
https://doi.org/10.1177/2042098617715381 
https://doi.org/10.1177/2042098617715381

Ther Adv Drug Saf

2017, Vol. 8(9) 273 –297

DOI: 10.1177/ 
2042098617715381

© The Author(s), 2017.  
Reprints and permissions:  
http://www.sagepub.co.uk/
journalsPermissions.nav

Therapeutic Advances in Drug Safety

journals.sagepub.com/home/taw 273

Introduction
Proton-pump inhibitors (PPIs) are a class of med-
ications that work to decrease gastric acid via inhi-
bition of the parietal cell H+/K+ ATP pump and 
are United States Food and Drug Administration 
(US FDA)-approved for the treatment of a variety 
of acid-related conditions, including duodenal 
ulcers, gastric ulcers, erosive esophagitis, gastroe-
sophageal reflux disorder (GERD), Helicobacter 
pylori eradication and pathological hypersecretory 
conditions such as Zollinger–Ellison syndrome. 
The use of PPIs has significantly increased since 
the first PPI, omeprazole, was introduced in the 
late 1980s. In a US study estimating the preva-
lence of ambulatory care visits in which patients 
used PPIs, it was found that PPIs were used in 4% 
of visits in 2002 and 9.2% of visits in 2009 (p < 
0.001).1 It is important to note that 46.7% of 
patients taking PPIs were 65 years of age and 
older, a significant number given there were 919 

million ambulatory visits in 2009. Additionally, 
the majority of cases indicated questionable PPI 
use with 62.9% of patients having no documented 
gastrointestinal complaints, gastrointestinal diag-
noses, or concomitant high-risk medications 
necessitating use of a PPI.1 In a study conducted 
in Sweden in 2010, it was found that long-term 
PPI use, defined as three or more PPI prescrip-
tions dispensed in 1 year, occurs in one in nine 
older adults.2 Additionally, there was no indica-
tion for PPI use identified in approximately 40% 
of older adult long-term PPI users.2 Overall, the 
prevalence of PPI use has increased across the 
globe, and it is especially concerning that unnec-
essary PPI use is so high.

Awareness of potential adverse effects due to PPIs 
has increased since the PPIs first came to market. 
The US FDA issued safety warnings for the 
potential increased risk of osteoporosis-related 
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fractures and Clostridium difficile infection (CDI) 
associated with PPI therapy in 2010 and  
2012, respectively.3,4 Additionally, the American 
Geriatrics Society (AGS) 2015 Updated Beers 
Criteria recommends avoiding scheduled use of 
PPIs for >8 weeks in older adults, except in high-
risk patients, due to the potential risk of bone loss 
and fractures and risk of CDI.5 Similarly, the 
START/STOPP criteria recommends discontin-
uing or dose reducing PPI therapy in older adults 
who have been on therapy for >8 weeks for 
uncomplicated peptic ulcer disease or erosive 
peptic esophagitis.6 However, there are a number 
of other adverse effects that have surfaced over 
the last two decades, including increased risk of 
community-acquired pneumonia (CAP), vitamin 
B12 deficiency, and more recently dementia and 
kidney disease. While there have been several 
reviews published on the adverse effects of PPIs, 
none have specifically addressed the older adult 
population. Furthermore, the more recently 
emerging adverse effects such as kidney disease 
and dementia have not been previously addressed 
in current published reviews. These potential 
adverse effects are of particular concern in older 
adults because this population is already at an 
increased risk of these conditions and is more 
likely to suffer from significant morbidity and 
mortality as a result. In this review, we discuss the 
existing literature and implications of long-term 
PPI therapy in older adults.

Methods
A PubMed search was conducted in October 2016 
to identify studies from 1990 to 2016 evaluating 
the potential adverse effects of long-term PPI 
therapy in older adults. The following Medical 
Subject Heading terms were used: proton-pump 
inhibitors AND the following terms (separately): 
long-term adverse effects, aged, vitamin B12 defi-
ciency, pneumonia, dementia, kidney diseases, 
Clostridium difficile, osteoporosis, fractures, acci-
dental falls. Additionally, the following search 
terms were also used: acid-lowering therapy, 
acid-suppressive therapy, community-acquired 
pneumonia, chronic kidney disease, and acute 
interstitial nephritis. All searches were combined 
to comprise the full literature search. Since we 
found limited published reports regarding risks of 
vitamin B12 deficiency, kidney disease, and 
dementia, bibliographies were also reviewed for 
inclusion of additional studies for those condi-
tions. Case-control studies, prospective and ret-
rospective cohort studies, cohort with nested 

case-control studies, and meta-analyses were 
included. All single case reports, all cross- 
sectional studies, and observational studies pri-
marily including adults <60 years of age were 
excluded. Studies not published in English and 
not conducted in humans were also excluded. 
One animal study was included for dementia as 
there are limited data in humans currently. Study 
titles and abstracts were reviewed and publica-
tions were selected based on the following crite-
ria: the majority of the study population was >60 
years of age or the mean age was >60 years of 
age; and the study evaluated the association 
between PPI therapy and vitamin B12 deficiency, 
CAP, CDI, dementia, kidney disease, or bone 
fractures. Studies that also evaluated histamine-
2-receptor antagonists (H2RAs) in addition to 
PPI therapy or as a comparator to PPI therapy 
were also included. The threshold of age 60 was 
chosen over the Medicare-defined age of 65 years 
because several studies report age in categories of 
10-year increments (i.e. 50–59 years, 60–69 
years, etc.). For the adverse events of CDI and 
bone fractures, we chose to limit the number of 
included studies due to the vast amount of studies 
that have been conducted in this area. Studies 
included for these adverse events represented a 
mix of case-control, cohort, meta-analyses, and 
additional studies exploring the potential mecha-
nism by which PPIs could cause these adverse 
events. A summary of the included study types for 
each adverse effect can be found in Figure 1.

Results

Bone fractures and falls
Overview. Osteoporosis is a condition that pri-
marily affects older adults and causes >8.9 mil-
lion fractures each year worldwide.7 It is estimated 
that almost 75% of hip, spine, and distal forearm 
fractures occur in the elderly age group of 65 
years and older.8 Additionally, sustaining a hip 
fracture carries significant consequences includ-
ing loss of function and independence, transition 
to living in a nursing home, and death. Sustaining 
a hip fracture has been associated with excess 
mortality in older adults, ranging from 8.4–36% 
in the first year after fracture.9 A number of obser-
vational studies have been published that have 
demonstrated an association between use of PPIs 
and risk of bone fractures. Because of the sub-
stantial number of publications that have demon-
strated this risk, the US FDA issued a warning in 
2010 on all PPIs stating that patients should use 
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the lowest dose and shortest duration of PPI ther-
apy due to an increased risk for osteoporosis-
related fractures.3 The results of studies that 
reported an adjusted odds ratio (OR) or hazard 
ratio (HR) are summarized in Table 1.

Case-control studies. A number of case-con-
trol studies have identified an association between 
use of PPIs and risk of bone fracture in older 
adults. The dose and duration of PPI therapy that 
increases osteoporotic fracture risk is not entirely 
clear as the studies that have been published differ 
in their findings. In a case-control study conducted 
in Taiwan using a health insurance database, the 
investigators defined exposure to PPI therapy 
using the World Health Organization classifica-
tion of defined daily doses (DDDs) where the 
higher the DDD, the greater the exposure to the 
drug.10 The study found an increased risk of hip 
fracture in patients prescribed >28 DDDs of a 
PPI compared with no use of PPIs, and the risk 
increased with increasing DDDs (29–70 DDDs, 
adjusted OR 1.67 and >70 DDDs, adjusted OR 
2.51).10 The adjusted ORs accounted for poten-
tial confounding factors including use of antico-
agulants, antipsychotics, sedatives, and diuretics. 
The authors also adjusted for various health con-
ditions and found slightly less pronounced ORs, 
but still significant. These results suggest that 
a dose–response relationship may exist. Pou-

wels and colleagues used data from the Dutch 
PHARMO record linkage system and included 
6763 cases with a first hip/femur fracture and 
26,341 matched controls.13 Current use of PPI 
therapy was associated with an increased risk in 
hip/femur fracture [adjusted OR 1.20; 95% con-
fidence interval (CI) 1.04–1.40], but the risk was 
diminished with increasing duration of use.13 The 
reported analyses were adjusted for use of several 
pharmacologic agents including: anxiolytics/hyp-
notics within the prior 3 months, antacids other 
than PPIs and H2RAs, hormone replacement 
therapy, beta-blockers, antidiabetic medications, 
antipsychotics, antidepressants, anticonvulsants, 
two or more nonsteroidal anti-inflammatory 
drugs (NSAIDs) dispensed, disease-modifying 
antirheumatic drugs, and average daily dose of 
oral corticosteroids in the 6 months prior to the 
index date.13 Several health conditions were also 
accounted for including history of diseases of the 
esophagus/stomach/duodenum, diabetes mellitus, 
rheumatoid arthritis, inflammatory bowel disease, 
anemia, mental disorders, endocrine disorders, 
congestive heart failure, cerebrovascular disease, 
and chronic obstructive pulmonary disease.13 In 
contrast, a case-control study that evaluated PPI 
use and risk of hip fracture specifically in men 
aged 45 years and older showed an increased risk 
with longer duration of PPI use.20 This study also 
found an increased risk of hip fracture in patients 

Figure 1. Summary of included study types for each adverse event.
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who had the greatest medication adherence and 
patients who recently initiated PPI therapy in the 
last 7 days.20 Greater adherence and longer dura-
tion indicates increased exposure to PPI therapy 
and increased exposure is likely to have a more 
consistent detrimental effect on the bone. It is 
unclear why recent PPI use would increase risk 
of hip fracture.

A few studies have evaluated the association 
between PPI therapy and risk of bone fracture 
when patients are on certain concomitant medi-
cations. Lee and colleagues identified 24,710 
cases and 98,642 matched controls using a 
Korean health insurance database and found an 
increased risk of hip fracture in PPI users com-
pared with nonusers (OR 1.34; 95% CI 1.24–
1.44).19 Interestingly, when the study participants 
were stratified based on bisphosphonate use, 
there was a statistically significant difference in 
risk of hip fracture among bisphosphonate users 
(OR 1.71; 95% CI 1.31–2.23) compared with 
bisphosphonate nonusers (OR 1.30; 95% CI 
1.19–1.42).19 This difference may indicate that 
PPIs are associated with an increased risk in hip 
fracture due to an interaction with bisphospho-
nate therapy; however, the pharmacologic inter-
action between PPIs and bisphosphonates is  
not entirely clear.19 Another case-control study 
sought to evaluate the interaction between PPI 
and histamine-1-receptor antagonists (H1RAs) 
on fracture risk.57 The authors hypothesized that 
H1RAs would reduce the effect of PPIs on the 
bone. They found an increased risk of all frac-
tures (OR 1.08; 95% CI 1.05–1.11) and of hip 
fracture (OR 1.13; 95% CI 1.05–1.21) in PPI 
users.57 However, there was actually a decreased 
risk of overall fracture in patients who used both 
PPIs and H1RAs (OR 0.92; 95% CI 0.87–0.98). 
The interaction was not significant for hip frac-
ture though.57 Additional studies are needed to 
further evaluate the hypothesis that histamine 
release secondary to PPI exposure may play a role 
in the risk of bone fracture.

Cohort studies. In addition to several case-
control studies demonstrating an association 
between PPI exposure and fracture risk, a number 
of cohort studies have also demonstrated similar 
findings. In the Canadian Multicenter Osteopo-
rosis study, a cohort of 9423 patients was formed 
and followed for 10 years.18 The primary outcome 
was incident nontraumatic fracture. After adjust-
ing for several potential confounders including 
age, sex, body mass index, prior nontraumatic 

fracture, femoral neck T-score, corticosteroid use, 
alcohol intake, and activity levels, PPI use was 
associated with a 40% increased risk of nontrau-
matic fracture (HR 1.40; 95% CI 1.11–1.77).18 
Of note, PPI use was evaluated as a time-depend-
ent variable, and the difference in fracture risk 
between those exposed to PPI therapy and those 
unexposed increased as treatment time contin-
ued.18 Khalili and colleagues performed a pro-
spective cohort study and found that women who 
regularly used PPI therapy for at least 2 years had 
an increased risk of hip fracture (adjusted HR 
1.36; 95% CI 1.12–1.65) after adjusting for risk 
factors including body mass index, physical activ-
ity, and intake of calcium. Additionally, longer 
use was associated with an increasing risk of hip 
fracture: adjusted HR of 1.42 for 4 years of PPI 
use and adjusted HR of 1.55 for 6–8 years of PPI 
use.15 Furthermore, the risk for hip fracture was 
greater among current and former smokers who 
used PPIs (HR 1.51; 95% CI 1.20–1.91).15

Ding and colleagues performed a retrospective 
cohort study to examine the relationship between 
PPI adherence and fracture risk in the elderly and 
used administrative pharmacy claims data, survey 
data, and Medicare data.21 PPI adherence was 
measured by the proportion of days covered 
(PDC) which is calculated based on the patient’s 
fill history, where higher values indicate better 
adherence. The authors classified adherence into 
three different categories: PDC > 0.80 (high 
adherence), 0.40–0.79 (intermediate adherence), 
and <0.40 (low adherence). PPI use was associ-
ated with a greater fracture risk compared with no 
PPI use and a gradient in fracture risk was 
observed when the results were stratified based 
on PPI adherence. Those with highest adherence 
had the greatest risk (HR 1.46; p < 0.0001). 
Those with intermediate adherence also had a 
significantly increased risk of fracture (HR 1.30; p 
= 0.02), but lower than high adherence, and the 
HR was not significant for those with low adher-
ence to PPI therapy.21 This study adds to the 
growing body of evidence that the level of PPI 
exposure may pose a greater risk of osteoporotic 
fracture.

Additional studies. The mechanism by which 
PPI therapy increases risk of fracture is not fully 
elucidated. It is unclear whether PPI therapy 
increases risk of fracture due to impaired calcium 
absorption, decreased bone mineral density, or 
increased risk of falls. A few studies have exam-
ined the association between PPI therapy and 
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some of these variables in order to better under-
stand the risk of bone fracture from a mechanistic 
standpoint. Targownik and colleagues published 
a study in 2010 that sought to determine the 
relationship between chronic PPI use and bone 
mineral density (BMD) loss over time.58 Data 
were collected from the Manitoba Bone Mineral 
Density database and the study included a cross-
sectional case-control portion and a longitudinal 
portion. In the case-control portion, cases were 
patients who had confirmed osteoporosis at the 
hip or lumbar vertebrae evidenced by a T-score 
below −2.5 and controls had a normal BMD. 
PPI use was not associated with having osteopo-
rosis at either the hip or the lumbar spine.58 In 
the longitudinal portion of the study, the change 
in BMD was measured among PPI users and 
nonusers. There was not a significant decrease in 
BMD observed that could be attributed to PPI 
use.58 A similar study was conducted in 2012 
using the Canadian Multicenter Osteoporosis 
study data set. Study participants underwent 
BMD testing at baseline, at 5 years, and again at 
10 years.59 The investigators did not find a sig-
nificant acceleration in BMD loss associated with 
PPI use after 5 and 10 years of follow up. How-
ever, PPI use was associated with a lower BMD 
at the baseline visit at the total hip and femoral 
neck, but not the lumbar spine. Of note, <1% 
of the study population used PPIs continuously 
over the 10-year follow-up period, so the study 
may not have been powered to detect a change 
in BMD that was clinically significant.59 A third 
study examined the association between PPI 
use and BMD in older adults, but more specifi-
cally looked at the differences between cortical 
and trabecular BMD and cortical and trabecular 
cross-sectional area.60 The investigators found 
that PPI users had a lower trabecular BMD than 
nonusers (180.5 versus 207.9; p-value = 0.001).60 
PPI exposure was determined by patient self-
report of using a PPI over the last 15 days. The 
other parameters of cortical BMD, trabecular 
cross-sectional area, and cortical cross-sectional 
area were not statistically different in PPI users 
versus nonusers.60 In contrast with the 2010 and 
2012 studies discussed above, this study included 
an older population (mean age = 75.7 years) but 
was limited by its design, as BMD was not meas-
ured over time while patients were chronically 
taking PPIs. These findings suggest that PPIs 
may increase risk of fracture via their effects 
specifically on trabecular bone as remodeling in 
trabecular bone is faster than in other areas and 
these changes may be an early step in the process 

of osteoporosis development;60 however, further 
studies are needed to confirm these findings.

Cea-Soriano and colleagues investigated whether 
acid-lowering therapy use was associated with an 
increased risk for falls as an attempt to describe 
the mechanism by which acid-lowering therapy 
may increase risk for fracture. Data were collected 
from the UK Health Improvement Network in 
patients aged 40–89 years.17 There was no rela-
tionship between current PPI use (adjusted OR 
0.95; 95% CI 0.89–1.02) or H2RAs (adjusted OR 
1.01; 95% CI 0.90–1.14) and falls after adjust-
ment for confounders, including number of  
physician visits; specialist referrals and hospital 
admission in the prior year; presence of GERD; 
Charlson comorbidity index; and use of antide-
pressants.17 In contrast with the findings of  
Cea-Soriano and colleagues, a study conducted in 
Australia by Lewis and colleagues detected a sig-
nificant association between PPI use and falls  
in older women at high risk of falls. This study 
consisted of a post-hoc analysis of a longitudinal 
prospective cohort followed by a replication pro-
spective study. In the analysis, PPI therapy for 
duration of at least 1 year was associated with 
increased risk of fracture-related hospitalizations 
(adjusted OR 2.17; 95% CI 1.25–3.77).22 In the 
replication study, long-term PPI therapy (>1 year 
duration) was associated with an increased risk of 
self-reported falls (adjusted OR 1.51; 95% CI 
1.00–2.27; p = 0.049) after adjusting for fall risk 
factors and vitamin D therapy.22 Interestingly, in 
the replication study, the investigators also found 
that objective clinical measurements such at the 
Timed Up and Go and Romberg eyes closed tests 
were impaired in long-term PPI users and these 
results were statistically significant.22 Due to the 
differences in study designs and study populations 
in these studies evaluating the association between 
PPI use and falls, it is difficult to conclude whether 
the increased risk of fractures associated with PPI 
therapy is due to increased fall risk. More research 
is needed to further examine the association 
between PPI use and risk for falls in older adults.

Decreased intestinal calcium absorption second-
ary to PPI exposure has also been evaluated as a 
potential mechanism by which PPIs may increase 
the risk of bone fracture. Most of the studies that 
have been published have not included older 
adults or were in patients on dialysis. However, 
there is one study that evaluated 18 healthy 
women aged 65–89 years.61 O’Connell and col-
leagues performed a randomized, double-blind, 
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placebo-controlled crossover trial to assess the 
impact of PPI therapy on calcium carbonate 
absorption.61 Study subjects took either omepra-
zole 20 mg once daily or placebo once daily for 7 
days and were blinded to what they were receiv-
ing. The study participants also took a multivita-
min containing 400 units of vitamin D and two 
45Ca-labeled calcium carbonate capsules contain-
ing a total of 500 mg of elemental calcium. After 
a 3-week washout period, the process was 
repeated with the opposite study drug. Calcium 
absorption was evaluated for each patient while 
taking omeprazole and while taking placebo. The 
investigators found that fractional calcium 
absorption was decreased from 9.1% (95% CI 
6.5–11.6%) while taking placebo to 3.5% (95% 
CI 1.6–5.5%) while taking omeprazole.61 Based 
on this small study, calcium absorption may be 
decreased in the short term due to PPI therapy, 
but it is unclear if this effect is maintained long 
term with prolonged exposure to PPI therapy. 
Additional studies are needed to further evaluate 
this association in nondialysis-dependent older 
adults.

Meta-analyses. Although there is significant 
heterogeneity among the studies that have been 
published evaluating the association between  
PPI use and bone fracture risk, a number of 
meta-analyses have been conducted and have had 
similar findings.11,12,14,16 The magnitude of risk is 
similar among the different meta-analyses. Eom 
and colleagues included 11 observational stud-
ies in their analyses and found a pooled OR of 
1.29 (95% CI 1.18–1.41) for fracture associated 
with PPI use.11 The risk was not significant for 
H2RAs. They additionally noted that long-term 
use of PPIs was associated with risk of both any 
fracture and of hip fracture.11 Ngamruengphong 
and colleagues included 10 observational stud-
ies and there was an increased risk of hip frac-
ture (OR 1.25; 95% CI 1.14–1.37) and increased 
risk of vertebral fracture (OR 1.50; 95% CI 
1.32–1.72) associated with PPI use.12 However, 
the risk was no longer significant when stratified  
by long duration of use, which is likely due to 
heterogeneity among the studies.12 A third meta-
analysis included seven studies in their analy-
sis and found that PPI therapy was associated 
with an increased risk of hip fracture (OR 1.24; 
95% CI 1.15–1.34).14 Lastly, Yu and colleagues 
included 11 studies in their meta-analysis and 
found similar results to the meta-analyses dis-
cussed above.16 There was an increased risk of hip 
fracture (risk ratio (RR) 1.30; 95% CI 1.19–1.43), 

increased risk of spine fracture (RR 1.56; 95% CI 
1.31–1.85), and overall fracture (RR 1.16; 95% 
CI 1.04–1.30) associated with PPI use.16 The use 
of H2RAs was not significantly associated with 
increased fracture risk.16

Discussion
There is a substantial amount of literature that 
points to a linkage between PPI use and risk of 
osteoporotic fractures including hip fracture and 
spine fracture. Because there are no randomized 
controlled trials investigating this association and 
only observational studies have been conducted, 
causality has not been established. The mecha-
nism for this adverse effect has not yet been fully 
elucidated, but has been hypothesized to be due 
to an increased risk of falls, or a decrease in intes-
tinal calcium absorption secondary to PPI expo-
sure, or due to direct effects of PPIs on BMD. 
More studies are needed in the older adult popu-
lation on a larger scale and for a longer duration 
to determine the mechanism. Based on the avail-
able literature, there appears to be a 25–50% 
increased risk in hip fracture associated with the 
use of PPIs. Additionally, there may be a dose–
response and duration–response relationship 
between PPI use and fracture risk.

Clostridium difficile infection (CDI)

Overview
Clostridium difficile is a gram-positive anaerobe 
that has been identified as a major cause of anti-
biotic-associated diarrhea. CDI can range from 
mild disease manifesting as diarrhea to severe  
disease manifesting as toxic megacolon, sepsis, 
and death. Older adults are disproportionately 
affected by CDI as patients 65 years and older 
represented 92% of CDI-related hospital stays in 
2009 in the US.62 Age and recent antibiotic expo-
sure are known risk factors for the development of 
CDI, but the use of PPIs has been studied over 
the last decade as another potential risk factor. In 
2012, the US FDA disseminated an additional 
safety warning for PPIs due to a considerable 
amount of literature published linking PPIs to an 
increased risk of Clostridium difficile-associated 
diarrhea (CDAD).4 Several observational studies 
have been published to examine the association 
between the use of PPIs and risk of CDI and 
CDAD in older adults within various settings. 
The results of studies that reported ORs, HRs, or 
RRs are summarized in Table 1.
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Case-control studies. Cunningham and col-
leagues published one of the first studies to evalu-
ate the association between PPIs and CDAD, 
which was a retrospective case-control study of 
170 cases identified from laboratory and infection 
control team records and matched to controls.23 
The general patient demographics were not 
reported, so it is unclear whether the patient pop-
ulation was primarily elderly or not; however, they 
did find increased unadjusted odds of CDAD in 
patients who used PPIs within the preceding 8 
weeks (OR 2.5; 95% CI 1.5–4.2).23 This risk was 
further increased in patients who were also using 
antibiotics or cytotoxic chemotherapy as these are 
known risk factors for development of CDAD.23 
Similar findings were identified by Dial and col-
leagues in 2005.25 This group of investigators eval-
uated both PPIs and H2RAs and risk of CDAD in 
two population-based case-control studies in the 
United Kingdom. If the patients received at least 
one PPI or H2RA prescription in the 90 days prior 
to the index date, they were considered to be 
exposed to that drug. The investigators first identi-
fied all cases of CDAD using the General Practice 
Research Database (GPRD) which included hos-
pital-acquired and community-acquired cases; in 
the second analysis, only community-acquired 
cases were included.25 In the first analysis, the 
authors found that the following factors were asso-
ciated with an increased risk of CDAD: age > 65 
years, exposure to antibiotics in the 90 days prior, 
and prior hospitalization. In the second analysis, 
the authors found an adjusted rate ratio of 2.9 
(95% CI 2.4–3.4) for current PPI exposure and 
adjusted rate ratio of 2.0 (95% CI 1.6–2.7) for 
current H2RA exposure.25 Analyses were adjusted 
for sex, comorbidities, and coprescription with 
NSAIDs and aspirin. In contrast with the previous 
two studies, a nested case-control study conducted 
in Ontario, Canada did not find an association 
between PPI use (adjusted OR 0.9; 95% CI 0.8–
1.1) and hospitalization for CDAD in older 
adults.26 Cases were patients aged 66 years and 
older who received outpatient antibiotic therapy 
and were then hospitalized for CDAD within 60 
days.26 This study differs from the previous two 
studies discussed as the CDAD cases required 
hospitalization whereas the CDAD cases in the 
previous two studies were identified by toxin assay 
results or clinical diagnosis. Additionally, the 
authors of this study adjusted for different factors 
including use of H2RAs, chemotherapy, immuno-
suppressants, or systemic corticosteroids in the 
previous 6 months; history of diabetes mellitus, 
end stage renal disease (ESRD), hospitalization 

for cancer; and any hospitalization or outpatient 
claim for inflammatory bowel disease in the previ-
ous 2 years.26 These differences may be the reason 
for the conflicting findings. Not all patients who 
develop CDAD necessarily need to be admitted to 
the hospital, so there may be more cases of CDAD 
that the authors did not identify. Aseeri and col-
leagues also examined the association between 
exposure to acid-lowering therapy and CDAD, 
but evaluated patients who developed CDAD 
while they were already hospitalized.27 Over 40% 
of the CDAD cases identified occurred in elderly 
patients and the odds of CDAD diagnosis was 
increased with both PPI (OR 3.08; 95% CI 1.61–
5.91) and H2RA exposure (OR 2.14; 95% CI 
0.87–5.26), but more pronounced with PPI expo-
sure.27 The OR remained significant and was 
increased (OR 3.6; 95% CI 1.73–8.26) after con-
trolling for potential confounders including date 
of hospital admission, antibiotic usage, sex, age, 
patient location, and room type.27 A limitation of 
this study is the way in which exposure to acid-
lowering therapy was defined. Patients were con-
sidered to be exposed to the drug (either PPI or 
H2RA) if they had a prescription prior to admis-
sion and continued therapy while hospitalized, or 
if they received the drug 3 days prior to develop-
ment of CDAD in the hospital.27 This makes it 
difficult to determine the duration of exposure 
that poses a potential risk of CDAD.

Cohort studies. A cohort consisting of 1187 inpa-
tients who had received antibiotics were followed 
over time for development of positive assay results 
for Clostridium difficile toxin. Patients were classi-
fied as PPI users, H2RA users, or nonusers at 
baseline.24 PPI use was significantly associated 
with a greater risk of CDAD (OR 2.1; 95% CI 
1.2–3.5) and there were no patients who devel-
oped CDAD that were on H2RAs at baseline.24 
In order to eliminate bias from potential con-
founders, the investigators also performed a case-
control study among inpatients at a different 
hospital. Findings were similar in the case-control 
portion of the study as use of PPI therapy was 
significantly associated with an increased risk of 
CDAD (OR 2.7; 95% CI 1.4–5.2).24 Addition-
ally, the cases were more likely to have prolonged 
exposure to PPI therapy, defined as >6 months, 
compared with controls. These findings suggest 
that a duration–response relationship may be 
present.24 A retrospective cohort study was also 
conducted to evaluate the association in hospitals 
with low rates of new CDI cases.63 The cohort 
consisted of patients who were admitted for at 
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least 7 days and who were receiving antibiotics at 
two general hospitals in Canada that were consid-
ered to have a low prevalence of the hypertoxi-
genic NAP1 strain of Clostridium difficile. PPI 
exposure was significantly associated with an 
increased risk of the first episode of CDI (OR 
1.96; 95% CI: 1.42–2.72).63 The reported OR 
was not adjusted for confounders, but in the 
logistic regression analysis, use of H2RAs, use of 
antidepressants, antibiotic days, PPI days, age, 
admission service, and length of stay were found 
to be predictors of risk.63 The authors concluded 
that in this setting of low CDI rates, the benefit of 
continued PPI therapy outweigh the risk of devel-
oping CDI because the absolute risk increase was 
modest (0.74 cases/100 patients in nonusers ver-
sus 1.44 cases/100 patients in PPI users).63 More 
recently, Lewis and colleagues published a retro-
spective cohort study evaluating both the rate and 
severity of hospital-acquired CDI associated with 
use of PPIs.64 Severity of infection was deter-
mined using the definitions outlined by the Infec-
tious Diseases Society of America and the Society 
for Healthcare Epidemiology guidelines. The rela-
tive risk of developing hospital-acquired CDI was 
6.46 (95% CI 3.63–11.51) among PPI users. 
There were 22 patients in the PPI group and 2 
patients in the control group who developed 
severe-complicated CDI yielding a relative risk of 
15.32 (95% CI 3.6–65.3).64 Of note, the results 
reported in this analysis are unadjusted and are 
therefore subject to potential confounding bias.

Meta-analyses. Several meta-analyses have also 
found a significant association between exposure 
to PPI therapy and risk of CDI .29–32 Desphande 
and colleagues included 30 observational studies 
that contained a total of 202,965 patients and 
reported an OR of 2.15 (95% CI 1.81–2.55). 
They also noted that compared with no acid sup-
pression therapy, risk of CDI increased as level of 
acid suppression increased with an OR of 1.53 for 
H2RA therapy, OR 1.74 for daily PPI therapy, and 
2.36 for more frequent PPI therapy.29 A second 
meta-analysis included 23 studies in total (17 
case-control and 6 cohort) and found a summary 
risk estimate of 1.69 (95% CI 1.395–1.974) for 
the association between PPI exposure and CDAD 
among hospitalized patients.30 A third meta-anal-
ysis reported a pooled OR of 1.65 (95% CI 1.47–
1.85) for the association between PPI use and 
CDI and included 47 observational studies.32 The 
authors also performed a speculative analysis that 
assumes the relationship between PPI exposure 
and CDI is a causal relationship and they reported 

the number needed to harm (NNH) at 1 year of 
3925 in the general population. The NNH consid-
erably decreased among hospitalized patients 
receiving antibiotics and PPI therapy (NNH = 50 
at 2 weeks).32 Finally, Kwok and colleagues pub-
lished a meta-analysis that included 42 observa-
tional studies and reported a significant association 
between development of CDI and PPI exposure 
(OR 1.74; 95% CI 1.47–2.85).31 When restricting 
the analysis to only studies that reported adjusted 
data, the pooled OR remained significant at 1.93 
(95% CI 1.61–2.31). The authors also analyzed 
the risk of CDI associated with concomitant PPI 
and antibiotic use and reported an OR of 1.96 
(95% CI 1.03–3.70).31 The authors noted that 
there was an increased risk of CDI from the inter-
action between PPI use and antibiotic use beyond 
the effects of each drug individually.31

Additional studies. There is a significant amount 
of literature that has demonstrated an association 
between PPI use and risk of incident CDI in older 
adults as discussed above. A number of studies 
have also evaluated the association between PPI 
therapy and recurrent CDI.28,33,34 Linsky and col-
leagues performed a retrospective cohort study 
using the New England Veterans Healthcare data-
base and identified inpatients and outpatients 
with incident CDI treated by metronidazole or 
vancomycin.28 These patients were classified as 
exposed to PPI therapy if they used any PPI dur-
ing the 14 days after the incident CDI diagnosis. 
PPI exposure during CDI treatment was signifi-
cantly associated with a greater risk of recurrent 
CDI within 90 days (adjusted HR 1.42; 95% CI 
1.10–1.83) after adjusting for covariates. Covari-
ates adjusted for included age, initial incident 
CDI antibiotic treatment, additional antibiotic 
exposure, duration of hospital exposure, baseline 
comorbidities, and baseline medications. When 
stratifying based on age, the risk was greater in 
those over the age of 80 years (HR 1.86; 95% CI 
1.15–3.01).28 Another retrospective cohort study 
conducted in Canada at two university-affiliated 
hospitals was published in 2015 by McDonald 
and colleagues34 This study identified a cohort of 
patients who developed healthcare-associated 
CDI and then followed the cohort to assess for 
recurrence of CDI within 15–90 days. The expo-
sure was continuous PPI use defined as either 
ongoing use for at least 75% of the days in the 
hospital or a discharge prescription valid for 
beyond 90 days from the initial CDI date. Con-
tinuous PPI use was significantly associated with 
recurrent CDI (HR 1.5; 95% CI 1.1–2.0).34 The 
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authors also identified that age older than 75 
years was associated with an increased risk of 
recurrence (HR 1.5; 95% CI 1.1–2.0). Addition-
ally, many of the patients who were prescribed 
PPI therapy did not have an evidence-based indi-
cation and interestingly PPIs were discontinued 
in only three patients with CDI.34 A third group 
of investigators performed a retrospective cohort 
analysis to examine the association between PPI 
use during CDI treatment and risk of recurrent 
CDI.33 This study only identified inpatients with 
incident CDI whereas Linsky and colleagues 
identified both inpatients and outpatients with 
incident CDI. There was no association between 
PPI exposure during CDI treatment and risk of 
recurrent CDI (HR 0.82; 95% CI 0.58–1.16).33 
Of note, the mean age was 64 years whereas the 
median ages in the Linsky and colleagues and 
McDonald and colleagues studies were 74 years 
and 71.5 years respectively. Because risk of recur-
rent CDI is known to increase with increasing 
age, this may have played a role in the differing 
results, and Freedberg and colleagues may not 
have found a significant association between PPI 
use and recurrent CDI as they studied a younger 
population. Due to the observational nature of 
these studies, causality cannot be established. 
However, currently available literature suggests 
an association between PPI exposure and recur-
rent CDI within 15–90 days after initial CDI, 
particularly among older adults.

Discussion. Although causality cannot be estab-
lished, based on the available literature it appears 
that an association between acid-lowering therapy 
and development of CDI and CDAD exists. It is 
hypothesized that the increased risk of CDI and 
CDAD in relation to PPI exposure is due to the 
increased gastric pH allowing the vegetative form 
of Clostridium difficile to survive. Survival may be 
due to the changes in the microbiome secondary 
to acid suppression, thereby limiting the barriers 
for Clostridium difficile survival; however, in gen-
eral, spores are resistant to acid and acid suppres-
sion does not affect their survival. Thus, the exact 
mechanism of Clostridium difficile proliferation 
remains unclear, and more research is needed in 
this area. Based on the available studies in the 
older adult population, there is about a 2-fold 
increased risk in the development of CDI and 
CDAD associated with use of PPIs and a 1.5-fold 
increased risk in recurrent CDI associated with 
use of PPIs. The effect of PPI duration on this risk 
is unclear, but there is limited evidence that sug-
gests that the degree of acid suppression plays a 

role. Additional factors such as antibiotic expo-
sure, increasing age, and prior hospitalization also 
contribute to the increased risk of CDI and 
CDAD observed among PPI users. In older adults 
with multiple risk factors for CDI and CDAD, it 
is worth evaluating the risk versus benefit of con-
tinued PPI therapy.

Community-acquired pneumonia (CAP)
Overview. CAP is associated with significant mor-
bidity and mortality particularly among older 
adults. According to the National Center for 
Health Statistics, influenza and pneumonia 
accounted for the eighth leading cause of death in 
2014 among older adults.65 The incidence of 
pneumonia in older adults is higher compared 
with younger populations and the elderly are 
more likely to be hospitalized and die from pneu-
monia.66 The increased risk among older adults 
may be due to changes in lung physiology, reduced 
mucociliary clearance, greater upper airway colo-
nization, changes in the immune system, and 
presence of several comorbidities.66 It is hypoth-
esized that PPI exposure increases risk for CAP 
by increasing gastric pH allowing for colonization 
of bacteria that can then be aspirated.38 Several 
studies have been conducted to assess if there is 
an association between the risk of CAP and use of 
acid-lowering therapy, but the results have been 
inconsistent. Even within single studies, the risk 
of CAP differs depending on duration of PPI 
exposure. The results of studies in older adults 
that reported adjusted ORs are summarized in 
Table 1.

Case-control studies. Laheij and colleagues per-
formed a nested case-control study to evaluate the 
association between risk of CAP and use of acid-
lowering therapies.35 ORs were calculated for risk 
associated with any acid-lowering therapy, PPI 
therapy alone, H2RA therapy alone, and combined 
PPI and H2RA therapy. The risk of CAP was 
greater with PPI therapy (adjusted OR 1.73) com-
pared with H2RA therapy (adjusted OR 1.59), and 
a positive dose–response relationship was observed 
among PPI users. Analyses were adjusted for 
matching factors, respiratory illness, long-term 
heart failure, diabetes mellitus, use of antibiotics or 
immunosuppressants.35 The mean duration of use 
of H2RA therapy was 2.8 months and the mean 
duration of use of PPI therapy was 5.0 months. Of 
note, the risk was greatest in patients who initiated 
PPI or H2RA therapy within the last 30 days.35 
Another case-control study by Gulmez and 
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colleagues sought to evaluate the same question of 
whether an association between acid-lowering 
therapy and development of CAP existed. An asso-
ciation was found with PPI therapy (adjusted OR 
1.5; 95% CI 1.3–1.7), but not with H2RA therapy 
(adjusted OR 1.10; 95% CI 0.8–1.3]).36 ORs were 
adjusted for age, sex, previous discharge for CAP, 
chronic obstructive pulmonary disease (COPD), 
peptic ulcer, alcohol-related diagnoses, ischemic 
heart disease, liver cirrhosis, renal failure, diabetes, 
heart failure, stroke, and current use of corticoste-
roids, bronchodilators, NSAIDs, anticholinergic 
agents, or antipyschotics.36 Similar to the study by 
Laheij and colleagues, this study found the associa-
tion between CAP and PPI exposure to be stron-
gest with recent initiation of the PPI.36 The 
association has also been exclusively studied in vet-
eran patients by Hermos and colleagues. This 
group only looked at PPI exposure and concluded 
that current PPI use was significantly associated 
with an increased risk of CAP (adjusted OR 1.29; 
95% CI 1.15–1.45) and the association was stron-
ger for patients who initiated the PPI in the prior 
1–15 days compared with patients who had longer 
exposures. They also noted that the association was 
greater for patients with higher doses of PPIs, since 
patients who were prescribed >1 standard dose 
per day had a greater risk of CAP compared with 
patients who were prescribed <1 standard dose 
per day of PPI (adjusted OR 1.33; 95% CI 1.06–
1.65).43 Factors that were adjusted for include the 
following: sex; age; diagnoses of COPD, diabetes 
mellitus, congestive heart failure, lung cancer, non-
skin and nonlung cancer, ischemic heart disease, 
chronic kidney disease (CKD), chronic liver dis-
ease, dementia, alcohol/drug dependence or abuse, 
peptic ulcer, or reflux esophagitis; admission <90 
days before end date; active use at baseline of 
H2RAs, systemic corticosteroids, immunomodu-
lators/immunosuppressants, tranquilizers/seda-
tives, or antipsychotic agents; and antibiotic use 
<90 days prior to baseline.

Although the three case-control studies discussed 
above identified an association between PPI 
exposure and risk of CAP, several studies have 
not concluded that there was an association or 
were only able to conclude that there was an 
association with recent initiation. In a nested 
case-control study conducted in the United 
Kingdom using the GPRD, a database compris-
ing complete and comprehensive medical 
records, current PPI use within 30 days of the 
index date was associated with an increased risk 
in CAP (OR 2.05; 95% CI 1.96–2.15).37 

However, after adjusting for covariates, there was 
no association. Potential confounders that were 
adjusted for include current smoking, total num-
ber of general practice visits during the past year, 
total number of hospitalizations during the past 
year, COPD, asthma, myocardial infarction, 
congestive heart failure, chronic renal failure, cir-
rhosis, diabetes mellitus, stroke, history of CAP 
before GPRD enrollment, cancer other than 
basal cell carcinoma, dementia, and alcoholism. 
Exposure to the following drugs was also 
accounted for: H2RAs, anxiolytics, antidepres-
sants, antipsychotics, antibiotics, anti-Parkin-
son’s drugs, barbiturates, opiates, corticosteroids, 
and long-term NSAIDs. Additionally, there was 
no association between CAP and H2RA expo-
sure and no association between CAP and PPI 
exposure in adults aged 60 years or older.37 
Another case-control study that was performed 
in the US exclusively in older adults concluded 
that PPI and H2RA current use was not associ-
ated with an increased risk of CAP (adjusted OR 
1.03; 95% CI 0.86–1.24) in the fully adjusted 
analysis.38 Current use was defined as having 
filled two or more prescriptions that were for at 
least a 30-day supply within the prior 6 months 
of the index date and of note, the majority of the 
patients were on H2RA therapy. The study 
lacked power to rule out an increased risk of CAP 
when only looking at patients on PPI therapy.38

Meta-analyses. Several meta-analyses have been 
published that have collectively evaluated the risk 
of CAP with acid-lowering therapy. Johnstone 
and colleagues included studies that evaluated 
adults who took PPIs as an outpatient and found 
an increased risk of CAP associated with PPI use 
(OR 1.36; 95% CI 1.12–1.65) but was unable to 
definitively interpret the results as heterogeneity 
among the included studies was high (I2 = 92%; 
p < 0.001).39 Eom and colleagues included eight 
observational studies and found that the overall 
risk of CAP was higher among patients using 
PPIs (OR 1.27; 95% CI 1.11–1.46) and H2RAs 
(OR 1.22; 95% CI 1.09–1.36).40 With a 1.22 to 
1.27-fold increased risk of CAP in patients taking 
acid-suppressive therapy, approximately 25 cases 
of CAP can be expected for every 1000 recipients 
of acid-lowering therapy.40 A third meta-analysis 
published in 2015 also noted an increased risk of 
CAP in patients prescribed PPIs (OR 1.49; 95% 
CI 1.16–1.92), with the highest risk in patients 
who initiated PPI therapy in the last 30 days.44 
This study also specifically evaluated the associa-
tion in older adults compared with the association 
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in adults <65 years and found that in both groups, 
CAP was higher in patients exposed to PPI ther-
apy and the risk was similar.44 Of note, this meta-
analysis did not find an association between risk 
of CAP with H2RA therapy (OR 1.00; 95% CI 
0.90–1.12).44

Additional studies. Because of the conflicting 
results among several case-control studies, several 
studies have been conducted to further examine 
the etiology of CAP in patients using acid-lower-
ing therapy. It has been hypothesized that PPIs 
cause an increased risk of CAP due to their pH 
lowering effects which allows for overgrowth of 
gastrointestinal or oropharyngeal bacteria. Meij-
vis and colleagues found an increased risk of CAP 
in patients who recently initiated PPIs and in 
patients on chronic PPI therapy.41 They then 
looked at the causative organisms among current 
users, past users, and nonusers of PPIs and found 
that the frequency of oropharyngeal pathogens 
identified as the causative organism did not differ 
between those who recently initiated a PPI and 
nonusers.41 CAP was caused by gastrointestinal 
bacteria in only two patients who were PPI users. 
Therefore, Meijvis and colleagues concluded that 
overgrowth of gastrointestinal or oropharyngeal 
organisms does not fully explain the mechanism 
by which PPIs increase risk of CAP. In contrast, 
another study found that oropharyngeal organ-
isms were more common in CAP patients using 
PPI therapy compared with CAP patients not 
using PPI therapy (OR 2.0; 95% CI 1.22–3.72).42 
De Jager and colleagues also noted that CAP 
patients who used PPIs were more likely to be 
infected with Streptococcus pneumoniae compared 
with CAP patients who were nonusers (OR 2.3; 
95% CI 1.28–3.75), while airborne pathogens 
were less common in PPI users.42 The authors 
concluded that PPI exposure is associated with an 
increased risk of CAP, possibly due to endoge-
nous oropharyngeal flora.42

Discussion. The available evidence regarding an 
association between use of PPIs and risk of CAP 
is inconclusive. This is likely due to the significant 
heterogeneity in the studies that have been con-
ducted. Of the studies that have demonstrated an 
association between PPI use and risk of CAP in 
older adults there appears to be approximately a 
30% increased risk and the risk is greater with 
recent initiation of PPI therapy. It is unclear if a 
risk exists with prolonged use of PPI therapy and 
more studies are needed to come to a conclusion. 
The risk of CAP development due to PPI 

exposure is biologically plausible as an increase in 
gastric pH would allow for survival and growth of 
bacterial organisms, but the mechanism has not 
been definitively established at this time.

Vitamin B12 deficiency
Overview. Vitamin B12 (cobalamin) is a water-sol-
uble vitamin that is required for DNA synthesis, 
red blood cell formation and neurologic function-
ing.67 Cobalamin that comes from dietary sources 
is tightly protein-bound and the primary food 
sources of cobalamin include meat and eggs.68 The 
prevalence of vitamin B12 deficiency has been 
reported to be anywhere from 5–40% in elderly 
patients depending on the diagnostic criteria that is 
used and prevalence tends to increase with increas-
ing age.69 The most common reason for B12 defi-
ciency in older adults is impaired absorption 
secondary to decreased gastric acid secretion, as 
gastric acid is required to release protein-bound 
cobalamin. In addition to altered cobalamin 
metabolism, decreased acid secretion increases the 
pH in the small intestine which allows for bacterial 
overgrowth and competition for uptake of vitamin 
B12, further reducing cobalamin availability.70 
Vitamin B12 deficiency can manifest as hemato-
logic, neurologic, and psychiatric abnormalities 
which are of particular concern in older adults. 
Several observational and case-control studies 
have been conducted to evaluate the association 
between the use of acid-lowering therapy and vita-
min B12 deficiency in older adults. Many of the 
studies included both PPIs and H2RAs in their 
analysis. Table 1 summarizes the results of the 
studies that reported adjusted ORs.

Case-control studies. In a case-control study 
conducted at Kaiser Permanente Northern Cali-
fornia that included 25,696 cases and 184,199 
controls, an increased risk for vitamin B12 defi-
ciency (OR 1.65; 95% CI 1.58–1.73) was found 
to be associated with receiving a 2 or more years 
supply of PPI.49 Similarly, the same supply of 
H2RAs also significantly increased the risk of 
vitamin B12 deficiency (OR 1.25; 95% CI 1.17–
1.34) but to a lesser extent than PPIs.49 This study 
evaluated confounding by contrasting ORs 
between models with and without each potential 
confounder and determined that those altering 
the OR by 10% or more would be included in the 
final model. However, of the multiple conditions 
and medications assessed, none met the threshold 
to be included in the final analysis. Another case-
control study evaluated both short-term use (<12 
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months) and chronic use (⩾ 12 months) of PPIs 
and H2RAs and their association with vitamin 
B12 deficiency in older adults.47 The risk of vita-
min B12 deficiency was significantly associated 
with chronic use of PPIs and H2RAs (adjusted 
OR 4.46; 95% CI 1.49–13.33) but it was not sig-
nificantly associated with short-term use (adjusted 
OR 1.03; 95% CI 0.46–2.31). Analyses were 
adjusted for age, sex, multivitamin use, and Heli-
cobacter pylori infection. Of note, the majority of 
patients in this study were taking H2RAs.47 Force 
and colleagues conducted a retrospective case-
control study using a drug database from the 
State of Idaho Medicaid program and identified 
patients who received a first vitamin B12 injection 
in the preceding 12 months. They found that 
patients who were started on vitamin B12 injec-
tions were more likely to have received chronic 
acid suppression, defined as at least 10 months of 
treatment with full doses of PPIs or H2RAs in the 
year prior (OR 1.82; 95% CI 1.08–3.09).46 This 
study did not report adjusted results. A study 
conducted in Canada in outpatient and institu-
tionalized patients with cognitive impairment 
found an association between PPI and H2RA use 
and initiation of vitamin B12 replacement even 
after adjusting for age, sex, and institutional resi-
dency (OR 2.61; 95% CI 1.31–5.23).45 Cotter 
and O’Keeffe evaluated the association between 
PPI use and risk of vitamin B12 deficiency among 
medical inpatients aged 65 years and older in a 
retrospective case-control study.48 There was no 
association between current PPI use and vitamin 
B12 deficiency (OR 0.92; 95% CI 0.53–1.60).48 
The differing results may be due to the definition 
of deficiency in this study, which was a vitamin 
B12 level of <150 pmol/l. This threshold may be 
too restrictive. Additionally, the analyses were not 
adjusted for potential confounding factors. A 
meta-analysis conducted by Jung and colleagues 
included the studies discussed above and con-
cluded that the use of acid-lowering therapy for at 
least 10 months is associated with an increased 
risk of vitamin B12 deficiency (OR 1.83; 95% CI 
1.36–2.46).

Discussion. Although no randomized controlled 
trials have been conducted to confirm a causal 
relationship between PPI use and vitamin B12 
deficiency, a significant amount of evidence points 
to an association. Older adults are already at an 
increased risk of vitamin B12 deficiency primarily 
due to aging-related impaired absorption; chronic 
use of acid-lowering therapy, including PPIs, 
appears to further increase this risk and 

is associated with initiation of vitamin B12 
replacement in some studies. Only one study con-
ducted in the United Kingdom did not find an 
association between long-term PPI use and 
decreased vitamin B12 levels. This may have been 
due to the small sample size compared with other 
studies and definition used for vitamin B12 defi-
ciency. The studies that found a positive associa-
tion between use of PPIs and vitamin B12 
deficiency reported a wide range of ORs likely 
due to the heterogeneity among the studies con-
ducted, but based on the meta-analysis that 
included several of the discussed studies, there is 
approximately an 80% increased risk in vitamin 
B12 deficiency associated with use of acid-lower-
ing therapy. Because vitamin B12 deficiency is 
already more prevalent in older adults, it may be 
reasonable to measure vitamin B12 levels in older 
adults who are prescribed chronic acid suppres-
sion therapy.

Kidney disease and injury
Overview. CKD is defined as abnormalities in 
kidney structure or in function present for at least 
3 months,71 while acute kidney injury (AKI) is 
defined as a sudden, temporary, and sometimes 
fatal loss of kidney function.72 CKD is character-
ized by either a glomerular filtration rate of <60 
ml/min/1.73 m2 for at least 3 months or by pres-
ence of at least one marker of kidney damage such 
as an albumin-to-creatinine ratio of >30 mg of 
albumin for each gram of creatinine for at least 3 
months.71 In the 2006 National Health and Nutri-
tion Examination Survey study, the prevalence of 
CKD in patients aged 60 years and older increased 
from 18.8% in the 1988–1994 study to 24.5% in 
the 2003–2006 study.72 The incidence of CKD 
among older adults doubled between 2004 and 
2008 and is increasing most rapidly among the 
elderly population.72 CKD can lead to the devel-
opment of ESRD and mortality due to ESRD has 
dramatically increased over the last few decades.72 
Similar to CKD, older adults are also dispropor-
tionately affected by AKI.73 A study in a Kaiser 
Permanente population revealed that AKI 
increased from 78 per 100,000 person years in 
patients younger than age 50 to 3545 per 100,000 
person years in those aged 80 years and older.74 
Acute interstitial nephritis (AIN) is a subtype of 
AKI that accounts for a small number of AKI 
cases. The most frequent cause of AIN is hyper-
sensitivity to medications, and AIN is most com-
mon in the elderly.73 Treatment of drug-induced 
AIN is to remove the offending agent; however, 
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renal recovery is variable. Although some patients 
fully recover after a period of time, there are a 
number of patients who do not fully return to 
their baseline renal function.75–77 A number of 
studies have been conducted to evaluate the asso-
ciation between PPI therapy and AKI and between 
PPI therapy and CKD. The results of the studies 
in older adults that reported ORs or HRs are 
reported in Table 1.

Case-control studies. Only a few observational 
studies have been published to evaluate the asso-
ciation between PPI use and AIN. Leonard and 
colleagues performed two retrospective case-con-
trol studies to assess the association between PPI 
exposure, NSAID exposure, PPI-NSAID co-
exposure, the development of AIN and more 
broadly, development of AKI.51 Exposure was 
defined as having an active prescription of a PPI 
or NSAID on the index date. Duration of therapy 
prior to the index date was not reported. There 
was a nonsignificant increased risk for AIN for 
both PPI exposure (OR 3.20; 95% CI 0.80–
12.79) and NSAID exposure (OR 1.90; 95% CI 
0.65–5.51) after adjusting for confounding fac-
tors. There were no cases of AIN in patients who 
were co-exposed.51 The wide CI is likely due to a 
limited number of AIN cases. Additionally, the 
median age of the population was 60 years; sig-
nificance may have been reached if an older, 
higher-risk study population was evaluated. When 
AKI was evaluated, the authors found a signifi-
cant increase in risk associated with co-exposure 
to PPI and NSAID therapy (OR 1.33; 95% CI 
1.07–1.64), but not with PPI therapy alone (OR 
1.05; 95% CI 0.97–1.14). Although there was not 
an increase in odds of AKI associated with PPI 
therapy alone, an increased risk of a certain sub-
types of AKI cannot be excluded as the investiga-
tors did not stratify AKI by subtype to further 
examine this possibility. Another case-control 
study used a broader diagnosis of renal disease to 
identify their cases because PPI-induced AIN is 
commonly under or misdiagnosed and has an 
inconsistent clinical presentation.78 The cases 
were patients who had renal disease which 
included any of the following diagnoses: hyper-
tensive renal disease, acute glomerulonephritis, 
nephrotic syndrome, chronic glomerulonephritis, 
nephritis and nephropathy, acute renal failure, 
chronic renal failure, renal failure unspecified, 
impaired renal function disease, unspecified dis-
order of kidney and ureter, kidney transplant, and 
dialysis.78 PPI exposure was determined by claims 
data, and patients were considered to be exposed 

if they obtained at least one prescription for a PPI 
in the 90 days prior to the index date. PPI use was 
associated with an increased risk of renal disease 
as defined above (adjusted OR 1.72; 95% CI 
1.27–2.32) after controlling for potential con-
founders that are known causes of AKI: diabetes, 
hypertension, high cholesterol, use of antibiotics, 
diuretics, or NSAIDs.78 Blank and colleagues per-
formed a nested case-control study in New Zea-
land and found that the risk of AIN was greater 
with current use of PPI therapy (OR 5.16; 95% 
CI 2.21–12.05) relative to past use of PPI therapy 
and also increased with increasing age.79 Patients 
were considered to be current users if their last 
PPI prescription days’ supply extended into the 
30 days prior to the index date and patients were 
considered to be past users if the last prescription 
days’ supply terminated at least 90 days prior to 
the index date. Adjustment for ethnicity, socio-
economic status, use of other drugs associated 
with increased risk of AIN in the 30 days prior to 
the index date, and hospital admissions in the 
year before the index date did not significantly 
alter the results.79 An additional population-based 
cohort study was conducted in exclusively older 
adults aged 66 years and older in Ontario, Can-
ada by Antoniou and colleagues to examine the 
risk of AIN and AKI in patients exposed to PPIs.52 
There were 290,592 patients who initiated PPI 
therapy during the study period and equal num-
ber of matched controls. Patients were followed 
over 120 days and there was a significantly 
increased risk in both AKI (HR 2.52; 95% CI 
2.27–2.79) and AIN (HR 3.00; 95% CI 1.47–
6.14) among patients who initiated PPI therapy 
compared with patients who did not.52

Cohort studies. In addition to the risk of AIN and 
AKI with PPI therapy, there has been emerging 
evidence to suggest there is also a risk of CKD 
associated with long-term PPI therapy. There 
have been three studies published in the last year 
examining the association between the risk of 
CKD and use of PPIs,53,54,80 but only two included 
primarily older adults which are discussed below. 
Lazarus and colleagues performed a prospective 
cohort study using data from the Atherosclerosis 
Risk in Communities study and then used data 
from the Geisinger Health System for a replica-
tion cohort study.53 In the initial cohort, 10,482 
patients with an estimated glomerular filtration 
rate (eGFR) of at least 60 ml/min/1.73 m2 at 
baseline were followed over time to assess for 
development of incident CKD. In the adjusted 
analysis, PPI use was associated with an increased 
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risk of incident CKD (HR 1.50; 95% CI 1.14–
1.96) compared with nonusers. The association 
remained when PPI users were compared with 
H2RA users (HR 1.39; 95% CI 1.01–1.91).53 Xie 
and colleagues used Department of Veterans 
Affairs national databases as their data source.54 
The investigators identified new PPI users and 
new H2RA users and followed them over a 5-year 
period to determine renal outcomes.54 The H2RA 
users were considered the control group. PPI 
users had a significantly increased risk of incident 
CKD (HR 1.28; 95% CI 1.23–1.34) compared 
with H2RA users. Additionally, PPI users had a 
significantly increased risk of incident eGFR <60 
ml/min/1.73 m2, doubling of the serum creatinine 
level, eGFR decline of >30%, and ESRD.54

Discussion. It is hypothesized that the association 
between PPI use and CKD may be attributable to 
the increased risk of AIN due to PPI use. Because 
AIN is often unrecognized, it is possible that sub-
clinical, undiagnosed AIN may convert to a 
chronic interstitial nephritis and this chronicity 
may lead to the development of CKD.81 Although 
only observational studies have been performed 
to examine the risk of kidney disease associated 
with PPI therapy in older adults, there is some 
evidence that links PPI exposure to an increased 
risk of AIN. The duration of exposure to a PPI 
that increases risk of AIN is not well established. 
There is currently less evidence that links the use 
of PPIs to CKD but among the studies that have 
been conducted, the magnitude of risk is similar 
(40–50% increased risk) and appears to increase 
with higher doses. More studies are needed at this 
time to confirm the relationship between PPI 
exposure and risk of CKD and if the underlying 
mechanism is related to PPI-induced AIN.

Dementia
Overview. Dementia is a clinical condition charac-
terized by progressive cognitive decline that affects 
one’s ability to live independently, and predomi-
nantly affects older adults.82 Alzheimer’s disease 
(AD) accounts for up to 80% of dementia cases 
while the remaining 20% is made up of various 
other types of dementia including but not lim-
ited to vascular dementia, Lewy Body dementia, 
and mixed dementia. In 2016, an estimated 5.4 
million Americans have AD and of these, 5.2 
million are age 65 years and older.83 Overall, 
one in three elderly patients dies with AD or 
another type of dementia.83 Pathophysiologic 
characteristics of AD include accumulation of 

neurofibrillary tangles and amyloid plaques which 
lead to neuronal loss and neurodegeneration. The 
risk of dementia associated with use of PPI ther-
apy has been less studied than other adverse 
effects. The results of studies in older adults that 
reported adjusted ORs are summarized in Table 1.

Cohort studies. There have been only a few man-
uscripts published which describe potential 
mechanisms by which PPIs could cause demen-
tia, and two prospective cohort studies conducted 
in Germany evaluated the risk of dementia due to 
PPIs. Fallahzadeh and colleagues hypothesize 
that PPIs cross the blood–brain barrier as demon-
strated in animal studies, where they can then 
inhibit vacuolar proton pumps on membranes of 
microglia.84 The inhibition of these proton pumps 
could result in increased lysosomal pH leading to 
decreased lysosomal protease function. Lyso-
somal proteases are responsible for digesting Aß 
fragments; lack of appropriate digestion may lead 
to increased Aß accumulation, which may con-
tribute to the pathogenesis of AD.84 However, 
actual studies are needed to confirm this hypoth-
esis. Badiola and colleagues investigated a slightly 
different theory by examining the effect of PPIs 
on amyloid metabolism in vitro and in vivo. This 
group specifically looked at lansoprazole and 
found that in amyloid cell models, lansoprazole 
enhances production of Aß37, Aß40, and Aß42 
and lowers production of Aß38.85 The authors 
hypothesize that this occurs due to PPI modula-
tion of y-secretase, an enzyme that cleaves amy-
loid precursor protein to the Aß species.85 The 
Aß42 peptide has been implicated as the main 
pathological species in AD.86 When Badiola and 
colleagues further investigated other PPIs includ-
ing omeprazole, pantoprazole, and esomeprazole 
in vitro, there was a dose-dependent increase in 
Aß42 levels for all three drugs. Therefore, the 
authors concluded that the modulation of Aß 
production is a class effect.85 After this associa-
tion was found, they explored the effect of lanso-
prazole on Aß production in the brain in mice and 
found that in both wildtype and triple transgenic 
AD mouse models that soluble Aß40 levels were 
significantly increased while Aß42 levels were 
modestly increased but did not reach statistical 
significance.85 Current studies demonstrate 
potential mechanisms indicating that PPIs may 
alter amyloid production and metabolism, poten-
tially contributing to AD.

The first epidemiological study that evaluated the 
association between PPI use and dementia was 
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conducted in Germany using data derived from 
the German Study on Aging, Cognition, and 
Dementia in Primary Care Patients (AgeCoDe).55 
This longitudinal study included 3327 commu-
nity-dwelling patients age 75 years and older and 
found that patients receiving PPI therapy had an 
increased risk for any dementia (HR 1.38; 95% 
CI 1.04–1.83) and of AD (HR 1.44; 95% CI 
1.01–2.06).55 These results were adjusted for 
potential confounders including age, sex, educa-
tion, ApoE4 allele status, polypharmacy and 
comorbidities. Duration of PPI use was not 
reported in the study. A similar study published 
by Gomm and colleagues evaluated the associa-
tion between the use of PPIs and risk of dementia 
on a larger scale.56 This study was a prospective 
cohort that derived its data from the largest 
German statutory health insurer and included 
73,679 patients aged 75 years and older. Patients 
were considered to be PPI users if they had at 
least one prescription per quarter of any of the 
following PPIs: omeprazole, pantoprazole, lanso-
prazole, esomeprazole, or rabeprazole. Regular 
use of PPIs was associated with a significant 
increased risk of incident dementia (HR 1.44; 
95% CI 1.36–1.52) after controlling for potential 
confounders.56 The risk gradually decreased with 
age, which the authors noted may be due to a 
decreased influence of external and internal fac-
tors on dementia progression once the disease 
process has already been initiated.56

Discussion. Currently, there is limited evidence 
that suggests that PPI use increases risk of devel-
oping dementia among older adults. The two 
cohort studies that have been published and dis-
cussed above found a similar magnitude of risk of 
dementia associated with PPI use at about approx-
imately 40% in a German population. Due to the 
observational nature of the studies that have been 
conducted, we cannot conclude with certainty 
that the association between PPI use and incident 
dementia is causal. However, from a mechanistic 
standpoint, it does seem conceivable that chronic 
PPI exposure could contribute to the pathophysi-
ology of AD through their direct and indirect 
effects on Aß metabolism. Further studies are 
needed to explore the risk of dementia, particu-
larly in other patient populations, in order to gain 
a better understanding of the potential risk.

Conclusion
This review highlights current data regarding 
potential adverse effects of PPIs in the older adult 

population. US FDA warnings currently exist for 
PPI use and risk of bone fractures and CDI, but 
current literature has identified associations 
between PPI use and risk of osteoporotic-related 
fractures, CDI, CAP, vitamin B12 deficiency, 
kidney disease/injury, and dementia, particularly 
in older adults. We do not know the exact dura-
tion of PPI therapy that would predispose older 
adults to some of these adverse effects. 
Additionally, because of the observational design 
of the studies that have been published, causality 
cannot be definitively established. However, it is 
very unlikely that prospective, randomized con-
trolled trials of PPIs to verify the results of obser-
vational studies will ever be initiated. PPIs are 
often inappropriately prescribed and these poten-
tial adverse effects are of particular concern in the 
older adult population. A larger body of evidence 
is needed to confirm that associations between 
PPI use and CAP, vitamin B12 deficiency, kidney 
disease/injury, and dementia exist. A next step 
could be to conduct research to fully elucidate 
which patients should be targeted for PPI discon-
tinuation and the best method to deprescribe 
PPIs. For now, given the potential for these risks, 
older adults should be periodically evaluated for 
the need for continued use of PPI therapy, and 
discontinuation or step-down to an H2RA or 
other treatments should be considered when 
appropriate.
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