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Abstract

Background: Falls and hip fractures among older people are associated with high mor-

bidity and mortality. Hyponatraemia may be a risk for falls/hip fractures, but the effect

of hyponatraemia duration is not well understood.

Aims: We sought to evaluate individuals with periods of sub-acute and chronic hypo-

natraemia on subsequent risk for serious falls and/or hip fractures.

Methods: Retrospective cohort study in the period 1 January 1998 to 14 June 2016

within an integrated health system of individuals aged ≥55 years with ≥2 outpatient

serum sodium measurements. Hyponatraemia was defined as sodium <135 mEq/L with

sub-acute (<30 days) and chronic (>/=30 days) analysed as a time-dependent exposure.

Multivariable Cox proportional hazards modelling was used to estimate hazard ratios

(HRs) for serious falls/hip fractures based on sodium category.

Results: Among 1 062 647 individuals totalling 9 762 305 sodium measurements,

96 096 serious falls/hip fracture events occurred. Incidence (per-1000-person-years) of

serious falls/hip fractures were 11.5, 27.9 and 19.8 for normonatraemia, sub-acute, and

chronic hyponatraemia. Any hyponatraemia duration compared to normonatraemia

had a serious falls/hip fractures HR (95%CI) of 1.18(1.15, 1.22), with sub-acute and

chronic hyponatraemia having HRs of 1.38(1.33, 1.42) and 0.91(0.87, 0.95), respec-

tively. Examined separately, the serious falls HR was 1.37(1.32, 1.42) and 0.92(0.88,

0.96) in sub-acute and chronic hyponatraemia, respectively. Hip fracture HRs were

1.52(1.42, 1.62) and 1.00(0.92, 1.08) for sub-acute and chronic hyponatraemia, respec-

tively, compared to normonatraemia.

Conclusions: Our findings suggest that early/sub-acute hyponatraemia appears more

vulnerable and associated with serious falls/hip fractures. Whether hyponatraemia is a

marker of frailty or a modifiable risk factor for falls remains to be determined.

Background

Hyponatraemia remains the most common electrolyte

abnormality among the older people affecting 10% of the

ambulatory, 20% of the nursing home, and over 40% of

the hospitalised older people population.1–4 Acute (<48 h)

hyponatraemia has been associated with neurologic dis-

turbances including cerebral oedema and encephalopa-

thy, respiratory disturbances including respiratory

failure and noncardiogenic pulmonary oedema, and

increased mortality.3,5–8 Observational studies suggest that

even mild and chronic hyponatraemia may be associated

with worsened outcomes including gait disturbances, falls

and serious fractures.1,3,9–17

Falls and fractures represent serious health concerns in

older people and are associated with significant morbidity

and mortality.4 The prevalence of gait disturbances is

thought to affect 35% of older people, resulting in serious

fractures or head trauma in 10–20% of this population.18–21
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Individuals who suffer hip fractures are estimated to experi-
ence a five- to eight-fold greater 3-month mortality and an
overall 1-year mortality exceeding 20%.22–24 Among those
who survive hip fractures, nearly half are unable to recover
their functional capabilities.22,24 Nonfatal falls lead to direct
medical costs of 19 billion dollars a year.20 Fall prevention
strategies are an important priority in the older population.

Hyponatraemia has been mechanistically associated with
falls and bone fractures through its effects on lowering bone
density, thereby contributing to osteoporosis, and neuro-
logic impairments including gait abnormalities.3,14,25–29 Even
mild hyponatraemia has been associated with higher rates
of falls and fractures.1,9–16 However, many prior observa-
tions on sodium assessments have been derived from single,
baseline serum sodium measurements.9–12,17 The duration
of hyponatraemia and its specific impact on fall and fracture
risk may be an important consideration in timely manage-
ment and prevention of these skeletal complications though
this has not been well-studied.

To address this knowledge gap, we hypothesised that
different durations of hyponatraemia present differential
risk for serious falls and/or hip fractures. Using a large
diverse population of men and women from a routine
clinical practice environment with serial serum sodium
measurements, we sought to evaluate the risk for serious
falls and/or hip fractures among men and women during
episodes of hyponatraemia (sodium <135 mEq/L) fur-
ther classified as sub-acute (< 30 days) and chronic
(≥ 30 days) compared to normonatraemia.

Methods

Study population

A retrospective cohort study of Kaiser Permanente South-
ern California (KPSC) members was performed between
1 January 1998 and 14 June 2016. KPSC is a prepaid inte-
grated health system comprised of 15 medical centres and
over 200 satellite clinics that provides comprehensive care
to over 4.5 million members throughout Southern Califor-
nia. As of December 31, 2017, there were over 2.5 million
adult members within KPSC. The patient population is
racially, ethnically and socioeconomically diverse,
reflecting the general population of Southern California.30

This includes approximately 13% Medicare funded mem-
bers and up to 8% Medical or state funded members. All
KPSC members have similar benefits and access to health-
care services, clinic visits, procedures and copays for medi-
cations. Complete healthcare encounters are tracked using
a common electronic health record (EHR) from which all
study information was extracted. The study protocol was
reviewed and approved by the KPSC Institutional Review
Board (#10758) and was exempt from informed consent.

Individuals aged 55 years and older with at least two
documented serum sodium measurements on different
days performed in an outpatient setting were included in
the study. All individuals were required to have one-year
continuous membership (up to 45-day gaps allowed) in
the health care plan prior to their first sodium measure-
ment to accurately capture any comorbidities. Individuals
were followed until they experienced any outcome (seri-
ous fall or hip fracture), disenrollment from the healthcare
plan, death, or the end of the observation period
(December 31, 2015). Laboratory values with high glucose
levels ≥200 mg/dL measured concurrently with their
sodium measurements (potential pseudohyponatraemia)
were excluded. Patients with a history of hip fracture prior
to the first sodium measurement were excluded due to
the possibility of repeat coding for hip fracture that may
have occurred in the past.

Data collection and laboratory measurements

Laboratory data, vital sign assessments (including BP mea-
surements), and diagnostic and procedure codes were col-
lected in the EHR as part of routine clinical care encounters.
Comorbidities, including hypertension (HTN), diabetes
mellitus (DM), coronary artery disease, peripheral vascular
disease, and hypothyroidism were assessed based on inpa-
tient and outpatient International Classification of Diseases
(ICD) diagnoses coding and evaluated in the year prior to the
first sodiummeasurement date. All laboratorymeasurements
were performed by an American College of Pathology/Clini-
cal Laboratory Improvement Act certified laboratory. When
available, laboratory values on serumalbumin, haemoglobin,
calcium, potassium, bicarbonate, blood urea nitrogen, creati-
nine, thyroid stimulating hormone, alkaline phosphatase,
phosphorus andhaemoglobinA1Cwere extracted.Glomeru-
lar filtration rate was estimated from serum creatinine levels
using the Chronic Kidney Disease Epidemiology Collabora-
tion Equation.31 Clinical characteristics and laboratory data
were ascertained in the year prior to the first sodium mea-
surement. Prescription orders, pharmacy fills and refills are
tracked for KPSCmembers with pharmacy benefits andwere
retrieved from the KPSC pharmacy dispensing records. Data
on hospitalizations and diagnoses that occurred outside the
health system were extracted through administrative billing
and claims records.

Sodium measurements and definitions of
hyponatraemia

Serum sodium levels were measured using a standard col-
orimetric method with normal reference values of 135–145
mEq/L (Roche Diagnostics, Alameda, California). Hypo-
natraemia was defined as a serum sodium of <135
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mEq/L. Hyponatraemia was further defined as sub-acute
when multiple serum sodium values <135 mEq/L occurred
with less than 30 days elapsed between the first and last
sodium measurement which was followed by a sodium
≥135mEq/L. Chronic hyponatraemiawas defined asmulti-
ple serum sodium measurements <135 mEq/L with 30 or
more days between first and last serum hyponatraemia
measurement. Normonatraemia was defined as all serum
sodium measurements ≥135 mEq/L. These sodium epi-
sodes were considered separately. Thus, an individual may
have contributed to one or all three sodium categories dur-
ing the observation window. All sodium values collected
are outpatient sodium measurements and also reflect only
those values that preceded a fall or hip fracture outcome.

Outcomes

The outcome evaluated was a composite of serious fall injury
and/or hip fracture. Serious fall injuries were identified by a
combination of ICD-9 (and the analogous ICD-10 codes) and
current procedure terminology codes.32,33 Serious falls were
defined as outpatient, emergency department and inpatient
diagnoses with fall-related E code (8800–8889) and an injury
code for nonpathological skull, facial, cervical, clavicle,
humeral, forearm, pelvic, hip, fibula, tibia or ankle fractures
(80000–80 619, 8070–8072, 8080–8089, 81 000–81 419,
8180–8251 or 8270–8291), brain injury (85200–85 239), or
dislocation of the hip, knee, shoulder or jaw (8300–8321,
83 500–83 513 or 83 630–83 660). In the absence of a fall-
related E code, an emergency department or inpatient diag-
nosis with any of these codes was considered a serious fall
injury as long as there was no motor vehicle accident E code
(8100–8199) within �7 days.32–35 Hip fractures were identi-
fied by: (i) at least one inpatient ICD-9 diagnosis code
(820.0X, 820.2X, 820.8X), (ii) at least one outpatient ICD-9
diagnosis code and at least one procedure code
(27230–27 248) within 7 days of the diagnosis code or
(iii) via administrative billing records for hip fractures that
were treated outside of the KPSC system. Any diagnosis code
that occurred within 3 months of another was considered to
identify the same hip fracture episode. Individuals were
observed until the occurrence of an outcome, death, disen-
rollment from the health plan or the end of the study obser-
vation period. Thus, no individual in the study could have
contributed to more than 1 event (combined serious fall/hip
fracture, serious fall or hip fracture).

Statistical analyses

Demographic information, laboratory values, and com-
orbidities among individuals who experienced any episode
of hyponatraemia, sub-acute hyponatraemia, chronic hyp-
onatraemia, and normonatraemia were compared. The

chi-square test was used to test relationships between cate-
gorical variables, and the Wilcoxon two sample test was
used to test relationships between continuous variables.
Analyses were conducted using a time varying

approach based on serial sodium measurements.36 These
values were then used to compare the risk of serious fall
injuries and hip fractures during normonatraemia, sub-
acute hyponatraemia, and chronic hyponatraemia epi-
sodes. An individual may move into and out of sodium
categories, and for various durations where each episode
would be considered separately.36 Event rates were
determined for all three sodium categories. Cox propor-
tional hazards regression modelling was used to estimate
hazard ratios (HRs) and 95% confidence interval (95%
CI) for serious falls and/ or hip fractures in (i) sub-acute
hyponatraemia versus normonatraemia and (ii) chronic
hyponatraemia versus normonatraemia. Multivariable
models included adjustment for: demographics (age,
gender, race/ethnicity), comorbidities (DM, ischaemic
heart disease, congestive heart failure, cerebrovascular
disease, peripheral vascular disease, HTN and hypothy-
roidism), laboratory results (creatinine, calcium, ha-
emoglobin, thyroid stimulating hormone and albumin),
and medication use (bisphosphonates, antihypertensive
medication, antiarrhythmic medication, anti-coagulation
medication, anti-seizure medication, hormone therapies,
corticosteroids, benzodiazepines, anti-depressants and
proton pump inhibitors).
All statistical analyses were conducted using the SAS

Enterprise Guide (version 5.1, SAS Institute Cary, GA,
USA). Results with P < 0.05 were considered statistically
significant.

Results

Cohort characteristics

A total of 1 062 647 individuals with a total of 9 762 305
sodium measurements were included in the study
(Fig. 1). The median age was 61 years, with 64% of the
study cohort between 55 and 64 years. Females
accounted for 53% of the study population. The race/
ethnicity composition of the population was 51% non-
Hispanic white, 11% black, 22% Hispanics and 10%
Asian (Table 1). HTN was identified in 47%, while DM
was present in 21% of the study cohort. The median
sodium was 139 mg/dL with 18% having had three or
more sodium measurements during the observation
window. Median haemoglobin was 14.0 g/dL, and
median albumin was 4.0 g/dL. Among 156 113 individ-
uals who had dual-energy X-ray absorptiometry results
available, osteoporosis (T-score < −2.5) was present in
35%. The mean duration of follow-up was 7.4 years.

Hyponatraemia duration and serious falls/hip fracture risk
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Sub-acute, chronic and normonatraemia
subgroup characteristics

A total of 275 804 (26%) individuals experienced a hypo-
natraemic episode of any duration with 205 055 individuals
experiencing sub-acute hyponatraemia only. The remaining
70 749 individuals experienced chronic hyponatraemic epi-
sodes, but they may have also had episodes of sub-acute
hyponatraemia during the observation window (Table 1).
The mean Na for all the sodium measurements was
140 and 137 mEq/dL among individuals categorised into
sub-acute and chronic hyponatraemia, respectively. The
normonatraemic population had lower rates of pre-existing
conditions including HTN, DM, cardiovascular disease,
peripheral vascular disease and hypothyroidism. Individuals
who experienced chronic hyponatraemia had higher rates
of HTN (50%) and were more frequently on antihyperten-
sive medications (38%) compared to the sub-acute (29%)
and normonatraemia (28%) individuals (Table 1).

Outcomes

Overall, 96 096 (9%) of the study population experienced
a serious fall and/or hip fracture, with 95 687 experiencing
a serious fall and 2723 experiencing a hip fracture. Serious
falls and/or hip fracture rates by each sodium category
were 11.5 (incidence per 1000-person years), 27.9, and
19.8 among normonatraemia, sub-acute hyponatraemia
and chronic hyponatraemia, respectively. Serious falls and
hip fracture incidence rates, separately, were also highest
during sub-acute hyponatraemia followed by chronic hyp-
onatraemia and normonatraemia (Table 2).

Regressions

Hyponatraemia of any duration had a serious fall and/or
hip fracture HR (95% CI) of 1.18 (1.15, 1.22) compared to
normonatraemia. The serious fall HR was 1.19 (1.15, 1.22)
and hip fracture HR was 1.30 (1.22, 1.39) among any hyp-
onatraemia compared to normonatraemia (Table 3).

When comparing sub-acute hyponatraemia versus
normonatraemia, the serious fall and/or hip fracture HR
was 1.38 (1.33, 1.42). The serious fall HR was 1.37 (1.32,
1.42) and hip fracture HR was 1.52 (1.42, 1.62) for sub-
acute hyponatraemia compared to normonatraemia.

Compared to normonatraemia, chronic hyponatraemia
had HR’s (95% CI) of 0.91 (0.87, 0.95), 0.92 (0.88, 0.96)
and 1.00 (0.92, 1.08) for serious falls and/or hip fractures,
serious falls and hip fractures, respectively (Table 3).

Sensitivity analyses

We performed several sensitivity analyses to evaluate
different aspects of serum sodium and serious fall and/or

Figure 1 Study population. A total of 1 062 647 individuals with a total

of 9 762 305 sodium measurements were included in the study.
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Table 1 Characteristics of normonatraemia versus hyponatraemia (sub-acute vs chronic)

Characteristics All No hyponatraemia
of any duration

Chronic
hyponatraemia†

Sub-acute
hyponatraemia only

P value

n (%) 1 062 647 (100) 786 843 70 749 205 055
Age, median 61 60.1 66.2 63.4 <0.001
55–64 years, % 64.3 68.4 45.6 55.4
65–74 years, % 23.9 21.8 32.9 28.8
75–84 years 9.7 8.1 17.9 13.3
≥85 years 2 1.7 3.6 2.6

Male, % 47 46.9 42.6 48.9 <0.001
Race, % <0.001
White 51.4 50.3 58.9 53.1
Black 10.6 10.6 7.9 11.4
Hispanic 22.4 22.5 21.2 22.8
Asian/Pacific 9.5 9.8 8.7 8.6
Other 6.1 6.9 3.3 4.6

SBP, median 129 129 132 130 <0.001
DBP, median 75 75 75 75 <0.001
BMI, median 28.4 28.4 27.1 28.5 <0.001
Hypertension, % 47.3 46.7 50.5 48.4 <0.001
Diabetes mellitus, % 20.7 18.4 27.4 27.4 <0.001
Cardiovascular disease, % 15.2 13.6 20.7 19.5 <0.001
Peripheral Vascular Disease, % 3.8 3.5 4.7 4.5 <0.001
Hypothyroid, % 7.5 7.6 7.8 6.7 <0.001
BMD, lowest t score, % <0.001
Missing 85.3 83.9 89.3 89.3
≥ −1.0 3.1 3.5 1.9 2.2
−1.0 to −2.5 6.4 7.2 4.1 4.4
≤ −2.5 5.1 5.4 4.6 4.2

Medication exposure, %
Bisphosphonates 2.5 2.5 3.1 2.3 <0.001
Other osteoporosis meds 0.2 0.1 0.3 0.2 <0.001
Anti-hypertensive meds 36.47 33.98 48.27 41.96 <0.001

ACE 20.37 19.07 25.76 23.48
ARB 3.47 3.58 3.38 3.09

Loop diuretics 1.67 1.36 2.89 2.46
MRA 0.18 0.14 0.41 0.25
Thiazides 10.76 9.82 15.79 12.66

Benzodiazepines 5.5 5 8.5 6.5 <0.001
Anti-depressant meds 10.4 10 12.8 11.3 <0.001
Proton-pump inhibitors 5.5 5.4 6.4 5.8 <0.001

Sodium (mEq/L), median 139 140 137 138 <0.001
Potassium (mEq/L), median 4.2 4.1 4.2 4.2 <0.001
Bicarbonate (mEq/L), median 28 28 27 27 <0.001
Chloride (mEq/L), median 103 104 101 102 <0.001
BUN (mg/dL), median 15 15 14 15 <0.001
Creatinine (mg/dL), median 0.9 0.9 0.9 0.9 <0.001
eGFR (mL/min/1.73m2), median 82.4 82.9 79.3 79.9 <0.001
Calcium (mg/dL), median 9.4 9.4 9.4 9.4 <0.001
Phosphorus, median 3.5 3.5 3.6 3.5 <0.001
Magnesium (mEq/L), median 1.8 1 1.8 1.8 <0.001
TSH (uIU/mL), median 1.5 1.4 1.5 1.5 <0.001
Uric acid (mg/dL), median 5.9 5.9 5.8 6 <0.001
Alkaline phosphatase (U/L),median 72 71 74 74 <0.001
Vitamin D (ng/mL), median 29 29 29 28 <0.001
HgbA1C, median 6.1 6.1 6.6 6.5 <0.001
Albumin (g/dL), median 4 4 3.9 3.9 <0.001
Haemoglobin (g/dL), median 14 14 13.6 13.9 <0.001

†These individuals may also have had sub-acute hyponatraemia episodes during the observation window.
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hip fracture risk. We assessed whether there was a dose
dependent effect of the sodium level on serious fall
and/or hip fracture risk. Compared to mean serum
sodium value of ≥135 mEq/L, the adjusted HR for serious
falls and hip fractures were 1.22 (1.19, 1.25), 1.57 (1.48,
1.66), 3.07 (2.48, 3.81) and 2.57 (1.46, 4.53) for mean
sodium 130–134, 125–129, 120–124 and < 120 mEq/L,
respectively. We also performed a subgroup analysis on
patients who had a prior history of hip fracture which
were not included in our study cohort. Among this sub-
population, the adjusted HR for serious falls and/or hip
fractures were 1.23 (1.1, 1.38) for hyponatraemia com-
pared to normonatraemia. The serious fall and/or hip
fracture HR were 0.91 (0.79, 1.06) and 1.46 (1.29, 1.64)
for chronic hyponatraemia and sub-acute hypo-
natraemia respectively. Lastly, we observed that DM,
peripheral vascular disease, and use of antidepressants
and benzodiazepines were also associated with higher
risk of serious falls and/or syncope among the study pop-
ulation (Supplemental Table 2).

Discussion

Using serial sodium measurements to determine dura-
tion of hyponatraemia, we performed a time varying
analysis to establish preceding episodes of hypo-
natraemia and their relationship to serious falls and/or
hip fractures. Our study of men and women age 55 years
and older within a real-world clinical environment rev-
ealed that episodes of hyponatraemia had a 18% greater
association with serious falls and hip fractures. The
increased risk was driven primarily by sub-acute hypo-
natraemia or the period immediately after individuals
were found to be hyponatraemic (within 30 days). In
contrast, people who experienced chronic hypo-
natraemia (≥30 days) did not appear to have a higher
association with serious falls/hip fractures compared to
those with normonatraemia. In fact, the HR for com-
bined serious falls and/or hip fracture was lower for
chronic hyponatraemia compared to normonatraemia.
Rather than chronic hyponatraemia being protective, we

feel that this was a result of a survival bias where those
who experienced serious falls and fractures during the
acute period were already captured in the analyses. It is
also plausible that those who made it to the chronic
phase of hyponatraemia may represent a more resilient
population less prone to falls and hip fracture. In addi-
tion, individuals who had hyponatraemia for a longer
period were more likely to draw the attention of their
providers whereby they may have intervened to prevent
adverse outcomes associated with the hyponatraemia
going forward. Whether hyponatraemia is a risk for seri-
ous falls and hip fractures or rather a marker of frailty is
yet to be determined.

Our study used serial sodium measurements to estab-
lish a time frame for hyponatraemia. The current find-
ings may not have been detected had we used single
baseline sodium measurements for each individual or
calculated mean or median sodium values. For example,
the median sodium levels for people who experienced
serious falls and/or hip fractures and those who did not
experience serious falls and/or hip fractures were within
normal sodium ranges (139 mEq/L and 139 mEq/L
respectively) (Supplemental Table 1). Past observations
evaluating hyponatraemia and serious falls and/or hip
fractures have been mostly based on single sodium
values and within acute care settings.12–14,17,27 They
could not determine risk based on serial sodium levels to
evaluate the impact of chronicity of hyponatraemia on
outcomes.

The mechanism by which hyponatraemia leads to
increased risk of falls and fractures is not well
understood.5–8 Hyponatraemia has been associated with
reduced bone mineral density.25,27 Animal models have
shown increased bone resorption and decreased bone
formation leading to osteoporosis.27,28 Similarly, we
observed lower rates of falls and hip fractures among
individuals who were taking thiazide diuretics which
since thiazide use has also been associated with increased
bone density.37 This benefit may have offset the risk
associated with hyponatraemia among thiazide users.
We previously reported a modest increase in the

Table 2 Event rates for primary outcome of serious falls and/or hip fracture, serious falls, and serious hip fractures

Normal Sodium Sub-Acute Hyponatraemia Chronic Hyponatraemia

Outcome Person
years

Incidence per 1000
person years (number

of outcomes)

Person
years

Incidence per 1000
person years (number

of outcomes)

Person
years

Incidence per 1000
person years

(number of outcomes)

Serious falls and/
or hip fracture

7 471 801 11.50 (86265) 239 088 27.90 (6671) 159 991 19.80 (3160)

Serious falls 7 475 587 11.50 (85890) 239 364 27.73 (6637) 160 377 19.70 (3160)
Hip fractures 8 021 440 2.48 (19889) 261 232 6.83 (1785) 180 512 5.81 (1049)
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association of osteoporosis with chronic hyponatraemia
(defined as two consecutive sodium measurements <135
mEq/L on different days) in a cross-sectional evaluation
of men and women.29 Hyponatraemia is also known to
produce subtle cognitive deficits and gait distur-
bances.14,18 Among emergency room patients presenting
with asymptomatic chronic hyponatraemia, Renneboog
et al. observed that the hyponatremic patients were more
likely to have unstable gait and attention impairments
which resolved after correction of the sodium.14

Falls and fractures remain a significant public health
concern among older people given their association with
increased morbidity and mortality. Effective fall and frac-
ture prevention strategies among older people are
important. Early identification and management of elec-
trolyte disorders such as hyponatraemia may be one
means to potentially lower and prevent these adverse
events. Our findings seem to underscore the importance
of detecting and managing outpatient hyponatraemia in
a timely manner which may lead to prevention of seri-
ous falls and/or hip fractures. KPSC has had patient
safety measures (KPSC SureNet) in place that have
addressed abnormal outpatient labs to prevent care gaps
with an emphasis on the ambulatory care environment
compared to most existing patient safety models which
target inpatient encounters.38,39 In the past, these safety
net programs have targeted chronic kidney disease,
abnormal PSA values, cancer screening, and medication
interactions. KPSC has over 20 million outpatient
encounters per year.40 There are over 60 million labora-
tory tests performed each year of which 77% are drawn
from the ambulatory care setting. The integrated health
system with the EHR repository of laboratory values
(including sodium values) would appear to be one of the
better suited environments to capture hyponatraemia
results that may be missed or delayed. Our current study
findings derived from the same KPSC clinical environ-
ment suggests that a safety program targeting hypo-
natraemia is possible. A population-based intervention
to detect and act on outpatient hyponatremic patients
may ultimately lead to prevention of adverse outcomes
including serious falls and fractures.

Potential limitations

There are several potential limitations that may affect
the interpretation of our study findings. The greater
comorbidities such as diabetes and cardiovascular disease
among the hyponatraemia patients suggest that there
were a sicker population. Thus, hyponatraemia may just
as equally be a marker of frailty rather than a causative
agent for falls and hip fractures. We also recognise that
there may have been an indication bias for sodiumTa

b
le

3
H
az
ar
ds

ra
tio

s
(9
5%

)C
If
or

se
rio

us
fa
lls

an
d
hi
p
fr
ac
tu
re
s,
se
rio

us
fa
lls
,a

nd
hi
p
fr
ac
tu
re
s O
ut
co

m
es

Se
rio

us
fa
ll
an

d/
or

hi
p
fr
ac
tu
re

Se
rio

us
fa
lls

H
ip

fr
ac
tu
re
s

H
yp

on
at
ra
em

ia
ve
rs
us

no
rm

al
N
a

C
hr
on

ic
hy
po

na
tr
ae
m
ia

ve
rs
us

no
rm

al
N
a

Su
b-
ac
ut
e

hy
po

na
tr
ae
m
ia

ve
rs
us

no
rm

al
N
a

H
yp

on
at
ra
em

ia
ve
rs
us

no
rm

al
N
a

C
hr
on

ic
hy
po

na
tr
ae
m
ia

ve
rs
us

no
rm

al
N
a

Su
b-
ac
ut
e

hy
po

na
tr
ae
m
ia

ve
rs
us

no
rm

al
N
a

H
yp

on
at
ra
em

ia
ve
rs
us

no
rm

al
N
a

C
hr
on

ic
hy
po

na
tr
ae
m
ia

ve
rs
us

no
rm

al
N
a

Su
b-
ac
ut
e

hy
po

na
tr
ae
m
ia

ve
rs
us

no
rm

al
N
a

U
na

dj
us
te
d

H
R
(9
5%

C
I)

1.
97

(1
.9
3,

2.
01

)
1.
71

(1
.6
5,

1.
78

)
2.
14

(2
.0
8,

2.
20

)
1.
97

(1
.9
3,

2.
01

)
1.
72

(1
.6
6,

1.
79

)
2.
13

(2
.0
8,

2.
19

)
2.
54

(2
.4
5,

2.
64

)
2.
31

(2
.1
7,

2.
46

)
2.
70

(2
.5
7,

2.
83

)

A
dj
us
te
d
H
R

(9
5%

C
I)†

1.
19

(1
.1
5,

1.
23

)
0.
91

(0
.8
7,

0.
95

)
1.
38

(1
.3
3,

1.
42

)
1.
19

(1
.1
5,

1.
23

)
0.
92

(0
.8
8,

0.
96

)
1.
37

(1
.3
3,

1.
42

)
1.
30

(1
.2
2,

1.
39

)
1.
00

(0
.9
2,

1.
08

)
1.
52

(1
.4
2,

1.
62

)

†A
dj
us
te
d
fo
r
ag

e
at

fi
rs
t
N
a
m
ea
su
re
m
en

t,
ge

nd
er
,r
ac
e,

et
hn

ic
ity
,c

om
or
bi
di
tie

s
(c
ar
di
ov
as
cu
la
r
di
se
as
e,

pe
rip

he
ra
lv
as
cu
la
r
di
se
as
e,

hy
pe

rt
en

si
on

,
di
ab

et
es

m
el
lit
us
,h

yp
ot
hy
ro
id
is
m
),
la
b
re
su
lts

(c
re
-

at
in
in
e,

ha
em

og
lo
bi
n,

an
d
fo
r
ev
er
y
de

cr
ea
se

of
3
in

m
g/
dL

of
so
di
um

m
ea
su
re
m
en

t)
an

d
m
ed

ic
at
io
ns

(b
is
op

ho
sp
ho

na
te
s,

ot
he

r
co

rt
ic
os
te
ro
id
s,

an
tid

ep
re
ss
an

ts
,
be

nz
od

ia
ze
pi
ne

s,
th
ia
zi
de

di
ur
et
ic
s,

an
tih

yp
er
te
ns
iv
e
m
ed

ic
at
io
ns
,p

ro
to
n-
pu

m
p
in
hi
bi
to
rs
,a

nt
i-c
oa

gu
la
tio

n
m
ed

ic
at
io
ns
,a

nt
i-a
rr
hy

th
m
ia
m
ed

ic
at
io
ns
,a

nt
i-s
ei
zu
re

m
ed

ic
at
io
ns
,a

nd
ot
he

r
en

do
cr
in
e/
ho

rm
on

al
m
ed

ic
at
io
ns
).

Hyponatraemia duration and serious falls/hip fracture risk

Internal Medicine Journal (2020) 1–9
© 2019 Royal Australasian College of Physicians

7



measurements among individuals who were tested ver-
sus those who were not. Low sodium values may reflect a
sicker population and serve as a surrogate for poor nutri-
tional status.41,42 Though our retrospective design cannot
provide a causal relationship between serum sodium and
fall/hip fractures, we were able to determine the chrono-
logical sequence of sodium values and captured subse-
quent outcomes using a time varying approach. Our
study evaluated the duration but not the degree or dose
dependent effect of hyponatraemia on fall/hip fracture
risk per se. In sensitivity analyses, we did observe a 2%
greater risk for serious falls and/or hip fracture for every
3 mEq/L decrease in sodium. Chronic hyponatraemia
covers a longer time period than sub-acute hypo-
natraemia and so is more susceptible to misclassification
between laboratory tests. If there are long periods
between laboratory checks, and if a patient is in reality
alternating back and forth from chronic hyponatraemia
to normonatraemia during this time frame, we may not
be able to capture those changes well since testing is not
continuous. Additional limitations include the fact that
we were unable to fully account for the specific causes of
each hyponatremic episode (e.g. medication use, syn-
drome of inappropriate diuretic hormone, volume

depletion, etc.). This information may give additional
insight whereby hyponatraemia may have been an inter-
mediary variable or a separate manifestation of what may
have caused serious fall or hip fracture. Despite these lim-
itations, our study was strengthened by the availability of
longitudinal data and the ability to control for several
confounders utilising a time varying model.

Conclusion

Among a large, ethnically diverse population of men and
women with serial outpatient sodium values, we observed
an increased risk for serious falls and/or hip fractures
among people during episodes of hyponatraemia. This
effect was driven by episodes of sub-acute hyponatraemia
(< 30 days) whereas chronic hyponatraemia was not asso-
ciated with higher risk. Our findings suggest that the initial
period of hyponatraemia poses the greatest risk for serious
falls and/or hip fractures. Patient safety measures that lead
to early identification and early correction of outpatient
hyponatraemia seem warranted given the potential to pre-
vent future adverse outcomes including serious falls and
hip fractures.

Reference

1 Ayus JC, Bellido T, Negri AL.

Hyponatremia and fractures: should

hyponatremia be further studied as a

potential biochemical risk factor to be

included in FRAX algorithms? Osteoporos

Int 2017; 28: 1543–8.

2 Miller M. Hyponatremia and arginine

vasopressin dysregulation: mechanisms,

clinical consequences, and

management. J Am Geriatr Soc 2006; 54:

345–53.

3 Ayus JC, Negri AL, Kalantar-Zadeh K,

Moritz ML. Is chronic hyponatremia a

novel risk factor for hip fracture in the

elderly? Nephrol Dial Transplant 2012;

27: 3725–31.

4 Woodward M, Gonski P, Grossmann M,

Obeid J, Scholes R, Topliss DJ. Diagnosis

and management of hyponatraemia in

the older patient. Intern Med J 2018; 48

Suppl 1: 5–12.

5 Ayus JC, Achinger SG, Arieff A. Brain

cell volume regulation in hyponatremia:

role of sex, age, vasopressin, and

hypoxia. Am J Physiol Renal Physiol

2008; 295: F619–24.

6 Ayus JC, Arieff AI. Pulmonary

complications of hyponatremic

encephalopathy. Noncardiogenic

pulmonary edema and hypercapnic

respiratory failure. Chest 1995; 107:

517–21.

7 Ayus JC, Krothapalli RK, Arieff AI.

Treatment of symptomatic

hyponatremia and its relation to brain

damage. A prospective study. N Engl J

Med 1987; 317: 1190–5.

8 Ayus JC, Arieff AI. Chronic

hyponatremic encephalopathy in

postmenopausal women: association of

therapies with morbidity and mortality.

JAMA 1999; 281: 2299–304.

9 Kinsella S, Moran S, Sullivan MO,

Molloy MG, Eustace JA. Hyponatremia

independent of osteoporosis is

associated with fracture occurrence. Clin

J Am Soc Nephrol 2010; 5: 275–80.

10 Hoorn EJ, Rivadeneira F, van Meurs JB,

Ziere G, Stricker BH, Hofman A et al.

Mild hyponatremia as a risk factor for

fractures: the Rotterdam study. J Bone

Miner Res 2011; 26: 1822–8.

11 Tolouian R, Alhamad T, Farazmand M,

Mulla ZD. The correlation of hip

fracture and hyponatremia in the

elderly. J Nephrol 2012; 25:

789–93.

12 Sandhu HS, Gilles E, DeVita MV,

Panagopoulos G, Michelis MF.

Hyponatremia associated with large-

bone fracture in elderly patients. Int

Urol Nephrol 2009; 41: 733–7.

13 Gankam Kengne F, Andres C, Sattar L,

Melot C, Decaux G. Mild hyponatremia

and risk of fracture in the ambulatory

elderly. QJM 2008; 101: 583–8.

14 Renneboog B, Musch W,

Vandemergel X, Manto MU, Decaux G.

Mild chronic hyponatremia is associated

with falls, unsteadiness, and attention

deficits. Am J Med 2006; 119: 71.e1–8.

15 Usala RL, Fernandez SJ, Mete M,

Cowen L, Shara NM, Barsony J et al.

Hyponatremia is associated with

increased osteoporosis and bone

fractures in a large US health system

population. J Clin Endocrinol Metab

2015; 100: 3021–31.

16 Ayus JC, Fuentes NA, Negri AL,

Moritz ML, Giunta DH, Kalantar-

Zadeh K et al. Mild prolonged chronic

hyponatremia and risk of hip fracture in

the elderly. Nephrol Dial Transplant

2016; 31: 1662–9.

17 Kuo SCH, Kuo PJ, Rau CS, Wu SC,

Hsu SY, Hsieh CH. Hyponatremia is

associated with worse outcomes from

fall injuries in the elderly. Int J Environ

Res Public Health 2017; 14: 1–11.

18 Verghese J, LeValley A, Hall CB,

Katz MJ, Ambrose AF, Lipton RB.

Epidemiology of gait disorders in

community-residing older adults. J Am

Geriatr Soc 2006; 54: 255–61.

Bhandari et al.

Internal Medicine Journal (2020) 1–9
© 2019 Royal Australasian College of Physicians

8



19 Sattin RW. Falls among older persons: a

public health perspective. Annu Rev

Public Health 1992; 13: 489–508.

20 Stevens JA, Corso PS, Finkelstein EA,

Miller TR. The costs of fatal and non-

fatal falls among older adults. Inj Prev

2006; 12: 290–5.

21 Tinetti ME, Williams CS. Falls, injuries

due to falls, and the risk of admission to

a nursing home. N Engl J Med 1997;

337: 1279–84.

22 Haentjens P, Magaziner J, Colon-

Emeric CS, Vanderschueren D,

Milisen K, Velkeniers B et al. Meta-

analysis: excess mortality after hip

fracture among older women and men.

Ann Intern Med 2010; 152: 380–90.

23 Schnell S, Friedman SM,

Mendelson DA, Bingham KW,

Kates SL. The 1-year mortality of

patients treated in a hip fracture

program for elders. Geriatr Orthop Surg

Rehabil 2010; 1: 6–14.

24 Lu-Yao GL, Baron JA, Barrett JA,

Fisher ES. Treatment and survival

among elderly Americans with hip

fractures: a population-based study.

Am J Public Health 1994; 84: 1287–91.

25 Kruse C, Eiken P, Verbalis J,

Vestergaard P. The effect of chronic mild

hyponatremia on bone mineral loss

evaluated by retrospective national

Danish patient data. Bone 2016; 84: 9–14.

26 Vandergheynst F, Gombeir Y, Bellante F,

Perrotta G, Remiche G, Melot C et al.

Impact of hyponatremia on nerve

conduction and muscle strength. Eur J

Clin Invest 2016; 46: 328–33.

27 Verbalis JG, Barsony J, Sugimura Y,

Tian Y, Adams DJ, Carter EA et al.

Hyponatremia-induced osteoporosis.

J Bone Miner Res 2010; 25: 554–63.

28 Barsony J, Sugimura Y, Verbalis JG.

Osteoclast response to low extracellular

sodium and the mechanism of

hyponatremia-induced bone loss. J Biol

Chem 2011; 286: 10864–75.

29 Adams AL, Li BH, Bhandari S, Kamat S,

Sundar S, Krasa H et al. Chronic

hyponatremia and association with

osteoporosis among a large racially/

ethnically diverse population. Osteoporos

Int 2019; 30: 853–61.

30 Koebnick C, Langer-Gould AM,

Gould MK, Chao CR, Iyer RL, Smith N

et al. Sociodemographic characteristics

of members of a large, integrated health

care system: comparison with US

Census Bureau data. Perm J 2012; 16:

37–41.

31 Levey AS, Stevens LA, Schmid CH,

Zhang YL, Castro AF 3rd, Feldman HI

et al. A new equation to estimate

glomerular filtration rate. Ann Intern

Med 2009; 150: 604–12.

32 Shimbo D, Barrett Bowling C,

Levitan EB, Deng L, Sim JJ, Huang L

et al. Short-term risk of serious fall

injuries in older adults initiating and

intensifying treatment with

antihypertensive medication. Circ

Cardiovasc Qual Outcomes 2016; 9:

222–9.

33 Tinetti ME, Han L, Lee DS, McAvay GJ,

Peduzzi P, Gross CP et al.

Antihypertensive medications and

serious fall injuries in a nationally

representative sample of older adults.

JAMA Intern Med 2014; 174: 588–95.

34 Bowling CB, Bromfield SG,

Colantonio LD, Gutierrez OM,

Shimbo D, Reynolds K et al. Association

of Reduced eGFR and albuminuria with

serious fall injuries among older adults.

Clin J Am Soc Nephrol 2016; 11:

1236–43.

35 Sim JJ, Zhou H, Bhandari S, Wei R,

Brettler JW, Tran-Nguyen J et al. Low

systolic blood pressure from treatment

and association with serious falls/

syncope. Am J Prev Med 2018; 55:

488–96.

36 Dekker FW, de Mutsert R, van Dijk PC,

Zoccali C, Jager KJ. Survival analysis:

time-dependent effects and time-

varying risk factors. Kidney Int 2008; 74:

994–7.

37 Cauley JA, Cummings SR, Seeley DG,

Black D, Browner W, Kuller LH et al.

Effects of thiazide diuretic therapy on

bone mass, fractures, and falls. The

study of osteoporotic fractures research

group. Ann Intern Med 1993; 118:

666–73.

38 Danforth KN, Smith AE, Loo RK,

Jacobsen SJ, Mittman BS, Kanter MH.

Electronic clinical surveillance to

improve outpatient care: diverse

applications within an integrated

delivery system. EGEMS (Wash DC),.

2014;2:1–9.

39 Sim JJ, Rutkowski MP, Selevan DC,

Batech M, Timmins R, Slezak JM, et al.

Kaiser Permanente creatinine safety

program: a mechanism to ensure

widespread detection and care for

chronic kidney disease. Am J Med. 2015;

128:1204–11 e1.

40 Kanter MH, Lindsay G, Bellows J,

Chase A. Complete care at Kaiser

Permanente: transforming chronic and

preventive care. Jt Comm J Qual Patient

Saf 2013; 39: 484–94.

41 Angeli P, Wong F, Watson H, Gines P,

Investigators C. Hyponatremia in

cirrhosis: results of a patient

population survey. Hepatology 2006;

44: 1535–42.

42 Gheorghiade M, Rossi JS, Cotts W,

Shin DD, Hellkamp AS, Pina IL et al.

Characterization and prognostic value

of persistent hyponatremia in patients

with severe heart failure in the ESCAPE

trial. Arch Intern Med 2007; 167:

1998–2005.

Supporting Information

Additional supporting information may be found in the online version of this article at the publisher’s web-site:

Appendix S1. Supporting information.

Hyponatraemia duration and serious falls/hip fracture risk

Internal Medicine Journal (2020) 1–9
© 2019 Royal Australasian College of Physicians

9


	 Sub-acute more than chronic hyponatraemia is associated with serious falls and hip fractures
	Background
	Methods
	Study population
	Data collection and laboratory measurements
	Sodium measurements and definitions of hyponatraemia
	Outcomes
	Statistical analyses

	Results
	Cohort characteristics
	Sub-acute, chronic and normonatraemia subgroup characteristics
	Outcomes
	Regressions
	Sensitivity analyses

	Discussion
	Potential limitations

	Conclusion
	Reference


