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ABSTRACT

Background: In critically ill patients with low albumin, dose individualization of phenytoin is a challenge. The currently used Sheiner-Tozer
equation does not accurately predict the free phenytoin concentration in serum and can result in incorrect dose modifications. The best measure
to advocate in these patients is the direct-measurement of free phenytoin concentration.

Aims and objectives: Phenytoin exhibits complex pharmacokinetics, requiring careful therapeutic drug monitoring. This study aimed to compare
the accuracy of the established Sheiner-Tozer calculation method against the direct-measurement of free phenytoin concentration in serum
by high performance liquid chromatography in critically ill patients with low albumin.

Materials and methods: Blood specimens for direct-measurement of both total and free phenytoin concentration were obtained from 57
patients with hypoalbuminemia monitored in the intensive care unit.

Results: The median [inter-quartile range (IQR)] for Sheiner-Tozer equation calculated total phenytoin concentration and direct-measured total
was 17.14 (10.63-24.53) and 9.82 (6.02-13.85) pg mL™", respectively. Approximately 53 and 5% of patients were found to be subtherapeutic
and supratherapeutic for direct-measured total phenytoin concentrations, respectively. In contrast, on applying the Sheiner-Tozer calculation,
23 and 40% had subtherapeutic and supratherapeutic concentrations, respectively, for total phenytoin concentration. The median (IQR) for
direct-measured, routine and Sheiner-Tozer equation calculated free phenytoin concentration were 1.92 (1.06-2.76), 0.98 (0.60-1.39), and 1.71
(1.06-2.45) ug mL™", respectively. Only 45.7% of patients were in agreement with respect to the therapeutic category when direct-measured
free was compared against routine calculation free.

Conclusion: In patients with low albumin, free phenytoin concentration based on the Sheiner-Tozer corrected equation accurately classified
patients based on their therapeutic category of free phenytoin in 73.7% of patients. Hence, for individualization of phenytoin dosage in critically
ill patients with low albumin, we recommend direct-measurement of free phenytoin concentration.
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INTRODUCTION 1245Department of Pharmacology and Clinical Pharmacology,

Epilepsy is a common clinical condition which has a considerable
impacton anindividual’s quality of life. According to the 2019 World
Health Organization’s statement, 50 million people are affected by
epilepsy globally. Furthermore, approximately 8-10% of the world
population can experience a seizure in their lifetime; making this
non-communicable disease, a common neurological condition
worldwide.!

Phenytoin, an effective antiseizure drugs has been used for
more than 80 years to achieve and maintain seizure control.>>
However, in clinical care, the complex pharmacokinetic properties
of phenytoin make dosing of phenytoin an extreme challenge to the
treating clinician. Phenytoin exhibits non-linearity in its elimination
pharmacokinetics and is a broad-spectrum inducer of cytochrome
P450,%° thereby interacting with co-administered drugs.5’
Second, 90% of phenytoin is bound to albumin,® the remaining
10% unbound or free proportion of phenytoin is identified as the
decisive component with regard to the clinical efficacy and toxic
effects of phenytoin.’ Third, total phenytoin concentration has a
narrow therapeutic range of 10-20 pg mL™' with a comparable
limited free phenytoin concentration in the range 1-2 pg mL™
(total phenytoin concentration/10)."° Despite these serious concerns
with phenytoin, it has the best documented relationship between
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plasma concentration and clinical efficacy, compared to many
anticonvulsant drugs.

Treatmentdecisions with phenytoinare more complexin critical
care patients, who are prone to develop hypoalbuminemia."-'3
A fall in serum albumin can alter phenytoin binding, potentially
raising free phenytoin concentration to toxic levels. Other
factors such as old age, altered hepatic functions, uremia,
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hypercholesterolemia, and sepsis frequently coexist in the
critically ill, which will further be altering the free fraction of
the drug and warranting heightened clinical vigilance while
monitoring.'* Protein binding of phenytoin in patients with
diabeticsis also found to be lower, when compared with patients
who are non-diabetic."” For this reason, in critical care, therapeutic
drug monitoring of total phenytoin is routinely performed by the
treating clinician.'® However, the estimation of total phenytoin
concentration which is inclusive of the bound and free phenytoin
may provide discrepant results in comparison with the biologically
active free phenytoin concentration."'8

A common approach toward this problem is a simple “routine
calculation method,” dividing the total phenytoin concentration
by 10, a method that assumes 10% of total phenytoin to be
available in the unbound form. However, in the critically ill patient,
free phenytoin concentration could possibly be much higher.'
Alternatively, the standard mathematical algorithm, “Sheiner-
Tozer equation” incorporates the albumin concentration with the
direct-measured total phenytoin concentration for calculating the
corrected phenytoin concentration.'>2° Despite being decades old,
the accuracy of these equations has been questioned by recent
researchers.?’-23 In this situation, the direct-measurement of free
phenytoin concentration in serum, especially in the critically ill
could be essential.?*

In this study, we compared direct-measured free phenytoin
concentration with calculated free phenytoin concentration, using
the two following methods: (i) The routine method in which the
free phenytoin is estimated to be 10% of the total phenytoin and
(i) The Sheiner-Tozer calculated method in critically ill patients
with low albumin.

MATERIALS AND METHODS

Study Design

This prospective study was conducted in the Clinical Pharmacology
Unitand the Medical Intensive Care Unit - Division of Critical Care -
Christian Medical College, Vellore, Tamil Nadu, India from December
2016 to August 2018. The study approval was obtained from the
Institutional Review Board (IRB Minute No. 10321, dated 12 October
2016) and was performed in accordance with the ethical principles
of the updated version of Declaration of Helsinki.

Patient Recruitment and Analysis

A total of 57 patients, aged 18 years and above, who presented
with seizures and were managed with phenytoin (loading and
maintenance dose) were recruited into the study; after obtaining
an informed consent from a first-degree relative. Pregnant mothers
were excluded from the study. A record of the suspected diagnosis;
concomitantillness; co-medications; renal and hepatic parameters
were maintained. In the patients who had a serum albumin below
3.5 gm dL™! and after 3 days of initiation of phenytoin, a single
trough blood specimen (5 mL) was collected. The blood specimens
were centrifuged at room temperature for 5 minutes at 13,000 rpm.
The supernatant serum was transferred and stored at —20°C
temperature until analysis. The serum was separated to be used for
total phenytoin (600 uL) and free phenytoin (500 pL) estimation.
To separate the specimen for free phenytoin, 500 pL of serum
was filtered through an ultrafilter (Amicon Centrifree)?>2% and
centrifuged at 13,000 rpm for 30 minutes, at 4°C. This was stored
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at —20°C for the estimation of free phenytoin, for analysis within 1
week of collection.

High-performance Liquid Chromatography
Measurement for Total Phenytoin Concentration
Phenytoin pure powder (5,5-diphenyl hydantoin sodium salt >99%)
was obtained from Sigma—Aldrich Incorporated and nevirapine
powder were used as the internal standard for the assay.

The assay was developed and validated using an automated
injector high-performance liquid chromatography, LC-2010CHT
with UV detector at 214 nm.

The samples for measurement of total phenytoin were
extracted by simple protein precipitation using acetonitrile.

The inter-day imprecision (calculated as % coefficient
of variation) for total phenytoin concentration of 3.03 and
22.85 ug mL™" was 0 and 4.3%, respectively.

High-performance Liquid Chromatography
Measurement for Free Phenytoin Concentration

Free phenytoin concentrations were estimated after filtration of
proteins from serum using an ultrafilter. The intraday imprecision
for free phenytoin concentrations of 0.28 and 2.36 pg mL™" was 6.1
and 4.5%, respectively. The lower limit of quantification (LLOQ) for
the total and free phenytoin was 2.76 and 0.06 ug mL™, respectively.

In this study, total phenytoin concentration was estimated by
the following two methods: (i) “Direct-measured total phenytoin
concentration” and (ii) Calculated “Sheiner-Tozer total phenytoin
concentration,” a corrected value that predicts the effect of albumin
on the phenytoin concentration. Free phenytoin concentration was
estimated by the following three methods: (i) “Routine calculation
method” (“Direct-measured total phenytoin concentration/10"), (ii)
The “Sheiner-Tozer free phenytoin concentration,” and (iii) “Direct-
measured free phenytoin concentration.” “Routine calculation”
and “Sheiner-Tozer equation” for calculating free phenytoin used
the value obtained from the direct total measured phenytoin
concentration, in separate equations.

Statistical Analysis

The trough concentrations of total and free serum phenytoin were
determined by visually inspecting the data. The R software, version
3-2-1, was used for further data analysis. The patients were then
stratified into three categories for phenytoin concentration with
respect to one method. The total and free phenytoin concentration
was labeled as subtherapeutic for <10 and <1 ug mL™, respectively;
therapeutic for 10-20 and 1-2 ug mL™"; and supratherapeutic for
>20 and >2 ug mL™', respectively. The direct-measured values
for both total and free were used as the standard for comparison
against each calculation method. The level of agreement between
the direct-measured phenytoin concentration and the phenytoin
concentration derived from calculated methods were analyzed to
therespective therapeutic category. Free phenytoin concentration
with regard to albumin, bilirubin, and comedication was also
evaluated.

REesuLTs

Approximately 58% of patients who were diagnosed to have
either meningoencephalitis, intracranial bleed or cortical venous
thrombosis participated in this study. The baseline demographic
characteristics of the patients are summarized in Table 1.
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Table 1: Characteristics of the patients (n = 57) at baseline values are

n (%) or median (IQR)

Characteristic Values
Age (years) 37 (29.0-56.0)
Sex
Male-Number (%) 36 (63.2)
Female-Number (%) 21 (36.8)
Biochemistry parameters Median + IQR
Creatinine (mg dL™) 0.83 (0.59-1.48)
Total bilirubin (mg dL™") 0.54 (0.38-0.72)
Direct bilirubin (mg dL™") 0.26 (0.15-0.40)
Total protein (gm dL™") 5.70 (5.30-6.30)
Total albumin (gm dL™") 2.50 (2.20-2.80)
Co-medications Number
Monotherapy with phenytoin (n) 30
One additional antiepileptic drug (n) 10
Two additional antiepileptic drugs (n) 8
Three or more additional antiepileptic 9
drugs (n)
MICU admission diagnosis Number of patients (%)
Meningoencephalitis 17 (29.8)
Intracranial bleed/infarct/CVT 16 (28.1)
Poisoning 5(8.77)
Epilepsy 4(7.02)
Systemic lupus erythematosus 2(3.51)
Others (malignancy, infections) 13 (22.8%)

Total Phenytoin Concentration

The median and IQR concentration for “direct-measured total
phenytoin concentration” and “Sheiner-Tozer calculated total
phenytoin concentration” was 9.8 (6.0-13.9) and 17.14 (10.63-24.53)
ug mL, respectively. The interpatient variability (calculated as
% CV) for both, direct-measured total and Sheiner-Tozer total
phenytoin concentration ranged 62—64%.

With respect to the direct-measured total phenytoin
concentration in 57 patients, 53% (30/57) were subtherapeutic,
42% were therapeutic (24/57), and only 5% were supratherapeutic.
In contrast, using the Sheiner-Tozer equation, 23%(13) patients
were classified as subtherapeutic, 37%(21) as therapeutic, and
40% (23) patients were included in the supratherapeutic category.
The correlation between the “direct-measured total phenytoin
concentration” and the “Sheiner-Tozer calculated total phenytoin
concentration” using the Pearson correlation coefficient (R?) was
0.90.

The direct-measured total phenytoin concentration was first
stratified into below, within, and above the therapeutic range for
the total phenytoin concentration. This was compared against
the concomitant Sheiner-Tozer calculated total phenytoin
concentrations. The agreement between the two methods
was 43, 25, and 100% for the subtherapeutic, therapeutic, and
supratherapeutic categories, respectively.

Free Phenytoin Concentration

The median (IQR) by routine calculation, direct-measured and
Sheiner-Tozer calculated free phenytoin was 0.98 (0.60-1.39),
1.92 (1.06-2.76) and 1.71 (1.06-2.45) ug mL™" respectively. The
interpatient variability (CV%) of the direct-measured free phenytoin
concentration was 76.5%.

Direct-measured Free vs Routine Calculation Free

Of the 57 patients, 23'3, 33.3"%, and 44%2° patients were
subtherapeutic, therapeutic, and supratherapeutic, respectively,
with respect to the direct-measured free phenytoin concentration
(Fig. 1). The direct-measured free phenytoin and direct-measured
total phenytoin concentration is represented in Figure 2.
Approximately 53, 42, and 5% were subtherapeutic, therapeutic,
and supratherapeutic, respectively, with respect to the routine
calculation free phenytoin concentration.

All 13 patients who were subtherapeutic by direct-measured
free phenytoin concentrations were subtherapeutic by the routine
calculation free as well. Of the 19 in the therapeutic range using
direct-measured free, only 52.6%'° remained therapeutic whereas
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Fig. 1: Beeswarm plot comparing the distribution of free phenytoin
concentration by the three methods with respect to the therapeutic
range of free phenytoin concentration. The dashed lines represent
the upper and lower limit of the therapeutic range of free phenytoin
concentration. The bold dark and thin gray lines depict the median and
the interquartile ranges of free phenytoin concentration by the three
methods, respectively
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Fig. 2: Beeswarm plot comparing the distribution of measured total
and free phenytoin concentrations by HPLC. The dashed lines represent
the upper and lower limit of the therapeutic range of free phenytoin
concentration. The bold dark and thin gray lines depict the median and
the interquartile ranges of free phenytoin concentration by the three
methods, respectively
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47.4%° would be falsely reported as subtherapeutic by the routine
calculation free. Among the 25 patients, in the supratherapeutic
category by direct-measured free, only 12%> were supratherapeutic
using the routine calculation free, whereas 56'* and 32%® were
in the therapeutic and subtherapeutic categories, respectively.
Overall, 26/57 patients (45.7%), were in agreement with respect to
the therapeutic category when direct-measured free was compared
against routine calculation free.

The Pearson correlation coefficient (R?) between direct-
measured and routine calculation free phenytoin concentration
was 0.64.

Direct-measured Free vs Sheiner-Tozer Free Phenytoin
Concentration

Approximately 23, 37, and 40% were subtherapeutic, therapeutic,
and supratherapeutic with respect to the Sheiner-Tozer free
phenytoin concentration. Among the 13 patients who were
subtherapeutic with direct-measured free, 12 were in the same
category with the Sheiner-Tozer free. Among the 19 patients
in the therapeutic range with direct-measured free, 68%'*
were therapeutic with Sheiner-Tozer free, but 32%(6) were
supratherapeutic using the Sheiner-Tozer free calculation. Among
the 25 patients who were supratherapeutic with direct-measured
free, 68%'’ were supratherapeutic using the Sheiner-Tozer free
equation. Overall, 42/57 patients (73.7%), were in agreement with
respect to the therapeutic category when direct-measured free
was compared against Sheiner-Tozer free (Fig. 3).

Correlation (R?) for direct-measured free and Sheiner-Tozer
calculated free concentrations was 0.637. The Bland-Altman plot
is represented in Figure 4.

Free Phenytoin Concentration in Relation to Albumin

The plasma albumin of patients enrolled in the study ranged from
1.3t0 3.3 gm dL™" with a median (IQR) of 2.50 (2.20—2.80). Seven out
of 57 patients had a very low albumin (<2 gm%). While comparing
direct-measured free (gold standard) and Sheiner-Tozer free
concentration, only one among the seven patients was not in the
similar therapeutic category. However, there was no agreement
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Fig. 3: Bar graphs representing variation of Sheiner-Tozer free with
respect to direct-measured free phenytoin concentrations. The data was
derived by grouping of patients into subtherapeutic, therapeutic and
supratherapeutic range of free phenytoin concentration
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Fig. 4: Bland-Altman plot to determine the agreement between direct-
measured free phenytoin and Sheiner-Tozer calculated free phenytoin.
The thin line represents the bias (mean difference) and the bold lines
represent +2 SD of bias

between direct-measured free and the routine free concentration
in any patient. In patients with hypoalbuminemia, the correlation
between direct-measured free phenytoin concentration and serum
albumin was 0.007 (R?).

When albumin was categorized into severe (<2 gm dL™") and
moderate hypoalbuminemia (>2 gm dL"), the median (IQR) for free
phenytoin concentration was 2.89 (1.85-3.24) and 1.8 (0.95-2.63)
ug mL! for the severe- and moderate-hypoalbuminemic groups,
respectively.

Free Phenytoin Concentration with respect to Co-medications
and Bilirubin
Among the 57 patients recruited, 11 received the antiepileptic drug
valproic acid (known for displacing phenytoin and altering drug
metabolism). The median (IQR) of direct-measured free phenytoin
concentration of patients with and without valproate was 2.8
(2.4-5.2) and 1.7 (1.03-2.6) ug mL™, respectively.

Only 11 patients had a high total bilirubin >1.2 mg dL". There
was a poor correlation (R*> = 0.37) between the free fraction of
phenytoin and bilirubin.

Discussion

The challenge faced by the clinician when treating patients with
phenytoin is primarily related to “vital dosing decisions,” to be
made in the critical care setting.?’?® Application of the Sheiner-
Tozer equation, a model presumably driven by a single-factor
albumin, may provide inaccurate calculated free phenytoin
concentrations.??=!

To our knowledge, in India, there have been very few studies,
evaluating the clinical utility of the Sheiner-Tozer equation,
comparing the former with the direct-measurement of total
phenytoin in critically ill patients with low albumin. Buckley
et al. have reported Sheiner-Tozer equation overestimating free
phenytoin concentration compared to the direct-measured free
concentration.>

Hong et al. reported the mean difference between the
direct-measured and Sheiner-Tozer calculated free phenytoin
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concentrations as 0.65 + 0.88 pug mL™"; (95% Cl 1.11-2.41) which
was similar to the mean [standard deviation (SD)] difference
between direct-measured and Sheiner-Tozer calculated free
phenytoin concentration (0.40 + 1.03 ug mL™") observed in
our study. The mean (SD) serum albumin concentration was
comparable to the serum albumin concentration in our patients
(3.3 + 0.8 vs 2.45 + 0.44).%°

In a retrospective study, conducted by Krasowski and
colleagues, the correlation between the direct-measured free
phenytoin and Sheiner-Tozer free (r = 0.79) was similar to our
study (r=0.798).In addition, the concordance between Sheiner-
Tozer calculated total and direct free phenytoin concentration
in the therapeutic group was 68% which was also similar to our
study.>*

In many institutions, in developing countries, the method
of choice while treating with phenytoin depends on the clinical
condition of the patient and specifically, the acuteness of the
illness. However, many hospitals such as our hospital, in India and
globally, continue to depend on the Sheiner-Tozer equation for
individualizing phenytoin dosage in patients with low albumin
admitted in critical care. As confirmed in our study, an overall of
73.7% patients would be rightly categorized according to the
therapeutic concentration category when managed based on the
Sheiner-Tozer calculation, rather than the direct free measurement
of phenytoin. Specifically, free phenytoin concentration if calculated
using the Sheiner-Tozer equation is more acceptable for the
subtherapeutic range. Whereas for those in the therapeutic or
supratherapeutic category, approximately 68% of patients were
in the correct therapeutic category, when compared against the
direct-measurement of free phenytoin.

Although these equations can offer some guidance,
identification of coexistent factors and direct-measurement of
free phenytoin concentration would substantially improve quality
of care in the critically ill.3>* Furthermore, this would improve
patient-centric therapy and aid in deploying additional antiseizure
combination therapy in the non-responsive epilepsy patient.

Direct-measurement of free phenytoin concentration
measurement is not without difficulty. The procedure is labor-
intensive, expensive, time consuming, and tedious, requiring an
additional ultracentrifugation step, making this facility available
only in specialized centers.3*%

CoNncLusION

In conclusion, our study demonstrates strong evidence supporting
the direct-measurement of free phenytoin concentration for
individualizing phenytoin dosage in patients with low albumin
in a critical care setting. However, in hospitals where there is a
limitation of this facility, the conventional Sheiner-Tozer calculation
equation may be applied while considering coexistent conditions
that could potentially affect free phenytoin concentration. For
broader clinical application, clinical insight from the treating
clinician is imperative.
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