalence 
Paradox,” Clinical Psychology Review 91 (2022): 102111.

4. K. Heerlein, G. Perugi, C. Otte, et  al., “Real-World Evidence From 
a European Cohort Study of Patients With Treatment Resistant 

 16000447, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acps.13793 by C

ochraneItalia, W
iley O

nline L
ibrary on [18/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/acps.13793
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/acps.13793


9 of 10

Depression: Treatment Patterns and Clinical Outcomes,” Journal of Af-
fective Disorders 290 (2021): 334–344.

5. M. Zhdanava, D. Pilon, I. Ghelerter, et al., “The Prevalence and Na-
tional Burden of Treatment-Resistant Depression and Major Depressive 
Disorder in the United States,” Journal of Clinical Psychiatry 82, no. 2 
(2021): 29169.

6. S. J. O'Connor, N. Hewitt, J. Kuc, and L. S. Orsini, “Predictors and 
Risk Factors of Treatment-Resistant Depression: A Systematic Review,” 
Journal of Clinical Psychiatry 85, no. 1 (2023): 50375.

7. P. Döme, P. Kunovszki, P. Takacs, et al., “Clinical Characteristics of 
Treatment-Resistant Depression in Adults in Hungary: Real-World Ev-
idence From a 7-Year-Long Retrospective Data Analysis,” PLoS One 16, 
no. 1 (2021): e0245510.

8. F. H. Gronemann, M. B. Jorgensen, M. Nordentoft, P. K. Ander-
sen, and M. Osler, “Socio-Demographic and Clinical Risk Factors of 
Treatment-Resistant Depression: A Danish Population-Based Cohort 
Study,” Journal of Affective Disorders 261 (2020): 221–229.

9. S. S. Huang, H. H. Chen, J. Wang, W. J. Chen, H. C. Chen, and P. H. 
Kuo, “Investigation of Early and Lifetime Clinical Features and Comor-
bidities for the Risk of Developing Treatment-Resistant Depression in a 
13-Year Nationwide Cohort Study,” BMC Psychiatry 20 (2020): 1–12.

10. A. Lauden, A. Geishin, E. Merzon, et  al., “Higher Rates of Aller-
gies, Autoimmune Diseases and Low-Grade Inflammation Markers in 
Treatment-Resistant Major Depression,” Brain, Behavior, and Immunity 
- Health 16 (2021): 100313.

11. R. M. Carney and K. E. Freedland, “Treatment-Resistant Depression 
and Mortality After Acute Coronary Syndrome,” American Journal of 
Psychiatry 166, no. 4 (2009): 410–417.

12. I. S. Khawaja, J. J. Westermeyer, P. Gajwani, and R. E. Feinstein, “De-
pression and Coronary Artery Disease: The Association, Mechanisms, and 
Therapeutic Implications,” Psychiatry (Edgmont) 6, no. 1 (2009): 38–51.

13. C. Krittanawong, N. S. Maitra, Y. K. Qadeer, et al., “Association of 
Depression and Cardiovascular Disease,” American Journal of Medicine 
136, no. 9 (2023): 881–895.

14. Y. A. Kwapong, E. Boakye, S. S. Khan, et al., “Association of Depres-
sion and Poor Mental Health With Cardiovascular Disease and Subopti-
mal Cardiovascular Health Among Young Adults in the United States,” 
Journal of the American Heart Association 12, no. 3 (2023): e028332.

15. V. Vaccarino, L. Badimon, J. D. Bremner, et  al., “Depression and 
Coronary Heart Disease: 2018 Position Paper of the ESC Working Group 
on Coronary Pathophysiology and Microcirculation,” European Heart 
Journal 41, no. 17 (2020): 1687–1696.

16. G. M. Khandaker, V. Zuber, J. M. Rees, et al., “Shared Mechanisms 
Between Coronary Heart Disease and Depression: Findings From a 
Large UK General Population-Based Cohort,” Molecular Psychiatry 25, 
no. 7 (2020): 1477–1486.

17. R. Song, H. Xu, C. S. Dintica, et al., “Associations Between Cardio-
vascular Risk, Structural Brain Changes, and Cognitive Decline,” Jour-
nal of the American College of Cardiology 75, no. 20 (2020): 2525–2534.

18. X. Jiang, C. E. Lewis, N. B. Allen, S. Sidney, and K. Yaffe, “Prema-
ture Cardiovascular Disease and Brain Health in Midlife: The CARDIA 
Study,” Neurology 100, no. 14 (2023): e1454.

19. E. Rauseo, A. Salih, Z. Raisi-Estabragh, et al., “Ischemic Heart Dis-
ease and Vascular Risk Factors Are Associated With Accelerated Brain 
Aging,” Cardiovascular Imaging 16, no. 7 (2023): 905–915.

20. Y. Cao, G. Zhu, C. Feng, et al., “Cardiovascular Risk Burden, De-
mentia Risk and Brain Structural Imaging Markers: A Study From UK 
Biobank. Gen,” Psychiatry 37, no. 1 (2024).

21. V. Enneking, E. J. Leehr, U. Dannlowski, and R. Redlich, “Brain 
Structural Effects of Treatments for Depression and Biomarkers of Re-
sponse: A Systematic Review of Neuroimaging Studies,” Psychological 
Medicine 50, no. 2 (2020): 187–209.

22. A. R. Gerlach, H. T. Karim, M. Pecina, et  al., “MRI Predictors of 
Pharmacotherapy Response in Major Depressive Disorder,” NeuroIm-
age: Clinical 36 (2022): 103157.

23. M. Antoniades, D. Srinivasan, J. Wen, et al., “Relationship Between 
MRI Brain-Age Heterogeneity, Cognition, Genetics and Alzheimer's 
Disease Neuropathology,” eBioMedicine 109 (2024): 105399.

24. L. Sforzini, C. Worrell, M. Kose, et  al., “A Delphi-Method-Based 
Consensus Guideline for Definition of Treatment-Resistant Depression 
for Clinical Trials,” Molecular Psychiatry 27, no. 3 (2022): 1286–1299.

25. B. N. Gaynes, L. Lux, G. Gartlehner, et  al., “Defining Treatment-
Resistant Depression,” Depression and Anxiety 37, no. 2 (2020): 134–145.

26. J. Hippisley-Cox, C. Coupland, and P. Brindle, “Development and Val-
idation of QRISK3 Risk Prediction Algorithms to Estimate Future Risk 
of Cardiovascular Disease: Prospective Cohort Study,” BMJ 357 (2017): 
j2099.

27. S. Das, L. Forer, S. Schönherr, et al., “Next-Generation Genotype Im-
putation Service and Methods,” Nature Genetics 48 (2016): 1284–1287.

28. S. A. Lambert, L. Gil, S. Jupp, et al., “The Polygenic Score Catalog as 
an Open Database for Reproducibility and Systematic Evaluation,” Nature 
Genetics 53 (2021): 420–425, https://​doi.​org/​10.​1038/​s4158​8-​021-​00783​-​5.

29. L. Forer, D. Taliun, J. LeFaive, et al., “Imputation Server PGS: An 
Automated Approach to Calculate Polygenic Risk Scores on Imputation 
Servers,” Nucleic Acids Research 52 (2024): gkae331.

30. S. A. Lambert, B. Wingfield, J. T. Gibson, et  al., “The Polygenic 
Score Catalog: New Functionality and Tools to Enable FAIR Research,” 
medRxiv (2024).

31. O. Weissbrod, M. Kanai, H. Shi, et al., “Leveraging Fine-Mapping 
and Multipopulation Training Data to Improve Cross-Population Poly-
genic Risk Scores,” Nature Genetics 54, no. 4 (2022): 450–458.

32. F. Privé, H. Aschard, S. Carmi, et al., “Portability of 245 Polygenic 
Scores When Derived From the UK Biobank and Applied to 9 Ancestry 
Groups From the Same Cohort,” American Journal of Human Genetics 
109, no. 1 (2022): 12–23.

33. S. M. Smith, Y. Zhang, M. Jenkinson, et al., “Accurate, Robust and 
Automated Longitudinal and Cross-Sectional Brain Change Analysis,” 
NeuroImage 17, no. 1 (2002): 479–489.

34. S. M. Smith, M. Jenkinson, M. W. Woolrich, et  al., “Advances in 
Functional and Structural MR Image Analysis and Implementation as 
FSL,” NeuroImage 23, no. S1 (2004): 208–219.

35. P. Schmidt, “Bayesian Inference for Structured Additive Regression 
Models for Large-Scale Problems With Applications to Medical Imag-
ing” (Doctoral diss., LMU, 2017).

36. A. F. Hayes, Introduction to Mediation, Moderation, and Conditional Pro-
cess Analysis: A Regression-Based Approach (Guilford Publications, 2017).

37. A. T. Amare, K. O. Schubert, F. Tekola-Ayele, et al., “The Association 
of Obesity and Coronary Artery Disease Genes With Response to SSRIs 
Treatment in Major Depression,” Journal of Neural Transmission (Vi-
enna) 126, no. 1 (2019): 35–45.

38. V. S. Marshe, M. Maciukiewicz, A. C. Hauschild, et al., “Genome-
Wide Analysis Suggests the Importance of Vascular Processes and Neu-
roinflammation in Late-Life Antidepressant Response,” Translational 
Psychiatry 11, no. 1 (2021): 127.

39. C. Fabbri, S. P. Hagenaars, C. John, et al., “Genetic and Clinical Char-
acteristics of Treatment-Resistant Depression Using Primary Care Records 
in Two UK Cohorts,” Molecular Psychiatry 26, no. 7 (2021): 3363–3373.

40. J. Kang, V. M. Castro, M. Ripperger, et al., “Genome-Wide Associ-
ation Study of Treatment-Resistant Depression: Shared Biology With 
Metabolic Traits,” American Journal of Psychiatry 181 (2024): 608.

41. M. A. Tubi, F. W. Feingold, D. Kothapalli, et al., “White Matter Hy-
perintensities and Their Relationship to Cognition: Effects of Segmen-
tation Algorithm,” NeuroImage 206 (2020): 116327.

 16000447, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acps.13793 by C

ochraneItalia, W
iley O

nline L
ibrary on [18/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41588-021-00783-5


10 of 10 Acta Psychiatrica Scandinavica, 2025

42. N. Karvelas and F. M. Elahi, “White Matter Hyperintensities: Com-
plex Predictor of Complex Outcomes,” Journal of the American Heart 
Association 12, no. 13 (2023): e030351.

43. S. Debette and H. S. Markus, “The Clinical Importance of White 
Matter Hyperintensities on Brain Magnetic Resonance Imaging: Sys-
tematic Review and Meta-Analysis,” BMJ 341 (2010): c3666.

44. A. D. Roseborough, L. Saad, M. Goodman, L. E. Cipriano, V. C. 
Hachinski, and S. N. Whitehead, “White Matter Hyperintensities and 
Longitudinal Cognitive Decline in Cognitively Normal Populations and 
Across Diagnostic Categories: A Meta-Analysis, Systematic Review, and 
Recommendations for Future Study Harmonization,” Alzheimer's & De-
mentia 19, no. 1 (2023): 194–207.

45. A. C. Jochems, C. Arteaga, F. Chappell, et  al., “Longitudinal 
Changes of White Matter Hyperintensities in Sporadic Small Vessel 
Disease: A Systematic Review and Meta-Analysis,” Neurology 99, no. 22 
(2022): e2454–e2463.

46. J. M. Wardlaw, M. C. Valdés Hernández, and S. Muñoz-Maniega, 
“What Are White Matter Hyperintensities Made of? Relevance to Vas-
cular Cognitive Impairment,” Journal of the American Heart Associa-
tion 4, no. 6 (2015).

47. F. Koohi, E. L. Harshfield, and H. S. Markus, “Contribution of Con-
ventional Cardiovascular Risk Factors to Brain White Matter Hyperin-
tensities,” Journal of the American Heart Association 12, no. 14 (2023): 
e030676.

48. C. A. Lane, J. Barnes, J. M. Nicholas, et al., “Associations Between 
Vascular Risk Across Adulthood and Brain Pathology in Late Life: Ev-
idence From a British Birth Cohort,” JAMA Neurology 77, no. 2 (2020): 
175–183.

49. A. M. Stickel, W. Tarraf, K. A. Gonzalez, et al., “Cardiovascular Dis-
ease Risk Exacerbates Brain Aging Among Hispanic/Latino Adults in 
the SOL-INCA-MRI Study,” Frontiers in Aging Neuroscience 16 (2024): 
1390200.

50. E. Janssen and F. E. de Leeuw, “Getting to the Heart of the Heart-
Brain Connection: Association or Causation?,” Neurology 101, no. 2 
(2023): 57–58.

51. C. Qiu and L. Fratiglioni, “A Major Role for Cardiovascular Burden 
in Age-Related Cognitive Decline,” Nature Reviews. Cardiology 12, no. 
5 (2015): 267–277.

52. A. Ter Telgte, E. M. Van Leijsen, K. Wiegertjes, C. J. Klijn, A. M. 
Tuladhar, and F. E. de Leeuw, “Cerebral Small Vessel Disease: From 
a Focal to a Global Perspective,” Nature Reviews. Neurology 14, no. 7 
(2018): 387–398.

53. L. Pantoni, “Cerebral Small Vessel Disease: From Pathogenesis and 
Clinical Characteristics to Therapeutic Challenges,” Lancet Neurology 
9, no. 7 (2010): 689–701.

54. A. Levy, S. Taib, C. Arbus, et al., “Neuroimaging Biomarkers at Base-
line Predict Electroconvulsive Therapy Overall Clinical Response in De-
pression: A Systematic Review,” Journal of ECT 35, no. 2 (2019): 77–83.

55. N. Nogovitsyn, M. Muller, R. Souza, et al., “Hippocampal Tail Vol-
ume as a Predictive Biomarker of Antidepressant Treatment Outcomes 
in Patients With Major Depressive Disorder: A CAN-BIND Report,” 
Neuropsychopharmacology 45, no. 2 (2020): 283–291.

56. M. Paolini, Y. Harrington, F. Colombo, et  al., “Hippocampal and 
Parahippocampal Volume and Function Predict Antidepressant Re-
sponse in Patients With Major Depression: A Multimodal Neuroimag-
ing Study,” Journal of Psychopharmacology 37, no. 11 (2023): 1070–1081.

57. A. Kapasi, A. W. Capuano, M. Lamar, et al., “Atherosclerosis and Hip-
pocampal Volumes in Older Adults: The Role of Age and Blood Pressure,” 
Journal of the American Heart Association 13, no. 3 (2024): e031551.

58. X. Li, J. Xing, Y. Hui, et  al., “Hippocampal Volume Mediates the 
Association of Arterial Stiffness With Cognitive Impairment in Adult 
Population,” Journal of Hypertension 42, no. 9 (2024): 1566–1572.

59. G. Rao, H. Gao, X. Wang, J. Zhang, M. Ye, and L. Rao, “MRI Mea-
surements of Brain Hippocampus Volume in Relation to Mild Cognitive 
Impairment and Alzheimer Disease: A Systematic Review and Meta-
Analysis,” Medicine 102, no. 36 (2023): e34997.

60. C. J. Harmer, R. S. Duman, and P. J. Cowen, “How Do Antidepres-
sants Work? New Perspectives for Refining Future Treatment Ap-
proaches,” Lancet Psychiatry 4, no. 5 (2017): 409–418.

61. E. Castrén and L. M. Monteggia, “Brain-Derived Neurotrophic Fac-
tor Signaling in Depression and Antidepressant Action,” Biological Psy-
chiatry 90, no. 2 (2021): 128–136.

62. M. Paolini, L. Fortaner-Uyà, C. Lorenzi, et al., “Association Between 
NTRK2 Polymorphisms, Hippocampal Volumes and Treatment Resis-
tance in Major Depressive Disorder,” Genes 14, no. 11 (2023): 2037.

63. M. Fioranelli, M. L. Garo, M. G. Roccia, B. Prizbelek, and F. R. 
Sconci, “Brain–Heart Axis: Brain-Derived Neurotrophic Factor and 
Cardiovascular Disease—A Review of Systematic Reviews,” Life 13, no. 
12 (2023): 2252.

64. H. Jin, Y. Chen, B. Wang, et al., “Association Between Brain-Derived 
Neurotrophic Factor and von Willebrand Factor Levels in Patients With 
Stable Coronary Artery Disease,” BMC Cardiovascular Disorders 18 
(2018): 1–8.

65. M. Bahls, S. Könemann, M. R. Markus, et al., “Brain-Derived Neu-
rotrophic Factor Is Related With Adverse Cardiac Remodeling and High 
NTproBNP,” Scientific Reports 9, no. 1 (2019): 15421.

66. S. L. Kuhlmann, M. Tschorn, V. Arolt, et al., “Serum Brain-Derived 
Neurotrophic Factor and Stability of Depressive Symptoms in Coronary 
Heart Disease Patients: A Prospective Study,” Psychoneuroendocrinol-
ogy 77 (2017): 196–202.

67. B. M. Kaess, S. R. Preis, W. Lieb, et al., “Circulating Brain-Derived 
Neurotrophic Factor Concentrations and the Risk of Cardiovascular 
Disease in the Community,” Journal of the American Heart Association 
4, no. 3 (2015): e001544.

68. S. F. Cade, X. F. Zhou, and L. Bobrovskaya, “The Role of Brain-
Derived Neurotrophic Factor and the Neurotrophin Receptor p75NTR 
in Age-Related Brain Atrophy and the Transition to Alzheimer's Dis-
ease,” Reviews in the Neurosciences 33, no. 5 (2022): 515–529.

69. K. I. Erickson, R. S. Prakash, M. W. Voss, et al., “Brain-Derived Neu-
rotrophic Factor Is Associated With Age-Related Decline in Hippocam-
pal Volume,” Journal of Neuroscience 30, no. 15 (2010): 5368–5375.

70. A. Pikula, A. S. Beiser, T. C. Chen, et  al., “Serum Brain–Derived 
Neurotrophic Factor and Vascular Endothelial Growth Factor Levels 
Are Associated With Risk of Stroke and Vascular Brain Injury: Fram-
ingham Study,” Stroke 44, no. 10 (2013): 2768–2775.

71. M. Serra-Millàs, “Are the Changes in the Peripheral Brain-Derived 
Neurotrophic Factor Levels due to Platelet Activation?,” World Journal 
of Psychiatry 6, no. 1 (2016): 84–101.

72. S. A. Abramowitz, K. Boulier, K. Keat, et al., “Evaluating Performance 
and Agreement of Coronary Heart Disease Polygenic Risk Scores,” Jour-
nal of the American Medical Association 16 (2024): e2423784.

73. R. M. Carney, K. E. Freedland, and M. W. Rich, “Treating Depression 
to Improve Survival in Coronary Heart Disease: What Have We Learned?,” 
Journal of the American College of Cardiology 84, no. 5 (2024): 482–489.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 16000447, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acps.13793 by C

ochraneItalia, W
iley O

nline L
ibrary on [18/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Cardiovascular Risk Predicts White Matter Hyperintensities, Brain Atrophy and Treatment Resistance in Major Depressive Disorder: Role of Genetic Liability
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Participants
	2.2   |   Treatment Resistance Status and Cardiovascular Risk Determination
	2.3   |   Genetic Sequencing and Polygenic Risk Scores Calculation
	2.4   |   MRI Acquisition, White Matter Hyperintensities, and Brain Volume Calculation
	2.5   |   Statistical Analyses

	3   |   Results
	3.1   |   Effect of CV Risk and PRSs on Treatment Resistance
	3.2   |   Ridge Regression
	3.3   |   Effect of CV Risk on White Matter Hyperintensities and Brain Tissue Volumes
	3.4   |   Effect of PRSs on White Matter Hyperintensities and Brain Tissue Volumes
	3.5   |   Effect of White Matter Hyperintensities and Brain Tissue Volumes on Treatment Resistance Status
	3.6   |   Mediation Analyses

	4   |   Discussion
	5   |   Conclusion
	Acknowledgements
	Consent
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


