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ABSTRACT

Objective: In this study, in hemodialysis patients, we aimed to compare the osmolality values calculated by the equations
that are frequently used in the literature and the values measured on the osmometer device, and also to present new equa-
tions that are obtained from regression analysis for calculating serum osmolality. In addition, in the evaluation of hemodi-
alysis adequacy of patients, we aimed to evaluate the effectiveness of our equations by comparing the osmolality values
calculated with our equations and the measured osmolality values.

Methods: New equations for pre- and posthemodialysis were obtained by linear regression analysis from the pre- and
posthemodialysis examination parameters that were analyzed for hemodialysis adequacy assessment:

For prehemodialysis serum osmolality = 1.37 X ([Na*] +[K*]) + 1.1 X BUN +Glucose + 85

For posthemodialysis serum osmolality = 1.2 x ([Na*] +[K*]) + BUN + Glucose + 110

Comparison and correlation of measured and calculated osmolality values were carried out with statistical tests, separately
for before and after hemodialysis.

Results: Considering the high correlation strength, low osmolal gap mean and standard deviation, and the lack of signifi-
cant difference between the measured and calculated osmolality in the selection of the equation with the best results, it is
seen that the best results were obtained using our equations and the “2 x ([Na*]+[K']) + Glucose + BUN” equation.
Conclusion: We suggest using our equations and the equation “2 x ([Na*]+[K*]) + Glucose + BUN,” which are evaluated as

better performing equations according to the results of our study.
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INTRODUCTION

Osmolality is the measure of the number of osmoles dis-
solved per kilogram of water. Usually, the osmolal con-
centration is expressed in milliosmoles per kilogram of
water (mOsm/kg H,0).%?

The use of mathematical equations for calculating
serum osmolality is beneficial when a specific measure-
ment is not available or a calculation of osmolal gap
(OG) is required. Osmolal gap is the difference between
measured and calculated osmolality.*®* Osmolal gap
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specifically indicates the presence of unknown solutes
measured by osmometer but not included in the calcu-
lation. The optimal equation for calculating osmolality
requires that the OG must be zero or near zero.! The most
desirable range for OG is expressed as <2 mOsm/kg H,0.”

Many equations have been developed to calculate
serum or plasma osmolality. Most of these are usually
determined by linear regression analysis.»®** Although a
wide variety of equations have been proposed for osmo-
lality calculation, a few studies have determined which
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of them work best. The reason for the lack of consensus on the
most effective equations is probably due to the fact that the
fitting of any regression equation to a new dataset will almost
always produce a lower estimate. The real usefulness of any
regression equation depends on how well it predicts data other
than the data on which it is developed.

Osmolal gap and serum osmolality levels are important in
patients with chronic kidney disease (CKD). Chronic kidney
disease patients on hemodialysis (HD) may develop a “dialysis
disequilibrium syndrome” when their blood urea levels drop
suddenly and significantly.’? Before and after the HD session,
there are changes in analyte concentrations that contribute to
serum osmolality. Therefore, we think that the pre- and post-
session effectiveness of the equations used in osmolality calcu-
lation should be evaluated separately.

In this study, in HD patients, we aimed to compare the osmolal-
ity values calculated by the equations that are frequently used in
the literature and the values measured on the osmometer device,
and also to present new equations that are obtained from regres-
sion analysis for calculating serum osmolality in HD patients. In
addition, in the evaluation of hemodialysis adequacy of patients
(validating group), we aimed to evaluate the effectiveness of our
equations by comparing the osmolality values calculated with
our equations and the measured osmolality values.

METHODS

Volunteers aged 18 years and over who received HD treatment
in the Hemodialysis Unit of the Third Stage Health Practice and
Research Hospital were included in the study. Routine blood
tests were performed once a month for hemodialysis adequacy
assessment in the hemodialysis unit. Blood samples were col-
lected during the hemodialysis adequacy assessment for 2
consecutive months and routine analysis data were used for
the patients who were a part of our study. Our data for the first
month formed our data series (training group), which we used
to generate our new equations. Our data for the second month
(validating group) was used to evaluate the performance of our
equations in general. All procedures performed in this study
involving human participants were in accordance with the ethi-
cal standards of the Institutional Research Committee and with

MAIN POINTS

+ For calculating osmolality, we do not recommend the use of
the equation proposed by Dorwart and Chalmers.

« In our study, we observed that the correlation coefficients in
the equations with [Na*]+[K'] as the independent variable
are slightly higher than that in the equations with only [Na‘].

+ We suggest using our equations and the equation “2 x ([Na‘]
+[K']) + Glucose + BUN,” which have been evaluated as better-
performing equations according to the results of our study.

+ Our study sheds light on future research for the use of differ-
ent formulas before and after the hemodialysis session.
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the 1964 Helsinki Declaration and its later amendments or com-
parable ethical standards. This study was approved by the local
ethics committee (Decision No: 2022/19), and informed consent
was obtained from all volunteers.

Blood samples taken during hemodialysis adequacy assess-
ment were allowed to clot at room temperature, then cen-
trifuged at 4000 rpm and serum was obtained. Routine
analyses were performed on a Cobas 8000 autoanalyzer (Roche
Diagnostics GmbH, Mannheim, Germany) on the obtained
patient sera. Glucose and blood urea nitrogen (BUN) measure-
ments were carried out spectrophotometrically in the c702
module of the autoanalyzer, and [Na'], [K'] measurements
were carried out in the ion-selective electrode module of the
autoanalyzer. All parameters were expressed in mmol/L. In the
remaining serum samples after routine analysis, osmolality was
measured on a Osmomat 3000 osmometer device (Gonotec,
Berlin, Germany) based on the freezing point measurement
principle. The osmolality values that were measured before
and after HD were compared. Separately, new equations for
pre-HD and post-HD were obtained by linear regression analy-
sis using [Na'], [K*], glucose, and BUN concentrations from the
pre-HD and post-HD examination parameters that were ana-
lyzed for hemodialysis adequacy assessment. Equations were
optimized by making minor modifications to the coefficients
obtained by regression analysis. The osmolality values were
calculated with 4 different equations frequently used in the lit-
erature®!! and our equations. The OG was calculated from the
measured and calculated osmolality values with the following
formula:

Osmolal gap = measured osmolality — calculated osmolality

Measured and calculated osmolality values were compared and
correlation analysis was performed, separately before and after
HD session.

Statistical Analysis

All data analyses were performed with IBM SPSS 22 Statistics
package programs (IBM SPSS, Armonk, NY, USA). Shapiro-Wilk
tests were used to analyze the normality distributions of all val-
ues. The Wilcoxon signed-rank test was used to evaluate the
differences in measured osmolality pre-HD and post-HD. The
correlation of measured and calculated osmolality values was
evaluated with the Pearson’s correlation test in normally dis-
tributed data and with the Spearman’s correlation test in non-
normally distributed data. In addition, Bland-Altman plots were
used to compare the osmolality calculated with our equations
and the measured osmolality. Bland-Altman plots show a ran-
dom distribution of points with most observations falling within
confidence intervals. The relationship between the osmolal-
ity gap (y-axis) and the mean of the calculated and measured
osmolality (x-axis) is evaluated with the Bland-Altman plots.
The differences between measured and calculated osmolality
were assessed using the Student’s t-test for data with normal
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Table 1. Correlation of Measured and Calculated Osmolality (Training Group)

Equations Ref 0G SD Upper LoA | Lower LoA r P
Pre-hemodialysis (pre-HD)

1.86 x [Na*]+Glucose+BUN+9 8 18.14 4.04 26.06 10.22 0.833 <.001
1.9 X ([Na*]+[K']) + Glucose+BUN +5 9 6.88 3.73 14.19 —0.43 0.861 <.001
2 X [Na']+Glucose+BUN 10 7.95 4.25 16.28 —0.38 0.825 <.001
2 x ([Na*]+[K']) + Glucose + BUN 11 —2.34 3.84 5.19 —9.87 0.855 <.001
1.37 x ([Na*]+[K*]) + 1.1 x BUN +Glucose +85 Ours 0.14 3.39 6.78 —6.50 0.884 <.001
Post-hemodialysis (post-HD)

1.86 x [Na*]+ Glucose+BUN+9 8 15.69 4.41 24.33 7.05 0.630 <.001
1.9 X ([Na*]+[K]) + Glucose+ BUN +5 9 7.30 4.16 15.45 -0.85 0.668 <.001
2 x [Na']+Glucose + BUN 10 5.65 4.57 14.61 -3.31 0.614 <.001
2 X ([Na']+[K']) + Glucose + BUN 11 —1.66 4.26 6.69 -10.01 0.663 <.001
1.2 X ([Na*]+[K']) + BUN+Glucose+110 Ours 0.06 3.81 7.53 -7.41 0.703 <.001

In the prehemodialysis data series, Spearman’s correlation test was applied in the third equation and Pearson’s correlation test was applied in the other equations.
In the posthemodialysis data series, Spearman’s correlation test was applied in the all equations.
[K'], potassium (mmol/L); [Na+], sodium (mmol/L); BUN, blood urea nitrogen (mmol/L); LoA, Limit of agreement; OG, osmolal gap; SD, standard deviation.

distribution and the Mann-Whitney U-test for data with non-
normal distribution. Linear regression analysis was performed
to determine the coefficients of the our equations. P-values less
than .05 were considered significant.

RESULTS
Fifty-two volunteers were included in the study. Pre-HD osmo-
lality values of the volunteers were 310.1 + 7.26 and post-HD
osmolality values were 290.08 + 5.86. Pre-HD osmolality val-
ues were significantly higher than post-HD osmolality values
(P <.001).

The mean and standard deviation of the osmolal gap values are
presented in Table 1. There was a significant positive correla-
tion between the measured and calculated osmolality values.
While there was a very strong positive correlation in the pre-
HD data, there was a strong positive correlation in the post-HD
data (Table 1). The results of the comparison of the measured
osmolality values with the calculated osmolality values are pre-
sented in Table 2.

Linear regression analysis results of pre-HD and post-HD data
are presented in Tables 3 and 4. Minor modifications were

Table 2. Evaluation of Differences in Measured and Calculated Osmolality (Training Group)

Equations Ref Measured Osmolality Calculated Osmolality P
Pre-hemodialysis (pre-HD)

1.86 x [Na*]+ Glucose+BUN+9 8 310.10 + 7.26" 291.96 + 6.54 <.001
1.9 X ([Na*]+[K*]) +Glucose +BUN +5 9 310.10 + 7.26" 303.21 +6.78 <.001
2 X [Na*]+Glucose+BUN 10 311.00** (295.00-325.00) 302.37 (282.50-315.63) <.001
2 X ([Na*]+[K']) + Glucose + BUN 11 310.10 + 7.26" 312.44 +6.95 .096
1.37 x ([Na*]+[K'])+1.1 x BUN+Glucose +85 Ours 310.10 + 7.26* 309.95 + 6.44 916
Post-hemodialysis (post-HD)

1.86 X [Na*] +Glucose+BUN+9 8 290.50** (268.00-301.00) 274.57 (258.84-285.47) <.001
1.9 X ([Na*]+[K']) +Glucose +BUN +5 9 290.50** (268.00-301.00) 283.47 (266.65-294.17) <.001
2 X [Na*]+Glucose+BUN 10 290.50** (268.00-301.00) 284.60 (267.90-295.65) <.001
2 X ([Na']+[K']) + Glucose + BUN 11 290.50** (268.00-301.00) 292.29 (274.90-303.25) Jd21
1.2 X ([Na*]+[K']) + BUN + Glucose + 110 Ours 290.50** (268.00-301.00) 290.54 (278.90-300.61) .696
[K+], potassium (mmol/L); [Na+], sodium (mmol/L); BUN, blood urea nitrogen (mmol/L).

*Values were expressed as means + SD. Student’s t-test was applied. **Values were expressed as median (min-max). Mann-Whitney U test was applied.

Bold values indicate not statistical significance.
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Table 3. Linear Regression Analysis of Prehemodialysis Data (Training Group)

Unstandardized Coefficients Standardized Coefficients 95% Confidence Interval for B
Model B Std. Error Beta P Lower Bound Upper Bound
(Constant) 85.58 28.67 .004 27.94 143.22
([Na*T+[K') 1.37 0.20 0.53 <.001 0.97 1.76
BUN 1.10 0.10 0.77 <.001 0.90 1.29
Glucose 0.98 0.20 0.38 <.001 0.59 1.38
[K+], potassium (mmol/L); [Na+], sodium (mmol/L); BUN, blood urea nitrogen (mmol/L); Std, standard.
Table 4. Linear Regression Analysis of Posthemodialysis Data (Training Group)

Unstandardized Coefficients Standardized Coefficients 95% Confidence Interval for B
Model B Std. Error Beta P Lower Bound Upper Bound
(Constant) 110.56 32.52 .001 45.18 175.95
([Na*]+[K') 1.20 0.23 0.48 <.001 0.73 1.66
BUN 1.03 0.23 0.41 <.001 0.56 1.50
Glucose 0.99 0.21 0.43 <.001 0.56 1.42

[K*], potassium (mmol/L); [Na*], sodium (mmol/L); BUN, blood urea nitrogen (mmol/L); Std, standard.

made to the coefficients obtained by linear regression analysis,
and new equations were presented separately for pre-HD and

post-HD.

Our equation for pre-HD = 1.37 X

BUN+Glucose+85

(INa*T+[K)+1.1 x

Our equation for post-HD = 1.2 x ([Na*]+[K'])+BUN +Gluco

se+110

Blood samples taken during the next evaluation of the HD
adequacy of the patients (validating group) were used to evalu-
ate performance of our equations. For the validating group,
the mean and standard deviation of the osmolal gap values
are presented in Table 5. There was a significant positive cor-
relation between the measured and calculated osmolality val-
ues. In the pre-HD samples, “2 x ([Na*]+[K*])+Glucose + BUN”
and our equations had very strong positive correlation, and
these equations had the highest correlation coefficients. The

Table 5. Correlation of Measured and Calculated Osmolality (Validating Group)

Equations Ref 0G SD Upper LoA | Lower LoA r P
Pre-hemodialysis (pre-HD)

1.86 x [Na*] +Glucose+BUN+9 8 20.81 4.53 29.69 11,93 0.539 <.001
1.9 X ([Na*]+[K+]) +Glucose +BUN +5 9 9.53 4.43 18.22 0.85 0.786 <.001
2 X [Na*]+Glucose+BUN 10 10.60 4.64 19.70 1.50 0.751 <.001
2 X ([Na*]+[K']) + Glucose + BUN 11 0.30 4.51 9.14 —8.55 0.921 <.001
1.37 X ([Na*]+[K']) +1.1 X BUN +Glucose + 85 Ours 3.04 4.13 11.14 —5.06 0.916 <.001
Post-hemodialysis (post-HD)

1.86 x [Na*]+Glucose+BUN+9 8 17.03 5.91 28.60 5.45 0.649 <.001
1.9 X ([Na*]+[K']) +Glucose+BUN +5 9 8.37 5.54 19,23 —2.48 0.713 <.001
2 X [Na']+Glucose+BUN 10 6.90 6.01 18,68 —4.89 0.635 <.001
2 x ([Na*]+[K*]) + Glucose + BUN 11 —0.67 5.60 10.30 —11.64 0.700 <.001
1.2 X ([Na*]+[K']) + BUN + Glucose +110 Ours 1.67 5.53 12.52 -9.17 0.845 <.001

In the prehemodialysis data series, Pearson’s correlation test was used in all equations.
In the posthemodialysis data series, Pearson’s correlation test was used in our equation and Spearman’s correlation test was used in other equations.
[K+], potassium (mmol/L); [Na+], sodium (mmol/L); BUN, blood urea nitrogen (mmol/L); LoA, limit of agreement; OG, osmolal gap; SD, standard deviation;
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Table 6. Evaluation of Differences in Measured and Calculated Osmolality (Validating Group)

Equations Ref Measured Osmolality Calculated Osmolality P
Pre-hemodialysis (pre-HD)

1.86 x [Na*]+Glucose+BUN+9 8 312.02 + 8.16* 291.21+7.04 <.001
1.9 X ([Na*]+[K']) + Glucose+BUN +5 9 312.02 +8.16* 30249 +741 <.001
2 x[Na*]+Glucose+BUN 10 312.02 + 8.16" 301.42 +7.17 <.001
2 x ([Na*]+[K']) + Glucose + BUN 11 312.02 +8.16" 311.72 +7.52 .858
1.37 x ([Na*]+[K']) + 1.1 X BUN +Glucose + 85 Ours 312.02 + 8.16* 308.98 +7.29 .066
Post-hemodialysis (post-HD)

1.86 x [Na*]+ Glucose+BUN+9 8 293.00** (270.00-316.00) 276.20 (257.02-288.30) <.001
1.9 X ([Na*]+[K']) + Glucose + BUN +5 9 293.00** (270.00-316.00) 284.21 (266.69-297.69) <.001
2 x [Na']+Glucose + BUN 10 293.00** (270.00-316.00) 286.52 (265.94-299.18) <.001
2 x ([Na*]+[K']) + Glucose + BUN 11 293.00** (270.00-316.00) 293.32 (274.94-306.79) 493
1.2 X ([Na*]+[K']) + BUN +Glucose + 110 Ours 292.33 +9.20" 290.66 + 5.26 .293
[K+], potassium (mmol/L); [Na+], sodium (mmol/L); BUN, blood urea nitrogen (mmol/L).

*Values were expressed as means + SD. Student’s t-test was applied. **Values were expressed as median (min-max). Mann-Whitney U test was applied.

Bold values indicate not statistical significance.

correlation coefficient of the “2 x ([Na*]+[K']) + Glucose + BUN”
equation is slightly higher than the correlation coefficient of our
equation. In the post-HD samples, only our equation had very
strong positive correlation and the highest correlation coeffi-
cient (Table 5). In the validating group, the measured osmolal-
ity values were compared to the calculated osmolality values
using our equations and 4 different equations frequently used
in the literature. The osmolality values calculated with the “2 x
([Na*]+[K']) + Glucose + BUN” equation and our equations were
not statistically different from the measured osmolality values
(Table 6).

In addition, the Bland-Altman plots of our equation and the “2
X ([Na']+[K']) +Glucose + BUN” equation comparing the mea-
sured and calculated osmolality are presented in Figures 1-4.
The distribution of measured and calculated osmolality values
is shown in these graphs.

DISCUSSION

Numerous different equations have been created using regres-
sion analyses for serum osmolality calculations.2#1:1* Although
there are many equations for calculating plasma or serum
osmolality, there is no consensus on the best equation. The
Dorwart-Chalmers equation “1.86 x [Na*]) + Glucose+BUN+9,”
published in 1975, has been widely used.®! However, some
reports have suggested that the use of this equation tends to
underestimate the true osmolality of the sample.*® However,
this formulais still accepted in textbooks and isincluded in com-
mercial osmolality measuring devices.* In the study by Rasouli
et al, it was found that the measured osmolality was greater
than the calculated osmolality in almost all cases when the
Dorwart-Chalmers formula was used. Rasouli et al® proposed

a new equation “1.9 x ([Na']+[K'])+Glucose+BUN+5” from
their own data and osmolality calculations were made with this
equation in our study. In his study published in 2016, Rasouli*
strongly recommends withdrawing the Dorwart-Chalmers for-
mula from textbooks and autoanalyzers and using Worthley
et al’s simpler equation. In a study by Calderon et al on the com-
parison of several equations, the use of the Dorwart- Chalmers
formula is not recommended. In addition, among the equa-
tions they examined in their study, it was found that the 2 best
equations were those proposed by Khajuria and Krahn, “1.86
X ([Na*]+[K']) +1.15 x Glucose+BUN+14” and “2 x [Na*]+1.15
X Glucose+BUN,” and the equation proposed by Worthley “2
X [Na*]+Glucose+BUN” was acceptable as an alternative due
to its simplicity of use.® Vareesangthip et al'®* compared the
osmolality calculated with 14 different equations with the mea-
sured osmolality. The 4 equations used in our study are also
included in this study. Vareesangthip et al found that out of
14 equations, 2 equations outperformed the other equations.
One of these equations is the “2 x ([Na*] +[K']) + Glucose + BUN”
equation, which we also used in our study, and the other is the
“1.86 x ([Na']+[K])+1.15 X Glucose+BUN+14” equation pro-
posed by Khajuria and Krahn.?® In a study published in 2020, it
was reported that there was a statistically significant difference
between the measured osmolality values and the osmolality
values calculated with the “2 x ([Na*]+[K'])+Glucose+BUN”
formula, and the calculated osmolality values were significantly
higher than the measured osmolality values. A significant posi-
tive correlation was reported between the osmolality values
measured and calculated according to the results of this study.®

In the validating group of our study, there was a sig-
nificant positive correlation between the measured and
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Figure 1. Bland-Altman plots of osmolality measured with osmolality calculated from our equation for pre-hemodialysis (validating group). Bland-Altman
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calculated osmolality values. In the pre-HD samples, the “2 x
([Na*]+[K*]) + Glucose+BUN” equation and our equation had
very strong positive correlation, and these equations had the
highest correlation coefficients. In the post-HD samples, only our
equation had very strong positive correlation and the highest
correlation coefficient (Table 5). In the comparison of the mea-
sured and calculated osmolality, the osmolality calculated by our
equations and the “2 x ([Na*]+[K']) + Glucose+BUN” equation
did not differ statistically from the measured osmolality. Taking
into account that Fazekas et al” consider a mean osmolal gap of
<5 mosm/kg as desirable (preferably <2 mosm/kg), our equa-
tions and the equation “2 x ([Na*]+[K']) + Glucose + BUN” appear
to produce a satisfactory osmolal gap. Considering these results,
itis seen that the best results were obtained using our equations
and to the “2 x ([Na*]+[K']) +Glucose+BUN” equation, and the
worst results were obtained with the Dorwart-Chalmers for-
mula. In the selection of the equation with the best results, high
correlation strength, low osmolal gap mean and SD, and no sig-
nificant difference between the measured and calculated osmo-
lality were taken into account. Similar to Calderon et al, we do
not recommend using the Dorwart-Chalmers formula. Also, the
“2 x ([Na*]+[K*]) + Glucose +BUN” equation is the same as 1 of
the 2 equations that Vareesangthip et al found to perform better.

In addition, the osmolality values calculated by our equation and
the “2 x ([Na*]+[K']) + Glucose + BUN” equation were compared
with the measured osmolality values by Bland-Altman plots.
Based on this graphical analysis, all cases fall within the con-
fidence interval (mean + 1.96). When we examine the graph of
our equation for post-HD, we observe that there is a systematic
change in the difference with increasing mean values. Although
our equation is one of the equations that gives the best results
as a result of statistical evaluations, we think that this system-
atic change is caused by the tendency to underestimate the true
osmolality of the sample as the osmolality value increases.

When we examine Worthley’s equation and the “2 X
([Na"]+[K']) +Glucose+BUN”  equation, we see that
the inclusion of [Na‘]+[K'] as the variable in the “2 x
([Na*]+[K']) +Glucose+BUN” equation, and the inclusion of
[Na+] in Worthley’s equation make a difference. In our study,
it is seen that the correlation coefficients in the equations with
[Na*]+[K'] as the independent variable are slightly higher than
the equations with only [Na‘]. In a study by Calderon et al, a
statistically significant relationship was found between potas-
sium and measured osmolality, even though the correlation
coefficient was low. However, they found that only potassium
was not a significant predictor in the regression analysis, but
potassium became a significant predictor when it was included
as a composite variable along with sodium.*” These results of
Calderon et al may explain why some published equations do
not include potassium. In addition, in the study of Calderon
et al, it was found that the correlation coefficient of the equa-
tions involving the ([Na*]+[K']) variable was slightly higher
than that of the equations involving only the sodium variable.
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These results were similar to the results of our study. Rasoulis
et al*® confirm that addition of potassium to equation increases
the correlation, brings the mean osmolal gap closer to zero, and
the potassium concentration stabilizes with constant values.

In the training group, while there was a very strong correlation
in the pre-HD samples, there was a strong correlation in the
post-HD samples. Also, only our equation had very strong corre-
lation in post-HD samples in the validating group. Considering
these results, we recommend making calculations with sepa-
rate equations for before and after hemodialysis.

CONCLUSION

In conclusion, our study contributed to the literature by discuss-
ing the effectiveness of the equations in pre-HD and post-HD
data of the HD patient group, and by introducing and verifying
new equations. Considering the results of our study and that of
other studies in the literature, we do not recommend the use of
the equation proposed by Dorwart and Chalmers. We suggest
using our equations and the equation “2 x ([Na*]+[K']) + Gluco
se+BUN,” which are evaluated as better performing equations
according to the results of our study. Our study sheds light on
future research for the use of different formulas before and after
the hemodialysis session.

The real usefulness of any regression equation depends on its
ability to predict data other than the data on which it was devel-
oped. The small sample size and the fact that our equations
were not used for other patient populations are the study’s
limitations. Further studies in larger data series are needed to
evaluate the effectiveness of our equations.
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