
w w w . e l s e v i e r . c o m / l o c a t e / p a i n

PAIN 142 (2009) 218–224
The association between ACE inhibitors and the complex regional pain syndrome:
Suggestions for a neuro-inflammatory pathogenesis of CRPS

M. de Mos a,*, F.J.P.M. Huygen b, B.H.Ch. Stricker a, J.P. Dieleman a, M.C.J.M. Sturkenboom a

a Erasmus University Medical Center, Pharmaco-epidemiology Unit, Departments of Medical Informatics and Epidemiology & Biostatistics,
Dr. Molewaterplein 50, Room 2157, 3015 GE, Rotterdam, The Netherlands
b Erasmus University Medical Center, Department of Pain Treatment, ‘s Gravendijkwal 230, 3015 CE Rotterdam, The Netherlands

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 August 2008
Received in revised form 2 December 2008
Accepted 23 December 2008

Keywords:
Complex regional pain syndrome
Angiotensin converting enzyme (ACE)
Neurogenic inflammation
Epidemiology
Risk
Antihypertensive drugs
0304-3959/$36.00 � 2009 International Association f
doi:10.1016/j.pain.2008.12.032

* Corresponding author. Address: Erasmus Universi
epidemiology Unit, Department of Medical Informa
Room 2157, 3015 GE Rotterdam, The Netherlands. Te
10 7044722.

E-mail address: m.vrolijk-demos@erasmusmc.nl (M
Antihypertensive drugs interact with mediators that are also involved in complex regional pain syndrome
(CRPS), such a neuropeptides, adrenergic receptors, and vascular tone modulators. Therefore, we aimed to
study the association between the use of antihypertensive drugs and CRPS onset. We conducted a pop-
ulation-based case-control study in the Integrated Primary Care Information (IPCI) database in the Neth-
erlands. Cases were identified from electronic records (1996–2005) and included if they were confirmed
during an expert visit (using IASP criteria), or if they had been diagnosed by a medical specialist. Up to
four controls per cases were selected, matched on gender, age, calendar time, and injury. Exposure to
angiotensin converting enzyme (ACE) inhibitors, angiotensin II receptor antagonists, b-blockers, calcium
channel blockers, and diuretics was assessed from the automated prescription records. Data were ana-
lyzed using multivariate conditional logistic regression. A total of 186 cases were matched to 697 controls
(102 confirmed during an expert visit plus 84 with a specialist diagnosis). Current use of ACE inhibitors
was associated with an increased risk of CRPS (ORadjusted: 2.7, 95% CI: 1.1–6.8). The association was stron-
ger if ACE inhibitors were used for a longer time period (ORadjusted: 3.0, 95% CI: 1.1–8.1) and in higher dos-
ages (ORadjusted: 4.3, 95% CI: 1.4–13.7). None of the other antihypertensive drug classes was significantly
associated with CRPS. We conclude that ACE inhibitor use is associated with CRPS onset and hypothesize
that ACE inhibitors influence the neuro-inflammatory mechanisms that underlie CRPS by their interac-
tion with the catabolism of substance P and bradykinin.

� 2009 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction

The complex regional pain syndrome (CRPS) can occur in one or
more extremities as a painful complication of a fracture, surgery or
various other types of physical injuries [30]. Its incidence in the
Netherlands is estimated between 20 and 26 per 100,000 person
years, while women are affected 3.4 times more frequently than
men [9,10]. In the absence of a sensitive and specific biomarker,
the diagnosis is based on clinical criteria as established by the
International Association for the Study of Pain (IASP) [27]. The
mechanisms underlying CRPS have been studied increasingly over
the past decade, and parts of the pathogenesis become slowly
unraveled. Both inflammatory and neurogenic (autonomic and so-
matic) disturbances contribute to CRPS, and are represented in the
clinical presentation. Most patients display classic inflammatory
signs like pain, swelling, redness, and warmth in the initial phase
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of the disease [30]. Autonomic disturbances, neuropathic pain,
and motor impairment are other important features, causing ongo-
ing discomfort and functional disability [3].

Mediators of inflammation in CRPS include classic pro-inflam-
matory cytokines, such as IL-1b, IL-6, and TNFa, which are ele-
vated in blister fluid [17], spinal liquor [1], and venous blood
(mRNA levels) [28] of CRPS patients. Additionally, neuropeptides,
such as calcitonin gene-related protein (CGRP) and substance P
(SP), play a role in CRPS [4,5], contributing to vasodilatation,
long-lasting erythema, and plasma protein extravasation
[6,7,21,35]. Substance P also stimulates other immunological re-
sponses [23] and, when released by terminal nerve endings in
the dorsal horn, it mediates central sensitization [26]. Bradyki-
nin, which is involved in acute and chronic inflammatory re-
sponses [8] and in peripheral nociceptor sensitization [32], was
measured systematically elevated in CRPS patients in a single
study [5].

In addition to inflammatory markers, CRPS patients also have ele-
vated systemic levels of catecholamines [14], whereas local levels
are decreased [33]. Catecholamines are considered to be mediators
in sympathetic hyperactivity, to which many signs of CRPS have
Elsevier B.V. All rights reserved.
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been attributed. Under certain circumstances, catecholamines can
also induce pro-inflammatory responses, mediated through the
interaction with a-receptors expressed on immune cells [15,34].

Some of the above-mentioned inflammatory mediators that are
elevated in CRPS patients also play a role in the mechanism of ac-
tion of antihypertensive drugs. In particular, ACE inhibitors are of
interest, as they might block the ACE-dependent degradation of
substance P and bradykinin [11,15]. Therefore, ACE inhibitors
could be hypothesized to increase the risk of CRPS onset. On the
other hand, b-blockers attenuate the effects that are mediated by
catecholamines, and therefore may decrease the symptoms of
CRPS. Calcium channel blockers cause vasodilatation, thereby
improving peripheral blood circulation and counteracting potential
CRPS symptoms. Based on these mechanisms of action, we hypoth-
esized that antihypertensive drugs could influence the occurrence
of CRPS. This study therefore aimed to investigate whether antihy-
pertensive drugs, and in particular ACE inhibitors, are associated
with the risk of developing CRPS.
2. Methods

2.1. Design and setting

A retrospective case-control design was used, comparing antihy-
pertensive drug use in CRPS patients to that in controls selected from
the same general population. The study was nested in the Integrated
Primary Care Information (IPCI) database, which is a longitudinal
general practice (GP) database that currently contains the electronic
records of more than 800,000 persons in the Netherlands. The IPCI
population reflects the age and gender distribution of the general
Dutch population. In the Dutch Health Care System, all persons are
registered with one GP independent of their health status. The GP
acts as a gatekeeper for further medical care and as a central receiver
of information from secondary care. Therefore, the electronic re-
cords can be assumed to contain complete medical information of
each patient [24]. GPs participating in the IPCI project do not keep
additional paper records, except for specialist and discharge letters.
Details on the database have been described previously [29].

The IPCI project complies with the European Union guidelines
on the use of medical data for research, and has been proven to
be valid for pharmacoepidemiological studies [31]. The present
study has been approved by the Scientific and Ethical Advisory
Group of IPCI and by the Medical Ethical Board of the Erasmus
Medical Center (protocol number 2006-099).

2.2. Source population

The source population comprised all persons with at least 1
year of valid history in the IPCI database during the study period
(January 1996–June 2005) to ensure sufficient baseline informa-
tion on all subjects. This meant that the practice had been contrib-
uting data to the IPCI database for at least 1 year, and that the
patient had been registered with the GP for at least 1 year. Fol-
low-up started on the first of January 1996 or on the date that 1
year of valid history was available, whichever date was the latest.
Follow-up was ended upon transferring out of the practice, the
date of last data supply by the GP, death, diagnosis of CRPS or at
the end of the study period, whichever came first. The source pop-
ulation was restricted to all practices that were still active in the
IPCI database in 2006.

2.3. Cases

Potential incident CRPS cases were identified in the database
using a sensitive string search algorithm. Subsequently, short
questionnaires were mailed to the GPs, in which they were asked
to reconfirm whether the person indeed had suffered from CRPS
and to provide copies of all available specialist letters. A more de-
tailed description of the case identification and validation process
up to this point has been given in our study on the incidence of
CRPS in the Netherlands [9].

In a subsequent step, all confirmed cases were invited to our
study. Cases who consented to participate were visited by the pri-
mary investigator, a physician with clinical experience in diagnos-
ing CRPS (M.M.). Preceding this visit, patients received a
questionnaire wherein potential CRPS-related complaints were
listed. Patients were required to indicate which of the complaints
applied to them presently or in the past. Moreover, patients were
asked which types of physicians they visited for CRPS, how they
were treated, and how well they recovered. The results regarding
treatment patterns and recovery will be reported elsewhere. Pa-
tients completed the questionnaire by themselves (maximum time
load approximately 1 h), and during the visit the investigator and
patient together solved incomplete answers. A physical examina-
tion of the affected and contra-lateral unaffected extremity was
also performed. Subjective (questionnaire and interviews) and
objective (physical examination) features of CRPS were noted on
a standard assessment form, as used in TREND, the Dutch research
consortium in which this study was embedded (http://
www.trendconsortium.nl).

Patients were included as cases in the analysis if they were
judged to have ever fulfilled the diagnostic criteria for CRPS as
established by the International Association for the Study of Pain
(IASP) [27], using the combined information from the visit, elec-
tronic journal and specialist letters (if available). We used the IASP
diagnostic criteria for patient inclusion instead of the more specific
criteria by Harden and Bruehl [13], because they require, more
than the IASP criteria, detailed information regarding objective
symptoms during the disease course. Such detailed information
was not available for all patients in the GP journals or specialist let-
ters. However, combining multiple sources of information did pro-
vide sufficient clinical information to apply the IASP criteria.
Patients who could not be visited but who had a specialist diagno-
sis of CRPS were included as a case in the primary analysis, but
were excluded in a secondary analysis. The index date was chosen
as the date on which CRPS was first mentioned in the medical
records.

2.4. Controls

Per case, up to four gender and age (year of birth)-matched con-
trols were selected from the IPCI database, with the requirement
that each control had encountered a similar type of injury as its
matching case within 2 years prior to the date of CRPS diagnosis
of the case. This meant that cases with CRPS following a fracture
were matched to controls with a fracture, cases with CRPS follow-
ing a soft tissue injury were matched to controls with a soft tissue
injury, etc. If the CRPS had occurred in a case spontaneously (no
initiating injury), the control was not required to have had an in-
jury either. For each control, the index date was established as
the date of the injury plus the time between injury and CRPS onset
in its matched case.

2.5. Use of antihypertensive drugs

Drug prescriptions were retrieved from the IPCI database. The
available data comprised Anatomical Therapeutical Chemical
(ATC) classification code [2], prescription start date, quantity,
strength, indication, and prescribed daily dose. The following
groups of antihypertensives were included (according to the Dutch
multidisciplinary guidelines for cardiovascular risk management,
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also listed in Table 2): ACE inhibitors, angiotensin II (AT2) receptor
antagonists, b-blockers, calcium channel blockers, and diuretics
(alone or in combination with other antihypertensives). AT2 recep-
tor antagonists were analyzed separately from the ACE inhibitors
since they do not affect SP and bradykinin degradation, and there-
fore they were not suspected of affecting CRPS occurrence. The
duration of a prescription was calculated as the quantity of pre-
scribed units (mostly tablets) divided by the daily intake of units.
Episodes of use per drug were created by combining consecutive
prescriptions and correcting for overlap. A person was classified
as a current user of a certain drug if the prescribed duration of
the most recent prescription plus 7 days covered the index date.
If the last prescription ended more than 7 days prior to the index
date, persons were classified as past users. In the current users,
we assessed the duration of use as the number of days that the
drug was used during the last year before the index date. The pre-
scribed daily dose was expressed as the number of dose equiva-
lents of the defined daily dose (DDD) for the last prescription [2].
In order to evaluate the accuracy of the GP prescription data, phar-
macy dispensing lists were requested for a subset of patients and
compared to the prescription data.

2.6. Covariables

The medical history prior to the onset of CRPS was extracted
from the electronic medical records. Smoking and disorders re-
lated to antihypertensive drug use, including hypertension,
hypercholesterolemia, cardiovascular diseases (for example, angi-
na pectoris and myocardial infarction) and diabetes mellitus
Fig. 1. Inclusion of cases for main and sensitivity analyses. Re-identification means the pr
performed by the IPCI gatekeeper, who subsequently contacts the GP. Only the GP can
contacts are mediated through the GP. Reasons for failure of re-identification are changes
before start of follow-up time in the database. Since we were interested in drug use be
(DM) type II, were considered as potential confounders. Addi-
tionally, diseases that were found to be associated with CRPS on-
set in a previous study conducted within the IPCI database were
taken into account, namely osteoporosis, migraine, asthma, and
menstrual cycle-related disorders [10]. Current use of drugs that
might be associated with either antihypertensive use or CRPS
was also evaluated as potential confounder (NSAIDs, corticoste-
roids, statins, SSRIs, tricyclic antidepressants, anti-epileptics,
and drugs for migraine).

2.7. Statistical analyses

Conditional logistic regression analyses were performed to
study the association between current and past use of antihyper-
tensive drugs and CRPS onset, calculating crude and adjusted odd
ratios (OR) with 95% confidence intervals (CI). Since two or even
three antihypertensive drugs are frequently co-prescribed, antihy-
pertensive drug monotherapy was analyzed separately, whereby
(concomitant) users of other antihypertensives than the one of
interest were classified into a separate category. Covariates were
included in the model if they altered the OR for current use of
ACE inhibitors by more than 10%. Sensitivity analyses were con-
ducted to estimate the effect of outcome misclassification, includ-
ing only the cases who were validated by a visit (using IASP
criteria), thereby excluding the unvisited cases who were diag-
nosed by specialist. To investigate effect modification by gender
stratified analyses were performed and interaction terms for gen-
der and antihypertensive drug use were tested in the regression
model.
ocess of decoding the patient number in the IPCI database. The first decoding step is
retrieve the patient names and addresses for contacting purposes, and all patient
in software systems or retirement of the GP. In prevalent cases, CRPS onset occurred

fore CRPS onset, these patients were excluded from the analyses.



Table 1
Characteristics of the study population.

Cases N = 186; n (%) Controls N = 697; n (%) OR*

Age 51 (16) Matched
Gender (female) 677 (77) Matched

General
Smoking 36 (19.4) 127 (18.2) 1.1 (0.7–1.7)

Co-morbidity
Hypertension 28 (15.1) 119 (17.1) 0.8 (0.5–1.3)
Hypercholesterolemia 16 (8.6) 58 (8.3) 1.1 (0.6–2.0)
Cardiovascular disorders 9 (4.8) 25 (3.6) 1.3 (0.6–3.0)
Diabetes mellitus type II 6 (3.2) 27 (3.9) 0.8 (0.3–2.1)
Heart failure 2 (1.1) 3 (0.4) 3.2 (0.4–23.4)
Asthma 14 (7.5) 32 (4.6) 2.0 (0.9–3.3)
Migraine 13 (7.0) 22 (3.2) 2.4 (1.2–5.0)
Osteoporosis 13 (7.0) 24 (3.4) 2.4 (1.2–5.1)
Menstrual cycle-related dis. 14 (7.5) 33 (4.7) 1.8 (0.9–3.6)

Co-medication (current)
NSAIDs 16 (8.6) 23 (3.3) 2.8 (1.4–5.7)
Corticosteroids 0 2 n.a.
Statins 7 (3.8) 35 (5.0) 0.8 (0.3–1.8)
SSRIs 5 (2.7) 20 (2.9) 1.0 (0.4–2.7)
TCAs 2 (1.1) 5 (0.7) 1.3 (0.2–7.5)
Anti-epileptics 1 (0.5) 4 (0.6) n.a.
Anti-migraine drugs 4 (2.2) 4 (0.6) 4.0 (1.0–16.0)

NSAID, non-steroidal anti-inflammatory drugs; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic antidepressant.
The bold values mean significance at p < 0.05.
* Matched on gender, year of birth, calendar time (2-year band), and type of injury.

Table 2
Associations between the use of antihypertensive drugs and the risk of CRPS.

Cases Controls OR* ORadj# ORadj^

N = 186 N = 697 (95% CI) (95% CI) (95% CI)

Ace inhibitors Never 171 656 Ref Ref Ref
Current 11 21 1.9 (0.9–4.1) 2.8 (1.1–6.8) 2.7 (1.1–6.8)
Past 4 20 0.8 (0.3–2.3) 1.2 (0.3–4.2) 1.1 (0.3–4.1)

Ace inhibitors monotherapy� Never 137 532 Ref Ref Ref
Current 7 7 3.3 (1.1–9.8) 5.0 (1.5–16.9) 4.7 (1.4–16.3)
Past 1 8 n.a. n.a. n.a.
Concomitant 41 150 1.0 (0.7–1.6) 1.3 (0.8–2.1) 1.2 (0.7–2.1)

AT2 antagonists Never 183 679 Ref Ref Ref
Current 2 13 0.6 (0.1–2.6) 0.7 (0.2–3.4) 0.7 (0.1–3.4)
Past 1 5 n.a. n.a. n.a.

AT2 antagonists monotherapy� Never 137 532 Ref Ref Ref
Current 1 2 n.a. n.a. n.a.
Past 0 4 n.a. n.a. n.a.
Concomitant 48 159 1.1 (0.8–1.6) 1.3 (0.8–2.2) 1.3 (0.8–2.2)

b-Blockers monotherapy� Never 160 598 Ref Ref Ref
Current 8 47 0.7 (0.3–1.5) 0.7 (0.3–1.6) 0.7 (0.3–1.7)
Past 18 52 1.3 (0.7–2.3) 1.4 (0.7–2.5) 1.4 (0.8–2.7)

b-Blockers Never 137 532 Ref Ref Ref
Current 2 27 0.3 (0.1–1.3) 0.3 (0.1–1.4) 0.3 (0.1–1.4)
Past 12 33 1.4 (0.7–2.8) 1.6 (0.8–3.4) 1.7 (0.8–3.5)
Concomitant 35 105 1.2 (0.8–1.9) 1.5 (0.8–2.6) 1.4 (0.8–2.5)

Calcium antagonists Never 174 658 Ref Ref Ref
Current 8 22 1.3 (0.5–3.0) 1.5 (0.6–3.8) 1.4 (0.6–3.8)
Past 4 17 0.8 (0.3–2.6) 0.9 (0.3–2.8) 1.0 (0.3–3.1)

Calcium antagonists monotherapy� Never 137 532 Ref Ref Ref
Current 3 6 1.3 (0.3–6.5) 1.6 (0.3–8.7) 1.8 (0.3–9.8)
Past 3 5 2.0 (0.5–8.9) 2.1 (0.5–9.6) 2.4 (0.5–11.2)
Concomitant 43 154 1.1 (0.7–1.6) 1.3 (0.8–2.2) 1.2 (0.7–2.0)

Diuretics Never 161 620 Ref Ref Ref
Current 10 28 1.5 (0.7–3.2) 2.1 (0.9–5.0) 2.0 (0.8–4.8)
Past 15 49 1.1 (0.6–2.0) 1.2 (0.6–2.3) 1.1 (0.6–2.1)

Diuretics monotherapy� Never 137 532 Ref Ref Ref
Current 2 6 1.4 (0.3–6.8) 1.6 (0.3–8.2) 1.6 (0.3–8.5)
Past 9 27 1.0 (0.4–2.4) 1.1 (0.5–2.6) 0.9 (0.4–2.2)
Concomitant 38 132 1.1 (0.7–1.7) 1.4 (0.8–2.5) 1.5 (0.8–2.6)

The bold values mean significance at p < 0.05.
� Concomitant users of other antihypertensives are classified into a separate group.
* Matched on gender, year of birth, calendar time (2-year band), and type of injury.

# Adjusted for hypertension, hypercholesterolemia, DM, and cardiovascular disorders.
^ Additionally adjusted for the current use of NSAIDs and statins.
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Fig. 2. The intended effect of ACE inhibitors is to block the conversion of
angiotensin I into angiotensin II in order to decrease blood pressure. However, as
unintended effect, ACE inhibitors prevent the degradation of substance P and
bradykinin, causing accumulation of these peptides. In addition to this, ACE
inhibitors upregulate the bradykinin (B2) receptor, thereby further potentiating
bradykinin activity. Both substance P and bradykinin are important mediators in
neuro-inflammatory responses and sensitization, and probably in the pathogenesis
of CRPS.
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3. Results

Two-hundred and fifty-nine cases were identified and recon-
firmed by the GP in the source population of 204,281 persons:
191 (74%) with a specialist diagnosis and 68 (26%) with only a
GP diagnosis. The procedure for final case inclusion in the main
and sensitivity analyses is presented in Fig. 1. The final case set
comprised cases who were validated upon a visit (n = 102) supple-
mented with the specialist diagnosed cases amongst the non-vis-
ited patients (n = 84). Thus, the total study population comprised
883 patients, including 186 cases and 697 age, gender and in-
jury-matched controls (up to four per case).

Characteristics of the study population are displayed in Table 1.
The mean age on the index date in the study population was 51
years, 77% was female, and CRPS patients had more often migraine
and osteoporosis in their medical history, and they were more fre-
quently current users of NSAIDs.

For 166 patients (19% of the total study population), com-
plete pharmacy dispensing lists were available for comparison
with GP prescription records. The sensitivity for current use of
an antihypertensive drug in the GP records was 82%, while
the specificity was 99%. This was non-differential between cases
and controls.

Associations between antihypertensive drug use and the risk
for CRPS are displayed in Table 2. No significant associations
were observed between CRPS and current use of b-blockers,
AT2 antagonists, calcium channel blockers or diuretics. Current
use of ACE inhibitors was associated with an increased risk of
CRPS (OR: 1.9, 95% CI: 0.9–4.1). This association became stronger
upon adjustments for potential confounders (OR: 2.7, 95% CI:
1.1–6.8). The association further strengthened if monotherapy
with ACE inhibitors was analyzed separately from combinations
of ACE inhibitors and other antihypertensives (OR: 3.3, 95% CI:
1.1–9.8). A stratified analysis by gender displayed an even stron-
ger effect of ACE inhibitor use in women (OR: 4.6, 95% CI: 1.6–
13.2 in 143 cases and 534 controls), while in men the associa-
tion disappeared (OR: 0.5, 95% CI: 0.1–4.9 in 43 cases and 163
controls). However, the multiplicative interaction term in the
regression model was non-significant. Hypertension was the pri-
mary indication for ACE inhibitor prescriptions in 9 of the cases
(81.1%) and 17 of the controls (81.0%).

Long-term use of ACE inhibitors, as well as a high dose, was
associated with a stronger association with CRPS than short-term
use and a low dose (OR: 3.0, 95% CI: 1.1–8.1 and OR: 4.3, 95% CI:
1.4–13.7, respectively) (Table 3). The association between CRPS
and current use of ACE inhibitors remained in a sensitivity analysis
that was restricted to the cases who were confirmed CRPS upon ex-
pert visitation.
Table 3
Associations between the duration and the dosage of ACE inhibitor use and CRPS in the m

Ace inhibitors Main analysis
Including cases verified upon a visit + (unvisited) specialist diagn

Cases Controls OR*#^

N = 186 N = 697 (95%

Never 171 656 Ref
�180 days 2 3 1.9 (0
>180 days 9 18 3.0 (1
Past 4 20 1.1 (0

Never 171 656 Ref
�1DDD 4 12 1.6 (0
>1DDD 7 9 4.3 (1
Past 4 20 1.1 (0

*#^ Matched on gender, year of birth, calendar year (2-year band), and type of injury;
mellitus, and current use of NSAIDs and statins.
4. Discussion

In this nested population-based case-control study, we ob-
served a dose- and duration-dependent association between use
of ACE inhibitors and the risk of CRPS. Other classes of antihyper-
tensive drugs were not associated with either a significant reduced
or increased risk of CRPS.

The observed association between ACE inhibitors and CRPS was
a-priori hypothesized due to its biological plausibility (Fig. 2). ACE
is one of the most important kininases involved in the inactivation
of SP [25] and bradykinin [11] and ACE inhibition therefore would
increase the levels of these pro-inflammatory peptides. Both SP
and bradykinin are well-known mediators in inflammation and
ain analysis and in a sensitivity analysis that excluded unvisited cases.

Sensitivity analysis
osed cases Including only cases verified upon a visit

Cases Controls OR*#^

CI) N = 102 N = 381 (95% CI)

95 359 Ref
.3–23.9) 0 0 n.a.
.1–8.1) 6 11 4.6 (1.1–19.3)
.3–4.0) 1 11 0.5 (0.0–5.4)

95 359 Ref
.4–5.8) 2 7 1.7 (0.2–13.4)
.4–13.7) 4 4 9.7 (1.7–54.2)
.3–4.0) 1 11 0.5 (0.0–5.6)

adjusted for hypertension, hypercholesterolemia, cardiovascular diseases, diabetes



SP and bradykinin low
(No effect of ACE-inhibitors)

healty skin inflammatory response / “pre-CRPS”

SP and bradykinin are increasing,
however, degradation by ACE
limits exaggaration of the
neuroinflammatiory process

clinical CRPS

Trigger
fracture, sprain,surgery, etc.

ACE inhibitor
diminished degradation of SP and bradykinin

Persistent increase of
SP and bradykinin results in
florid neurogenic inflammation

Fig. 3. ACE inhibitors do not facilitate neurogenic inflammation in healthy skin [19]. However, hypothetically ACE inhibitors may enhance an existing neuro-inflammatory
response that has been initiated by a previous trigger, by preventing the degradation of SP and bradykinin. In some cases, this may cause a physiological inflammatory
reaction (‘pre-CRPS’) to develop towards a florid neurogenic inflammation, resulting in the clinical picture of CRPS.
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sensitization, two important mechanisms underlying CRPS, and
both peptides have actually been demonstrated involved in CRPS
pathology [5,12,22].

The role of ACE in CRPS and neurogenic inflammation has been
investigated before from a genetic and experimental perspective
yielding quite contradictory results. A Japanese study revealed an
increased prevalence of the ACE polymorphism DD genotype in
16 CRPS patients compared to the general population (43% versus
20%) [18]. The DD genotype however is known to be associated
with higher ACE levels, and thereby with supposedly lower SP
and bradykinin levels. Therefore, the DD genotype would be ex-
pected to correlate with a low risk of CRPS, instead of a high risk
as was observed in the Japanese study. However, only a small study
population (n = 16) was included, and the findings were not con-
firmed in a larger German study (48 sporadic and 12 familial pa-
tients) [16].

An experimental study using healthy skin showed no facilita-
tion of electrical C-fiber stimulation induced neurogenic inflamma-
tion by the ACE inhibitor captopril [19], although this was expected
because ACE inhibition would lead to SP and bradykinin accumula-
tion. However, healthy skin is different from the inflamed tissue
that is present in the early phase or pre-stadium of CRPS. ACE
inhibitors do not facilitate neurogenic inflammation in healthy skin
probably because there the levels of its substrates, SP and bradyki-
nin, are low [19]. On the contrary, inflamed skin holds increased
levels of SP, released by primary afferents under the influence of
cytokines [36], and bradykinin. Normally, SP and bradykinin
should be degraded by ACE, but ACE inhibitors may block their
catabolism, resulting in the further accumulation of these peptides.
In this view, ACE inhibitors may not affect the initiation of the neu-
ro-inflammatory response that underlies CRPS, but they can facili-
tate its progression once it has been triggered by other causes.
Eventually, this may cause an initially functional inflammatory re-
sponse to develop towards a point that it becomes pathological, as
in CRPS (Fig. 3).

It has also been shown that under certain circumstances, ACE
inhibitors facilitate the degradation of CGRP [20], another neuro-
peptide that has been found increased in CRPS patients [5]. As
ACE inhibitors may diminish the CGRP levels, they could also have
been found to protect against CRPS, the opposite of what we ob-
served. However, the interaction between ACE inhibitors and CGRP
is indirect, and occurs only when the main metabolizer of CGRP, an
enzyme called neutral endopeptidase (NEP), is blocked [20]. SP and
bradykinin are direct substrates for ACE, and our observation that
ACE inhibitors increase, instead of decrease, the risk of CRPS sug-
gests that SP or bradykinin or both are important mediators in
CRPS. CGRP may be important in CRPS as well, but its actual rele-
vance cannot be derived from the present study, since the interac-
tion between ACE and CGRP is more complex.

Strengths of our study include the unique population-based set-
ting and design, wherein controls had an injury similar to the
cases. The availability of prescription records with accurate infor-
mation on prescription dates allowed us to study the role of drugs
in the onset of CRPS. However, the study also has some limitations.
Misclassification of the CRPS diagnosis, a general problem in CRPS
research, may also have occurred in our study, since the final ver-
ification of the diagnosis had to be performed retrospectively.
However, assuming that misclassification of the diagnosis was
unrelated to the use of antihypertensive drugs this would only
have resulted in an underestimation of the associations of interest.
This was confirmed by a sensitivity analysis that was limited to the
cases that were verified during a visit (more valid diagnosis) and
showed an even stronger association between ACE inhibitor use
and CRPS onset. Also, some non-differential misclassification of
the exposure (current use of antihypertensives) was present, for
example where antihypertensive drugs were prescribed by physi-
cians other than the GP. Potential selection bias was reduced by
including the specialist diagnosed cases who were not visited
(including refusers and untraceable patients). In addition, antihy-
pertensive drug use did not differ between participants and non-
participants (derived from the prescription records in the data-
base). Confounding was addressed as far as possible by the inclu-
sion of various comorbidities and drugs in the model, but
residual confounding cannot be ruled out.

In conclusion, we found a positive dose and duration-dependent
association between the use of ACE inhibitors and the risk of CRPS.
This points to the important role of SP or bradykinin or both in the
pathogenesis of CRPS, as these inflammatory peptides are metabo-
lized by ACE and increase during ACE inhibition. We hypothesize
that ACE is one possible modulator of the neuro-inflammatory
mechanisms that underlie CRPS.
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