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Abstract

Restless legs syndrome (RLS) is a common sensorimotor disorder, which can disrupt sleep and is thought to be caused in part by low cellular iron stores. Proton
pump inhibitors (PPI) and histamine H,-receptor antagonists (H,A) are among the most commonly used drugs worldwide and show evidence of causing iron
deficiency. We conducted a case/non-case observational study of blood donors in the United States (N = 13,403; REDS-III) and Denmark (N = 50,323; Danish Blood
Donor Study, DBDS), both of which had complete blood count measures and a completed RLS assessment via the Cambridge-Hopkins RLS questionnaire. After
adjusting for age, sex, race, BMI, blood donation frequency, smoking, hormone use, and iron supplement use, PPI/H,A use was associated with RLS (odds ratio

[OR] = 1.41; 95% confidence interval [CI], 1.13-1.76; p = 0.002) in REDS-III for both PPI (OR = 1.43; CI, 1.03-1.95; p = 0.03) and H,A (OR = 1.56; CI, 1.10-2.16; p = 0.01).
DBDS exhibited a similar association with PPIs/H,As (OR = 1.29; CI, 1.20-1.40; p < 0.001), and for PPIs alone (OR = 1.27; CI, 1.17-1.38; p < 0.001), but not H,As alone
(OR =1.18; CI, 0.92-1.53; p = 0.2). We found no evidence of blood iron stores mediating this association. The association of PP, and possibly H,A, consumption with
RLS independent of blood iron status and other factors which contribute to RLS risk suggest the need to re-evaluate use of PPI/H,A in populations at particular
risk for RLS.

Statement of Significance

Restless legs syndrome (RLS) afflicts up to 15% of adults in the Western Hemisphere and although its causes are not fully understood, low cellular iron stores
appears to be a major contributor. Common antacid medications, proton pump inhibitors, and histamine H,-receptor antagonists appear to cause iron deficiency
and are among the most consumed drugs worldwide. To date, no link between consumption of these drugs and RLS has been found. In this study, we sought to
measure the association between antacid use and the risk of having RLS. Evidence of these drugs contributing to RLS risk could suggest a need to re-evaluate the
use of antacids in those at higher risk for developing RLS.
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Introduction

Restless legs syndrome (RLS; Willis-Ekbom disease) is a sensori-
motor condition affecting between roughly 4% and 15% of adults
in the Western Hemisphere [1]. It is characterized by a compul-
sion to move one’s legs during inactive periods due to discom-
fort in the legs that is relieved while moving. Symptoms occur
predominantly at night and impact sleep and quality of life [2,
3]. RLS is linked to chronic conditions such as insomnia and de-
pression [4, 5].

Evidence suggests a link between iron deficiency in the brain
and RLS [6, 7]. Multiple genome-wide association studies found
associations between variants in the genes BTBD9 and MEIS1
and RLS [8-10], which both appear to be involved in iron homeo-
stasis [11, 12], as well as dopamine regulation and lower limb
development [13-15]. Supplemental iron has been an effective
treatment for some forms of RLS in clinical trials [16-19], and
RLS is also seen more often in scenarios where iron deficiency is
common, particularly in pregnant women [20], older people [21],
and frequent blood donors [22]. However, the etiology of RLS is
multifactorial and association with low peripheral iron stores is
absent in some populations [23-25]. Interestingly, some medica-
tions have been linked to RLS including antidepressants [26, 27]
and dopamine antagonists [28].

A growing body of evidence has shown a link between con-
sumption of proton pump inhibitors (PPI) and H,-receptor antag-
onists (H,A) and reduced iron [29-33]. These drugs enzymatically
block gastric hydrochloric acid production, and the subsequent
increase in gut pH appears to reduce absorption of non-heme
dietary iron [34]. At a population level, PPI/H,A use is linked to an
increased risk of iron deficiency [31, 32]. These drugs are some
of the most widely used in the United States [35, 36], with use at
roughly 8% among the general population and 22% among those
older than 65 years [35]. Widespread use of these drugs may be
contributing to the prevalence of RLS.

Given the potential connection through body iron stores, the
aim of this study was to investigate the association between PPI/
H,A medication use and RLS risk in two groups of blood donors,
one from the United States and another from Denmark.

Methods
Study populations

The National Heart Lung and Blood Institute’s Recipient
Epidemiology Donors Study-III (REDS-III) RBC-Omics study
[37] enrolled participants from four blood centers: American
Red Cross (Farmington, CT), Institute for Transfusion Medicine
(Pittsburgh, PA), BloodCenter of Wisconsin (Milwaukee, WI), and
the Blood Centers of the Pacific (San Francisco, CA). Self-reported
race, gender, and age, along with other data, were collected by
self-administered questionnaire [38] which included ques-
tions on use of supplemental iron, PPI/H,A medications, sup-
plemental hormones, menstrual status, and pregnancy history.
Participants also completed the Cambridge-Hopkins RLS ques-
tionnaire (CH-RLSq). Other demographic information including
the prior 2 years donation history was linked from blood cen-
ters’ databases.

Parallel analysis (n = 50,232) was performed on a subset of
participants from the Danish Blood Donor Study (DBDS) who
had completed the CH-RLSq. The DBDS is an ongoing national

cohort study comprising more than 115,000 Danish blood
donors. Details of this cohort have been described elsewhere [39,
40]. Briefly, blood donors were asked to participate if they had
previously donated at least twice in a Danish blood bank and
upon inclusion participants completed a comprehensive health
questionnaire and provided a whole blood sample for testing.
Participants also provided consent for researchers to link their
unique civil registration number to information in health-
related registries [41].

Serum ferritin and complete blood counts were collected in
both cohorts, including hemoglobin, red blood cell (RBC) count,
hematocrit, and mean corpuscular volume (MCV).

Ethics statement

Written informed consent was obtained from all participants
before enrollment. REDS-III RBC-Omics recruitment mater-
ials and protocols were approved by each participating site’s
Institutional Review Board (IRB). The DBDS was approved by
The Scientific Ethical Committee of the Central Denmark Region
(M-20090237). The research database was approved by the
Danish Data Protection Agency (2007-58-0015).

RLS diagnosis

RLS was diagnosed using the CH-RLSq. This tool has been val-
idated as an effective means of RLS diagnosis (diagnostic sensi-
tivity 87.2% and specificity 94%) [42,43], and it includes questions
on the four essential characteristics of RLS (uncomfortable feel-
ings in the legs causing an urge to move them, symptoms are
worse at night, symptoms begin at rest, and symptoms are re-
lieved with movement) as well as questions designed to rule
out non-RLS mimics. The CH-RLSq survey was translated from
English to Danish using the back-translation method [3].

Because RLS patients experience a range of discomfort pre-
ceding the compulsion to move their legs often described as
“an urge” or “irritating” instead of “uncomfortable” [44], we
classified participants with RLS if they answered “yes” to either
the first question (“...recurrent uncomfortable feelings...”) or
the second question (“...recurrent need or urge to move your
legs...”) and met the remainder of the CH-RLSq criteria. The
Supplementary Appendix contains a detailed description of
diagnosis criteria.

PPI/H,A medication usage assessment

REDS-III participants were asked about regular or occasional
use of 10 commercial medication products comprising 9
unique compounds spanning PPIs (Pantoprazole, Omeprazole,
Esomeprazole, Rabeprazole, and Lansoprazole) and H,As
(Cimetidine, Nizatidine, Ranitidine, and Famotidine) classes.
Prevalence of use was measured as the number of compounds
selected from this list. We could not distinguish between con-
current versus serial use for participants who selected multiple
compounds.

Using Danish civil registration numbers unique to all per-
manent Danish residents, DBDS participants were linked to
their filled prescription drug information in the Danish National
Prescription Registry, containing records from all Danish out-
patient pharmacies [45].



Statistical analysis

In the REDS-III and DBDS cohorts, multivariate logistic regres-
sion was used to assess the association of RLS risk with antacid
use as a binary (Y/N) variable. In REDS-III models were adjusted
for sex (M/F), age, race (white/not-white), supplemental iron use
(Y/N previous 30 days), hormone use (Y/N, 30 days), donation
frequency in previous 2 years, BMI, and smoking status (Y/N,
30 days). DBDS used similar models but did not adjust for sup-
plemental iron use nor hormone use.

The relationship between RLS and antacid use modeled the
exposure in several ways: (1) Any PPI or H,A drug use, (2) Exclusive
use of PPI or H A classes, (3) Compound-specific testing (omitting
nizatidine and rabeprazole due to low power, N < 30) with all nine
compounds included as independent additive covariates.

Associations between PPI/H,A use and measures of
In(ferritin), HGB, MCV, and RBC were assessed using linear re-
gression models adjusted for the same covariates as described
above. CBC was performed on a subset of participants within a
month of completing the RLS assessment.

REDS-III analyses were performed in R version 3.5.0 (2018-04-
23). DBDS analyses were performed in Stata/SE v15 (Stata Corp.,
College Station, TX).

Results
Study populations

The REDS-III study consented 13,770 participants, and 367 were
excluded due to informed consent issues, duplicate enrollment,
failure to obtain sample for analyses, non-sufficient donation
quantity, diversion to double RBC donation, or positive test for
infectious disease marker. This resulted in 13,403 participants
ages 18 and older (Supplementary Figure S1) with 6,745 women
and 6,658 men. There were 558 cases (4.2%) of RLS (Table 1).

The DBDS cohort contains 115,000 blood donors, and 53,175
donors were assessed for RLS using the CH-RLSq instrument.

Table 1. Characteristics of RBC-Omics and DBDS cohorts
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A total of 2,716 were excluded for not completing the entire
CH-RLSq, and 227 more were excluded due to missing BMI or
smoking status, resulting in a final total of 50,323 participants
>18 (Supplementary Figure S1) with 24,441 women and 25,791
men. There were 3,540 cases (7.1%) of RLS (Table 1). A subset of
17,865 who had completed the RLS assessment also had CBC
measures.

PPI/H,A medication use was associated with RLS

Medication use was associated with RLS in multivariate logistic
models in the REDS-III cohort after adjusting for sex, age, race,
supplemental iron use, hormone use, donation frequency in pre-
vious 2 years, BMI, and smoking status (odds ratio [OR] = 1.41;
CI, 1.13-1.76, p = 0.002), and this association was seen for both
classes independently (PPI: OR = 1.43; CI, 1.03-1.95, p = 0.03; H A:
OR = 1.56, CI, 1.10-2.16, p = 0.01). This association was also seen
in DBDS after adjusting for sex, age, ethnicity, donation fre-
quency in previous 2 years, BMI, and smoking status (OR = 1.29,
CI, 1.20-1.40, p < 0.001). The association of PPIs was also observed
in DBDS (OR = 1.27, CI, 1.17-1.38, p < 0.001). We did not find asso-
ciation with H,As for all DBDS participants >18 y (OR = 1.18; CI,
0.92-1.53; p = 0.2); however, there was evidence of association
for DBDS participants <40 y (OR = 1.66; CI, 1.06-2.62; p = 0.03;
Figure 1).

REDS-III participants using multiple medications exhibited
increased rates of RLS compared with participants using one
(p < 0.001). From a baseline of 3.8% (zero; n = 11,447), RLS in-
creased to 6.4% when using one compound (n = 1,623), and 8.7%
for two or more different compounds of either class (n = 230).
A similar trend was observed in the DBDS cohort (p < 0.001):
6.5% RLS rate for zero drugs (n = 38,859), 8.6% for one (n = 7,965)
and 10.2% for two or more compounds of either class (n = 3,408).
This trend was also observed both for those taking PPIs exclu-
sively and taking H,As exclusively (PPI, p < 0.001; H,A, p = 0.014;
Figure 2).

REDS-III DBDS

RLS, N =558 No RLS, N = 12,845 P RLS, N = 3,540 No RLS, N = 46,692 P
Age (mean =+ SD) 48.0 (+15.2) 45.2 (+16.6) 0.90 42.4 (£12.4) 40.0 (+13.1) <0.001
Women—no. (%) 373 (67) 6,372 (50) <0.001 2,132 (60.2) 22,309 (47.8) <0.001
Race—no. (%) <0.001 0.020
White 472 (85) 8,687 (68 3,487 (98.5) 45,751 (98.0)
Black 32 (5.7) 1,639 (13 - -
Asian 22 (3.9) 1,653 (13 - -
Native American 0 32 5) - -
Hawaiin Pacific 0 20 (0.16) - -
Multiple 4(0.7) 133 - -
Other 18 (3.0) 480 - -
Danish immigrants - - 9 (0.25) 280 (0.60)
Descendants of Danish immigrants - 44 (1.24) 658 (1.41)
Smoking—no. (%) 49 (10.1) 1,051 (9.2) 0.31 512 (14.5) 6,107 (13.1) 0.019
Suppl. iron—no. (%) 256 (46.4) 4,691 (37.2) 0.09 - -
Hormones—no. (%) 60 (10.8) 1 247 0.42
Donation frequency (mean + SD) 4.2 (3.9) 0.05 ( 6) ( 6) 0.829
PPI—no. (%) 62 (12.5) 893 5%) 0.03 954 (26.95) 9, 561 (20.48) <0.001
H,A—no. (%) 49 (10.1) 702 0.01 189 (5.34) 1,677 (3.59) <0.001
GERD drugs—no. (%) 124 (22.2) 1,729 13 6) 0.002 1,029 (29.1) 10,344 (22.2) <0.001
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REDS-III
N OR 95% ClI
Any drug 1,853 1.41 1.13-1.76 -
PPI 955 1.43 1.03-1.95 -
omeprazole 561 1.36 0.93-1.94 -
pantoprazole 100 2.40 1.15-4.49 =
lansoprazole 147 0.94 0.42-1.84 =
rabeprazole 20 NA NA
esomeprazole 174 1.38 0.70-2.49 =
H2A 751 1.56 1.10-2.16 -
cimetidine 45 NA NA
ranitidine 371 1.45 0.95-2.12 -
famotidine 373 1.73 1.13-2.54 -
nizatidine 3 NA NA
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Figure 1. Forest plot of ORs and 95% Cls for the PPI and H,A medication classes and individual compounds resulting from a multivariate logistic model of RLS rate.
REDS-III (left) adjusted for age, sex, race, BMI, blood donation frequency, smoking, hormone use, and supplemental iron use; DBDS (right) adjusted for age, sex, ethni-
city, BMI, blood donation frequency, and smoking. Compounds with N < 30 were excluded. Famotidine is not available in Denmark. PPI, proton pump inhibitor; H,A,

Histamine H,-receptor antagonist.
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Figure 2. RLS rates versus number of consumed medications by class. Colors rep-
resent GERD drug class: any class (black), PPIs (gray), H,As (white). Horizontal lines
and asterisks represent a positive trend across 0, 1, or 2 or more different medica-
tions (p < 0.05) within that class. (A) RBC-Omics cohort, (B) DBDS cohort. Sample
size for >2 concurrent H,A compounds was N < 30 and not included in analysis.

Pantoprazole was associated with higher RLS rates in both
REDS-III (OR = 2.40; CI, 1.15-4.49; p = 0.01) and DBDS (OR = 1.17;
CI, 1.05-1.30; p = 0.004). Famotidine was associated in REDS-III
(OR = 1.73; CI, 1.13-2.54; p = 0.008) but not DBDS. Omeprazole
(OR = 1.20; CI, 1.06-1.36; p = 0.004), lansoprazole (OR = 1.17; CI,
1.04-1.32; p = 0.008), and rabeprazole (OR = 2.22; CI, 1.23-4.02;

p = 0.009) were each associated with RLS in DBDS but not REDS-
III (Figure 1).

Use of antidepressants (ATC: NO6A), dopaminergic agents
(NO4B), and gabapentin (N03AX12) have also been linked to in-
creased risk of RLS. We investigated whether previous use of
these classes of drugs influenced the association between RLS
and consumption of PPI/H,A. Multivariate logistic models which
adjusted for the common confounders as above (i.e. age, race,
sex, BMI, smoking, and donation history) as well as previous use
of antidepressants, dopaminergic agents, and gabapentin did
not alter the observed association between RLS and use of PPI/
H,A (data not shown).

No evidence of blood iron measures mediating this
association

In multivariate linear models with REDS-III participants, we ob-
served reduced ferritin (-10.5%; CI, -6.1% to —14.7%; p < 0.001),
reduced HGB (3 = -0.09; CI, -0.15 to —-0.04; p = 0.001), and reduced
MCV (f = -0.35; CI, -0.62 to -0.08; p = 0.01) among consumers
of PPI/H,A but observed no appreciable difference in RBC count
(p = 0.4). We found no evidence of reduced ferritin (p = 0.2), HGB
(p =0.4), MCV (p = 0.2), nor RBC (p = 0.1) in consumers of PPI/H,A
within the DBDS.

Multivariate logistic regression showed that RLS was not
associated with reduced ferritin, HGB, MCV, nor RBC in either
REDS-III or DBDS. Mediation analysis also found no evidence of
blood iron mediating the association between PPI/H,A and RLS
status in either cohort (Supplemental Table S1).

Discussion

PPI/H,A medication use was associated with increased preva-
lence of RLS and this appeared not to be mediated by serum
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ferritin levels. Blood donors who reported regularly or occasion-
ally using two or more different gastric acid reducing drugs were
1.6-2.2 times more likely to have RLS compared with people who
took none. This association was observed in two large blood
donor cohorts: REDS-III in the United States representing mul-
tiple racial groups, and independently for PPI in DBDS, a pre-
dominantly white cohort from Denmark.

Participants in this study were otherwise healthy adults who
successfully donated a whole blood unit and reported no his-
tory of diabetes or other conditions which would have excluded
them from donation. Previous work has shown that blood do-
nation is associated with reduced serum ferritin [46], and re-
peated donations are associated with iron deficiency [38]. RLS
has been associated with iron deficiency anemia [47], and oral
or intravenous iron is effective at treating RLS in some cases
[48]. However, within blood donor populations the association
between levels of serum ferritin and RLS is either weak [24, 49]
or non-existent [23].

We hypothesized that blood iron mediated the observed as-
sociation between PPI/H,A use and RLS. While REDS-III respond-
ents exhibited reduced ferritin and HGB among consumers of
PPI/H,A, we observed no evidence of either ferritin nor HGB
mediating the association between PPI/H,A use and RLS. No re-
duction in ferritin nor HGB was observed in DBDS participants
who consumed PPI/H,A medications.

This association of gastric acid suppression with RLS inde-
pendent of peripheral iron was surprising and suggests some
possibilities. The lack of observed peripheral iron depletion as
measured by serum ferritin may not necessarily correspond to a
similar state in the brain. For example, serum ferritin does not ap-
pear to correlate with iron transport across models of the blood-
brain barrier [50], and serum ferritin can be an imperfect measure
of body iron stores especially in those suffering from inflamma-
tory diseases [51]. On the other hand, the underlying cause for PPI/
H,A use may itself be the contributing factor to RLS risk. For ex-
ample, GERD or other gastric pathologies unmeasured by either
cohort could result in chronic bleeding resulting in subclinical
iron deficiency. This study is limited in a few ways. First, since RLS
status was measured at a single time point in both REDS-III and
DBDS, we were not able to determine whether RLS developed after
exposure or was concurrent. Second, exposure in REDS-III was de-
termined by questionnaire which captured both prescription and
OTC use and could be affected by recall bias, whereas in DBDS,
exposure was determined from filled prescriptions only and could
reflect a population that was suffering more from GERD. The lack
of association between H,A drugs and RLS in the DBDS cohort
may be due to these medications being available over the counter
(OTC) in Denmark, but PPI not being OTC, and thus H,A use may be
undercounted. Third, we do not have indications for PPI/H,A use
and an underlying condition could be promoting RLS risk inde-
pendently of medication use. Finally, cohorts of blood donors have
lower iron stores on average compared with the general popu-
lation. On the other hand, blood donors are generally healthier
than non-donors, and this “healthy donor effect” [49, 52] could
skew our estimates of iron levels, RLS risk, or both. However, as
RLS was assessed when participants were eligible to donate blood,
case status at time of enrollment was likely not affected by other
medications or known related diagnoses needing chronic medical
treatment, which is a strength of the present study. Finally, as RLS
severity is not assessed in the CH-RLSq, it is not clear whether PPI/
H,A use influences the strength or frequency of RLS.
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The results from this study show a strong replicated asso-
ciation between PPI use and RLS risk even after controlling for
many factors which influence RLS risk and blood iron levels.
There is a possible association of H,A with RLS. Future studies
will need to untangle the causality of this association applying
longitudinal studies tracking exposure and RLS emergence over
time.

Supplementary material

Supplementary material is available at SLEEP online.
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