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Abstract

Background: Improper correction of hyponatremia can cause severe complications, including osmotic demyelination
syndrome (ODS). The Adrogué-Madias equation (AM), the Barsoum-Levine (BL) equation, the Electrolyte Free Water Clearance
(EFWC) equation and the Nguyen-Kurtz (NK) equation are four derived equations based on the empirically derived Edelman
equation for predicting sodium at a later time (Na,) from a known starting sodium (Na,), fluid/electrolyte composition and input
and output volumes.

Methods: Our retrospective study included 43 data points from 31 mostly hyponatremic patients. We calculated Na, based on
five sets of rules that were progressively more precisely calculated. Sets A-D included all 31 patients and 43 data points and set E
was based on 15 patients and 27 data points.

Results: The root mean square error was calculated and found to be between 4.79 and 6.37 mmol/L (mEq/L) for all sets. Bland-
Altman analysis showed high variability and discrepancies between the predicted and actual Na,.

Conclusions: Like similar studies in hypernatremic patients, the data suggest that hyponatremic modeling equations are not
reliably accurate in predicting Na, from Na, and available clinical data regarding sodium, potassium and fluid balance over
longer time frames (12-30 h). Our study was retrospective and was done in an inpatient setting and thus was subject to
limitations and laboratory measurement variability, but showed that all four equations are not able to reliably predict Na, from
Na; and inputs across a 12-30 h period.
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Introduction etal. defined the relationship between the serum sodium concen-
The use of mathematical models to predict changes in sodium tration and the body’s content of sodium, potassium and total
(Na) dates back to the Edelman equation, which was described body water [1]. Subsequent derivations of the Edelman equation
nearly 50 years ago [1]. Using isotopic measurements, Edelman have resulted in the Adrogué-Madias (AM), Barsoum-Levine (BL),
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Electrolyte Free Water Clearance (EFWC) and Nguyen-Kurtz
(NK) equations. The Nguyen-Kurtz equation is the most devel-
oped derivation and includes the original slope of the Edelman
equation (1.03) and the original x-intercept of —23.8, which
have physiological significance. This would theoretically be
expected to lead to better predictions of changes in serum
sodium [1-8].

The importance of being able to predict the sodium level at a
later time (Na,) and thus the change in sodium levels clinically is
to avoid rapid correction. Correction of serum sodium of >8-12
mmol/day (mEqg/day) can result in osmotic demyelination syn-
drome (ODS) [9-12].

Methods

We designed a retrospective study to compare the predicted Na,
with the observed Na, using four equations. Our resulting cohort
was composed of 31 patients: 29 hyponatremic patients and 2 hy-
pernatremic patients. We reviewed 156 charts and included 31
patients, from which 43 data points were calculated. Eight pa-
tients had multiple serial non-overlapping data points calculated
(between two and four), but only one data point was calculated on
23 of the 31 patients (Table 1).

To be included in the data set, the patient was required to
be dysnatremic at the time of presentation (Na <135 or >145
mmol/L), have been admitted into the step-down unit or the
intensive care unit, have available serial chemistry panels
and urinary electrolytes including urine sodium and potas-
sium, have available accurate weights and have strict ins and
outs recorded. In addition, the electrolyte content and volume
of all infused and ingested fluid had to be available, with pref-
erence given to patients with little to no intake by mouth (see
Table 2). The requirements to be included in the idealized set E
were more rigorous, as outlined in Table 2. The serum electro-
lytes were generally checked every 6-8 h and urine electrolytes
had to be checked at least every 12-24 h. Since this was a retro-
spective study, standardization of serum and urine electrolyte
monitoring was not possible. The initial serum sodium on
presentation, etiologies of dysnatremia and intravenous fluids
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given are presented in Table 3. The term intravenous fluids re-
fers to 3%, 0.9%, 0.45% or D5 0.225% normal saline. It is import-
ant to note that none of the 31 patients in the study required
3% normal saline.

The predictions were then calculated for all four equations in
five sets (A-E) with increasingly complex rules for determining
Na, from Na;, input sodium, input potassium and volume inputs
of hypotonic fluid as well as infused intravenous fluids. Intraven-
ous fluids are typically the most important determinant of the
change of serum sodium. Set A included only intravenous fluids
in the calculations. Sets B, C and D use progressively more input
information, which is detailed in Table 4.

For sets A-D, there were 43 data points calculated from the
data of 31 patients, which means that for 8 patients multiple
non overlapping 12-24 h periods were analyzed and the equa-
tions used to make serial predictions about changes in the pa-
tient’s serum sodium. This varied from two data points for five
patients to three data points for two patients and four data points
for one patient. The range of initial serum sodium at presentation
was 112-132 mmol/L (mEg/L) (sets A-D) for our hyponatremic pa-
tients and 148-150 mmol/L (mEg/L) (sets A-D) for our hypernetre-
mic patients.

We then used 27 data points from 15 patients from the afore-
mentioned cohort of 31 patients to make up a set of ‘idealized’ pa-
tients where the sodium and potassium intake as well as the fluid
intake and output could be most rigorously accounted for (set E).
For uniformity, total body water was assessed at 60% of total body
weight. For these 15 patients, 7 had one data point and 8 had mul-
tiple serial non overlapping data points calculated for their clin-
ical course. For five patients, two non overlapping data points
were calculated, for two patients, three data points were calcu-
lated and for one patient, four data points were calculated.
These 15 patients also did not have significant solid oral intake
(liquid oral electrolyte intake was accounted for) or other un-
accounted fluid losses.

The range of initial serum sodium on presentation for set E
patients was 112-132 mmol/L (mEq/L), but there were no clearly
hypernatremic patients in set E. However, there was one patient
who had a serum sodium increase from the initial value of 128 to

Table 1. The Adrogué-Madias, Barsoum-Levine, EFWC and Nguyen-Kurtz equations

Adrogué-Madias equation

Barsoum-Levine equation

Electrolyte Free Water Clearance equation

Nguyen-Kurtz equation

Nguyen-Kurtz equation hyperglycemia
correction

Total body water

0.6 x Body Weight

Na, = [(Na; x TBW) + (Vi x ([Na]i + [K]i)]/(TBW + Vi)

Na, = [(TBW x Na,) + ((Vi x ([Na]i + [K]i)) — (Vo x ([Na]o + [K]o))]/(TBW + AV)

Na, = (Na; x TBW)/[(TBW — (Vurine*EFWC)], where EFWC = 1 — (([Na]urine + [K]urine)/Na,))
Na, = [[[(Na; +23.8) x TBW] + [1.03 x ([Na]i + [K]i) - ([Na]o + [K]o)][/[(TBW +AV)]] — 23.8

Add [0.016 x (s[Glucose] — 120)]

AV, net change in volume; EFWC, Electrolyte Free Water Clearance; [K]i, concentration of potassium in input fluid; [K]o, concentration of potassium in output fluid; [K]
urine, urinary potassium; Na,, original sodium; Na,, predicted sodium; [Na]i, concentration of sodium input fluid; [Na]o, concentration of sodium in output fluid; [Na]
urine, urinary sodium concentration; s[Glucose], serum glucose concentration; TBW, total body water; Vi, volume of input fluids; Vo, volume of output fluids; Vurine,
volume of urine. All volume units, unless otherwise noted, are as follows: volume as liters, concentration units as millimoles/liter or equivalently as milliequivalents/

liter, body weight and total body water weights in kilograms.

Table 2. Inclusion and exclusion criteria for a retrospective, observational study of the hyponatremia correction calculation

Sets A-D: Number of eligible patients 31, number of data points 43, >18 years of age, Na <135 or >145 mmol/L, serial chemistry values available
between Na; and Na,, urinary sodium and potassium available, weights available, step-down unit or intensive care unit admission, no blood
products. Set E: Number of eligible patients 15, number of data points 27, as well as all the aforementioned criteria and also the ability to
calculate all sodium/potassium input and output and to keep track of all fluid infused and eliminated from the patient.
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Table 3. Etiologies of hyponatremia, sodium values, intake data and output data

vl
DP# Pt# Na; SetE? Etiology of dysnatremia Wt uNa uK IV fluid FH,O  Liquid food intake ONS/TF Kintake Naintake UOP Gluc Na, T 3
1 1 115 No Hypervolemia 54 10 11 0 0336L 0 0 0 0 1.54 7.94 (143) 121 16
2 2 129 No SIADH 729 52 16 3.75LNS, 0.5L 1/2NS 0 0 0 0 0 23 6.5(117) 127 12 ;
3 3 119 No SIADH 568 36 24 0.2 L (NS with 40 mmol/L kcl) 0.38L  0.39L tea, 0.24 L coffee 0 13.79 0 0.45 6.22 (112) 123 24 N
4 4 117 Yes Hypovolemia 70 10 11  0.325LNS 0.1L 0.36 L milk 0 17.96 0 2.3 8.78(158) 125 16 E
5 5 125 No Hypervolemia 814 10 55 0.5LNS 0 0 0 0 0 0.1 8.06 (145) 123 23 5
6 6 128 Yes  Hypovolemia 636 10 27 0 047L 0 0 40 0 075 11.33(204) 131 14 ®
7 7 148 No Free water deficit 40.2 110 12 0.45 L NS, 1.34 L 1/2NS 0435L 0 0.48 L Ensure 20.21 0 3.82 5.89(106) 152 24 ;
8 8 126 No SIADH 437 60 29 0 044L 0.24 Lmilk 0 11.97 0 1.05 9.78 (176) 126 19 =
9 9 125 No SIADH 788 125 73 0 15L 0.24 L tea, 0.58 L coffee 0 11.28 0 045 8.94(161) 127 19
10 10 131 No SIADH 743 50 13 0.1LNS 1.36L 0.4 L coffee 0 8.48 0 2.65 7.22(130) 133 24
11 11 121 No Thiazide induced 516 182 18 2.235L NS 0.1L 0 0 0 0 1.7 8.33(150) 137 30
12 12 132 Yes Hypervolemia 144 15 18 0 1.05L 0 0 0 0 2.35 8(144) 135 24
13 13 150 No Free water deficit 56.7 35 14 1.3 L NS, 3.466 1/2NS 12L 0 0.3 L Ensure 12.64 0 1.73 7.44 (134) 136 24
14 14 115 No Hypovolemia 456 15 54 05LNS 042L 0 0 0 0 075 9.39(169) 118 16
15 15 128 Yes SIADH 82.7 109 65 3.7LNS 04L 0 0 0 0 271 6(108) 132 24
16 16 122 No Thiazide induced 555 22 91 1.27 LNS 0.472L 0.15L coffee 0 2.68 0 1.07 11.56 (208) 122 24
17 17 115 Yes SIADH 426 93 21 2.375L NS 0.7L 0.24 L milk 0 81.97 34.48 2.15 7.28(131) 120 21
18 18 117 No SIADH 672 31 21 0.335L NS 0.27L  0.48Lcoffee, 0.72 L milk 0 44.49 0 1.82 5.5(99) 122 22
19 19 122 Yes Hypovolemia 585 13 60 1L NS 021L O 0 0 0 0.5 7.78 (140) 118 18
20 20 124 No Hypovolemia 689 24 21 1.15L NS, 1.4 L 1/2NS 0.78L 0.6 Lmilk, 0.24 L tea 0 150.89 0 145 43.78(788) 129 27
21 21 134 No SIADH 211 9% 22 0.25L NS 2.375L 0.18L tea 0 0.69 0 1.68 5.67 (102) 133 20
22 22 116 No Hypervolemia 77.8 5 41 0 0.53L  0.24 L milk, 0.48 L coffee 0 20.54 0 1.58 6.61(119) 120 23
23 23 128 Yes SIADH 726 100 18 0 0.63L  0.12 L apple juice 0 4.05 0 2 11.44 (206) 137 12
24 23 137 - Data point #2, patient #23  72.6 100 18 0 0.7L 0 0 0 0 2.6 11.44 (206) 130 12
25 24 119 Yes SIADH 55 67 94 14LNS 0.12L  0.24 L lemonade 0 124 0 0.7 5.56 (100) 129 12
26 24 129 - data point #2, patient #24 55 42 9 0 0 0 0 0 0 0.75 5.56 (100) 128 12
27 25 125 Yes Hypovolemia 614 10 49 15LNS 0.06 L  0.06 L orange juice 0 2.98 17.24 0.6 6.28 (113) 126 12
28 26 112 Yes Hypovolemia 629 17 34 1425LNS 1545L O 0 0 0 1.65 833(150) 122 12
29 26 122 - Data point #2, patient #26  62.9 16 36 0 031L O 0 0 0 029 6.89(124) 122 12
30 27 116 Yes Hypovolemia 441 19 18 0.5L NS 0 0 0 0 0 2 3.94 (71) 122 14
31 27 122 - Data point #2, patient #27  44.1 41 88 0 0 0 0 0 0 0.3 5.61(101) 125 12
32 28 112 Yes Hypovolemia 742 10 10 0.568 L NS 03L 0 0 0 0 2.34 6.17 (111) 113 12
33 28 113 - Data point# 2, patient #28 742 10 52 0.932 L NS 0.1L 0 0 0 0 0.42 6.17 (111) 116 12
34 28 116 - Data point# 3, patient #28  74.8 19 52 1.305L NS 055L O 0 0 0 073 5.67(102) 124 12
35 28 124 - Data point# 4, patient #28 748 19 52 1.475L NS 0.325L 0 0 0 0 0.56 5.67 (102) 123 15
36 29 120 Yes SIADH 51 29 53 0.5L NS 0.63L O 0.64 L 2calHN 80 0 0.85 5.11(92) 118 11
37 29 118 - Data point #2, patient #29 51 51 25 0.02 L NS 0.184L O 0.24 L Osmolyte  12.37 0 0.74 88(4.89) 122 19
38 30 121  Yes SIADH 437 30 66 0.544 L NS 0414L 0.18L tea 0 0.7 0 0.58 5.33 (96) 119 12
39 30 119 - Data point #2, patient #30  43.7 10 45 0.457 L NS 0.357L O 0 0 0 0.3 9.28 (167) 120 12
40 30 120 - Data point #3, patient #30 429 10 23 1LNS 0.117L O 0 0 7.8 056  9.28(167) 122 14
41 31 118 Yes Thiazide induced 130 123 85 0.475 L NS 1.105L O 0 40 0 5 5.94 (107) 123 12
42 31 123 - Data point #2, patient #31 130 10 65 0.5LNS 1.701L O 0 40 0 2.27 5.94(107) 125 14
43 31 125 - Data point #3, patient #31 129 10 63 0 061L O 0 0 0 1.64 5.94(107) 126 12

DP #, data point number; Pt#, patient number; Na,, initial serum sodium (mmol/L); set E?, identifies if data point is in idealized set E; Wt, weight (kg); uNa, urine sodium (mmol/L); uK, urine potassium (mmol/L); IV fluid, IV fluid type and
amount (L); FH,0, free water intake (oral or intravenous); ONS/TF, oral nutritional supplements or tube feeds; K intake, oral potassium intake (mmol); Na intake, oral sodium intake (from sodium tabs or sodium phosphate; mmol) UOP,
urine output (L); Gluc, serum glucose (mmol/L and mg/dL); Na,, final serum sodium; NS, 0.9% normal saline; 1/2NS, 0.45% normal saline; free water, DSW or oral water; KCl potassium chloride; T, time in hours between initial and final
serum sodium; Na, sodium; 1 mmol =1 mEq [standard units] in univalent ions like sodium or potassium.
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Table 4. How sets were calculated
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Fluid volume considered
in calculations?

Electrolyte content considered
in calculations?

Set A
IV fluids (NS, 1/2NS etc.)
PO/IV KCl repletion
PO/IV free water
Sodium content of Na tabs, electrolyte repletion
Juice/PO liquids (coffee, tea etc.)
Tube feeds
IV packing for IV medications
Solid food intake
Set B
IV fluids (NS, 1/2NS etc.)
PO/IV KCl repletion
PO/IV free water
Sodium content of Na tabs, electrolyte repletion
Juice/PO liquids (coffee, tea etc.)
Tube feeds
IV packing for IV medications
Solid food intake
Set C
IV fluids (NS, 1/2NS etc.)
PO/IV KCl repletion
PO/IV free water
Sodium content of Na tabs, electrolyte repletion
Juice/PO liquids (coffee, tea etc.)
Tube feeds
IV packing for IV medications
Solid food intake N
Set D
IV fluids (NS, 1/2NS etc.)
PO/IV KCl repletion
PO/IV free water
Sodium content of Na tabs, electrolyte repletion
Juice/PO liquids (coffee, tea etc.)
Tube feeds
IV packing for IV medications
Solid food intake
SetE
IV fluids (NS, 1/2NS etc.)
PO/IV KCl repletion
PO/IV free water
Sodium content of Na tabs, electrolyte repletion
Juice/PO liquids (coffee, tea etc.)
Tube feeds
IV packing for IV medications
Solid food intake

zzZ2ZzZ2z2z<

zZzZ2ZzZ2z2z<

R

Zo R

R E

Y treated as free water
Y treated as free water
Y treated as free water

treated as free water

Minimal solid food intake

ZZ KKK Z2Z22Z << <~ ZZzz~<2zZ< Z2zZz2z2z2z22zZ<

T

Minimal solid food intake

1V, intravenous; PO, oral; KCl, potassium chloride; NS, 0.9% normal saline; 1/2NS, 0.45% normal saline; Na, sodium; Y, yes; N, no.

137 mmol/L (after the first 12 h of therapy), which was faster than
optimal guidelines. This patient was corrected downwards with
dextrose 5% in water (D5SW) (as a hypernatremic patient would
be) and this subsequent 12 h period of correction was included
in the analysis in set E.

Intermediate calculations and the predicted Na, were calcu-
lated using Excel 2010 (Microsoft, Redmond, WA, USA) and
checked using SAS 9.3 (SAS, Cary, NC, USA). Root mean square er-
rors (RMSEs), R? values and Bland-Altman plots for Na, were also
calculated using both Excel and SAS. Excel 2010 and Illustrator
CS2 (Adobe Systems, San Jose, CA, USA) were used to construct
the tables and figures.

RMSE and R? (proportion of variance accounted for) were cho-
sen as the metrics to evaluate the performance of each equation
on each data set. RMSE is defined as the square root of the average
squared differences (errors) between the observed and predicted
Na, value. The RMSEs were calculated for sets A-E and for each of
the four equations (AM, BL, EFWC and NK). Please see Appendix 1
for details on how the RMSEs were calculated.

The AM equation is an output-independent equation and the
EFWC equation is an input-independent equation. The values for
sodium concentration, potassium concentration and total input
volume used for predicting Na, varied depending on the rules
of the set. The RMSE for the EFWC equation was identical for
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sets A-D since this equation is input independent, while set E’s
RMSE for the EFWC equation differed from the EFWC RMSE for
sets A-D only because fewer data points were used.

Results

The data sets consist of 29 hyponatremic patients and 2 hyperna-
tremic patients (sets A-D) and 43 data points derived from their
cases. Of the hyponatremic patients, 9 had hypovolemic hypona-
tremia, 4 had hypervolemic hyponatremia, 13 had the syndrome
of inappropriate antidiuretic hormone secretion (SIADH) and 3
had thiazide-induced hyponatremia. Set E consisted of 15 pa-
tients with hyponatremia, with no hypernatremic patients, and
27 data points derived from their cases. Of the hyponatremic pa-
tients, six had hypovolemic hyponatremia, six had SIADH, two
had hypervolemic hyponatremia and one had thiazide-induced
hyponatremia.

The predicted and calculated serum Na, were analyzed to as-
sess the accuracy of the four equations. Accuracy was assessed
through Bland-Altman analysis, but more importantly the
RMSE was used as the parameter of equation accuracy. The
RMSEs are presented in Table 5. Across all five sets, the RMSEs
were very consistent, between 4.79 and 6.37 mmol/L (mEq/L),
and the RMSEs as a percent of the mean Na, were similar, be-
tween 3.9 and 5.1%. The RMSEs are all very similar across all
four equations for all data sets. The incorporation of more
input information did not seem to systematically lower the
RMSE. The RMSE remained similar and was actually slightly
lower for the AM equation in some of the simpler sets.

The predicted Na, versus actual Na, error ranged from —20.19
to +17.19 mmol/L (mEqg/L). The average difference in absolute

Table 5. Actual Na, minus predicted Na, differences and statistical
analysis for sets A-E

Equation Set n RMSE (RMSE%) R?

AM A 43 4.86 (3.9%) 66.2%
BL A 43 5.17 (4.1%) 58.9%
EFWC A 43 5.85 (4.7%) 59.3%
NK A 43 5.86 (4.7%) 57.4%
AM B 43 9 (3.9%) 64.5%
BL B 43 5.11 (4.1%) 57.5%
EFWC B 43 5.85 (4.7%) 59.3%
NK B 43 5.91 (4.7%) 56.8%
AM C 43 6.09 (4.8%) 64.5%
BL C 43 5.78 (4.6%) 54.6%
EFWC C 43 5.85 (4.7%) 59.3%
NK C 43 6.37 (5.1%) 56.1%
AM D 43 5. 86 (4.7%) 60.9%
BL D 43 6 (4.5%) 53.9%
EFWC D 43 5. 85 (4.7%) 59.3%
NK D 43 6.28 (5%) 56.7%
AM E 27 5.29 (4.3%) 50.8%
BL E 27 4.99 (4%) 44.3%
EFWC E 27 4.79 (3.9%) 49.8%
NK E 27 6.11 (5%) 43.2%

AM, Adrogué-Madias equation; BL, Barsoum-Levine equation; EFWC, Electrolyte
Free Water Clearance equation; NK, Nguyen-Kurtz equation; RMSE, root mean
square error. n, number of data points. Units of RMSE in mmol/L, which is equal
to mEq/L.

value between Na, and Na, was 4.09 for sets A-D and 3.93 for
set E. The range of change in sodium (Na, — Na;) was —14 to +16
mmol/L (mEg/L). Bland-Altman plots are presented for the two
equation data set combinations with the smallest RMSEs (AM
equation set A and EFWC equation set E). Even in these best
cases, the equation’s predictions vary significantly from the ob-
served Na, (Figure 1).

Figure 2 shows bar graphs of the RMSEs. While the equations
themselves do not change, the inputs and outputs for the same
patient and observation can differ across data sets since each
data set uses progressively more information. In Figure 2 and
Table 5, RMSE values were very similar across all equations and
across all data sets. Table 6 shows all the data for the 15 patients
and 27 data points for set E, including input sodium, potassium,
fluid volume intake and fluid volume output.

Discussion

The statistical analysis that we have submitted was focused on
the RMSE since this is the clinically relevant measure of the pre-
diction’s error. In order to be able to predict if the change in so-
dium will exceed the recommended limit of 8-12 mmol/L/day
(mEqg/L/day), the Na, must be known to within 2-3 mmol/L/day
(mEqg/L/day) or 1-1.5 mmol/L/12 h (mEq/L/12 h). Since the RMSE
or average error of the four studied equations is ~5-6 mmol/L
(mEgq/L), this implies that they may not be sufficiently accurate
to predict the change in sodium in an inpatient population across
12-24 h time intervals, although one data point had an interval of
30 h. That is, our results show that the RMSEs are too large over
the examined time frame to reliably predict the change in
serum sodium as precisely as required. For reference, the R? va-
lues would need to be >91% for an RMSE of 2-3 mmol/L/day
(mEq/L/day), while the observed R? values in Table 5 are only
~43-66%.

Since we cannot expect to predict Na, from Na; clinically
using these equations over a 12-24 h period, this argues that
the equations are not accurate enough to be depended on for
prognostication of changes in serum sodium over these time
frames. Previous studies have shown that these equations have
Pearson coefficient correlations that are highly significant [2], al-
though this may only mean that there is some correlation that is
significantly different from zero. It is important that previous
studies have shown that these equations are not accurate [2,
13] and that large variations between predicted and observed so-
dium have long been noted [13]. The RMSE is a better and more
clinically relevant parameter for assessing the clinical utility of
the equations than correlation coefficients and confirms these
observed trends.

The RMSEs observed in the range of 4.79-6.37 mmol/L (mEq/L)
of sodium also show that these equations cannot be used to pre-
dict a change in sodium in our cohort, where the average ob-
served change in sodium was ~4 mmol/L (mEq/L) over 12-24
h. Furthermore, since the recommended rate of correction of so-
dium in hyponatremia is limited to <8-12 mmol/L/day (mEq/L/
day), these equations are still too inaccurate to be used alone to
calculate an exact infusion rate for intravenous fluids without de-
pending on further close observation of urinary and serum elec-
trolyte parameters. It is also notable that the RMSE did not
change as additional factors, such as dietary factors, free fluid in-
take, etc., were included in the analysis across sets B/C and D/E.
Thus, a more rigorous evaluation of input data did not increase
the observed correlation or reduce the RMSE of these equations.

This study does not attempt to address the theoretical validity
of the four equations used for sodium modeling. Rather, we



CLiINICAL KIDNEY JOURNAL

Clinical utility of theoretical equations | 535

Bland-Altman Plot of AM Equation Set A
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Fig. 1. Bland-Altman plots for AM equation set A and EFWC equation set E. AM, Adrogué-Madias equation; EFWC, Electrolyte Free Water Clearance equation; Na, final

serum sodium; RMSE, root mean square error.

tested their utility in predicting the change in sodium over a long-
er time frame (12-24 h) and measured the RMSE as a parameter to
evaluate how useful these equations are in clinical practice. The-
oretically, these models are based on sound physiology and on
the work of Edelman et al. [1] and many other renowned nephrol-
ogists. The main problems stem from (i) the difficulty in obtain-
ing input values with the accuracy and precision possible in
research laboratory settings; (ii) using constant inputs like urine
electrolytes that change over time, although how rapidly they
change is unclear and may be different depending on the etiology

of hyponatremia and other pathophysiological and physiological
factors; and (iii) the possible need for further modifications to one
or more of these equations to predict Na, from Na; over longer
time periods or the provision of a time frame where these linear
equations can provide an accurate approximation of changes in
serum sodium. Of crucial importance is how long urine electro-
lytes can be assumed to be constant or nearly so.

Many patients with hyponatremia have a dynamic volume
status and changing urine electrolytes as the kidneys adjust to
treatment (i.e. antidiuretic hormone suppression after volume
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Equation vs. Root MeanSquare Error (RMSE) SetA
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Fig. 2. Bar graphs of the root mean square error (RMSE) for sets A-E. AM, Adrogué-Madias equation; BL, Barsoum-Levine equation; EFWC, Electrolyte Free Water Clearance
equation; NK, Nguyen-Kurtz equation; Na,, actual Na,; RMSE, root mean square error, RMSE units in mmol/L or mEq/L (equivalent metric and standard units).

resuscitation or diuretic withdrawal). Thus, this may limit the
usefulness of these equations, which presume static volume sta-
tus and urinary electrolytes and therefore ignore changes in
these parameters over time. Limitations of patient charting and
lab error, which are intrinsic to any inpatient setting, must also
be taken into account.

Another matter to consider is error related to weight measure-
ment and difficulties in precisely ascertaining the percentage of
total body water. For uniformity, total body water was assessed
as 60% of total body weight, though in actuality total body
water can vary among patients due to physiologic differences of
age, gender, volume status, lean body mass, nutritional status
and the effects of underlying pathophysiological processes.

Certainly these equations may be accurate or provide a better
approximation of the change in sodium in a laboratory setting or
if used to predict the change in sodium across a shorter time
interval (which would make the assumption of static conditions
more accurate). This remains to be seen in other studies, but for
now, sodium modeling based on these four equations must be
supplemented by frequent laboratory analysis and an attentive
nephrologist who will pay close attention to these dynamic
conditions.

This is especially important given the greater precision re-
quired in correcting hyponatremia that is advocated in recent lit-
erature. Previously, a correction of <12 mmol/24 h (mEq/24 h) was
allotted; now, however, new recommendations are to keep serum
sodium correction at <10 mmol/L/day (mEqg/L/day). There are
even more conservative recommendations of maintaining
serum sodium correction at <6-8 mmol/24 h (mEq/24 h), since
different groups may be at lower or higher risk of complications
such as ODS [14-18]. Arginine vasopressin is also being used in
patients who have begun to inadvertently overcorrect, or in
high-risk cases, as prophylaxis to prevent water diuresis and un-
toward complications [14, 19]. The risk of overcorrection with the
new vasopressin 2 (V2) receptor antagonists is still notable, and
ODS has been observed in conjunction with the accompanying
water diuresis. Thus, even these new therapeutic options are
not exempt from the traditional risks of hyponatremia correction
[20, 21].

This points to the importance of preventing inadvertent over-
correction and shows the need for vigilant monitoring of serum
electrolytes as the accepted standard of care. The need for better
equations, or limits on the use of known equations, to predict Na,
from Na, are still needed in a clinical environment where precise
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Table 6. Set E data

DP# Pt# Na; Wt uNa uK IV fluid FH,O Liquid food intake ONS/TF Kintake Naintake UOP Gluc T Na, PNa, AM PNa,BL PNa, EFWC PNa, NK
4 4 117 70 10 114 O0.325LNS 0.1L 0.36 L milk 0 17.96 0 2.3 8.78(158) 16 125 116.65 122.08  122.41 124.87
6 6 128 636 10 272 0 047L O 0 40 0 0.75 11.33(204) 14 131 127.48 129.27 129.8 131.8
12 12 132 144 15 179 0 1.05L O 0 0 0 2.35 8(144) 24 135 1304 133.11 134.75 134.38
15 15 128 827 109 653 3.7LNS 04L 0 0 0 0 2.705 6(108) 24 132 128.84 126.43 125.52 123.05
17 17 115 4264 93 206 2375LNS 0.7L 0.24 L milk 0 81.97 34.48 2.15 7.28 (131) 21 120 118.71 119.16 115.11 110.56
19 19 122 5851 13 596 1LNS 021L O 0 0 0 0.5 7.78 (140) 18 118 122.18 122.87 122.71 121.06
23 23 128 7257 100 181 O 0.63L 0.12L applejuice 0 4.05 0 2 11.44 (206) 12 137 125.93 126.3 128.46 131.21
24 23 137 7257 100 181 O 0.7L 0 0 0 0 2.6 11.44 (206) 12 130 134.83 135.88  138.14 142.88
25 24 119 55 67 94 14LNS 0.12L 0.24 Llemonade 0 1.24 0 0.7 5.56 (100) 12 129 119.23 120.1 119.91 115.73
26 24 129 55 42 9 0 0 0 0 0 0 0.75 5.56 (100) 12 128 129 130.81 130.8 130.65
27 25 125 614 10 49.2 15LNS 0.06 L  0.06 L orange juice 0 2.98 17.24 0.6 6.28 (113) 12 126 126.27 127.33 126.08 123.53
28 26 112 629 17 34 1425LNS 1.545L 0 0 0 0 1.65 8.33(150) 12 122 109.22 112.97 116.15 109.32
29 26 122 629 16 36 0 0.31L O 0 0 0 0.29 6.89(124) 12 122 121.01 121.79  122.79 121.47
30 27 116 4441 19 176 0.5LNS 0 0 0 0 0 2 3.94 (71) 14 122 1167 123.12 122.33 128.51
31 27 122 4441 41 88 0 0 0 0 0 0 0.3 5.61(101) 12 125 122 122.83 122.82 121.46
32 28 112 74.2 10 10 0.568 LNS 0.3L 0 0 0 0 2.338 6.17 (111) 12 113 111.79 116.77 117.05 118.44
33 28 113 74.2 10 524 00932LNS 0.1L 0 0 0 0 0.42 6.17 (111) 12 116 113.59 114.07 113.48 112.79
34 28 116 74.8 19 524 1305LNS 055L O 0 0 0 0.73 5.67 (102) 12 124 1157 116.4 116.73 113.17
35 28 124 7438 19 524 1475LNS 0.325L O 0 0 0 0.56 5.67 (102) 15 123 124.08 124.72  124.66 121.01
36 29 120 51 29 525 0.5LNS 0.63L O 0.64 L 2calHN 80 0 0.85 5.11 (92) 11 118 119.55 120.57 121.08 116.42
37 29 118 51 51 252 0.02LNS 0.184L 0 0.24 L Osmolyte 12.37 0 0.735 88(4.89) 19 122 117.21 118.2 119.01 118.47
38 30 121 437 30 659 0.544LNS 0414L 0.18Ltea 0 0.7 0 0.575 5.33 (96) 12 119 119.06 119.56  121.55 116.85
39 30 119 437 10 445 0457LNS 0357L O 0 0 0 0.3025 9.28 (167) 12 120 118.02 118.74 119.75 118.31
40 30 120 429 10 23 1L NS 0.117L 0 0 0 7.8 0.56 9.28(167) 14 122 121.03 122.91 121.92 122.12
41 31 118 130 123 849 0475LNS 1.105L O 0 40 0 5 5.94 (107) 12 123 117.08 111 112.51 122.5
42 31 123 130 10 645 0.5LNS 1.701L O 0 40 0 2.265 5.94 (107) 14 125 123.04 122.44 12442 122.66
43 31 125 1294 10 63 0 061L O 0 0 0 1.635 5.94 (107) 12 126 125.01 126.32  127.33 126.57

DP #, data point number; Pt #, patient number; Na,, initial serum sodium (mmol/L); Wt, weight (kg); uNa, urine sodium (mmol/L); uK, urine potassium (mmol/L); IV fluid, IV fluid type and amount in (L); FH,O, free water intake (oral or
intravenous); ONS/TF, oral nutritional supplements or tube feeds; K intake, oral potassium intake (mmol); Na intake, oral sodium intake (from Na tabs or Na phosphate; mmol); UOP, urine output (L); Gluc, serum glucose (mmol/L and
mg/dL); T, time in hours from Na, to Na,; Na,, final serum sodium; NS, 0.9% normal saline; 1/2NS, 0.45% normal saline; KCl, potassium chloride, 17.24 mEq Na in 1 g sodium chloride tab; Na, sodium, K, potassium; 1 mmol =1 mEq
[standard units] in univalent ions like sodium or potassium; PNa,, predicted Na,; AM, Adrogue-Madias equation; BL, Barsoum-Levine equation; EFWC, Electrolyte Free Water Clearance equation; NK, Nguyen-Kurtz equation.
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knowledge of the magnitude of sodium correction can be lifesav-
ing. Alternative approaches of frequent sodium monitoring and
the use of D5W and desmopressin to prevent, attenuate or re-
verse overcorrection are helpful for now [14, 19, 22]. New research
regarding the use of minocycline and inositol to prevent the clin-
ical development of ODS after overcorrection is ongoing, but
these agents have only been used in animal subjects thus far
[23, 24].

Limitations

The data presented are from a retrospective, mostly cross-sec-
tional study and are also impaired by the limitations of charting,
though we tried to minimize this by using only extremely clearly
charted cases. Laboratory error in the measurement of serum
and urine sodium and potassium is also a factor in this study.
Moreover, the time interval between the collection of Na; and
Na, varied from 12 to 24 h (one measurement at 11 h and one
measurement at 30 h) and could vary from observation to obser-
vation. Further, monitoring of serum sodium and urinary para-
meters varied and was not able to be standardized given the
retrospective nature of the study.

Future directions

A prospective study of eligible hyponatremic or hypernatremic
patients may help evaluate these equations better in the in-
patient setting and in obtaining more concurrent longitudinal
and cross-sectional data. Also possible is an investigation of
how extensively and rapidly urinary electrolytes change in
patients with hyponatremia caused by different etiologies.
This is an important point since it is an implicit assumption
of using these linear equations that the urinary electrolytes
are not changing, particularly over longer time periods like
12-24 h. If the urinary electrolytes are changing, the rapidity
of their change may help predict how long a laboratory test
for urinary sodium and potassium is valid for. Another ap-
proach would be to study how different etiologies of hypona-
tremia respond to repletion, and the validity of these equations
in each particular patho physiological cause of hyponatremia.
A study that includes patients who have been repleted with 3%
normal saline as part of the cohort or one that exclusively uses
patients who have been repleted with 3% normal saline may also
be helpful.

It may prove to be very challenging to verify these equations
in the inpatient setting for the reasons stated above, and more
controlled settings may be required. Controlled experimental
avenues of validating these theoretically derived equations
through animal studies, as was recently successfully done with
the Edelman equation [25], may ultimately provide more decisive
data regarding their accuracy.
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Appendix 1

A) Root Mean Square Error (RMSE): a measurement of average
variation of predicted from observed values:

~ 2
RMSE — Z:‘Zl w

where i is the number of an individual data points,

n is the number of the last observed data point or the total num-
ber of observed data points,

y; is the observed value for observation i,

yi is the predicted value for observation i and

¥ is the sum of the above formula fromi=1toi=n.

B) Adapting the formula for our calculations :

/ 2
RMSE — Z:l w

where Na, is the actual final sodium for a given data point
and PNa, is the predicted final sodium for a given data point.

(See related article by Sterns. Formulas for fixing serum sodium:
curb your enthusiasm. Clin Kidney ] (2016) 9: 527-529.)

References

1. Kurtz I, Nguyen MK. Evolving concepts in the quantitative
analysis of the determinants of the plasma water sodium
concentration and the pathophysiology and treatment of
the dysnatremias. Kidney Int 2005; 68: 1982-1993

2. Lindner G, Schwarz C, Kneidinger N et al. Can we really pre-
dict the change in serum sodium levels? An analysis of cur-
rently proposed formulae in hypernatraemic patients.
Nephrol Dial Transplant 2008; 23: 3501-3508

3. Nguyen MK. Quantitative approaches to the analysis and
treatment of the dysnatremias. Semin Nephrol 2009; 29:
216-226

4. Nguyen MK, Kurtz I. Determinants of plasma water sodium
concentration as reflected in the Edelman equation: role of
osmotic and Gibbs-Donnan equilibrium. Am ] Physiol Renal
Physiol 2004; 286: F828-F837

5. Nguyen MK, Kurtz I. New insights into the pathophysiology
of the dysnatremias: a quantitative analysis. Am ] Physiol
Renal Physiol 2004; 287: F172-F180

6. Nguyen MK, Kurtz I. Role of potassium in hypokalemia-in-
duced hyponatremia: lessons learned from the Edelman
equation. Clin Exp Nephrol 2004; 8: 98-102



CLiINICAL KIDNEY JOURNAL

10.

11.

12.

13.

14.

15.

16.

Nguyen MK, Kurtz I. Derivation of a new formula for calculat-
ing urinary electrolyte-free water clearance based on
the Edelman equation. Am ] Physiol Renal Physiol 2005; 288:
F1-F7

Nguyen MK, Kurtz I. Quantitative interrelationship between
Gibbs-Donnan equilibrium, osmolality of body fluid com-
partments, and plasma water sodium concentration. J Appl
Physiol 2006; 100: 1293-1300

de Souza A, Desai PK. More often striatal myelinolysis than
pontine? A consecutive series of patients with osmotic de-
myelination syndrome. Neurol Res 2012; 34: 262-271

King JD, Rosner MH. Osmotic demyelination syndrome. AmJ
Med Sci 2012; 34: 262-271

Martin R]. Central pontine and extrapontine myelinolysis:
the osmotic demyelination syndromes. J Neurol Neurosurg
Psychiatry 2004; 75(Suppl 3): iii22-ii28

Tatewaki Y, Kato K, Tanabe Y et al. MRI findings of corticosub-
cortical lesions in osmotic myelinolysis: report of two cases.
Br ] Radiol 2012; 85: e87-e90

Adrogue HJ, Madias NE. Aiding fluid prescription for the dys-
natremias. Intensive Care Med 1997; 23: 309-316

Sood L, Sterns RH, Hix JK et al. Hypertonic saline and desmo-
pressin: a simple strategy for safe correction of severe hypo-
natremia. Am J Kidney Dis 2013; 61: 571-578

Soupart A, Penninckx R, Stenuit A et al. Azotemia (48 h) de-
creases the risk of brain damage in rats after correction of
chronic hyponatremia. Brain Res 2000; 852: 167-172

Sterns RH, Hix JK, Silver S. Treatment of hyponatremia. Curr
Opin Nephrol Hypertens 2010; 19: 493-498

17.

18.

19.

20.

21.

22.

23.

24.

25.

Clinical utility of theoretical equations | 539

Sterns RH, Hix JK, Silver SM. Management of hyponatremia in
the ICU. Chest 2013; 144: 672-679

Sterns RH, Silver S, Kleinschmidt-DeMasters BK et al. Current
perspectives in the management of hyponatremia: preven-
tion of CPM. Expert Rev Neurother 2007; 7: 1791-1797
Perianayagam A, Sterns RH, Silver SM et al. DDAVP is effective
in preventing and reversing inadvertent overcorrection of hy-
ponatremia. Clin ] Am Soc Nephrol 2008; 3: 331-336

Sterns R, Hix J. Hyponatremia: vasopressin antagonists in hy-
ponatremia: more data needed. Nat Rev Nephrol 2011; 7:
132-133

Sughrue ME, McDermott M, Blevins LS. Extreme correction of
hyponatremia in a patient treated with intravenous conivap-
tan. J Clin Neurosci 2010; 17: 1331-1334

Soupart A, Penninckx R, Stenuit A et al. Reinduction of hypona-
tremia improves survival in rats with myelinolysis-related
neurologic symptoms. ] Neuropathol Exp Neurol 1996; 55: 594-601
Silver SM, Schroeder BM, Sterns RH et al. Myoinositol admin-
istration improves survival and reduces myelinolysis after
rapid correction of chronic hyponatremia in rats. ] Neuropathol
Exp Neurol 2006; 65: 3744

Suzuki H, Sugimura Y, Iwama S et al. Minocycline prevents
osmotic demyelination syndrome by inhibiting the activa-
tion of microglia. ] Am Soc Nephrol 2010; 21: 2090-2098
Overgaard-Steensen C, Larsson A, Bluhme H et al. Edelman’s
equation is valid in acute hyponatremia in a porcine model:
plasma sodium concentration is determined by external bal-
ances of water and cations. Am ] Physiol Regul Integr Comp
Physiol 2010; 298: R120-R129




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


