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CLINICAL STUDY

Serum sodium shift in hyponatremic patients undergoing liver
transplantation: a retrospective cohort study

Adam Romanovsky1,2, Luciano C.P. Azevedo1, Glenda Meeberg3, Rayna Zibdawi1, David Bigam3, and Sean M.
Bagshaw1

1Division of Critical Care Medicine, University of Alberta, Edmonton, Canada, 2Division of Nephrology, University of Alberta, Edmonton, Canada,

and 3Department of Surgery, University of Alberta, Edmonton, Canada

Abstract

Introduction: We aimed to describe the pre-operative incidence of hyponatremia in patients
undergoing liver transplantation (LTx), as well as the rate and consequences of rapid peri-
operative sodium rises in these patients. Methods: This was a retrospective before and after
observational study performed at a University-affiliated LTx center between January 2007 and
June 2013. The primary exposure was pre-operative hyponatremia, defined as a serum sodium
(SNa) 5133 mmol/L. The primary outcome was occurrence of a rapid SNa shift, defined as
�10 mmol/L in the first 24 h following LTx. The rates of rapid peri-operative SNa shift were
compared before and after a focused quality assurance (QA) initiative performed in July 2009.
Results: Of 366 LTx, 69 (18.9%) had pre-operative hyponatremia, 6 (8.7%) of whom had a rapid
rise in serum sodium (SNa). Rapid rise was associated with a greater intra-operative positive
fluid balance (p50.001) and use of intra-operative continuous renal replacement therapy
(CRRT) (p¼ 0.017). A rapid rise in SNa was associated with more neurological investigations in
the post-transplant period (brain computed tomography, electroencephalogram, swallow
studies), increased neurological deficits (p¼ 0.006), more abnormal swallowing assessments
(p¼ 0.003), a tendency for more neurology consultations (p¼ 0.058), increased discharge to a
rehabilitation or long-term care facility (p50.001), and increased 6-month mortality (p50.001).
Following a QA initiative, rapid peri-operative rises in SNa among hyponatremic patients was
significantly reduced (20% vs. 0%, p50.003). Conclusion: Pre-operative hyponatremia and rapid
peri-operative SNa shifts are associated with a more complicated post-operative course and
worse outcomes following LTx. Increased education and awareness, along with process
changes, such as standardizing CRRT prescription, can reduce iatrogenic rapid peri-operative
shifts in SNa.
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Introduction

Rapid correction of serum sodium (SNa) in patients with

chronic hyponatremia may pre-dispose to osmotic demyelin-

ation syndrome (ODS) due to the compensatory extracellular

movement of electrolytes and organic osmolytes.1–5

Both animal and human data showed that the absolute rise

in SNa within a 24- or 48-hour period is highly predictive

for the development of ODS.4–7 The exact margin by which

SNa can be safely raised in a day remains controversial,

but the literature supports an increase of not greater than

8–12 mmol/L per 24 h or 18 mmol/L over 48 h.7,8

Many cirrhotic patients develop hyponatremia and more

than 30% are hyponatremic at the time of liver transplantation

(LTx).9,10 Hyponatremia is mediated, in part, by elevated

circulating levels of arginine vasopressin due to vasodilata-

tion-induced reductions in effective circulating volume.11–13

These patients are therefore at risk of ODS with any

intervention that contributes to a rapid elevation in SNa.

Post-operative ODS can be heterogeneous in presentation and

difficult to diagnose; however, confirmation correlates with

worse clinical outcome and long-term disability.14

Several studies have shown hyponatremia to be a

poor prognostic indicator for cirrhotic patients receiving

LTx.9,15–18 Yun et al.9 found that pre-operative hyponatremia

is associated with an increased risk for post-operative

ODS, along with prolonged stay in both ICU and hospital.

On the other hand, few studies have focused on the rate of

peri-operative SNa correction and its relationship with post-

operative neurologic outcomes.18–20 Yu et al.19 demonstrated

a 3.5% incidence of ODS post-LTx that was associated with

an increased rate of SNa correction.

Thus, we hypothesized that patients with pre-operative

hyponatremia would be at an increased risk for rapid SNa

shift in the immediate post-operative period and that this
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would translate into a more complicated clinical course and

worse post-LTx outcome. Accordingly, our objectives were:

(1) To describe the incidence of and rate of increase in SNa in

hyponatremic patients following LTx; (2) To describe the

clinical and/or therapeutic factors associated with rapid

increases in SNa following LTx; (3) To describe the

association between rapid increases in SNa and clinical

outcomes; and (4) To evaluate the impact of a focused quality

assurance initiative to reduce the risk of rapid peri-operative

SNa shift following LTx.

Methods

The study protocol was approved by the Health Research

Ethics Board at the University of Alberta prior to commence-

ment. Due to its retrospective observational design the need

for informed consent was waived.

Study design and setting

The study was a retrospective observational before and after

cohort study of patients undergoing liver transplantation

(LTx) at the University of Alberta Hospital between 1 January

2007 and 20 June 2013. The University of Alberta Hospital

Liver Transplant Program was started in 1989 and now

performs approximately 70 liver transplants annually.

Study population

Patients were included if they were �18 years and had a

documented pre-operative SNa 5133 mmol/L within 24 h

of LTx. This threshold for hyponatremia was chosen, as it is

the lower limit of normal in our laboratory. If patients

had multiple SNa measures during this period, the measure

nearest to the start of surgery was used. SNa measurements

were captured for the subsequent 48 h. The post-operative

change in SNa during the first 24 and 48 h was determined.

A rapid rise in post-operative SNa was defined as a change in

SNa �10 mmol/L in the first 24 h.8

Study protocol

All patients who received a LTx during the study period

were identified by review of the University of Alberta

Hospital Liver Transplant Program database (Organ

Transplant Tracking Record [OTTR], HKS Medical

Information Systems, Omaha, NE).

Each eligible patient underwent a review of their med-

ical record and ascertainment of clinical outcomes. Data

captured for each patient included demographics (i.e. age,

sex, co-morbidities, pre-LTx disposition), liver disease details

(i.e. liver diagnoses, pre-operative complications), acute

physiology/laboratory parameters (i.e. 24 h prior, intra- and

post-operatively), and details of surgery. Intra-operative and

post-operative data captured included use of vasopressors,

fluid balance, diuretic use, and need for renal replacement

therapy (RRT). Outcome data ascertained included duration

of mechanical ventilation, re-intubation rate, need for neuro-

imaging or swallowing studies, mental status changes, neuro-

logical deficits or complications (as specifically described

in the medical record), as well as ICU and hospital lengths

of stay, mortality, and discharge location.

Study definitions

Severity of liver disease was assessed by the calculation

of the unadjusted Model for End-Stage Liver Disease

(MELD) score.21 The MELD score used was the composite

score calculated immediately prior to LTx. The presence

of comorbidities was characterized and quantified by the

Charlson co-morbidity index.22

Data sources

All data were collected on standardized case report forms.

Data were extracted from the Liver Transplant Program

database and through individual medical record review.

The Liver Transplant Program database was interrogated

for peri-operative data. Individual medical record review

was conducted for data on SNa, details of pre-, intra-, and

post-operative clinical factors and outcomes.

Quality assurance/improvement review

In July 2009, a quality assurance/improvement review of the

peri-operative management of LTx patients with pre-operative

hyponatremia was undertaken. Data from before and after the

review were analyzed and compared. From this review, several

initiatives to improve awareness of the potential iatrogenic

complications related to rapid peri-operative sodium shifts

were undertaken along with interventions to mitigate excessive

peri-operative SNa shift. The implementation phase of the QA

review included engaging stakeholders through presentations,

the introduction of standardized documentation and the

availability of a consultative service. Presentations on the

risks and management of peri-operative hyponatremia were

held in the form of rounds and educational sessions across

inter-disciplinary settings over the subsequent 6 months,

including liver transplant surgeons, anesthesiologists and

critical care. We immediately developed and introduced

standardized orders for the set up and management of intra-

operative CRRT during LT, specifically addressing modifica-

tion of replacement fluid to mitigate excessive iatrogenic rises

in SNa if pre-operative hyponatremia was evident. Finally, for

patients with pre-operative hyponatremia, we also immediately

recommended patients be reviewed in consultation with an

expert in hyponatremia management who is also familiar with

LTx (i.e. experts were among three experienced intensivists

with training in critical care nephrology).

Statistical analysis

Analysis was performed using Stata 13 (Stata Corp, College

Station, TX). In the event of missing data values, data were

not replaced or estimated. For analysis of the primary

objective, incidence of peri-operative rapid SNa change,

descriptive statistics were used. The absolute and relative

changes to peri-operative SNa were reported for normally or

near normally distributed variables as means with standard

deviations (SD) and compared by Student’s t-test and for non-

normally distributed continuous data as medians and P25–P75

and compared by Mann–Whitney U-test. Post-operative SNa

�10 mmol/L were reported as proportions and compared

using Fisher’s exact test. A p-value of50.05 was considered

statistically significant for all comparisons.
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Results

A total of 366 patients received LTx during the study period,

of which 69 (18.9%) had a pre-operative SNa5133 mmol/L.

Of these patients, 6 (8.7%) had a rapid correction of SNa

within the first 24 post-operative hours. This represented 1.6%

of all LTx performed during the study period. All 6 patients

who had a rapid correction of SNa had either documented

chronic hyponatremia or hyponatremia of unknown duration

at the time of LTx.

Analysis according to sodium alterations in the peri-
operative period

LTx patients with a rapid SNa shift were more likely to be

hospitalized prior to surgery (83.3% vs. 29.2%, p¼ 0.02)

(Table 1). The Charlson comorbidity score was also greater in

hyponatremic patients with a rapid SNa shift as compared to

those without rapid shift (p50.001). There were no other

significant differences between the two groups.

Pre-operative SNa in the rapid correction group was sig-

nificantly lower than the control group (129 vs. 126 mmol/L,

p¼ 0.047). There were no differences between the rapid

correction and control group in pre-operative vasopressor use,

RRT, diuretics, or corticosteroid use.

The change in SNa in the first 24 h was significantly

higher for the rapid correction group (mean 12.8, SD 1.9,

mmol/L) as compared to controls (mean 3.3, SD 2.9)

(p50.001) (Table 2). After 48 h, the mean change in

SNa in the rapid correction group was also significantly

higher (mean 10.5, SD 1.3) compared to the control group

(mean 4.9, SD 3.6 mmol/L) (p50.001). Those with a rapid

shift had a greater intra-operative fluid balance compared

with controls. Rapid SNa shift was more likely in those

receiving intra-operative CRRT compared with controls.

There were no differences between the rapid correction and

controls in post-operative use of vasopressors, RRT, or

diuretics. Corticosteroids were more commonly used in the

rapid correction group.

There was no statistical differences in post-operative

duration of mechanical ventilation, need for re-intubation,

or difficulty in the weaning process (Table 3). On the other

hand, brain-computed tomography, electroencephalogram,

and swallow studies were more commonly performed in

patients with rapid SNa correction as compared to controls.

Moreover, these patients had more abnormal results on the

swallowing tests and had more neurological deficits. These

data may partially explain the non-significant trend toward

more neurological consultations in the rapid shift group.

There was a greater likelihood of discharge to a rehabilitation/

long-term care facility and 6-mortality in the rapid correction

group compared with controls.

Subgroup analysis following quality assurance review

Table 4 identifies the clinical characteristics of the groups

before and after the QA review. In the post-review period,

patients showed a trend for higher MELD score compared

with the pre-review period. No other differences were

observed regarding the characteristics of both groups. There

were no clinically significant differences in acute physiology

between the pre- and post-review periods (Table 4).

Table 5 describes the peri-operative changes to SNa and

interventions received before and after the QA review.

Despite similar baseline SNa values, those undergoing LTx

in the post-review period showed lower peri-operative SNa

shift at 24 h and none had a shift410 mmol/L in the first 24 h

compared to 6 in the pre-review period (p¼ 0.003). In

addition, post-review patients had lower intra-operative fluid

accumulation and received less corticosteroids compared with

the pre-review group.

Clinical investigations and outcomes are shown in Table 6.

Though not statistically significant, patients receiving LTx in

the post-review period showed trends for fewer neurologic

deficits and neurology consultations. Moreover, post-review

patients showed a lower mortality at 6 months (p¼ 0.043).

Discussion

We conducted a retrospective surveillance of hyponatremic

patients receiving liver transplantation to describe the inci-

dence of rapid peri-operative SNa shift and describe the

clinical and therapeutic factors and outcomes associated with

rapid SNa shifts. We also evaluated the impact of a quality

assurance review and implementation of recommendations on

the occurrence of rapid peri-operative SNa shifts.

Table 1. Summary of baseline characteristics and pre-operative physiology, laboratory values and interventions.

Variables Total (n¼ 69) SNa510 mmol/L (n¼ 63) SNa �10 mmol/L (n¼ 6) p-Value

Age at time of LT (mean [SD]) (years) 53.3 (10.3) 53 (10.5) 57 (7.8) 0.369
Male sex (%) 44 (64) 40 (63) 4 (66) 0.916
MELD Score (mean [SD]) 24.2 (8.5) 24.2 (8.6) 23.5 (8.7) 0.834
Indication for Lx transplantation*

Hepatitis C virus 26 (38) 25 (40) 1 (17) 0.255
Alcoholic cirrhosis 16 (23) 14 (22) 2 (33) 0.553
Hepatocellular carcinoma 14 (20) 13 (21) 1 (17) 0.804
Other indications 32 (46) 29 (46) 3 (50) 0.880

Disposition at time of LT (%) 0.02
Home 13 (43.3) 13 (54.2) 0 (0)
Hospitalized 12 (40.0) 7 (29.2) 5 (83.3)
ICU 5 (16.7) 4 (16.7) 1 (16.7)

Living donor (%) 11 (16) 10 (16) 1 (17) 0.960

Notes: *More than one indication may apply.
LT¼ liver transplant; MELD¼model for end-stage liver disease; ICU¼ intensive care unit; RRT¼ renal replacement therapy.
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Key findings

We found that 18.9% of patients were hyponatremic prior to

LTx. We also found that 8.7% of these patients had a shift in

SNa of �10 mmol/L in 24 h following surgery; a degree of

change known to be associated with ODS.5,7 A rapid

correction in SNa was associated with a greater intra-

operative positive fluid balance and use of intra-operative

CRRT. Patients with a rapid correction were more likely to

require neurological tests in the post-transplant phase, had

more neurological deficits, and abnormal findings on formal

swallowing assessments. Rapid peri-operative SNa shifts were

also associated with discharge to dependent living and lower

survival. Moreover, we found an inter-disciplinary quality

assurance review to increase awareness and implement

recommendations significantly reduced the occurrence of

iatrogenic peri-operative rapid shifts in SNa. Despite similar

severity of pre-operative illness, those receiving LTx in the

Table 3. Summary of clinical outcomes.

Variables Total (n¼ 69) SNa510 mmol/L (n¼ 63) SNa �10 mmol/L (n¼ 6) p-Value

Duration of MV (med [P25–P75]) (days) 2 (1–3) 1 (1–3) 3 (1–33) 0.189
Re-intubation required (%) 16 (23) 13 (21) 3 (50) 0.109
Difficult to wean from mechanical ventilation (%) 14 (20) 12 (19) 2 (33) 0.406
Tracheostomy (%) 10 (14) 8 (13) 2 (33) 0.170
ICU length of stay (med [P25–P75]) (days) 4 (2–8) 5 (2–12) 8 (3–71) 0.337
MET activation (%) 15 (22) 13 (21) 2 (33) 0.471
ICU re-admission (%) 15 (22) 13 (21) 2 (33) 0.471
Brain CT (%) 16 (23) 12 (19) 4 (63) 0.008
Brain MRI (%) 15 (22) 13 (21) 2 (33) 0.471
EEG (%) 6 (9) 5 (8) 2 (33) 0.049
Abnormal mental status (%) 24 (35) 21 (33) 3 (50) 0.416

Confusion 14 (20) 13 (21) 1 (17)
Delirium 7 (10) 6 (10) 1 (17)
Altered level of conscience 3 (4) 2 (3) 1 (17)

Neurological deficitsx (%) 9 (13) 6 (10) 3 (50) 0.006
Neurology consultation (%) 14 (20) 11 (17) 3 (50) 0.058
Speech-pathology consultation (swallow study) (%) 16 (23) 13 (21) 3 (50) 0.003

Normal (%) 9 (13) 9 (15) 0 (0)
Abnormal (%) 7 (10) 4 (6) 3 (50)

Hospital length of stay (med [P25–P75]) (days) 30 (21–46) 30 (21–46) 32 (21–127) 0.424
Discharge location (%) 50.001

Home 58 (84) 55 (87) 3 (50)
Death 1 (1) 0 (0) 1 (17)
Other hospital 5 (7) 5 (8) 0 (0)
Rehab/long-term care 5 (7) 3 (5) 2 (33)

6-month mortality (%) 3 (4) 1 (2) 2 (33) 50.001

Notes: EEG¼ electroencephalogram; CT¼ computerized tomography; MRI¼magnetic resonance imaging; ICU¼ intensive care unit; MET¼medical
emergency team; MV¼mechanical ventilation.
xDeficits included: focal neurologic deficits; seizure.

Table 2. Details of peri-operative serum sodium shift, and intra/post-operative interventions.

Variables Total (n¼ 69) SNa510 mmol/L (n¼ 63) SNa � 10 mmol/L (n¼ 6) p-Value

Pre-operative sodium (SNa) (mean [SD]) (mmol/L) 129 (3) 129 (2) 126 (4) 0.047
DSNa at 24 h (mean [SD]) (mmol/L) 4.1 (3.9) 3.3 (2.9) 12.8 (1.9) 50.001
Post-operative SNa at 24 h (mean [SD]) (mmol/L) 133 (4) 132 (4) 139 (4) 50.001
DSNa at 48 h (mean [SD]) (mmol/L) 5.4 (3.8) 4.9 (3.6) 10.5 (1.3) 50.001
Post-operative SNa at 48 h (mean [SD]) (mmol/L) 134 (4) 134 (4) 137 (4) 0.056
Increase in SNa410 mmol/L at 48 h (%) 8 (12) 3 (5) 5 (83) 50.001
Operative duration (mean [SD]) (min) 406 (142) 408 (134) 389 (224) 0.761
Intra-operative fluid balance (med [P25–P75]) (L) 5.6 (4.0–7.75) 5.2 (3.8–7.2) 9.8 (8.1–26.3) 50.001
Post-operative fluid balance at 24 h (med [P25–P75]) (L) 3.0 (1.2–5.2) 2.5 (0.9–5.1) 4.9 (3.5–7.2) 0.077
Intra-operative CRRT (%) 11 (16) 8 (13) 3 (50) 0.017
Post-operative RRT (%) 12 (17) 10 (16) 2 (33) 0.281
Intra-operative vasopressors (%)

Any (%) 69 (100) 63 (100) 6 (100) –
Vasopressin (%) 54 (78) 49 (78) 5 (83) 0.753

Post-operative vasopressors (%)
Any (%) 43 (62) 39 (62) 4 (67) 0.818
Vasopressin (%) 27 (39) 23 (37) 4 (67) 0.148

Post-operative corticosteroids (%) 11 (16) 8 (13) 3 (50) 0.017
Post-operative diuretics (%) 16 (23) 15 (24) 1 (17) 0.692

Notes: SNa ¼ serum sodium; CRRT¼ continuous renal replacement therapy; RRT¼ renal replacement therapy.
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post-review period showed trends for fewer neurologic

deficits and neurology consultations along with improved

6-month survival.

Interpretation and context with prior literature

The incidence of pre-operative hyponatremia in our study

is consistent with the rates described in prior studies.

When defined as a SNa 5135 mmol/L, two large observa-

tional studies described an incidence of pre-operative

hyponatremia in the range of 31.3–32.4%.9,10 The lower

incidence in our study is likely attributable to defining

hyponatremia by a lower threshold (SNa 5133 mmol/L).

Not only have prior data shown that pre-operative hypona-

tremia is relatively common and a negative prognostic factor,

it has also been associated with an increased iatrogenic risk of

post-operative ODS.15,17,19,23–26 In a 10-year retrospective

surveillance of 2175 patients undergoing LTx, Yun et al.9

found the development of post-operative ODS occurred in

0.5% of patients and was correlated with a lower pre-

operative SNa (129 vs. 136 mmol/L). Previous studies also

linked pre-operative hyponatremia to an increased risk of

rapid SNa shift and undesired complications.9,20 One study

found patients with a pre-operative SNa 5130 mmol/L were

more likely to undergo a rapid intra-operative increases in

SNa.27 Boon et al.28 described five cases of previously

undiagnosed myelinolysis among 50 post-mortem examin-

ations of patients who died following LTx. Four of these

patients had a rapid peri-operative increase in SNa, of whom

three had a pre-operative SNa 5133 mmol/L.28 Similarly,

Singh et al.29 showed that patients with myelinolysis

had marked peri-operative variations in SNa (415 mmol/L).

Table 5. Details of peri-operative serum sodium shift, and intra/post-operative treatments, divided according to before and after QA implementation.

Characteristic Overall (n¼ 69) Before QA review (n¼ 30) After QA review (n¼ 39) p-Value

Pre-operative sodium (SNa) (mean [SD]) (mmol/L) 129 (3) 129 (3) 128 (3) 0.643
D SNa at 24 h (mean [SD]) (mmol/L) 4.1 (3.9) 5.3 (4.8) 3.3 (2.8) 0.036
Post-operative SNa at 24 h (mean [SD]) (mmol/L) 133 (4) 134 (5) 132 (4) 0.135
Increase in SNa410 mmol/L at 24 h (%) 6 (9) 6 (20) 0 (0) 0.003
D SNa at 48 h (mean [SD]) (mmol/L) 5.3 (3.8) 5.9 (4.3) 4.9 (3.4) 0.310
Post-operative SNa at 48 h (mean [SD]) (mmol/L) 134 (4) 135 (5) 134 (3) 0.509
Increase in SNa410 mmol/L at 48 h (%) 8 (12) 5 (17) 3 (8) 0.248
Operative duration (mean [SD]) (min) 406 (142) 403 (184) 409 (102) 0.861
Intra-operative fluid balance (med [P25–P75]) (L) 5.6 (4.0–7.75) 6.4 (4.6–7.9) 5.2 (3.3–8.0) 0.020
Post-operative fluid balance at 24 h (med [P25–P75]) (L) 3.0 (1.2–5.2) 2.9 (0.8–5.6) 3.4 (1.6–4.8) 0.799
Post-operative fluid balance at 48 h (med [P25–P75]) (L) 2.8 (1.2–4.0) 2.7 (0.8–4.0) 3.0 (1.5–4.2) 0.934
Intra-operative CRRT (%) 11 (16) 5 (17) 6 (15) 0.885
Post-operative RRT (%) 12 (17) 4 (13.3) 8 (20) 0.435
Intra-operative vasopressors (%)

Any (%) 69 (100) 30 (100) 39 (100) –
Vasopressin (%) 54 (78) 22 (73) 32 (82) 0.384

Post-operative vasopressors (%)
Any (%) 41 (59) 16 (53) 27 (69) 0.177
Vasopressin (%) 27 (39) 9 (30) 18(46) 0.173

Post-operative diuretics (%) 16 (23) 7 (23) 9 (23) 0.980

Notes: QA¼ quality assurance; SNa¼ serum sodium; SD¼ standard deviation; CRRT¼continuous renal replacement therapy; RRT¼ renal
replacement therapy.

Table 4. Summary of preoperative acute physiology and laboratory values, divided according to before and after QA implementation.

Characteristic Overall (n¼ 69) Before QA Review (n¼ 30) After QA Review (n¼ 39) p-Value

MELD Score (mean [SD]) 24.2 (8.5) 22.6 (8.4) 25.4 (8.5) 0.172
Temperature (mean [SD]) (degree Celsius) 35.9 (0.6) 36.2 (0.6) 35.8 (0.6) 0.012
Heart rate (mean [SD]) (/min) 82.0 (12.5) 81.1 (13.8) 82.7 (11.1) 0.593
Mean arterial pressure (mean [SD]) (mmHg) 83.7 (11.2) 82.1 (8.4) 85.0 (12.9) 0.290
CVP (mean [SD]) (mmHg) 12.2 (5.3) 11.6 (4.9) 12.7 (5.6) 0.381
Hemoglobin (mean [SD]) (g/L) 104 (18) 110 (20) 100 (17) 0.025
White cell count (med [P25–P75]) (109 cells/mL) 5.3 (4.3–7.6) 6.2 (4.5–9.2) 5.1 (3.9–6.3) 0.087
Platelets (mean [SD]) (109 cells/mL) 93 (76) 105 (75) 85 (77) 0.301
Bilirubin (med [P25-P75]) (mmol/L) 94 (47–306) 89 (53–372) 110 (35–288) 0.545
INR (mean [SD]) 1.8 (0.6) 1.7 (0.5) 1.9 (0.8) 0.091
Albumin (mean [SD]) (mmol/L) 31.6 (7) 32.3 (8) 31.1 (6) 0.487
Sodium (SNa) (mean [SD]) (mmol/L) 129 (3) 129 (3) 128 (3) 0.643
Serum creatinine (mean [SD]) (mmol/L) 93 (49) 100 (46) 87 (52) 0.334
Pre-operative vasopressors (%) 3 (4) 1 (3) 2(5) –
Pre-operative RRT (%) 10 (14) 3 (10) 7 (17) 0.352
Pre-operative corticosteroids (%) 6 (8) 4 (13) 2 (5) 0.230
Pre-operative diuretic therapy (%) 49 (71) 24 (80) 25 (64) 0.149

Notes: QA¼ quality assurance; SD¼ standard deviation; MELD¼model for end-stage liver disease; ICU¼ intensive care unit; CVP¼ central venous
pressure; INR¼ international normalized ratio; RRT¼ renal replacement therapy.
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Lee et al.,20 evaluating 11 patients with central pontine

and extrapontine myelinolysis after LTx, identified an

increased rate of SNa correction in these patients as

compared to the control group (14.5 vs. 4.2 mEq/L). In a

recent study of 512 patients undergoing LTx, Lee et al.18

demonstrated that correction of hyponatremia at a rate

higher than 12 mmol/L/24 h was an independent risk factor

for post-operative neurologic complications.

While none of the patients in our study had clinical or

radiographically confirmed demyelination, the diagnosis of

ODS following LTx is challenging, and it is plausible that the

diagnosis was missed.28 Although ODS may classically

present with quadriparesis, the clinical manifestations follow-

ing LTx can be highly variable.20,30 For example, in a series

of 12 patients with ODS confirmed by either neuro-imaging

or brain autopsy, Odier et al.31 described a range of clinical

manifestations including dysphagia, alterations to conscious-

ness, cerebellar dysfunction, and seizures. Similarly in our

study, we chose a wide array of potential neurologic

manifestations that may have resulted from subclinical

pontine or extra-pontine myelinolysis. The observed higher

incidence of neurologic testing and consultations along with

more abnormal swallowing studies and neurologic deficits

may all represent such subtle manifestations.

LTx is a complex procedure with a significant risk of

bleeding and evaporative fluid loss. To maintain intravascular

volume, ‘‘isotonic’’ crystalloid is administered along with

blood transfusions as necessary. In our study, all patients

received crystalloid with a [Na] of 130–154 mmol/L. This is

not only hypertonic when compared with the SNa of the

hyponatremic patient, but is particularly high in [Na]

considering that many of these patients may have been

excreting urine with a low [Na]. The finding that the rapid

correction group had greater intra-operative fluid balance

suggests that this excess [Na] load may have contributed

to the observed rapid rise in SNa. These results are

consistent with those of Lee et al.,20 who correlated greater

intra-operative crystalloid and blood transfusions with an

increased risk of developing ODS. Higher volume of crystal-

loid infusion may also have resulted in a more potent

inhibition of arginine vasopressin, leading to excretion of

dilute urine with a resultant increase in SNa. In addition,

resuscitation with both albumin and concentrated sodium

bicarbonate (NaHCO3) may also contribute to an increase

in delivered [Na].

Implications for health policy

Of particular interest is the association between a rapid rise in

SNa and the use of intra-operative continuous renal replace-

ment therapy (CRRT). The typical [Na] concentration of

commercially available replacement/dialysate fluid, and that

used at our institution is 140 mmol/L. Exposing hyponatremic

patients to these fluids will therefore lead to an increase in

SNa. The risk of a rapid SNa shift becomes greater relative to

the severity of hyponatremia, as the difference in serum and

replacement fluid [Na] widens. In addition, a high total

effluent dose will also contribute to the SNa more rapidly

approaching the [Na] replacement/dialysate fluid. Such

increases in dose intensity are often undertaken to more

effectively maintain potassium homeostasis and serum pH.

While replacement/dialysate fluids may be altered to reduce

the [Na] concentration, this can be complicated and was not

routinely performed in any of the patients in our study prior

Table 6. Summary of clinical outcomes, divided according to before and after QA implementation.

Characteristic Overall (n¼ 69) Before QA review (n¼ 30) After QA review (n¼ 39) p-Value

Duration of MV (med [P25–P75]) (days) 2 (1–3) 2 (1–4) 1 (1–3) 0.784
Re-intubation required (%) 16 (23) 5 (16) 11 (28) 0.236
Difficult to wean from mechanical ventilation (%) 14 (20) 4 (13) 10 (25) 0.208
Tracheostomy (%) 10 (14) 6 (20) 4 (10) 0.254
ICU length of stay (med [P25–P75]) (days) 4 (2–8) 4 (2–12) 4 (2–7) 0.651
MET activation (%) 15 (22) 5 (16) 10 (25) 0.370
ICU re-admission (%) 15 (22) 5 (16) 10 (25) 0.370
Brain CT (%) 16 (23) 9 (30) 7 (18) 0.240
Brain MRI (%) 15 (22) 5 (16) 10 (25) 0.370
EEG (%) 6 (9) 4 (13) 2 (5) 0.442
Abnormal mental status (%) 24 (35) 9 (30) 15 (38) 0.464

Confusion 14 (20) 7 (23) 7 (18)
Delirium 7 (10) 1 (3) 6 (15)
Altered level of conscience 3 (4) 1 (3) 2 (5)

Neurological deficitsx (%) 9 (13) 6 (20) 3 (8) 0.156
Neurology consultation (%) 14 (20) 9 (30) 5 (13) 0.079
Speech-pathology consultation (swallow study) (%) 16 (23) 8 (27) 8 (21) 0.261

Abnormal (%) 7 (10) 5 (17) 2 (5)
Hospital length of stay (med [P25–P75]) (days) 30 (21–46) 31 (23–50) 30 (17–43) 0.482
Discharge location (%) 0.125

Home 58 (84) 26 (86) 32 (82)
Death 1 (1) 1 (3) 0 (0)
Other hospital 5 (7) 0 (0) 5 (13)
Rehab/long-term care 5 (7) 3 (10) 2 (5)

6-month mortality (%) 3 (4) 3 (10) 0 (0) 0.043

Notes: QA¼ quality assurance; EEG¼ electroencephalogram; CT¼ computerized tomography; MRI¼magnetic resonance imaging; ICU¼ intensive
care unit; MET¼medical emergency team; MV¼mechanical ventilation.
xDeficits included: focal neurologic deficits; seizure.
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to the QA review. Moreover, the addition of supplemental

NaHCO3 (added to replacement or dialysate) can further pre-

dispose to risk of a rapid rise in SNa. In a retrospective, single

center series, Townsend et al.32 found 6.4% of all LTx were

supported with intra-operative CRRT. Of these, 37% had not

been receiving RRT prior to LTx. In this series, 35% had

supplemental NaHCO3 added to replacement fluids.

Unfortunately, no data were reported on peri-operative SNa

changes. Overall, there is a paucity of data describing the

practice of intra-operative CRRT during LTx.33–36 Lenk

et al.37 report two cases of hyponatremic patients undergoing

LTx with concomitant use of CRRT. Preparation of replace-

ment and dialysate solutions with lower [Na] concentrations

and infusion of hypotonic fluids assured a slow increase in

sodium during the surgery (6–7 mmol/L), without neuro-

logical complications. In addition to a broader program of

awareness to identify pre-operative hyponatremia in patients

scheduled to receive LTx, along with educating about the

potential iatrogenic complications of rapid SNa shift, our

quality assurance review implemented a standardized assess-

ment and protocol to management peri-operative hyponatre-

mia among those receiving intra-operative CRRT to mitigate

the risk of rapid SNa shift and ODS.

Limitations

While our study is one few to specifically focus on iatrogenic

peri-operative SNa shift in hyponatremic patients undergoing

LTx, we recognize it has notable limitations. First, our study

is relatively small, with only six patients having a rapid

increase in SNa identified. Second, our study is retrospective

and represents the experience of single center. Accordingly,

our study has limited statistical power, may be prone to type I

error and may have limited generalizability with respect to

other LTx centers. Third, we were unable to confirm whether

patients had a clinical and/or radiographic diagnosis of ODS.

Instead, we used a variety of neurologic outcomes as

surrogates. However, we recognize the clinical findings of

ODS may be heterogeneous in the post-operative LTx

population and the diagnosis challenging. We contend,

however, our data suggest rapid SNa shifts are not uncommon

and that at-risk patients can be potentially identified pre-

operatively. Finally, whereas ODS is often associated with

severe hyponatremia, most of our patients had only moderate

hyponatremia. We believe further prospective observational

surveillance on this issue is warranted.

Conclusions

In summary, hyponatremia is present in a significant number

of patients undergoing LTx, many of whom may be subjected

to an iatrogenic rapid peri-operative rise in SNa. This rapid

rise is associated with post-operative neurologic abnormal-

ities that may result from pontine or extra-pontine myelino-

lysis. Fluid accumulation and intra-operative CRRT are risk

factors for rapid rises in SNa. Following a quality assurance

review, we were able to effectively identify and eliminate

iatrogenic rapid shifts in SNa. Further efforts to identify at-

risk patients and ensure SNa increases at a safe rate in the

peri-operative period are needed, and clinical suspicion for

ODS should remain high as its manifestations are variable.
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