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Calcium channel blockers (CCBs) differ in their ability to penetrate into the brain. Pharmacoepidemiological studies suggest that
CCBs as a class may have beneficial effects on the risks and outcomes of some psychiatric and neurological disorders. It is plausible
but unknown whether this effect relates to their brain penetrance. To address this, we used the TriNetX electronic health records
network to identify people prescribed a brain-penetrant CCB (BP-CCB), or those given amlodipine, a CCB with low brain
penetrability. We created cohorts of patients who, prior to first CCB exposure, either had to have, or could not have had, a recorded
ICD-10 diagnosis in any of the following categories: psychotic disorder; affective disorder (including bipolar disorder and major
depressive disorder); anxiety disorder; substance use disorder; sleep disorder; delirium; dementia, or movement disorder. Cohort
pairs were propensity score matched for age, sex, race, blood pressure, body mass index, and a range of other variables. The
outcomes were the incidence of these disorders measured over a two-year exposure period. Matched cohort sizes ranged from
17,896 to 49,987. In people with no prior history of psychiatric or neurodegenerative disorder, there was a significantly lower
incidence of most disorders with BP-CCBs compared to amlodipine, with risk ratios ranging from 0.64 to 0.88 and an overall risk
ratio of 0.88, i.e. a risk reduction of 12%. In people who did have a prior psychiatric or neurodegenerative diagnosis, differences
were much smaller, but again showed lower risks for several disorders with BP-CCBs compared to amlodipine. The differences were
somewhat more marked in women and in people less than 60 years old. Results were similar when comparing BP-CCBs with
verapamil and diltiazem. We also compared BP-CCBs with angiotensin receptor blockers, and found an overall risk ratio of 0.94 in
favour of BP-CCBs, but with differential effects across disorders including a higher risk of psychotic disorder and dementia, but a
lower risk for anxiety and sleep disorders. In some analyses, there was evidence of residual confounding even after the extensive
matching, in that negative control outcomes showed a reduced incidence with BP-CCBs relative to the comparator cohort. In
summary, CCBs that readily penetrate the brain are associated with a lower incidence of neuropsychiatric disorders, especially first
diagnoses, compared to CCBs which do not. This may reflect their blockade of neuronal voltage-gated calcium channels. The
findings encourage repurposing trials using existing BP-CCBs, and suggest that novel BP-CCBs with enhanced and more selective

central actions might have greater therapeutic potential for psychiatric and neurodegenerative disorders.
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INTRODUCTION

The main antihypertensive drug classes are calcium channel
blockers (CCBs), diuretics, angiotensin converting enzyme inhibi-
tors (ACEIls), angiotensin Il receptor blockers (ARBs), and f3-
blockers. CCBs target the al subunits of L-type voltage-gated
calcium channels, especially Cay1.2 and Cay1.3, encoded by
CACNA1C and CACNATD respectively [1, 2]. There has been debate
as to whether antihypertensive drugs impact the onset or course
of neuropsychiatric disorders. This particularly applies to CCBs,
because of the hypothesized role of calcium signalling in their
pathophysiology [3, 4], and by the results of some early clinical
studies [5-7]. Although no good evidence of psychotropic efficacy
materialised [8, 9], interest in the possibility has been rekindled by
the discovery that voltage-gated calcium channel subunits are
genome-wide significant risk genes for schizophrenia and bipolar
disorder [2, 10].

One contemporary approach has been to use electronic health
records to examine whether CCBs are associated with differential
incidences or outcomes of neuropsychiatric disorders. For
example, in the Swedish population, patients with serious mental
illnesses had lower rates of psychiatric hospitalization and self-
harm when they were taking CCBs than when they were not [11].
Other studies have compared CCBs with one or more of the other
antihypertensive drug classes. Results are variable, but the
literature overall suggests that, for major psychiatric disorders,
CCBs are associated with lower incidences than B-blockers, are
broadly comparable to diuretics and ACEIls, but have a higher
incidence than with ARBs [12-18]. A similar approximate ranking
applies to delirium [19] and to neurodegenerative and movement
disorders [20-23], but see also ref. [24].

Notably, individual CCBs differ in their ability to cross the blood
brain barrier. As introduced below, most do enter the brain, but
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amlodipine, much the most widely used drug in the class, does
not do so to any significant extent. Whilst any effects of CCBs on
neuropsychiatric disorders could be mediated peripherally, it is
more plausible that such effects would result from occupancy of
neuronal voltage-gated calcium channels in the brain [25-27]. Few
studies to date have investigated whether brain-penetrant CCBs
(BP-CCBs) have greater effects on brain disorders than those
which are non-penetrant, although two studies reported a
decreased risk of Parkinson’s disease with BP-CCBs compared to
amlodipine [28, 29].

Here, we used an electronic health records network to
investigate whether BP-CCBs are associated with reduced
incidence of a first diagnosis, or a subsequent diagnosis, of
common psychiatric and neurodegenerative disorders compared
to amlodipine over a two-year exposure period. Extensive
propensity score matching was used to reduce confounding. We
conducted secondary analyses to assess the robustness of the
results and used negative control outcomes to aid their
interpretation.

MATERIALS AND METHODS

Brain penetrability of CCBs

CCBs are recognised to differ in their blood-brain barrier permeability and
thence their potential occupancy of brain voltage-gated calcium channels.
CCBs also differ structurally; most are dihydropyridines, except for the two
earliest CCB drugs, verapamil (a phenylalkylamine) and diltiazem (a
benzothiazepine). For the primary analysis, the comparison was limited to
dihydropyridines, as explained below. Our primary question was to ask
whether brain penetrability impacts on the neuropsychiatric correlates of
CCB use. We acknowledge that there is a spectrum of brain-penetrability,
and also that evidence is often incomplete [30, 31]. However, for the
purposes of this study, we dichotomised the dihydropyridine CCBs into
those generally considered to have high brain penetrability and those
which do not. For simplicity, we describe these groups as ‘brain-penetrant’
(BP-CCB) and ‘non-penetrant’ respectively. This distinction resulted in
amlodipine being assigned as non-penetrant, and the other dihydropyr-
idine CCBs (felodipine, isradipine, nicardipine, nifedipine, nimodipine,
nisoldipine) being assigned as brain-penetrant, in line with prior
categorisations, [28, 29, 32-34] which were in turn based on a range of
experimental data (see Supplementary Table 1) [34-47].

TriNetX electronic health records network

TriNetX Analytics is a cloud-based federated electronic health records
network with over 85 million patients in a range of healthcare
organizations, mostly in the USA. Full details about the network and its
data can be found in ref. [48]. Briefly, via a browser interface, the user can
view aggregated and de-identified data, such as demographics, diagnos-
tics (ICD-10 codes), medications, and lab values, and create cohorts based
on combinations of inclusion and exclusion variables, match and compare
pairs of cohorts, and conduct statistical analyses to explore cohorts and
differences between them. The process by which the data in the TriNetX
network are de-identified is attested to through a formal determination by
a qualified expert as defined in Section #164.514(b)(1) of the HIPAA Privacy
Rule [48].

Cohorts and covariates

The basic design of cohorts and selection of covariates was as described
[17]. We created two types of cohort, both open to all patients aged
between 18 and 90 years old. In the first, we excluded patients who had
any prior psychiatric or neurodegenerative diagnosis (see below for list of
ICD-10 codes), in order to assess the effect of BP-CCB versus amlodipine on
a first psychiatric or neurodegenerative diagnosis. In the second type of
cohort, we only included patients who did have a diagnosis of this kind
prior to exposure, in order to investigate the effects on recurrence. Note
that for the latter cohort, the diagnosis during the exposure period did not
have to be the same diagnosis as that prior to exposure (e.g. a patient
could be included in the cohort due to an existing diagnosis of anxiety
disorder and be diagnosed with a psychotic disorder during the exposure
period).
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Without matching, BP-CCB and amlodipine cohorts differed significantly
in age, sex, blood pressure and prior exposure to other antihypertensives
(data not shown) and we used propensity score matching to minimise
these and other potential confounding factors before conducting analyses
[49, 50]. Thus, all cohorts were matched at baseline (i.e. before their first
exposure to the drugs of interest) for age, sex, race, blood pressure, body
mass index, and prior prescription of: non-CCB antihypertensives,
antidepressants, antipsychotics, anxiolytics, gabapentinoids, lithium, sti-
mulants and levodopa. In addition, they were matched for a history of
hypertensive disease (ICD-10 code 110-116), ischaemic heart disease (120-
125), thyroid disease (E00-E07), diabetes mellitus (E08-E13), disorders of
the respiratory system (J00-J99), disorders of the musculoskeletal system
(M00-M99), and problems related to socioeconomic and psychosocial
circumstances (Z55-Z65). Matching was carried out within TriNetX using 1:1
greedy nearest neighbour propensity score matching [48]; a standard
difference of 0.1 between cohorts for a variable is considered
negligible [51].

Outcomes

The outcomes of interest were diagnoses of the major adult psychiatric
disorders and common neurodegenerative disorders: psychotic disorders
(F20-F29), affective disorders (F30-F39), anxiety disorders (F40-48),
substance use disorder (F10-F19), sleep disorder (F51, G47), delirium
(FO5, R40.0, R41.0), dementia (FO1-F03, G30, G31.0, G31.2, G31.83) and
movement disorder (G20-G26). We also measured schizophrenia (F20),
bipolar disorder (F31), and major depressive disorder (F32, F33) separately.
We investigated twelve negative control outcomes (i.e. outcomes for
which there are no known or predicted links to the brain penetrability of
CCBs) to help assess residual confounding [52, 53].

The exposure period of interest was two years. Exposure during this time
was proxied by requiring prescriptions at least two years apart for a BP-
CCB, or amlodipine; the individual BP-CCB could vary during this period.
We did not restrict prescribing of other drugs (e.g. additional antihyper-
tensives), in order to enhance the real-world generalisability of the
findings.

We measured the incidence (percentage) of patients receiving a
diagnosis during the two year period, and compared matched cohorts
using the risk ratio (RR) with 95% confidence intervals. Statistical analyses
were conducted within TriNetX.

Secondary analyses

Differences found between BP-CCBs and amlodipine might reflect some-
thing unique about amlodipine rather than merely its low brain
penetrability, such as aspects of its channel blocking kinetics [54] Thus,
in a secondary analysis we compared people prescribed BP-CCBs with
patients prescribed verapamil or diltiazem. We omitted these drugs from
the primary analysis since (a) they have different clinical indications from
amlodipine (i.e. they are not recommended first line for hypertension, and
are contraindicated in heart failure) and hence are more likely to lead to
confounding by indication, and (b) their pharmacological profiles differ
from the dihydropyridines [1, 27]. Though the evidence regarding the
brain penetrability and central effects of verapamil and diltiazem is less
clear than for the dihydropyridines, we included both drugs in the non-
penetrant group, in line with others [29, 33, 34].

We also conducted secondary analyses for BP-CCBs versus amlodipine
separately in men and women, and based on age (under or over 60 years).
Finally, we compared BP-CCBs with ARBs, given the evidence mentioned
earlier that the latter group are associated with lower risks of many
neuropsychiatric disorders compared to CCBs as a class. We hypothesised
that this difference would be reduced, or eliminated, when the comparison
was limited to BP-CCBs. The same covariates were used for the secondary
analyses as for the primary comparison between BP-CCBs and amlodipine.

A STROBE document was completed (Supplementary Table 2).

RESULTS

Successful matching was achieved for all variables in all cohort
pairs, except where noted in a Table. The most commonly
prescribed BP-CCB was nifedipine, followed by felodipine and
nicardipine; these three drugs together comprised over 97% of
BP-CCB prescriptions in each cohort.
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Effects of BP-CCB versus amlodipine on a first
neuropsychiatric diagnosis

In this analysis, we excluded all patients who had a prior diagnosis
of any of the outcomes of interest. After matching, each cohort
had 44,731 patients (Table 1 and Supplementary Table 3A). As
shown in panel A of Table 2, in the following two years, those
prescribed BP-CCBs had a lower incidence of all diagnoses,
although the risk ratio for bipolar disorder included 1, reflecting
the low incidence (expected in a population of this age) and thus
wide confidence intervals. For a diagnosis of 'any disorder’, the

relative risk was 12% lower (RR=0.88 [0.86-0.90]), with an
absolute incidence of 21.3% with BP-CCBs and 24.1% with
amlodipine. Risk ratios were broadly similar for each individual
disorder, ranging from delirium (RR=0.72 (0.63-0.81) to sleep
disorder (RR = 0.88 (0.84-0.91)).

Effects of BP-CCB versus amlodipine on a subsequent
neuropsychiatric diagnosis

In this analysis, we only included patients who had at least one
prior psychiatric or neurodegenerative diagnosis before first

Table 1. A: Main baseline demographics of matched cohorts comparing BP-CCBs with amlodipine. A: patients with no prior neuropsychiatric
diagnosis. B: patients with a prior neuropsychiatric diagnosis®.

A: no prior neuropsychiatric diagnosis B: with prior neuropsychiatric

diagnosis

BP-CCB Amlodipine BP-CCB Amlodipine
Cohort size (n) 44,731 44,731 17,896 17,896
Age at index (y, SD) 58.3 (17.5) 58.8 (16.8) 56.2 (17.1) 56.0 (15.7)
Sex (M:F %) 42:58 43:57 38:62 38:62
Race (W,B,0 %)° 50,29,21 48,28,24 61,26,13 62,26,12
Blood pressure 136/77 136/77 134/77° 135/79°
Body mass index (SD) 30.1 (6.7) 29.8 (6.7) 30.7 (7.3) 304 (7.1)
Prior psychotic disorder (%) 0 0 3 3
Prior affective disorder (%) 0 0 33 33
Prior anxiety disorder (%) 0 0 32 33
Prior substance use disorder (%) 0 0 27 27
Prior sleep disorder (%) 0 0 33 34
Prior delirium (%) 0 0 4 4
Prior dementia (%) 0 0 2 3
Prior movement disorder (%) 0 0 6 6

®For additional cohort demographics see Supplementary Table 3. For ICD-10 codes see text. In B, percentages add up to more than 100% since a patient may
have a diagnosis in more than one category, and also more than one diagnosis within each category.

PW: white. B: black. O: other or not known. SD: standard deviation.

“Standard difference between cohorts for diastolic blood pressure = 0.12.

Table 2. Outcomes for BP-CCBs versus amlodipine, showing percentage with each diagnosis during the exposure period, and the risk ratio. A:
patients with no prior neuropsychiatric diagnosis. B: patients with a prior neuropsychiatric diagnosis.

A: no prior neuropsychiatric diagnosis B: with prior neuropsychiatric diagnosis

BP-CCB (%) Amlodipine (%) Risk ratio BP-CCB (%) Amlodipine (%) Risk ratio
(95% CI) (95% CI)

Psychotic disorder 0.4 0.5 0.76 (0.63-0.93) 25 3.0 0.83 (0.74-0.94)
Schizophrenia 0.1 0.2 0.64 (0.45-0.91) 1.0 1.3 0.73 (0.60-0.89)
Affective disorder 6.3 7.3 0.86 (0.82-0.90) 32.6 335 0.97 (0.94-1.00)
Bipolar disorder 0.4 0.5 0.82 (0.68-1.00) 3.7 4.2 0.88 (0.80-0.98)
Major depressive disorder 5.6 6.6 0.85 (0.81-0.90) 29.0 29.7 0.98 (0.95-1.01)
Anxiety disorder 7.1 8.2 0.86 (0.83-0.90) 31.0 32.6 0.95 (0.92-0.98)
Sleep disorder 8.7 9.9 0.88 (0.84-0.91) 31.1 31.6 0.98 (0.95-1.01)
Substance use disorder 5.0 6.2 0.81 (0.76-0.85) 23.2 24.7 0.94 (0.91-0.98)
Delirium 0.9 1.3 0.72 (0.63-0.81) 3.2 34 0.95 (0.85-1.06)
Dementia 1.0 1.2 0.82 (0.72-0.93) 3.2 33 0.98 (0.87-1.10)
Movement disorder 1.2 1.4 0.83 (0.74-0.92) 6.3 6.2 1.02 (0.94-1.11)
Any of the above 21.3 24.1 0.88 (0.86-0.90) 71.6 72.6 0.99 (0.97-0.99)
Negative control 0.94 (0.87-1.02) 0.92 (0.87-0.97)
outcomes®

Risk ratios in bold have 95% confidence intervals not including 1.
®Mean of 12 negative control outcomes. Full details in Supplementary Table 6A.
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Table 3.

A: Main baseline demographics of matched cohorts comparing BP-CCBs with verapamil or diltiazem. A: patients with no prior

neuropsychiatric diagnosis. B: patients with a prior neuropsychiatric diagnosis®.

A: no prior neuropsychiatric diagnosis

B: with prior neuropsychiatric diagnosis

BP-CCB Verapamil or diltiazem® BP-CCB Verapamil or diltiazem®
Cohort size (n) 49,987 49,987 26,094 26,094
Age at index (y, SD) 59.8 (17.0) 60.4 (15.4) 57.5 (16.4) 57.7 (14.7)
Sex (M:F %) 43:57 44:56 40:60 40:60
Race (W,B,0 %) 56, 27,17 54, 29,17 59, 29, 12 58, 30, 12
Blood pressure 137/77¢ 134/76° 138/78f 133/77°
Body mass index (SD) 30.3 (7.0) 30.6 (7.3) 31.2 (7.6) 31.6 (8.0)
Prior psychotic disorder (%) 0 0 3 3
Prior affective disorder (%) 0 0 31 31
Prior anxiety disorder (%) 0 0 31 31
Prior substance use disorder (%) 0 0 27 26
Prior sleep disorder (%) 0 0 33 33
Prior delirium (%) 0 0 4 4
Prior dementia (%) 0 0 3 4
Prior movement disorder (%) 0 0 6 6

See footnote a to Table 1.

P35% on verapamil, 67% on diltiazem. Numbers exceed 100% as some patients prescribed both drugs.
“38% on verapamil, 66% on diltiazem. Numbers exceed 100% as some patients prescribed both drugs.

9W: white. B: black. O: other or not known.
€Standard difference = 0.13.
fStandard difference = 0.20.

exposure to a CCB. After matching, these cohorts contained
17,896 patients (Table 1 and Supplementary Table 3A). As shown
in panel B of Table 2, there was a minimally lower incidence of
most diagnoses during the exposure period for patients pre-
scribed BP-CCBs compared to amlodipine (71.6% vs. 72.6%), with
an overall risk ratio of 0.99 [0.97-0.99]. The only risk ratio of note
for an individual disorder was for psychotic disorder (RR=0.83
[0.74-0.94]).

Secondary analyses

We repeated the analyses, comparing BP-CCBs with a group
comprising patients prescribed either verapamil or diltiazem, both
non-penetrant non-dihydropyridine CCBs (Table 3 and Supple-
mentary Table 3B). Results were broadly similar as for the
comparison with amlodipine, with the exception of dementia,
for which BP-CCBs showed a similar incidence as verapamil/
diltiazem in those with no prior diagnosis, and a higher incidence
in those with a prior diagnosis (Table 4).

Comparison of BP-CCBs with amlodipine divided by sex is
shown in Supplementary Table 4. In people without a prior
neuropsychiatric diagnosis, the profile of results was similar in
men and women, though the overall risk ratio was margin-
ally lower for women (RR=0.85 [0.83-0.88] vs. RR=0.92
[0.88-0.95]). In those with a prior diagnosis, there was no
difference between BP-CCBs and amlodipine for men (RR = 1.01
(0.99-1.04)) and a small effect in women (RR = 0.96 (0.94-0.97)).

To explore the effect of age, we repeated the BP-CCB versus
amlodipine analysis in those aged under or over 60 years old
(Supplementary Table 5). Risk ratios were generally lower in the
younger cohort. For those without a prior psychiatric or
neurodegenerative diagnosis, the overall risk ratio was 0.82
(0.79-0.86) in the under-60s and 0.90 (0.87-0.92) in the over 60
s. In those with a prior diagnosis, the equivalent figures were 0.96
(0.94-0.98) and 0.99 (0.97-1.01), the latter reflecting no significant
differences between BP-CCBs and amlodipine for any disorder in
the older age group.
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For the comparison between BP-CCBs and ARBs, the cohort
demographics are shown in Table 5 and Supplementary Table 3C,
and the results summarised in Table 6. In people with no prior
neuropsychiatric diagnosis, results were variable. Some diagnoses
were commoner in those prescribed BP-CCBs (e.g. psychotic
disorder, RR=1.80 [1.44-2.25] and dementia, RR=1.27
[1.10-1.48]), whilst others were commoner with ARBs (e.g. sleep
disorder, RR = 0.72 [0.69-0.75] and movement disorder, RR = 0.82
[0.73-0.93]). Overall, BP-CCBs were associated with a modestly
lower risk than ARBs for any first neuropsychiatric diagnosis (RR =
0.94 [0.92-0.97]). For people with a prior neuropsychiatric
diagnosis, there was no overall difference between BP-CCBs and
ARBs in the incidence of any subsequent diagnosis (RR=0.99
[0.98-1.01]), but some disorders were commoner with BP-CCBs
(e.g. delirium, RR=1.58 [1.42-1.75]) and sleep disorder was less
common (RR = 0.86 [0.83-0.88]).

Negative control outcomes

The negative control outcomes generally showed a lower
incidence for BP-CCBs than for the comparator cohorts, with
some of the differences being significant (Tables 2, 4, and 6 and
Supplementary Tables 4-6). The lower incidence of most
diagnoses with BP-CCB did not reflect less healthcare or
opportunities for diagnosis during the exposure period, since
the number of clinic visits and hospital admissions in the BP-CCB
cohort was either similar to or greater than each comparator
cohort (data not shown).

DISCUSSION

Using electronic health records we show that over a two-year
period, compared to amlodipine, BP-CCBs are associated with
lower risks for receiving a first diagnosis of a range of psychiatric
disorders as well as for delirium, dementia and movement
disorder. Results were in the same direction but much less
marked for the incidence of a subsequent diagnosis in those who
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already had a psychiatric or neurodegenerative diagnosis before
first prescription of a CCB. Effects were somewhat greater in
women, and in people under 60 years old. Results were broadly
similar when BP-CCBs were compared against verapamil and
diltiazem. BP-CCBs also showed an overall lower incidence of first
neuropsychiatric diagnoses compared to ARBs, but with several
specific disorders showing greater risks.

The large size of the cohorts and the extensive matching to
control for confounders argues for the robustness of the findings.
However, several limitations should be noted in addition to those
inherent to electronic health records research, such as errors in the
accuracy or completeness of diagnostic coding, and the possibility
that patients received additional healthcare outside the TriNetX
network. [48, 55-57] Notably, a major concern with all pharma-
coepidemiological studies is confounding by indication. For
example, age, race and diabetes mellitus all affect first-line
antihypertensive treatment recommendations in clinical guide-
lines. For the primary analysis of the present study, this should be
much less of a concern since dihydropyridine CCBs have a class
recommendation for use in hypertension without distinction
made between individual agents. However, CCBs are also used for
some other indications, and individual drugs may differ in this
regard (e.g. nifedipine for Prinzmetal angina, nimodipine for
subarachnoid haemorrhage). Indeed, the unmatched cohorts
showed significant differences in a range of factors (data not
shown), indicating that the decision to prescribe a BP-CCB rather
than amlodipine is subject to a range of influences. Even after we
extensively propensity-matched the cohorts the negative control
outcomes still tended to show a lower incidence with BP-CCBs
than with the comparator groups. This suggests some residual
confounding whereby for unknown reasons (e.g. patient demand
characteristics or physician behaviour), patients prescribed BP-
CCBs are either generally healthier, or less likely to complain about
ailments and thus get fewer diagnoses, than those prescribed the
comparator agents. The fact that the number of visits and hospital
admissions during the two-year period was similar or slightly
higher for the BB-CCB cohort in each analysis suggests that the
former explanation is more likely than the latter. Whilst the
negative control outcome results do not undermine the main
findings, they do emphasize the need for caution when
interpreting the causality and putative mechanism of the BP-
CCB advantage for brain health. Another limitation is that cohort
entry was based on two prescriptions for an eligible drug
separated by at least two years; however, there may not have
been continuous prescriptions throughout, and neither do we
know about compliance during this time. A further limitation is
that, as noted earlier, brain penetrability is not an all-or-nothing
property, and the nature and strength of evidence for each drug
varies. Finally, the incidence of diagnoses in those with a prior
neuropsychiatric disorder likely includes some patients who had a
pre-existing diagnosis re-coded, rather than a true recurrence.

With these limitations in mind, an attractive interpretation of
the findings is that BP-CCBs have beneficial effects on risk for
psychiatric and neurodegenerative disorders by virtue of their
central actions. Neuronal voltage-gated calcium channels are
known to play key roles in excitation and synaptic plasticity
[25, 26, 58] and have been implicated both pathophysiologically
and aetiologically in various neuropsychiatric disorders
[2, 10, 25, 59]. However, whether any CCBs produce significant
effects on the neuronal voltage-gated calcium channels at
clinically used doses has been questioned [60, 61]. Recent
evidence using functional MRI provides some evidence that they
do [62] but further studies are required [63]. The fact that BP-CCBs
were associated with lower risk across a diverse range of disorders
suggests that the mechanism involves some facet of a shared
underlying brain substrate, whilst the fact that the benefits of BP-
CCBs were much greater in reducing incidence of first rather than
subsequent diagnoses suggests they work primarily to reduce

Risk ratio (95% Cl)

0.95 (0.86-1.05)
0.93 (0.79-1.09)
0.97 (0.95-0.99)
0.97 (0.89-1.06)
0.97 (0.94-0.99)
0.93 (0.91-0.95)
0.85 (0.83-0.87)
0.99 (0.96-1.02)
0.99 (0.91-1.08)
1.12 (1.03-1.23)
0.93 (0.87-0.99)
0.97 (0.96-0.98)
0.91 (0.86-0.97)

Verapamil or diltiazem (%)

3.0
1.2
326
29.2
325
37.2
237
4.0
33
6.8
74.2

B: with prior neuropsychiatric diagnosis
3.7

BP-CCB (%)

29
1.1
31.7
3.6
28.1
30.2
316
234
3.9
37
6.3
71.8

Risk ratio (95% Cl)

0.78 (0.66-0.93)
0.90 (0.65-1.24)
0.88 (0.84-0.92
0.81 (0.67-0.97
0.87 (0.83-0.91
0.83 (0.79-0.86
0.74 (0.71-0.77
0.95 (0.90-1.00)
0.87 (0.78-0.98)
1.03 (0.92-1.16)
0.81 (0.73-0.89)
0.86 (0.84-0.88)
0.96 (0.89-1.02)

Verapamil or diltiazem (%)

A: no prior neuropsychiatric diagnosis
0.6
0.2
73
0.5
6.6
8.6
12.0
54
1.2
1.0
1.7
254

BP-CCB (%)

6.4
0.4
57
7.1
8.9
52
1.1
1.1
1.4
219

Table 4. Outcomes for BP-CCBs versus verapamil or diltiazem, showing percentage with each diagnosis during the exposure period, and the risk ratio. A: patients with no prior neuropsychiatric
0.5
0.2

diagnosis. B: patients with a prior neuropsychiatric diagnosis.
®Mean of 12 negative control outcomes. Full details in Supplementary Table 6B.

Risk ratios in bold have 95% confidence intervals not including 1.

Psychotic disorder
Schizophrenia

Affective disorder

Bipolar disorder

Major depressive disorder
Anxiety disorder

Sleep disorder

Substance use disorder
Movement disorder

Any of the above
Negative control outcomes?®

Delirium
Dementia
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Table 5. A: Main baseline demographics of matched cohorts comparing BP-CCBs with ARBs. A: patients with no prior neuropsychiatric diagnosis. B:
patients with a prior neuropsychiatric diagnosis®.

A: no prior neuropsychiatric B: with prior neuropsychiatric

diagnosis diagnosis

BP-CCB ARB BP-CCB ARB
Cohort size (n) 38,305 38,305 20,673 20,673
Age at index (y, SD) 56.8 (18.1) 57.9 (16.3) 549 (17.1) 55.7 (14.5)

Sex (M:F %) 42:58 43:57 41:59 43:57

Race (W,B,O %)b 52, 30, 18 50, 31, 19 59, 31,10 57, 33,10
Blood pressure 135/77 135/77 135/78 135/78
Body mass index (SD) 30.1 (7.1) 30.2 (7.3) 30.6 (7.7) 31.2(7.7)
Prior psychotic disorder (%) 0 0 3 4

Prior affective disorder (%) 0 0 32 33

Prior anxiety disorder (%) 0 0 31 32

Prior substance use disorder (%) 0 0 31 32

Prior sleep disorder (%) 0 0 30 31

Prior delirium (%) 0 0 4

Prior dementia (%) 0 0 4

Prior movement disorder (%) 0 0 5

?See footnote a to Table 1.
PW: white. B: black. O: other or not known.

Table 6. Outcomes for BP-CCBs versus angiotensin receptor blockers (ARBs), showing percentage with each diagnosis during the exposure period,
and the risk ratio. A: patients with no prior neuropsychiatric diagnosis. B: patients with a prior neuropsychiatric diagnosis.

A: no prior neuropsychiatric diagnosis B: with prior neuropsychiatric diagnosis

BP-CCB (%) ARB (%) Risk ratio (95% CI) BP-CCB (%) ARB (%) Risk ratio (95% CI)

Psychotic disorder 0.6 0.3 1.80 (1.44-2.25) 33 25 1.29 (1.16-1.45)
Schizophrenia 0.2 0.1 2.39 (1.54-3.72) 1.3 1.2 1.14 (0.96-1.36)

Affective disorder 6.6 6.6 1.00 (0.95-1.06) 327 316 1.04 (1.01-1.07)
Bipolar disorder 0.4 0.3 1.25 (0.99-1.57) 4.1 35 1.18 (1.07-1.30)
Major depressive disorder 5.9 6.0 0.99 (0.94-1.05) 29.0 28.1 1.03 (1.00-1.06)
Anxiety disorder 7.3 8.0 0.91 (0.87-0.95) 31.1 31.0 1.00 (0.97-1.03)

Sleep disorder 8.0 11.3 0.72 (0.69-0.75) 28.7 334 0.86 (0.83-0.88)
Substance use disorder 5.8 4.4 1.31 (1.23-1.39) 28.2 24.0 1.17 (1.14-1.21)
Delirium 1.0 1.0 1.07 (0.93-1.23) 4.3 2.7 1.58 (1.42-1.75)
Dementia 1.0 0.8 1.27 (1.10-1.48) 3.6 29 1.25 (1.12-1.39)
Movement disorder 1.2 1.5 0.82 (0.73-0.93) 6.1 5.5 1.11 (1.03-1.20)
Any of the above 21.8 23.2 0.94 (0.92-0.97) 723 72.6 0.99 (0.98-1.01)

Negative control outcomes® 0.88 (0.80-0.96) 0.91 (0.85-0.98)

Risk ratios in bold have 95% confidence intervals not including 1.

#Mean of 12 negative control outcomes. Full details in Supplementary Table 6C.

P35% on verapamil, 67% on diltiazem. Numbers exceed 100% as some patients were prescribed both drugs.
“38% on verapamil, 66% on diltiazem. Numbers exceed 100% as some patients prescribed both drugs.

vulnerability to the onset of illness rather than affecting their
course. If this is the case, longer exposure periods than two years
may be predicted to be associated with greater reductions in a
first incidence of these disorders.

The average age at index in the ‘no prior diagnosis’ cohorts was
58 years (Table 1) indicating that they are a relatively resilient
group and that some of the disorders (especially schizophrenia
and bipolar disorder) first diagnosed in the exposure period may
be atypical. However, the generalizability of the results to younger
people is supported by the fact that effects were replicated - if not

Molecular Psychiatry (2022) 27:3904 -3912

greater - in the sub-analysis limited to people under 60 (who had a
mean age of 38 years).

The comparison of BP-CCBs with ARBs is notable, since previous
studies that have considered CCBs as a single class report
advantages for ARBs on many neuropsychiatric outcomes. For
example, in our previous study using the same network [17],
affective and anxiety disorders were both commoner with CCBs
than ARBs (risk ratios 1.27 and 1.19, respectively), whereas the
present data show no difference between BP-CCBs and ARBs for
affective disorders, and a lower incidence of anxiety disorders.

SPRINGER NATURE
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These comparisons provide complementary evidence to support
relative benefits of BP-CCBs compared to other CCBs on brain
health. However, BP-CCBs are associated with greater risk of
psychotic disorders and dementia than ARBs, indicating that their
benefits are not uniform. The basis for the differential effect of BP-
CCBs and ARBs on individual disorders merits investigation, and
may relate to the distribution and functions of angiotensin
receptors in relevant neural circuits [64, 65].

Our findings associating BP-CCBs with a reduced incidence of
neurodegenerative disorders compared to non-penetrant CCBs are
complemented by similar recent epidemiological evidence for
other antihypertensive drug classes. Brain-penetrant ARBs and
ACEls [65-67], and brain-penetrant [-blockers [68], are all
associated with lower risks of dementia and Parkinson’s disease
than their non-penetrant counterparts. These findings together
encourage a broader investigation of the therapeutic potential of
brain penetrability for a wide range of drugs commonly used in
internal medicine.

Our data are observational and, as we have noted, significant
caution is required for several reasons before drawing strong
inferences. This need is highlighted by the failure of isradipine to
delay progression in early Parkinson’s disease [69], despite the
strong rationale from pharmacoepidemiological and preclinical
findings [70, 71]. Nevertheless, the present results do suggest that
BP-CCBs may be more beneficial than amlodipine, or verapamil or
diltiazem, in terms of a lower risk of common psychiatric and
neurodegenerative disorders. The apparent effect is not trivial,
with the risk ratios indicating that BP-CCBs are associated with a
12% lower risk compared to amlodipine, and with greater
differences seen for some disorders and in younger people.
Appropriately designed and well-powered randomised clinical
trials repurposing BP-CCBs are needed to extend recent pilot
studies [72-74] and investigate this possibility with regard both
to treatment and prevention. Our findings also encourage
development of novel CCBs that have greater central actions
and selectivity in order to enhance potency and reduce
cardiovascular side effects. This is now a feasible objective, given
the discovery of a repertoire of L-type voltage-gated calcium
channel isoforms that are enriched in human brain [75, 76], and
isoforms that are predicted to be differentially sensitive to
dihydropyridine CCBs [27, 77-79].
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