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Exercise SBP response and incident depressive
symptoms:TheMaastricht Study
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Pieter C. Dagnelieb,f, Hans Bosmad,e, Marleen M.J. van Greevenbroeka,b

Carla J.H. van der Kallena,b, Casper G. Schalkwijka,b, Anke Wesseliusg,h

Koen D. Reesinkb,i, Sebastian Köhlerj,k, Miranda T. Schrama,b,c

Coen D.A. Stehouwera,b, and Thomas T. van Slotena,b,l,m

Objective : An exaggerated exercise SBP, which is
potentially modifiable, may be associated with incident
depressive symptoms via an increased pulsatile pressure
load on the brain. However, the association between
exaggerated exercise SBP and incident depressive
symptoms is unknown. Therefore, we examined whether
exaggerated exercise SBP is associated with a higher risk of
depressive symptoms over time.

Methods : We used longitudinal data from the
population-based Maastricht Study, with only individuals
free of depressive symptoms at baseline included
(n¼2121; 51.3% men; age 59.5�8.5 years). Exercise SBP
was measured at baseline with a submaximal exercise cycle
test. We calculated a composite score of exercise SBP
based on four standardized exercise SBP measures: SBP at
moderate workload, SBP at peak exercise, SBP change per
minute during exercise and SBP 4 min after exercise.
Clinically relevant depressive symptoms were determined
annually at follow-up and defined as a Patient Health
Questionnaire score of at least 10.

Results : After a mean follow-up of 3.9 years, 175
participants (8.3%) had incident clinically relevant
depressive symptoms. A 1 SD higher exercise SBP
composite score was associated with a higher incidence of
clinically relevant depressive symptoms [hazard ratio: 1.27
(95% confidence interval: 1.04–1.54)]. Results were
adjusted for age, sex, education level, glucose metabolism
status, lifestyle, cardiovascular risk factors, resting SBP and
cardiorespiratory fitness.

Conclusion : A higher exercise SBP response is associated
with a higher incidence of clinically relevant depressive
symptoms.

Keywords: blood pressure, depression, exercise,
prognosis, screening

Abbreviation: PHQ-9, Patient Health Questionnaire-9

INTRODUCTION

D
epression is a leading cause of disability among
older individuals with cardiovascular disease [1].
The prevalence of depression is two to three times

higher among patients with cardiovascular disease than in
the general population [2], and depression is associated
with lower quality of life and higher mortality in these
individuals [3]. Prior studies have provided strong evidence
for a bidirectional association between cardiovascular dis-
ease and depression [4,5]. The mechanisms underlying this
association are multifactorial. Among these, vascular dys-
function has received prominent attention as a potentially
modifiable shared mechanism. An exaggerated exercise
blood pressure (BP) response, a marker of vascular dys-
function [6], may be such a mechanism.

It has been suggested that cerebrovascular dysfunction
and damage in regions involved in mood regulation con-
tributes to the development of depression (vascular depres-
sion hypothesis) [7]. In accordance, studies have shown that
several cardiovascular risk factors (e.g. diabetes [8], physical
inactivity [9], unhealthy dietary habits [10] and chronic
kidney disease [11]) and subclinical markers of vascular
disease (e.g. arterial stiffness [12], plasma biomarkers of
endothelial dysfunction [13] and MRI features of cerebral
small vessel disease in frontal and deep brain regions [14])
are associated with a higher risk of depression. These
associations were independent of a large set of potential
confounders, including socioeconomic status, comorbid
anxiety or other chronic illnesses.
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However, data on the association between hyperten-
sion, defined by use of mean BP, and incident depression
are inconsistent. One study found an association between
hypertension and incident depression [15], whereas others
did not [16–18]. Mean BP may, however, not fully capture
the pulsatile aspect of BP [6]. The low impedance circula-
tion of the brain is particularly susceptible to an increased
pulsatile load, as this increased may penetrate deeply into
the vasculature of the brain [19]. An exaggerated exercise
SBP, which is potentially modifiable [20], may be a better
reflection of an increased pulsatile load exerted by BP
[6,21,22]. Previous studies have shown associations
between exercise BP and lower total brain volume [23]
and higher white matter hyperintensity volume [24]. How-
ever, the association between exercise BP and depression
is unknown.

We therefore sought to investigate the longitudinal
association between exercise SBP and risk of depressive
symptoms over time in a large population-based study.

METHODS

The Maastricht Study
We used data from the Maastricht Study, an observational
prospective population-based cohort study. The rationale
and methodology have been described previously [25]. In
brief, the study focuses on the cause, pathophysiology,
complications and comorbidities of type 2 diabetes mellitus
and is characterized by an extensive phenotyping
approach. Eligible for participation were all individuals
aged between 40 and 75 years and living in the southern
part of the Netherlands. Participants were recruited through
mass media campaigns and from the municipal registries
and the regional Diabetes Patient Registry via mailings.
Recruitment was stratified according to known type 2
diabetes status, with an oversampling of individuals with
type 2 diabetes for reasons of efficiency. The present report
includes data from 3451 participants who completed the
baseline survey between November 2010 and September
2013, and received annual follow-up questionnaires for up
to 4 years. The baseline examinations of each participant
were performed within a time window of 3 months. The
study has been approved by the institutional medical ethi-
cal committee (NL31329.068.10) and the Minister of Health,
Welfare and Sports of the Netherlands (Permit 131088-
105234-PG). All participants gave written informed consent.
Data are available from the Maastricht Study for any
researcher who meets the criteria for access to confidential
data, and the corresponding author may be contacted to
request data.

Submaximal exercise test and exercise blood
pressure
A graded, submaximal limited exercise test was performed
on a cycle ergometer system (CASE v6.6 in combination
with e-bike; GE Healthcare, Milwaukee, Wisconsin, USA),
as described previously [26]. Individuals were excluded
from participation in the test if they had experienced
cardiovascular complications in the preceding 3 months,
had an abnormal resting ECG, had a resting SBP at least 180

and/or DBP at least 110 mmHg, or an implantable cardi-
overter defibrillator or pacemaker. Eligible participants
were fitted with a BP cuff on the upper left arm (Tangoþ;
SunTech Medical, Inc., Morrisville, North Carolina, USA) and
chest electrodes toprovidea continuous12-leadECGrecord-
ing [27]. Participants were instructed to cycle at a cadence of
60–70 rotations per minute during a short familiarization
period without any external workload. For the first exercise
stage, external workload was set at 25W. Every consecutive
stage (i.e. every 2min) external workload was increased by
25W. At the end of each stage, heart rate (HR) and BP were
measured and participants were asked to provide a rating of
perceived exertion on the 15-point Borg-scale; an interval
scale ranging from 6 (no exertion at all) to 20 (maximal
exertion). The exercise test was considered ‘completed’ and
stopped when the HR reached at least 85% of the estimated
maximum HR (i.e. 220–age), when a rating of perceived
exertion of at least 17 was scored by participants, or by the
end of stage 7 (workload 175W). The test could also be
terminated on medical grounds or when participants were
unwilling to continue. After the test, participants remained
seated for at least 4min. BP was measured at rest before the
start of the exercise test, at the end of each stage, at peak
exercise (i.e. when the test was stopped) and at 4min
after exercise.

For the current study, we considered the following
exercise SBP variables, based on previous studies [21,28]:
SBP at moderate workload (stage 2), SBP at peak exercise,
SBP change per minute (calculated from start to peak
exercise using individual linear regression lines) and SBP
at 4min after exercise. These exercise SBP variables have
been associated with a higher cardiovascular disease risk
independently of resting SBP [21,28].

Depressive symptoms
Depressive symptoms were assessed at baseline and each
year at follow-up with a validated Dutch version of the 9-
item Patient Health Questionnaire (PHQ-9) [29], as
described previously [25]. The PHQ-9 is a self-administered
questionnaire and is based on the Diagnostic and Statistical
Manual of Mental Disorders 4th edition criteria for a major
depressive episode. It comprises nine items rated on a four-
point scale, ranging from 0 (not at all) to 3 (nearly every
day). Response options are used to calculate a continuous
total depressive symptom score ranging from 0 (no symp-
toms) to 27 (all symptoms present nearly every day). A
predefined cutoff score of at least 10 was used to indicate
clinically relevant depressive symptoms [29].

Covariates
Sociodemographic variables included age, sex, partner
status and socioeconomic status [education level (low,
intermediate or high), occupational status and income].
Lifestyle variables included alcohol consumption (none,
low or high), smoking status (never, former or current)
and amount of moderate-to-vigorous physical activity. Car-
diovascular variables included glucose metabolism status
(normal glucose metabolism, prediabetes or diabetes),
BMI, prior cardiovascular disease, estimated glomerular
filtration rate, lipid profile, use of lipid-modifying and
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(classes of) antihypertensive medication, cardiorespiratory
fitness (maximum power output during the submaximal
exercise test adjusted for body mass), aortic stiffness (as
determined by carotid-to-femoral pulse wave velocity),
markers of low-grade inflammation (i.e. C-reactive protein,
serum amyloid A, TNF-a, IL-6 and IL-8), markers of endo-
thelial dysfunction (i.e. soluble intercellular adhesion mol-
ecule-1, soluble vascular adhesion molecule-1, soluble E-
selectin and von Willebrand factor) [30] and 24-h BP.
Further details and definitions of potential confounders
are provided in the Supplemental Methods, http://links.
lww.com/HJH/B460.

Analytical sample
Of the 3451 participants, 293 had missing data on the PHQ-9
score or use of antidepressant medication at baseline, 192
on the PHQ-9 at all follow-up examinations, 703 on the
exercise test and 745 on any covariates (numbers not
mutually exclusive), and these individuals were excluded.
In addition, 81 (3.7%) had baseline clinically relevant
depressive symptoms (PHQ-9 score �10) at baseline and
were excluded. The final study population therefore con-
sisted of 2121 participants (Fig. 1). Participants excluded
compared with those included in the analyses were older,
more often had no partner and had a worse cardiovascular
risk profile (Supplemental Table S1, http://links.lww.com/
HJH/B460).

Statistical analysis
We calculated a composite score of exercise SBP by stan-
dardizing and averaging the four exercise SBP variables.
This score was used as the main determinant in all analyses.
A composite score reduces the biological variability of each

individual measure [31] and reduces the number of
statistical tests.

We used Cox proportional hazards models to estimate
hazard ratios for the association between the exercise SBP
composite score and incident clinically relevant depressive
symptoms (PHQ-9 score �10) with time-in-study as the
time scale. Participants were censored at the first occur-
rence of incident clinically relevant depressive symptoms or
at the time of the last examination in those without incident
clinically relevant symptoms.

We adjusted all analyses for the following potential
confounders based on the previous literature [32–35]:
age, sex, glucose metabolism status and education level
(model 1), and additionally for partner status, alcohol
consumption, smoking status, BMI and prior cardiovascular
disease (model 2), and estimated glomerular filtration rate,
total-to-HDL cholesterol ratio, resting SBP and use of lipid-
modifying and antihypertensive medication (with the indi-
vidual antihypertensive classes separately) (model 3), and
cardiorespiratory fitness (model 4), and baseline PHQ-9
scores (model 5).

We tested for clinically relevant interactions, that is,
exercise SBP� sex, exercise SBP� age and exercise� (-
(pre)diabetes, because age, sex and (pre)diabetes might
modify the association between vascular dysfunction and
depression [36–38].

We performed several additional analyses: first, we
used resting office SBP and 24-h SBP as the determinant
instead of the exercise SBP composite score; second, we
used the exercise DBP composite score as the determinant
instead of the exercise SBP composite score; third, we
repeated the main analyses with each of the four baseline
exercise SBP variables as the determinants (i.e. SBP at
moderate workload, SBP at peak exercise, SBP change per

FIGURE 1 Flowchart delineating the derivation of the final study population. �Not mutually exclusive. GFR, glomerular filtration rate; PHQ-9, Patient Health Questionnaire-9.
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minute and SBP at 4 min after exercise); fourth, we used
the continuous PHQ-9 scores as the outcome instead of
PHQ-9 at least 10. For this analysis, we used generalized
estimating equations for the negative binominal family
and a log link function with an exchangeable correlation
structure and robust standard errors. We used the interac-
tion term exercise SBP� follow-up time, where a statisti-
cally significant interaction term indicates that a higher
exercise SBP is associated with a different development of
PHQ-9 scores over time; fifth, we additionally adjusted the
main analysis for moderate-to-vigorous physical activity,
carotid-to-femoral pulse wave velocity, HR at 4 min after
exercise and markers of low-grade inflammation and
endothelial dysfunction. We also adjusted for baseline
socioeconomic status assessed by occupational status
and income level (instead of education level), and for
mean 24-h SBP instead of SBP at rest. We did not adjust for
these factors in the main analyses, because they were
either missing in a relatively large number of individuals
(missing for physical activity, n¼ 118; occupational status,
n¼ 325; for income, n¼ 390; for 24-h SBP, n¼ 216) or due
to potential overadjustment bias, that is, arterial stiffness,
vagal tone, low-grade inflammation and endothelial dys-
function may lie on the potential causal pathway of exer-
cise SBP to depression; sixth, we excluded individuals
with prior cardiovascular disease to limit the risk of over-
adjustment bias; seventh, to limit the effects of prior
depression, we excluded individuals with a history of a
lifetime depression, as assessed by the Mini-International
Neuropsychiatric Interview, and those who used antide-
pressant medication at baseline; eighth, we additionally
analyzed baseline characteristics according to tertiles of
exercise SBP and associated tertiles of exercise SBP (with
the lowest tertile as reference) with incident clinically
relevant depressive symptoms; and ninth, we repeated
the analyses after multiple imputation of the missing
potential confounders (fully conditional specification
method with n¼ 10 datasets).

All analyses were done with IBM SPSS software version
25.0 for Windows (IBM Corp., Somers, New York, USA). A
two-sided P value of less than 0.05 was considered statisti-
cally significant for all analyses.

RESULTS
Of the 2121 participants, 175 (8.3%) had incident clinically
relevant depressive symptoms after a mean follow-up of 3.9
(SD 1.0) years. Individuals with incident clinically relevant
depressive symptoms as compared with those without
more often had no partner, had received lower education,
had a lower occupational status, more often had diabetes,
had a worse cardiovascular risk profile and had higher
exercise SBP values (Table 1 and Supplemental Table S2,
http://links.lww.com/HJH/B460). The baseline character-
istics according to tertiles of exercise SBP are shown in the
Supplemental Table S3, http://links.lww.com/HJH/B460.

Figure 2a, shows the mean PHQ-9 scores over time
according to median values of the exercise SBP composite
score. Table 2 shows the results of the Cox regression
analysis. A 1 SD higher exercise SBP composite score
was associated with a higher incidence of clinically relevant

depressive symptoms [hazard ratio 1.27 (95% confidence
interval: 1.04–1.54); model 5].

Interaction analyses with sex showed that the association
between the exercise SBP composite score and incident
clinically relevant depressive symptoms was stronger in
men compared with women (P values for interaction
0.043, Supplemental Table S4, http://links.lww.com/HJH/
B460). No interactions were found for glucose metabolism
status and age (P values for interactions >0.10).

Additional analyses
Resting office SBP, 24-h SBP and the exercise DBP com-
posite score were not associated with incident clinically
relevant depressive symptoms (Supplemental Tables S5
and S6, http://links.lww.com/HJH/B460). Of the individual
exercise SBP variables, higher SBP at peak exercise and
higher SBP change per minute were associated with a
higher incidence of clinically relevant depressive symptoms
(Fig. 3 and Supplemental Table S7, http://links.lww.com/
HJH/B460).

Analyses with continuous PHQ-9 scores showed that an
exercise SBP composite score was associated with a higher
increase of depressive symptoms over time [P value for
interaction <0.001; rate ratio 1.029 (1.014–1.045), Supple-
mental Table S8, http://links.lww.com/HJH/B460]. Results
did not change when we additionally adjusted for moder-
ate-to-vigorous physical activity, carotid-to-femoral pulse
wave velocity, HR at 4min after exercise, markers of low-
grade inflammation or endothelial dysfunction (Supple-
mental Table S9, http://links.lww.com/HJH/B460). In addi-
tion, results did not materially change when we adjusted for
occupational status and income level instead of education
level, or 24-h SBP instead of SBP at rest (Supplemental
Table S9, http://links.lww.com/HJH/B460). Results were
also similar when we excluded individuals with prior
cardiovascular disease, those with a history of a lifetime
depression, or those who used antidepressant medication
at baseline (Supplemental Tables S10 and S11, http://link-
s.lww.com/HJH/B460), or when we repeated the analyses
after multiple imputation (Supplemental Table S12, http://
links.lww.com/HJH/B460). When we analyzed the results
according to tertiles of exercise SBP, risk of incident clini-
cally relevant depressive symptoms increased from the
lowest to the highest tertile of all exercise SBP (Supplemen-
tal Table S13, http://links.lww.com/HJH/B460).

DISCUSSION
In the present large population-based cohort study, a
higher exercise SBP response was associated with a higher
incidence of clinically relevant depressive symptoms, after
accounting for socioeconomic factors, lifestyle, resting SBP,
cardiovascular risk factors and cardiorespiratory fitness. To
the best of our knowledge, this is the first longitudinal study
to report that a higher SBP response during exercise may be
a risk factor for incident depressive symptoms.

Only one previous study evaluated the association
between exercise BP and depression, and did not find
an association between exercise BP and depression [39].
However, that study had a cross-sectional design and used
only postexercise BP as a measure of exercise BP.

Exercise SBP and depressive symptoms
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Several mechanisms may explain the association
between an exaggerated exercise SBP and incident depres-
sive symptoms. First, exaggerated exercise SBP is linked to
a higher pulsatile load on the brain [40] which may lead to
depressive symptoms [7]. An increased pulsatile load can
penetrate into the cerebral circulation and may directly
cause cerebral ischemia and hemorrhage [19]. In addition,
the increased load may induce a vascular remodeling
response, characterized by wall thickening, diameter wid-
ening and rarefaction of small cerebral arteries, which, in
turn, may lead to chronic ischemia [30,41,42]. Also, the
increased pulsatile load may lead to higher arterial wall
shear stress and development of rupture–prone atheroscle-
rotic plaques [43]. If cerebral ischemia occurs in the frontal–

subcortical cerebral circuits involved in mood regulation,
this may lead to the development of depressive symptoms
[7]. Accordingly, an exaggerated exercise SBP has been
associated with a smaller total brain volume [23] and higher
white matter hyperintensity volume [24] in later life, which
are features of cerebral small vessel disease, and such
alterations may lead to depressive symptoms [14]. Second,
other biological factors may underlie both an exaggerated
exercise SBP and depressive symptoms, including aortic
stiffening [12,44,45], high sympathetic tone [46,47], low-
grade inflammation [48,49], endothelial dysfunction [6,50]
and increased activation of the renin–angiotensin–aldoste-
rone system [51,52]. However, results did not materially
change when we additionally adjusted for carotid-to-

TABLE 1. Baseline characteristics of study population

Characteristic

Total study
population,

n¼2121

No incident clinically
relevant depressive

symptoms, n¼1946; 91.7%

Incident clinically
relevant depressive

symptoms, n¼175; 8.3% P value

Demographics
Age (years) 59.5�8.1 59.6�8.1 59.0�8.1 0.02

Men 1069 (50.4%) 981 (50.4%) 88 (50.3%) 0.68

Partner 1763 (83.1%) 1628 (83.7%) 135 (77.1%) <0.01

Education level <0.01

Low 627 (29.6%) 561 (28.8%) 66 (37.7%)

Intermediate 613 (28.9%) 559 (28.7%) 54 (30.9%)

High 881 (41.5%) 826 (42.4%) 55 (31.4%)

Lifestyle variables
Smoking behavior <0.01

Never 788 (37.2%) 738 (38.4%) 50 (28.6%)

Former 1091 (51.4%) 1004 (51.6%) 87 (49.7%)

Current 242 (11.4%) 204 (10.5%) 38 (21.7%)

Alcohol consumption <0.01

None 338 (15.9%) 297 (15.3%) 41 (23.4%)

Low 1203 (56.7%) 1106 (56.8%) 97 (55.4%)

High 580 (27.3%) 543 (27.9%) 37 (21.1%)

Clinical characteristics
Glucose metabolism status <0.01

Normal glucose metabolism 1296 (61.1%) 1212 (62.3%) 84 (48.0%)

Prediabetes 319 (15.0%) 293 (15.1%) 26 (14.9%)

Type 2 diabetes 484 (22.8%) 424 (21.8%) 60 (34.3%)

Type 1 diabetes/Other types of diabetes 22 (1.1%) 17 (0.9%) 5 (2.9%)

BMI (kg/m2) 26.6�4.1 26.5�4.1 27.5�4.6 <0.01

History of cardiovascular disease 276 (13.0%) 252 (12.9%) 24 (13.7%) 0.41

Estimated glomerular filtration rate (ml/min/1.73 m2) 88.8�14.0 88.8�13.8 88.8�16.9 <0.01

Total-to-HDL cholesterol ratio 3.6�1.1 3.6�1.1 3.8�1.3 0.56

Use of lipid-modifying medication 693 (32.7%) 629 (32.3%) 64 (36.6%) <0.01

Use of antihypertensive medication 746 (35.2%) 674 (34.6%) 72 (41.1%) <0.01

ACE-inhibitor 217 (10.2%) 201 (10.3%) 16 (9.1%) 0.07

Angiotensin II receptor blocker 348 (16.4%) 309 (15.9%) 39 (22.3%) <0.01

b-Blocker 303 (14.3%) 277 (14.2%) 26 (14.9%) <0.01

Calcium channel blocker 164 (7.7%) 150 (7.7%) 14 (8.0%) <0.01

Diuretic 306 (14.4%) 277 (14.2%) 29 (16.6%) <0.01

Office SBP (mmHg) 134.3�17.7 134.2�17.6 135.8�18.2 0.58

Office DBP (mmHg) 76.1�9.7 76.0�9.6 77.2�11.2 <0.01

Cardiorespiratory fitness (W/kg) 2.18�0.58 2.20�0.57 1.97�0.56 0.21

Submaximal exercise test blood pressures
Resting SBP (mmHg) 132.6�18.4 132.5�18.4 133.7�18.6 0.21

Exercise SBP composite score, SD 0.00�1.00 �0.02�1.00 0.22�1.02 <0.01

SBP at moderate workload (mmHg) 152.6�22.4 152.3�22.3 156.0�18.6 0.20

SBP at peak exercise (mmHg) 176.9�27.0 176.6�27.0 180.1�26.8 0.73

SBP change per min (mmHg/min) 5.4�2.7 5.3�2.6 6.1�2.9 <0.01

SBP at 4 min after exercise (mmHg) 143.8�21.7 143.5�21.7 147.2�21.2 0.07

Depressive symptoms
PHQ-9 score 2 [0–3] 1 [0–3] 4 [2–7] <0.01

Data are presented as mean� SD, median [interquartile range] or n (%). ACE, angiotensin-converting enzyme; PHQ-9, Patient Health Questionnaire-9.
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femoral pulse wave velocity (a marker of aortic stiffness
[53]), HR at 4 min after exercise (a marker for vagal tone [54])
or markers of low-grade inflammation or endothelial dys-
function. In this study, no data were available on activation
of the renin–angiotensin–aldosterone system and this

requires further study. Third, the association between exer-
cise SBP and depressive symptoms may be confounded by
factors such as low socioeconomic status, sedentary behav-
ior, concomitant cardiovascular disease and a history of a
lifetime depression or use of antidepressant medication at

FIGURE 2 Mean Patient Health Questionnaire-9 score during follow-up according median values of (a) the exercise SBP composite score; (b) SBP at moderate workload; (c)
SBP at peak exercise; (d) SBP change per minute; (e) SBP 4 min after exercise.

TABLE 2. Associations between exercise SBP and incidence of clinically relevant depressive symptoms (Patient Health Questionnaire-9
�10)

Model 1 Model 2 Model 3 Model 4 Model 5

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Composite score of
exercise SBP, per SD

1.18 (1.01–1.38) 1.18 (1.01–1.38) 1.28 (1.02–1.48) 1.21 (1.01–1.46) 1.27 (1.04–1.54)

HRs represent risk on incident clinically relevant depressive symptoms (PHQ-9�10) for every 1 SD increase in exercise SBP variable. Bold denotes P value less than 0.05. Model 1: age,
sex, glucose metabolism status, education level; model 2: model 1þpartner status, alcohol consumption, smoking status, BMI, prior cardiovascular disease; model 3: model
2þ estimated glomerular filtration rate, total-to-HDL cholesterol ratio, resting SBP, lipid-modifying and antihypertensive medication (with the individual antihypertensive classes
separately); model 4: model 3þ cardiorespiratory fitness; model 5: model 4þ PHQ-9 score at baseline. CI, confidence interval; HR, hazard ratio; PHQ-9, Patient Health Questionnaire-9.

FIGURE 3 Fully adjusted hazard ratios for incident clinically relevant depressive symptoms (Patient Health Questionnaire-9 score �10) for each individual exercise SBP
variable. Hazard ratios were adjusted for age, sex, glucose metabolism status, education level, partner status, education level, alcohol consumption, smoking status, BMI,
prior cardiovascular disease; estimated glomerular filtration rate, total-to-HDL cholesterol ratio, resting SBP, lipid-modifying and antihypertensive medication (with the
individual antihypertensive classes separately), cardiorespiratory fitness and baseline Patient Health Questionnaire-9 scores. CI, confidence interval; min, minute.
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baseline. However, associations remained similar when we
adjusted for occupational status, income, education level
and physical activity, and when we excluded individuals
with prior cardiovascular disease, prior history of a lifetime
depression or those who used antidepressant medication at
baseline. Nevertheless, we cannot exclude the possibility of
residual confounding.

We observed that the association between exercise SBP
and development of depressive symptoms was stronger in
men than in women. Sex hormones such as estrogen may
have a protective effect on the vasculature [55,56], which
may have reduced the impact of exercise SBP on the brain
and subsequent depressive symptoms in women. Further
studies are needed to investigate this issue.

We did not find any association between mean resting
office SBP and 24-h SBP and incident depressive symp-
toms, which is in accordance with most previous studies
[16–18]. An exaggerated exercise SBP may reflect the
pulsatile aspect of BP more accurately than mean BP,
and it has been suggested that this pulsatile aspect of
increased BP may be particularly harmful to the brain
[19]. In addition, we did not find an association between
exercise DBP and incident depressive symptoms. An exag-
gerated exercise DBP may also be less strongly related to an
increased pulsatile load than an exaggerated exercise SBP
response [6]. In addition, exercise DBP may be a more
important risk factor among younger individuals [57]. The
Framingham Study found that an exaggerated exercise
DBP is most strongly associated with incident cardiovas-
cular events in younger individuals (<45 years) [57],
whereas the average age of our study population was 60
years. We therefore cannot exclude the possibility of an
association between exercise DBP response and depres-
sive symptoms in younger individuals, and this issue
requires further study.

The results of the current study may be clinically rele-
vant, as they suggest that an exaggerated exercise SBP not
only predicts future development of cardiovascular disease,
but should also be recognized as implying a higher risk of
depression. Importantly, an exaggerated exercise SBP is a
modifiable risk factor and may be treated with lifestyle
intervention (e.g. exercise training [58,59]) and the use of
b-blockers [60,61]. Future studies are needed to evaluate
whether treatment of exaggerated exercise SBP can reduce
depressive symptoms.

Strengths of our study are its population-based and
longitudinal design and the extensive characterization of
the participants, which allowed us to adjust for a large
number of potential confounders.

Our study also had several limitations. First, depressive
symptoms were assessed by a self-reported questionnaire,
and no information was available on incident clinical
depression. This may limit the interpretation of our find-
ings, and further study is needed to evaluate whether high
exercise SBP is also associated with risk of clinical depres-
sion. However, the PHQ-9 (with a cutoff score of 10) has a
high sensitivity and specificity (88 and 85%, respectively)
compared with a structured interview for the diagnosis of a
depression [62]. Moreover, depressive symptoms without
the diagnosis of clinical depression have been associated
with an increased risk of morbidity and mortality [63,64].

Also, the prevalence of depressive symptoms is higher than
the prevalence of clinical depression, particularly in older
individuals [1]. Second, we did not have information about
any new use of antidepressant medication at follow-up.
This may have led to an underestimation of the presence of
depressive symptoms at follow-up, and, therefore, an
underestimation of the association between exercise SBP
and depression. Third, our study population consisted of
older individuals of white ethnicity, which limits the gen-
eralizability of our results.

In conclusion, a higher exercise SBP response is associ-
ated with incident clinically relevant depressive symptoms.
This suggests that an exaggerated exercise SBP response
may be a modifiable risk factor for late-life depression. If
confirmed in other longitudinal studies, intervention stud-
ies are needed to determine whether treatment of an
exaggerated exercise SBP can prevent depressive symp-
toms.
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