Supplementary table 15. Suggested clinical decision support texts for various health care professionals for CYP2C9 – phenytoin
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CYP2C9 *1/*2: phenytoin

Pharmacist and physician text
There are indications of an increased risk of side effects. The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 75% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). 
For more information about the CYP2C9*1/*2 genotype: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free).

Clinical consequences: 
A study including 14 *1/*2 found a non-significant trend towards an increased risk of neurotoxicity , but a study including 196 *1/*2 found no increase in the percentage of patients with neurological side effects. The study including 196 *1/*2 patients found a non-significant trend towards an increased risk of switching to another antiepileptic drug within the first 100 days in the total patient group and an increased risk in the subgroup of epilepsy patients (OR = 1.2). The study found no increase in the reduction of the phenytoin dose in the first year of therapy in the whole group, but it did after exclusion of patients for whom it could not be confirmed, that the first phenytoin prescription in the database was indeed the first prescription (OR = 2.1). The study found no increased risk of poor adherence in the first year. 
A case-control study including 14 cases found no significantly increased risk of hospital admission as a result of phenytoin toxicity.  
A study including 43 *1/*2 and 6 *1/*3 found a 2.1-fold increase in the percentage of patients with side effects for *1/*2+*1/*3. 
A study found no difference in the risk of severe craniofacial abnormalities in children whose mothers (*1/*2+*2/*2+*2/*3) had used phenytoin during pregnancy. However, the study had insufficient power to detect a 2.5-fold difference. 
Study results ranged from no significant association between *2 allele and maximum dose to a decrease in the daily dose by 31%-37%. 
The study including 196 *1/*2 found an increased risk of supratherapeutic first blood concentrations of phenytoin (OR = 4.1).

Kinetic consequences:
AUC increased by 49%, oral clearance decreased by 52%, half-life increased by 25%, the results on (dose-corrected) plasma concentration range from an increase by 29-59% to a decrease by 7%.
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CYP2C9 *1/*3: phenytoin

Pharmacist and physician text
The risk of side effects is increased. The life-threatening cutaneous side effects Stevens-Johnson syndrome/toxic epidermal necrolysis and DRESS may occur, especially in Asian patients.  The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 70% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· For patients with gene variant HLA-B*1502, take the extra increase in the risk of life threatening cutaneous adverse events into account while weighing the risks of phenytoin against the benefits. Dose reduction probably does not lower this risk.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or, especially in Asian patients, rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). Formation of this metabolite occurs via an unstable epoxide intermediate. In contrast to most side effects, immune-mediated cutaneous side effects are generally (largely) concentration-independent. Analogy with other drug-induced cutaneous side effects suggests the following mechanism. A cellular immune reaction against tissue cells is induced when peptides derived from proteins within these tissue cells bind to specific HLA proteins, are transported to the cell surface and are ”recognised” as foreign by specific immune cell proteins (T-cell receptors). (A metabolite of) phenytoin binds either to the cellular proteins or derived peptides, to specific HLA proteins or to specific T-cell receptors, thus inducing an interaction between an HLA peptide complex and a T-cell receptor, resulting in a cellular immune reaction against tissue cells.  The effect of CYP2C9 genetic variants on the risk of severe cutaneous side effects is therefore likely not caused by the increased phenytoin concentrations, but by a change in the formed metabolites or by an imbalance in the rates of formation and detoxification of the unstable epoxide intermediate.
For more information about the CYP2C9*1/*3 genotype: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free). Because the immune-mediated cutaneous side effects Stevens-Johnson syndrome/toxic epidermal necrolysis and DRESS are generally independent of plasma concentration, the increased risk is likely not reduced by dose reduction.

Clinical consequences: 
A study including 26 *1/*3 found an increased risk of neurotoxicity (OR = 15.3). For *1/*3+*2/*2+ *2/*3+*3/*3, a study including 85 *1/*3 found an increased risk of neurological side effects (OR = 2.4), phenytoin dose reduction in the first year of therapy (OR = 1.1) and poor adherence in the first year (OR = 2.0), but no increased risk of switching to another antiepileptic drug within the first 100 days. 
A study including 3 *1/*3 found no effect on the severity of the side effect gingival hyperplasia. 
A case-control study including 14 cases found no significant increase in the risk of hospital admission due to phenytoin toxicity. Another study including 6 *1/*3 cases found a 2.1-fold increase in the percentage of patients with side effects for *1/*3+*1/*2. 
Three meta-analyses including 141, 102 and 62 cases, and four case-control studies including 65, 48, 39 and 15 cases found an increased risk of Stevens-Johnson syndrome/toxic epidermal necrolysis for *1/*3+*3/*3 (OR = 4.3-30). A study including 25 cases found no increased risk. Three case-control studies including 36, 21 and 21 cases and a meta-analysis of two studies including a total of 125 cases found no increased risk of the cutaneous side effect DRESS (which is also life-threatening), while a meta-analysis including 44 cases and two studies including 63 and 42 cases did (OR = 8.8-19). Two case-control studies  including 107 and 78 cases, of which one used two control groups, found an increased risk of the mild cutaneous side effect maculopapular exanthema (OR = 2.6-5.5). A study including 26 cases found no increased risk. 
Two cases have been reported of patients with toxic plasma concentrations and symptoms of phenytoin intoxication. One report was on a patient who used phenytoin 187.5 mg/day and who also had a CYP2C19 polymorphism. The other report was on a patient who used phenytoin 300 mg/day and who did not have a CYP2C19 polymorphism.
Dose reduction by 16-42%.

Kinetic consequences:
AUC increased by 48%, oral clearance decreased by 57%, half-life increased by 55%, the (dose-corrected) plasma concentration increased by 29-95%.
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CYP2C9 IM OTHER: phenytoin

Pharmacist and physician text
The risk of side effects is increased. The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 70-75% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). 
For more information about the CYP2C9 IM OTHER  genotype group: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free).

Clinical consequences: 
There are no data for IM OTHER (combination of *1 with a reduced-activity allele other than *2 or *3).
The following information was found for *1/*2 and *1/*3:
Results on the risk of neurotoxicity range from an increased risk for *1/*3 (OR = 15.3) to no difference for *1/*2. A study including 196 *1/*2 patients found a non-significant trend towards an increased risk of switching to another antiepileptic drug within the first 100 days in the total patient group and an increased risk in the subgroup of epilepsy patients (OR = 1.2). The study found no increase in the reduction of the phenytoin dose in the first year of therapy in the whole group, but it did after exclusion of patients for whom it could not be confirmed, that the first phenytoin prescription in the database was indeed the first prescription (OR = 2.1). 
A study found a 2.1-fold increase in the percentage of patients with side effects. 
A meta-analysis and two case-control studies found an increased risk of Stevens-Johnson syndrome/toxic epidermal necrolysis for *1/*3+*3/*3 (OR = 4.3-30). Three case-control studies and a meta-analysis of two studies found no increased risk of the cutaneous side effect DRESS (which is also life-threatening), while another meta-analysis and two other case-control studies did (OR = 8.8-19). Two case-control studies of which one used two control groups, found an increased risk of the mild cutaneous side effect maculopapular exanthema (OR = 2.6-5.5). 
A study found no difference in the risk of severe craniofacial abnormalities in children whose mothers (*1/*2+*2/*2+ *2/*3) had used phenytoin during pregnancy. However, the study had insufficient power to detect a 2.5-fold difference. 
There was no significant relationship between CYP2C9 genotype and severity of the side effect gingival hyperplasia. 
Non-significant increase in the risk of hospital admission due to phenytoin toxicity. 
Two cases have been reported of patients with toxic plasma concentrations and symptoms of phenytoin intoxication. One report was on a patient who used phenytoin 187.5 mg/day and who also had a CYP2C19 polymorphism. The other report was on a patient who used phenytoin 300 mg/day and who did not have a CYP2C19 polymorphism. 
Study results ranged from no significant effect on the maximum dose to a decrease in the daily dose by 16%-42%. 
A study including 196 *1/*2 found an increased risk of supratherapeutic first blood concentrations of phenytoin (OR = 4.1).

Kinetic consequences:
One study found an 80% increase in dose-corrected plasma concentration in IVS8-109A/IVS8-109T.
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CYP2C9 *2/*2: phenytoin

Pharmacist and physician text
The risk of side effects is increased. The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 50% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). 
For more information about the CYP2C9*2/*2 genotype: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free).

Clinical consequences: 
A study including two *2/*2 found a 2-fold increase in the percentage of patients with side effects.
For *1/*3+*2/*2+*2/*3+*3/*3, a study including 16 *2/*2 found an increased risk of neurological side effects (OR = 2.4), phenytoin dose reduction in the first year of therapy (OR=1.1), and poor adherence in the first year (OR = 2.0), but no increased risk of switching to another antiepileptic drug within the first 100 days. 
A case-control study including 14 cases found no significant increase in the risk of hospital admission due to phenytoin toxicity. 
A study found no difference in the risk of severe craniofacial abnormalities in children whose mothers (*1/*2+*2/*2+*2/*3) had used phenytoin during pregnancy. However, the study had insufficient power to detect a 2.5-fold difference. 
Study results ranged from no significant association between the *2 allele and the maximum dose to a decrease in the daily dose by 31%-37%.

Kinetic consequences:
AUC increased by 169%, oral clearance decreased by 83%, half-life increased by 77%, and plasma concentration increased by 53-92%.
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CYP2C9 *2/*3: phenytoin

Pharmacist and physician text
The risk of side effects is increased. The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 50% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). 
For more information about the CYP2C9*2/*3 genotype: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free).

Clinical consequences: 
A study found an increased risk of neurotoxicity. The incidence of neurotoxicity was 3.1-fold, significantly increased among *1/*2+*2/*3 patients, while *1/*2 alone did not lead to a significant increase. All five *2/*3 patients in this study suffered from neurotoxicity. For *1/*3+*2/*2+*2/*3+ *3/*3, a study including 16 *2/*3+*3/*3 found an increased risk of neurological side effects (OR = 2.4), phenytoin dose reduction in the first year of therapy (OR = 1.1) and poor adherence in the first year (OR = 2.0), but no increased risk of switching to another antiepileptic drug within the first 100 days. 
A study found no difference in the risk of severe craniofacial abnormalities in children whose mothers (*1/*2+*2/*2+*2/*3) had used phenytoin during pregnancy. However, the study had insufficient power to detect a 2.5-fold difference.  
The daily dose decreased by 31%-37% in the presence of 1 or 2 variant alleles.

Kinetic consequences:
AUC increased by 167%, oral clearance decreased by 89%, half-life increased by 271%.
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CYP2C9 *3/*3: phenytoin

Pharmacist and physician text
The risk of side effects is increased. The life-threatening cutaneous side effects Stevens-Johnson syndrome/toxic epidermal necrolysis and DRESS may occur, especially in Asian patients.  The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 40% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· For patients with gene variant HLA-B*1502, take the extra increase in the risk of life threatening cutaneous adverse events into account while weighing the risks of phenytoin against the benefits. Dose reduction probably does not lower this risk.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or, especially in Asian patients, rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). Formation of this metabolite occurs via an unstable epoxide intermediate. In contrast to most side effects, immune-mediated cutaneous side effects are generally (largely) concentration-independent. Analogy with other drug-induced cutaneous side effects suggests the following mechanism. A cellular immune reaction against tissue cells is induced when peptides derived from proteins within these tissue cells bind to specific HLA proteins, are transported to the cell surface and are ”recognised” as foreign by specific immune cell proteins (T-cell receptors). (A metabolite of) phenytoin binds either to the cellular proteins or derived peptides, to specific HLA proteins or to specific T-cell receptors, thus inducing an interaction between an HLA peptide complex and a T-cell receptor, resulting in a cellular immune reaction against tissue cells.  The effect of CYP2C9 genetic variants on the risk of severe cutaneous side effects is therefore likely not caused by the increased phenytoin concentrations, but by a change in the formed metabolites or by an imbalance in the rates of formation and detoxification of the unstable epoxide intermediate.
For more information about the CYP2C9*3/*3 genotype: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free). Because the immune-mediated cutaneous side effects Stevens-Johnson syndrome/toxic epidermal necrolysis and DRESS are generally independent of plasma concentration, the increased risk is likely not reduced by dose reduction.

Clinical consequences: 
All three *3/*3 patients in one study suffered from neurotoxicity and the percentage of *1/*3+*2/*3+*3/*3 patients with neurotoxicity was 4.8-fold increased. For *1/*3+*2/*2+*2/*3+*3/*3, a study including 16 *2/*3+*3/*3 found an increased risk of neurological side effects (OR = 2.4), phenytoin dose reduction in the first year of therapy (OR = 1.1) and poor adherence in the first year (OR = 2.0), but no increased risk of switching to another antiepileptic drug within the first 100 days. 
Three meta-analyses including 141, 102 and 62 cases, and four case-control studies including 65, 48, 39 and 15 cases found an increased risk of Stevens-Johnson syndrome/toxic epidermal necrolysis for *1/*3+*3/*3 (OR = 4.3-30). A study including 25 cases found no increased risk. Three case-control studies including 36, 21 and 21 cases and a meta-analysis of two studies including a total of 125 cases found no increased risk of the cutaneous side effect DRESS (which is also life-threatening), while a meta-analysis including 44 cases and two case-control studies including 63 and 42 cases did (OR = 8.8-19). Two case-control studies  including 107 and 78 cases, of which one used two control groups, found an increased risk of the mild cutaneous side effect maculopapular exanthema (OR = 2.6-5.5). A study including 26 cases found no increased risk.  
There were three cases of patients with toxic plasma concentrations and symptoms of phenytoin intoxication with use of phenytoin 300 mg/day. Two cases also had a polymorphism for CYP2C19 (both CYP2C19 IM), whilst one of them also had relevant co-medication (acenocoumarol). The CYP2C19 phenotype was not determined for the third case. 
Significant association between *3 allele and maximum required dose. The required daily dose decreased by 20-37%.

Kinetic consequences:
AUC increased by 326%, oral clearance decreased by 79%, half-life increased by 230%, the (dose-corrected) plasma concentration increased by 42%-357%.
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CYP2C9 PM OTHER: phenytoin

Pharmacist and physician text
The risk of side effects is increased. The gene variation increases the plasma concentration of phenytoin.

· The loading dose does not need to be adjusted.
· For the other doses, use 40-50% of the standard dose and assess the dose based on effect and serum concentration after 7-10 days.
· Advise the patient to report side effects (such as ataxia, nystagmus, slurred speech, sedation or rash).

Background information
Mechanism: 
Phenytoin is converted predominantly by CYP2C9 (90%) and also by CYP2C19 (10%) into the inactive metabolite para-hydroxyphenytoin (5-(para-hydroxyphenyl)-5-phenylhydantoin). 
For more information about the CYP2C9 PM OTHER genotype group: see the general background information about CYP2C9 in the KNMP Kennisbank (search for CYP2C9).

Other considerations: 
Phenytoin exhibits non-linear pharmacokinetics. With chronic use, phenytoin induces CYP450 enzymes, primarily CYP2C9 and CYP2C19 and therefore phenytoin induces its own metabolism. However, because CYP2C9 and CYP2C19 are saturated at high phenytoin plasma concentrations, small incremental doses may produce large increases in the plasma concentration, when this is in the upper part of the therapeutic range. The therapeutic phenytoin concentration is between 8 and 20 mg/L (total), which is generally equivalent to 0.5-2 mg/L (free). Toxicity occurs at > 20 mg/L (total) and > 2 mg/L (free).

Clinical consequences: 
One case (*6/*6) had toxic plasma concentrations and symptoms of phenytoin intoxication after initiation of phenytoin 100 mg 3x daily. The patient did not have any CYP2C19 polymorphisms (CYP2C19 NM).

Kinetic consequences:
One study found a 50% increase in dose-corrected plasma concentration in IVS8-109T/IVS8-109T.
In a case (*6/*6), the AUC was increased by 480% and the oral clearance decreased by 83%.
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