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Abstract

Background Infections are a common medical compli-

cation in hemorrhagic stroke patients, with vancomycin

commonly used as empiric therapy. The purpose of this

study was to evaluate the pharmacokinetic parameters of

vancomycin in hemorrhagic stroke patients.

Methods This was a retrospective study of adult patients

with aneurysmal subarachnoid hemorrhage (aSAH) or

intracerebral hemorrhage (ICH) admitted between May

2010 and February 2015 who received vancomycin. Pre-

dicted pharmacokinetic parameters based on population

data were compared with calculated pharmacokinetic

parameters based on serum trough concentrations.

Results Eighty aSAH patients and 66 ICH patients met

inclusion criteria. In the aSAH group, the mean dosing

regimen was 17.6 ± 4 mg/kg every 12 (8–12) h. The mean

measured trough concentration was lower than the pre-

dicted trough concentration (9.9 ± 4.1 vs. 19 ± 8.7 lg/

mL; p < 0.001). The mean calculated elimination rate

constant was higher than the predicted value (0.135 ± 0.04

vs. 0.092 ± 0.03 h-1; p < 0.001), and the mean calcu-

lated half-life was lower than predicted (5.7 ± 1.8 vs.

8.3 ± 2.9 h; p < 0.001). In the ICH group, the mean

dosing regimen was 15.9 ± 4.3 mg/kg every 12 (8–12) h.

Similarly, the mean measured trough concentration was

lower than the predicted trough concentration (10.7 ± 4.6

vs. 17.5 ± 8.5 lg/mL; p < 0.001). The mean calculated

elimination rate constant was higher than the predicted

value (0.106 ± 0.03 vs. 0.079 ± 0.02 h-1; p < 0.001),

and the mean calculated half-life was lower than predicted

(7.2 ± 2.3 vs. 9.6 ± 3.2 h; p < 0.001).

Conclusions Patients with hemorrhagic stroke exhibited

pharmacokinetic alterations favoring increased elimination

of vancomycin when compared to predicted pharmacoki-

netic parameters based on population data. This may result

in underexposure to vancomycin, leading to treatment

failure and other medical complications.
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Introduction

Hemorrhagic stroke is considered a neurologic emergency,

with high disability and mortality rates [1–3]. In addition to

the direct effects of the initial bleeding event and sec-

ondary neurologic complications, patients with aneurysmal

subarachnoid hemorrhage (aSAH) or intracerebral hemor-

rhage (ICH) are predisposed to medical complications that

can have a direct impact on outcome and increased ICU

and hospital length of stay, along with increased costs of

care [4–6]. Furthermore, patients with an acute brain injury

have been shown to experience alterations in the levels of

acute phase proteins, an acute surge of sympathetic activ-

ity, and changes in vascular tone, fluid status and

administration, cardiac output, and major organ blood flow,
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resulting in a hyperdynamic state [7, 8]. This hyperdy-

namic state may lead to alterations in glomerular filtration

rate with resultant enhanced elimination of renally elimi-

nated medications.

Infection is one of the most common medical compli-

cations that occur after aSAH or ICH [6, 9]. The

development of infections is of significant concern since

recent reports found infections as one of the strongest

drivers of length of stay and the most common reason for

readmission to the hospital within 30 days following dis-

charge after aSAH or ICH [10–12]. Vancomycin is an

antibiotic often used empirically in these patient popula-

tions, which is primarily renally eliminated and often

undergoes routine therapeutic drug monitoring to optimize

clinical efficacy and limit toxicity.

The described metabolic and physiologic alterations

in patients with an acute brain injury may suggest that

vancomycin elimination is enhanced, necessitating an

increased vancomycin dosing regimen compared to

predicted estimates in order to achieve therapeutic

serum concentrations [13, 14]. However, to our

knowledge, no studies exist investigating alterations in

vancomycin pharmacokinetic parameters in patients

with hemorrhagic stroke. Therefore, the purpose of this

study was to evaluate the pharmacokinetic parameters

calculated from serum concentrations in patients with

hemorrhagic stroke to those predicted based on popu-

lation-based equations.

Materials and Methods

Patients

This was a retrospective study that included adult patients

with ICH or aSAH admitted to UNC Hospitals between

May 2010 and February 2015. The study was approved by

the Institutional Review Board with a waiver of informed

consent. Patients must have received vancomycin and had

one steady-state vancomycin serum concentration recor-

ded. Patients were excluded if they were pregnant, had

renal dysfunction (chronic kidney disease stages 3–5 and/or

SCr >1.4 mg/dL), received renal replacement therapy

during admission, had a history of nephrectomy, or had a

body mass index <18 kg/m2.

Management of ICH and aSAH patients at UNC

Hospitals is consistent with published guidelines [3, 15].

As symptomatic cerebral vasospasm has been shown to

be associated with reduced instrumental activities of

daily living, cognitive impairment, and poor quality of

life, that was the definition used for this study in iden-

tifying patients who experienced cerebral vasospasm

[16].

Vancomycin Dosing Regimens

Clinical pharmacists are consulted for vancomycin initia-

tion for patients admitted to the Neurosciences Intensive

Care Unit at UNC Hospitals. The consulted clinical phar-

macists are responsible for determining the vancomycin

dosing regimen. The goal serum vancomycin trough con-

centration at steady state is 10–20 ug/mL, depending on the

indication. Clinical pharmacists are also responsible for

determining the optimal time to obtain steady-state van-

comycin serum concentrations, which is generally

considered to be at least four times the half-life of the drug

after administration.

Clinical Variables

Medical records were retrospectively reviewed for the

following baseline patient characteristics: age, gender,

weight, admitting diagnosis, Glasgow Coma Scale (GCS)

score, Sequential Organ Failure Assessment (SOFA) Score,

and serum creatinine. Specifically for the ICH patients,

admission ICH score and ICH volume were collected. For

the aSAH patients, the Hunt and Hess scale grade and

modified Fisher grade were collected. Additionally for the

aSAH patients, symptomatic cerebral vasospasm occur-

rence was recorded. Data collected for characterizing the

vancomycin regimen include days from injury to the

steady-state vancomycin serum trough concentration,

vancomycin dose, vancomycin frequency, temperature

modulation use, fluid balance, and infection source.

Pharmacokinetic Measures

To determine alterations in pharmacokinetic parameters of

vancomycin therapy following an aSAH or ICH, predicted

pharmacokinetic parameters based on population data were

compared with pharmacokinetic parameters calculated

based on available steady-state vancomycin serum trough

concentrations. Predicted pharmacokinetic parameters

were calculated using the following equations: [17]

Vd ¼ 0:7 L � actual body weight kgð Þ;

Ke ¼ 0:00083 � CrCl þ 0:0044;

where Vd is the volume of distribution, Ke is the first-order

elimination rate constant, and CrCl is the estimated crea-

tinine clearance based on the Cockroft and Gault equation

[18]. Ideal body weight was used in the Cockroft and Gault

equation, except if the actual body weight was less than the

ideal body weight, then the actual body weight was used, or

if the actual body weight was greater than 125 % of the

ideal body weight, then the adjusted body weight was used
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[19, 20]. The predicted pharmacokinetic parameters cal-

culated by the equations were then used to determine the

estimated vancomycin serum trough concentration, which

was compared with the measured vancomycin serum

trough concentration.

The following equation was used to calculate patient

pharmacokinetic parameters based on steady-state van-

comycin serum trough concentrations: [21]

Ke ¼ ln dose=Vd þ Cminð Þ=Cmin½ Þ�=s;

where Vd is the volume of distribution, Ke is the first-order

elimination rate constant, Cmin is the steady-state van-

comycin serum trough concentration, and s is the dosing

frequency.

Statistical Analysis

Descriptive statistics were used to characterize baseline

patient characteristics and vancomycin regimen character-

istics. Continuous variables are represented as mean

(standard deviation), ordinal variables are represented as

median (interquartile range), and categorical variables are

represented as n (%). Predicted pharmacokinetic parame-

ters based on population data were compared with

pharmacokinetic parameters based on available steady-

state vancomycin serum trough concentrations using the

Student’s t test. Statistical significance was defined as a

p value <0.05. All analyses were carried out with Stata

version 13.1 (StataCorp LP, College Station, TX).

Results

There were 1004 patients with hemorrhagic stroke identi-

fied during the study period. Of these, 447 patients were

identified with an admission diagnosis of aSAH and 557

patients were identified with an admission diagnosis of

ICH. A total of 80 aSAH patients and 66 ICH patients were

included in the final analyses (see Fig. 1).

Baseline Patient Characteristics

Table 1 displays the baseline characteristics for all patients

with hemorrhagic stroke included in the study. The majority of

patients were female (52.7 %) with a mean age of

58.8 ± 11.9 years. The median admission GCS was 7 (6–10)

and the median admission SOFA score was 4 (3–5). Patients

had a mean admission creatinine clearance of 95 ± 33 mL/

min, calculated using the Cockcroft and Gault equation.

Of the patients with an admission diagnosis of aSAH,

the majority of patients were female (72.5 %) with a mean

age of 57.2 ± 10.9 years and had their aneurysm secured

by a coiling procedure (67.5 %). The median Hunt and

Hess scale grade was 4 (3–4) and the median modified

Fisher grade was 3 (3–4). Fifty of the patients included

(62.5 %) developed symptomatic cerebral vasospasm.

Calculated from the Cockroft and Gault equation, patients

had a mean admission creatinine clearance of

91.9 ± 28.1 mL/min.

Specifically for the patients with an admission diagnosis

of ICH, the majority of patients were male (71.2 %) with a

mean age of 60.7 ± 12.9 years. The median admission

ICH score was 2 (2–3) and mean admission ICH volume

was 44.6 ± 42.2 mL. Patients had a mean admission cre-

atinine clearance of 98.7 ± 38.1 mL/min based on the

Cockcroft-Gault equation.

Vancomycin Characteristics

Patient vancomycin characteristics are displayed in Table 2.

The mean estimated vancomycin volume of distribution was

58.3 ± 18.5 L. The mean number of days from injury to the

steady-state vancomycin serum concentration was

9.4 ± 5.4 days. Pneumonia was the most frequently reported

infection source [n = 77 (52.7 %)]. The mean vancomycin

dosing regimen was 16.8 ± 4.2 mg/kg every 12 (8–12) h in

order to achieve a predicted trough concentration of

18.3 ± 8.6 ug/mL.

Patients with an admission diagnosis of aSAH had a

mean estimated volume of distribution of 53.5 ± 14.6 L

with a mean number of 9.5 ± 5.7 days from injury to the

steady-state vancomycin serum concentration. Pneumonia

was reported as the infection source in 51.2 % of patients.

The mean vancomycin dosing regimen was 17.6 ± 4 mg/

kg every 12 (8–12) h to achieve a predicted trough con-

centration of 19 ± 8.7 tg/mL.

The mean estimated vancomycin volume of distribution

was 64.2 ± 21 L with a mean number of 9.3 ± 5.1 days

from injury to the steady-state vancomycin serum con-

centration for patients with an admission diagnosis of ICH.

The highest reported infection source was pneumonia

(54.6 % of patients) with a mean vancomycin dosing reg-

imen of 15.9 ± 4.3 tg/mL every 12 (8–12) h to achieve a

predicted trough concentration of 17.5 ± 8.5 ug/mL.

Vancomycin Pharmacokinetic Parameters

Table 3 displays the predicted pharmacokinetic parameters

based on population data and the pharmacokinetic parame-

ters calculated from steady-state vancomycin serum trough

concentrations. The mean calculated elimination rate con-

stant was significantly higher than the predicted value

(0.122 ± 0.04 vs. 0.086 ± 0.03 h-1; p < 0.001) and the

mean calculated half-life was significantly lower than the

predicted half-life (6.4 ± 2.2 vs. 8.9 ± 3.1 h; p < 0.001).

The mean measured steady-state vancomycin serum trough
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concentration was also significantly lower than the van-

comycin serum trough concentration estimated from the

predicted pharmacokinetic parameters based on population

data (10.3 ± 4.3 vs. 18.3 ± 8.6 tg/mL; p < 0.001).

For patients with an admission diagnosis of aSAH, the

mean calculated elimination rate constant was significantly

higher than the predicted value (0.135 ± 0.04 vs.

0.092 ± 0.03 h-1; p < 0.001) and the mean calculated

half-life was significantly lower than the predicted half-life

(5.7 ± 1.8 vs. 8.3 ± 2.9 h; p < 0.001). The mean mea-

sured steady-state vancomycin serum trough concentration

of 9.9 ± 4.1 tg/mL was significantly lower than the van-

comycin serum trough concentration of 19 ± 8.7 tg/mL

estimated from the predicted pharmacokinetic parameters

based on population data (p < 0.001). When evaluating

the patients with aSAH who experienced symptomatic

vasospasm, these findings were slightly more pronounced

(Table 4; n = 50).

Patients with an admission diagnosis of ICH had a mean

calculated elimination rate constant significantly higher

than the predicted value (0.106 ± 0.03 vs.

0.079 ± 0.02 h-1; p < 0.001) and a mean calculated half-

life significantly lower than the predicted half-life

(7.2 ± 2.3 vs. 9.6 ± 3.2 h; p < 0.001). The mean mea-

sured steady-state vancomycin serum trough concentration

was also significantly lower than the vancomycin serum

trough concentration estimated from the predicted phar-

macokinetic parameters based on population data

(10.7 ± 4.6 vs. 17.5 ± 8.5 tg/mL; p < 0.001).

Discussion

This study is the first to our knowledge to evaluate alter-

ations in vancomycin pharmacokinetics in patients with

hemorrhagic stroke. Patients with aSAH or ICH,

Fig. 1 Summary of study patient selection

Neurocrit Care (2016) 25:250–257 253

123



collectively and separately, exhibited pharmacokinetic

alterations and serum trough concentrations favoring an

increased elimination of vancomycin when compared to

predicted pharmacokinetic parameters and serum trough

concentrations based on population data. When considering

the significance and impact of these findings, it is important

to recognize the potential impact of acute brain injury on

the pharmacokinetic parameters of vancomycin.

While there are currently no known studies investigating

alterations in pharmacokinetic parameters in patients with

aSAH or ICH, there have been recent data suggesting that

an increased dosage of vancomycin is needed in critically

ill patients with acute brain injury. A case report of a

22-year-old female with a traumatic brain injury was

published by Cook and colleagues evaluating serum mon-

itoring of vancomycin [13]. They found that when using

standard dosing of vancomycin, typical target therapeutic

concentrations were not obtained. Additionally, our

research team also recently published a study evaluating

the impact of temperature modulation on vancomycin

pharmacokinetic parameters in patients with acute brain

injury [14]. In patients whose core body temperature was

reduced to a median of 34 �C through induced therapeutic

hypothermia or pentobarbital infusion, there was no sig-

nificant difference between calculated vancomycin

pharmacokinetic parameters and pharmacokinetic param-

eters estimated from population-based equations. However,

patients who underwent controlled normothermia exhibited

pharmacokinetic alterations favoring an increased elimi-

nation of vancomycin and subtherapeutic vancomycin

serum trough concentrations when using standard dosing

regimens.

Reasoning as to why standard doses of vancomycin do

not achieve therapeutic serum trough concentrations in

critically ill patients with acute brain injury may relate to

the concept of augmented renal clearance. In a study

evaluating 20 patients with traumatic brain injury, Udy and

colleagues found that 85 % of the patients experienced

augmented renal clearance, defined as a CrCl >150 mL/

min/1.73 m2 in women and >160 mL/min/1.73 m2 in men

[22]. May and colleagues also evaluated the actual crea-

tinine clearance through a 24-h urine collection in 20

patients with subarachnoid hemorrhage [23]. The mean

actual creatinine clearance among the patients enrolled was

325.9 ± 135.2 mL/min/1.73 m2, which was significantly

higher than the Cockcroft and Gault estimated Creatinine

Table 1 Baseline patient characteristics

Variable All patients

(n = 146)

Aneurysmal subarachnoid

hemorrhage (n = 80)

Intracerebral

hemorrhage (n = 66)

Age (years), mean ± SD 58.8 ± 11.9 57.2 ± 10.9 60.7 ± 12.9

Weight (kg), mean ± SD 83.3 ± 26.5 76.4 ± 20.9 91.7 ± 30

Male gender, n (%) 69 (47.3) 22 (27.5) 47 (71.2)

Admission GCS, median (IQR) 7 (6–10) 8 (6–10) 7 (5–9)

Admission SOFA score, median (IQR) 4 (3–5) 3 (3–5) 4 (3–5)

Hunt and Hess scale grade, median (IQR) – 4 (3–4) –

Modified Fisher grade, median (IQR) – 3 (3–4) –

Aneurysm Intervention, n (%)

Angiography negative – 6 (7.5) –

Coiled 54 (67.5)

Clipped 16 (20)

No Intervention 4 (5)

Symptomatic cerebral vasospasm, n (%) – 50 (62.5) –

Admission ICH score, median (IQR) – – 2 (2–3)

Admission ICH volume, mean ± SD – – 44.6 ± 42.2

Admission SCr (mg/dL), mean ± SD 0.8 ± 0.2 0.8 ± 0.2 0.9 ± 0.2

Admission CrCl (mL/min), mean ± SD 95 ± 33 91.9 ± 28.1 98.7 ± 38.1

Selected co-morbidities, n (%)

Hypertension 83 (60.1) 42 (58.3) 41 (62.1)

Diabetes 24 (17.4) 7 (9.7) 17 (25.8)

Congestive heart failure 2 (1.4) 1 (1.3) 1 (1.5)

Atrial fibrillation 8 (5.7) – 8 (12.1)

GCS Glasgow coma scale, SOFA sequential organ failure assessment, ICH intracerebral hemorrhage, SCr serum creatinine, CrCl creatinine

clearance calculated from Cockroft and Gault equation
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clearance of 144.9 ± 42.8 mL/min/1.73 m2 (p < 0.001).

Four of the patients in their group experienced cerebral

vasospasm, resulting in a higher mean actual creatinine

clearance (558.4 ± 356.1 mL/min/1.73 m2). In patients

who experience augmented renal clearance, it has been

proposed that renally eliminated drugs may be excreted

more quickly than is expected, resulting in subtherapeutic

concentrations [24–27].

While there is currently a lack of literature demon-

strating a direct association between elevations in

creatinine clearance in patients with aSAH or ICH and

increased elimination of vancomycin, our study suggests

Table 2 Vancomycin characteristics

Variable All patients

(n = 146)

Aneurysmal subarachnoid

hemorrhage (n = 80)

Intracerebral hemorrhage

(n = 66)

Days from injury to serum concentration, mean ± SD 9.4 ± 5.4 9.5 ± 5.7 9.3 ± 5.1

Dose (mg/kg), mean ± SD 16.8 ± 4.2 17.6 ± 4 15.9 ± 4.3

Frequency (h), median (IQR) 12 (8–12) 12 (8–12) 12 (8–12)

Estimated volume of distribution (L), mean ± SD 58.3 ± 18.5 53.5 ± 14.6 64.2 ± 21

Controlled normothermia at time of serum concentration, n (%) 13 (8.9) 12 (15) 1 (1.5)

Therapeutic hypothermia at time of serum concentration, n (%) 3 (2.1) 3 (3.8) –

Daily urine output of 48 h prior to serum concentration

(mL/day), mean ± SD

2745.3 ± 1362.9 3591.9 ± 1711.1 1898.7 ± 1014.7

Daily fluid balance of 48 h prior to serum concentration

(mL/day), mean ± SD

+ 1006.8 ± 1639.3 + 944.2 ± 1056.6 + 1078 ± 2122.8

Infection source, n (%)

Pneumonia 77 (52.7) 41 (51.2) 36 (54.6)

Empiric 20 (13.7) 13 (16.2) 7 (10.6)

Tracheobronchitis 15 (10.3) 9 (11.2) 6 (9.1)

Sepsis 12 (8.2) 3 (3.8) 9 (13.6)

Ventriculitis 7 (4.8) 7 (8.7) –

Urinary tract infection 6 (4.1) 2 (2.5) 4 (6.1)

Bacteremia 4 (2.7) 2 (2.5) 2 (3)

Shunt Infection 1 (0.7) 1 (1.3) –

Osteomyelitis 1 (0.7) 1 (1.3) –

Mycotic aneurysm 1 (0.7) 1 (1.3) –

Cellulitis 1 (0.7) – 1 (1.5)

Endocarditis 1 (0.7) – 1 (1.5)

Table 3 Pharmacokinetic parameters

Variable Predicted value Measured/calculated value p value

All patients (n = 146)

Elimination rate constant (h-1), mean ± SD 0.086 ± 0.03 0.122 ± 0.04 <0.001

Half-life (h), mean ± SD 8.9 ± 3.1 6.4 ± 2.2 <0.001

Serum trough concentration (ug/mL), mean ± SD 18.3 ± 8.6 10.3 ± 4.3 <0.001

Aneurysmal subarachnoid hemorrhage patients (n = 80)

Elimination rate constant (h-1), mean ± SD 0.092 ± 0.03 0.135 ± 0.04 <0.001

Half-life (h), mean ± SD 8.3 ± 2.9 5.7 ± 1.8 <0.001

Serum trough concentration (ug/mL), mean ± SD 19 ± 8.7 9.9 ± 4.1 <0.001

Intracerebral hemorrhage patients (n = 66)

Elimination rate constant (h-1), mean ± SD 0.079 ± 0.02 0.106 ± 0.03 <0.001

Half-life (h), mean ± SD 9.6 ± 3.2 7.2 ± 2.3 <0.001

Serum trough concentration (ug/mL), mean ± SD 17.5 ± 8.5 10.7 ± 4.6 <0.001
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that the augmented renal clearance experienced by patients

with aSAH cause pharmacokinetic alterations that result in

a quicker elimination than predicted. Furthermore,

although a study evaluating the actual creatinine clearance

of patients with ICH is not currently available, our study

suggests that patients with ICH also experience augmented

renal clearance. This subsequently results in pharmacoki-

netic alterations causing an increased elimination of

vancomycin. These data reflect an important finding, as

subtherapeutic vancomycin serum trough concentrations

may lead to treatment failure and other serious patient

complications. This finding is especially critical for

patients with ICH, as these patients may generally be

considered to be less likely to experience augmented renal

clearance, given their older age and higher likelihood of

co-morbidities that result in renal dysfunction, such as

hypertension and diabetes [28].

This study has several limitations that are worthy for

discussion. First, during the study period, only steady-state

vancomycin serum trough concentrations were obtained by

our institution through routine vancomycin therapeutic

drug monitoring. Therefore, the pharmacokinetic parame-

ters were calculated using a one-compartment model and

one-level vancomycin concentration equation that uses the

population volume of distribution to calculate an elimina-

tion rate constant. Although these methods may be less

reliable than obtaining vancomycin serum peak and trough

concentrations, our findings reflect a real-world clinical

setting where vancomycin therapeutic drug monitoring

routinely uses one-compartment model, population-based

equations. Furthermore, the Cockcroft and Gault equation

was used to estimate creatinine clearance. This equation

was principally designed for use in an ambulatory or ward-

based setting, and has been shown to be a poor predictor of

renal function in patients who are critically ill [7]. A more

accurate predictor of renal function, such as a 24-h urine

creatinine measurement, is needed for critically ill patients.

However, this is not considered standard practice at our

institution. Additionally, minimal information was avail-

able on follow-up vancomycin dosing regimens and

subsequent serum concentrations, and the impact on

infectious outcomes as vancomycin was frequently dis-

continued in an effort to narrow antibiotic therapy.

Nevertheless, while this study illustrates that vancomycin

pharmacokinetic alterations occur in patients with aSAH

and ICH, it also raises questions regarding the proper

dosing of other renally eliminated medications that do not

undergo routine therapeutic drug monitoring. This is an

important area for future evaluation. Also, due to the

study’s retrospective nature, it was also not possible to

collect data on vasopressor doses in the study patients. This

is critical information to capture in future studies, as

vasopressors have been shown to influence renal function

[29]. Specifically for the aSAH patients, the incidence of

cerebral vasospasm seen in our study was higher then

reported in the literature, which may impair the general-

izability of our results to patients with aSAH without

cerebral vasospasm [16, 30]. However, when evaluating

only the aSAH patients with cerebral vasospasm in our

study, there was only a slightly more enhanced alteration of

the pharmacokinetic parameters. Moreover, patients who

develop cerebral vasospasm generally have a longer ICU

length of stay, leading to the potential of a higher likeli-

hood for vancomycin to be prescribed for infectious

complications than patients without cerebral vasospasm.

Conclusion

This is the first study evaluating alterations in vancomycin

pharmacokinetic parameters in patients with hemorrhagic

stroke. Patients with aSAH or ICH exhibited pharmacokinetic

alterations favoring a quicker elimination of vancomycin than

predicted, resulting in subtherapeutic vancomycin serum

trough concentrations. This results in underexposure to van-

comycin, potentially leading to treatment failure and other

serious patient complications. These findings highlight the

importance of close therapeutic drug monitoring and suggest

that future studies are needed to determine optimal dosing

strategies in these patient populations.
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Table 4 Pharmacokinetic parameters for aneurysmal subarachnoid hemorrhage with symptomatic cerebral vasospasm

Variable Predicted value Measured/calculated value p value

Elimination rate constant (h-1), mean ± SD 0.092 ± 0.03 0.139 ± 0.04 <0.001

Half-life (h), mean ± SD 8.3 ± 3 5.4 ± 1.5 <0.001

Serum trough concentration (ug/mL), mean ± SD 19.9 ± 9.1 9.6 ± 3.7 <0.001
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