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Abstract

Pharmacokinetic data of gabapentin (GBP) in community-dwelling elderly patients show a 

significant effect of advanced age on GBP pharmacokinetics due to altered renal function. 

However, there are no data in elderly nursing home (NH) patients to evaluate gabapentin 

absorption and elimination. Our objective was to characterize the pharmacokinetics of GBP 

in elderly nursing home patients maintained on GBP therapy. This was a prospective 

pharmacokinetic study in elderly nursing home patients (≥ 60 years) receiving GBP for the 

management of chronic pain or epilepsy from seven nursing homes. Pharmacokinetic parameters 

were estimated by nonlinear mixed effects modeling. A one-compartment model described 

the data and clearance (CL) was associated with estimated glomerular filtration rate (eGFR) 

(p<0.0001). The GBP CL in elderly nursing home patients was 2.93 L/hr. After adjusting for the 

effect of GFR, GBP CL was not affected by age, sex, body weight or comorbidity scores. No 

significant effects of body size measures, age and sex were detected on volume of distribution. 

Dose-dependent bioavailability of GBP was demonstrated, and the saturable absorption profile 

was described by a nonlinear hyperbolic function. Prediction-corrected visual predictive check 

(pc-VPC) suggests adequate fixed and random effects models that successfully simulated the mean 

trend and variability in gabapentin concentration-time profiles. In this analysis the parameters of 

the hyperbolic nonlinearity appear to be similar between elderly and younger adults.
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INTRODUCTION

Approximately 10% of nursing home patients are prescribed anti-seizure medication for 

both treatments of epilepsy and other indications such as neuropathic pain (1, 2). Chronic 

pain affects approximately 50% of community-dwelling elderly and over 80% of nursing 

home residents (3–6). Gabapentin (GBP) has low protein binding, is not significantly 

metabolized by the liver, and is principally eliminated unchanged by excretion in the 

urine resulting in very few clinically relevant drug-drug interactions. The lack of clinically 

relevant drug interactions makes this medication a candidate for use in a complicated patient 

population who are often taking multiple medications (7). GBP pharmacokinetics has been 

studied in adult and community-dwelling elderly patients with epilepsy (8–11). However, 

no information is available to guide the dosing of GBP in elderly nursing home patients, a 

population that is frailer and has multiple medical problems.

There are several pharmacokinetic considerations that may influence GBP use in elderly 

patients. GBP has dose-dependent saturable absorption that has been observed across the 

usual clinical dose range (up to 2400 to 3600 mg/day). Thus, upon increasing dose, 

steady-state plasma concentration increases in a less-than- dose-proportional manner due 

to the saturation of the L-amino acid transport system across the gut (8, 12, 13). Age-

related changes in gut physiology may alter the absorption profile of GBP in the geriatric 

population. Consistent with this notion, a decrease in the absorption of other active 

transporter substrates, such as vitamin B12, iron and glucose have been observed in people 

of older age (14–16). GBP is also excreted unchanged in the urine leading to the necessity 

of dosage adjustments in patients with renal impairment. Since renal clearance is thought to 

decrease by up to 1% per year after the age of 40, (17, 18) reduced GBP clearance would be 

expected in older people. This is consistent with the findings from a previous study of GBP 

in healthy subjects (20–78 years) that recommended a reduction in GBP dosage in elderly 

patients due to reduced renal function (9). In this study, we performed a population analysis 

of GBP in elderly nursing home patients to characterize the pharmacokinetic and absorption 

profile of GBP and identify important physiologic determinants of GBP disposition in this 

population.

MATERIALS AND METHODS

Subjects

The study was approved by the University of Minnesota and University of California, San 

Francisco institutional review boards. Informed consent was obtained and a consent form 

signed by participants or their designated agent before enrollment. Nursing home residents 

who were at least 60 years of age were recruited from seven nursing homes located in 

Minnesota and California. Included patients were diagnosed with chronic pain, epilepsy or 

both conditions. Residents who were on the same dose of GBP for at least four weeks 

(assumed to be at steady state), in the facility for at least 2 months, and on a stable dose of 

co-medications were enrolled.
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Study Design and Collection of Samples

The study was designed to include four visits per subject on a stable dose of GBP at 

intervals of approximately 4 weeks between visits. If a dose change occurred, the study 

period was extended in order to obtain four visits at the same dose. At each visit, blood 

samples (convenience samples) were collected at the time of visit for the measurement of 

GBP concentration. Demographic, pharmacy related, and medical data were reviewed at 6 

months prior to visit one and between each visit. Information about race, ethnicity, sex, 

height, weight and medical history was collected at the first visit. In addition, a Charlson 

comorbidity index (CCI) and age-comorbidity index (ACI) were calculated at each visit (19, 

20).

Measurement of Gabapentin Concentrations

Plasma concentrations of GBP were analyzed by LC-MS. The assay was validated in 

our laboratory with 2H4-gabapentin (GBP-d4, Toronto Research Chemicals, North York, 

Canada) as the internal standard. All samples from an individual were assayed at the same 

time along with a six-concentration standard curve (linear range 0.27 – 21.35 μg(mL) and 

low, medium, and high concentrations of quality control samples. The assay had precisions 

of <5% and <10% at the upper and lower limits of quantification, respectively.

Pharmacokinetic Analysis

The population pharmacokinetic analysis consisted of nonlinear mixed effects modeling 

with NONMEM (version 7.3, ICON Development Solutions, Ellicot City, MD, U.S.A.). A 

one-compartment model was tested. The model was parameterized in terms of clearance 

(CL), volume of distribution (V) and a first- order absorption rate constant (Ka). The 

between-subject variability was estimated through an exponential error model and expressed 

as coefficient of variation (CV). Different error models were tested to account for 

the residual unexplained variability including an exponential, proportional, additive, and 

combined proportional and additive model.

After establishing the base pharmacokinetic model, covariate models were developed. 

Covariates were tested in a univariate manner for their effect on GBP CL and included race, 

creatinine clearance based on the Cockroft-Gault equation (CLcr) and estimated glomerular 

filtration rate (eGFR). The eGFR was calculated according to the Modification of Diet in 

Renal Disease (MDRD) equation (21, 22). Body weight, BSA, age and sex were tested for 

their effect on the volume of distribution. Continuous covariates were evaluated using the 

power model while the covariate was standardized to its median value in the NH subjects. 

Categorical covariates were examined through a multiplicative model in order to obtain the 

associated fractional change in the pharmacokinetic parameter.

Bioavailability (F) has been reported to be nonlinear (8, 13, 23). In these models, 

bioavailability was calculated as a function of dose (D) or total daily dose (TDD). We were 

interested in comparing Dose and TDD on bioavailability; and if the elderly have different 

saturable absorption parameters compared to literature reported values in younger adults. 

The hyperbolic function for TDD is shown in equation 1 (8, 13).
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F = Dmax
D50 + TDD

Where Dmax (mg/day) is the maximum amount absorbed in 24 hours and D50 (mg/day) is 

the total daily dose at which the absorption process is half-saturated. Alternatively, TDD is 

replaced by the individual doses and Dmax (mg) is the maximum amount absorbed and the 

D50 (mg) is the individual dose at which the absorption process is half-saturated.

Covariate modeling was guided by visual examination of the plots of variability in the 

pharmacokinetic parameters versus covariate values, improvement in the model diagnostic 

plots (observed versus predicted GBP concentration and conditional weighted residuals 

versus time) after inclusion of the covariate, plausibility of the parameter estimates, and 

the statistical significance using a likelihood ratio test for nested models (LRT; forward 

inclusion, χ2, p≤0.05, df = 1; backward elimination, χ2, p≤0.01, df = 1). The Akaike 

Information Criterion (AIC) was used to compare non-nested models.

Evaluation of the Pharmacokinetic Model

The pharmacokinetic model was qualified by means of prediction-corrected visual predictive 

check (pc-VPC) (24). Moreover, the precision of the parameter estimates from the final 

model was determined using bootstrap analysis.

RESULTS

A total of 263 plasma concentrations obtained from 75 patients were included in this 

analysis. A majority of the study subjects were diagnosed with chronic pain conditions 

(77%) with 17% having both pain and epilepsy. One subject (2%) was diagnosed with 

epilepsy only and 3 subjects (5%) had missing diagnoses. Pain conditions included neck 

and shoulder pain, multiple joint pain, polymyalgia rheumatica, and neuropathic pain. Each 

resident was followed for a period of approximately 4 months (mean 4.2 months, SD 1.2). 

Analgesic co-medications included acetaminophen, aspirin, and opioids (hydromorphone, 

oxycodone, methadone, tramadol and fentanyl patches). Patient characteristics are shown in 

Table I.

Pharmacokinetic and Covariate Models

The pharmacokinetic model was a one-compartment model with first-order absorption and 

elimination. Residual unexplained variability was best described by a proportional error 

model. Due to the limited observations in the absorption phase, estimation of Ka resulted in 

a highly unstable model and failure of convergence with unreasonable parameter estimates 

during step-wise covariate model development. Thus, Ka was fixed to a previously reported 

value (0.778 h−1) (13).

A scatter plot of ETAs of CL versus GFR (mL/min) showed a strong non-linear relationship 

between GFR and GBP CL (data not shown). A similar type and pattern of relationship 

between the random effects of GBP CL and the CG-based CLcr were observed (results not 

shown). When modeled, the effect on GBP CL using GFR resulted in much lower AIC 
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values compared to the model using CG-CLcr. Therefore, the MDRD-based GFR was used 

for further model development. Accounting for the effect of GFR (ml/min) on the GBP CL 

resulted in a significant drop in the objective function value, reduced the between-subject 

variability on CL, and significantly improved the model fit diagnostics.

After adjusting for the effect of GFR, GBP CL was not affected by age, sex, body weight 

or other body size measures. Gabapentin clearance tended to decrease with increasing 

comorbidity scores, however, the trend was weak and the effect did not reach statistical 

significance; thus, comorbidity measures were not included in the CL model. Body size 

measures, age and sex were further tested for their potential effect on volume of distribution, 

but no significant effects were detected. Table II provides the final parameter estimates.

Across the tested models, total daily dose as shown in equation 1 was found to better 

describe bioavailability in this population compared to individualized dose based on AIC. 

We compared published bioavailability parameters versus estimating these values in our 

dataset. Models that estimated Dmax and D50 resulted in a high condition number (>10,000) 

and high correlations from the covariance matrix in several parameters indicating model 

instability. Therefore, we fixed Dmax and D50 to literature values from Gidal et al (Dmax 

and D50 of 2720 and 4080, respectively). There was no difference in model fits when both 

parameters were fixed to the estimates from the younger adult subjects or when estimated 

in our elderly patients and indications of model instability were no longer present. Hence 

our bioavailability model used TDD with the Dmax and D50 fixed to the literature values of 

Gidal et al.

Pharmacokinetic Model Evaluations

Final model equations, parameter estimates, bootstrap confidence intervals and goodness-of-

fit (GOF) plots are shown in Table II and Figure 1, respectively. The model parameters were 

precisely estimated with minimal bias as shown by the median and 95 percentile bootstrap 

confidence intervals compared to NONMEM estimates. Prediction-corrected VPC suggests 

adequate fixed and random effects models that successfully simulated the mean trend and 

variability in gabapentin concentration-time profiles (Figure 2).

DISCUSSION

The major results from this study of GBP pharmacokinetics in elderly nursing home 

patients are that the clearance of GBP is correlated with kidney function with no 

additional statistically significant effect of age, sex, body weight or comorbidity scores after 

accounting for the effect of GFR. Dose-dependent bioavailability of GBP was demonstrated, 

and the saturable absorption profile was described by a nonlinear hyperbolic function. In this 

analysis the parameters of the hyperbolic nonlinearity appear to be similar between elderly 

and younger adults.

The GBP clearance in our population was 2.93 L/hr. Similarly our GBP clearance value 

is considerably lower than the GBP clearance values of 6.3 and 9.2 L/hr reported in 

healthy volunteers and younger patients with neuropathic pain and normal renal function, 

respectively (8, 13). As expected for a drug cleared primarily by renal excretion, a strong 
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association between GBP CL and estimated GFR was demonstrated. Estimated GFR using 

the MDRD equation was found to better explain inter-subject variability in GBP CL than 

the CG-based CLcr. This could possibly be attributed to the MDRD method accounting 

for the effect of race on eGFR (approximately 20% higher in African American/Black) - a 

missing factor from the CG equation. Indeed, a previous analysis of GBP pharmacokinetics 

in community- dwelling elderly patients found both CG-based CLcr and race to have a 

significant effect on GBP CL (11). GBP CL was 28% higher in African American/Black 

compared to Caucasian elderly subjects and people of other races; an effect which is 

consistent with the increase in eGFR due to American/Black race. Therefore, we chose to 

account for the effect of renal function through MDRD-based GFR, since it was likely that 

any effect of race on GBP CL is mediated through its correlation to renal function. The 

estimated volume of distribution in the nursing home elderly patients (71.2 L) was larger to 

reported estimates in younger adults (45.4 L) (13). A GBP clearance that is proportionately 

lower (32–46%) than the volume of distribution (63%) results in a longer half-life of GBP in 

the NH elderly compared to the younger populations. Based on the pharmacokinetic model, 

the calculated half-life of GBP in a normal renal function nursing home subject is 13.3 hours 

which is approximately two-fold higher than reported half-lives of 5 and 7 hours in younger 

healthy subjects. Advanced age and prevalent comorbidities in nursing home elderly patients 

may contribute to decreased drug clearance and prolonged half-life even in patients with 

comparable renal function to healthy younger adults. We tested for a potentially independent 

effect of age and comorbidity scores on GBP CL and found a trend of lower GBP CL 

in subjects with higher comorbidity scores; however, the association was not statistically 

significant. The limited age range (61 to 98 years) in this population could have resulted 

in decreased power to detect a residual age effect on CL. A retrospective study of GBP 

trough concentrations collected from 66 subjects with wider age range than our study (5–84 

years) found elderly patients (>65 years) to have a two-fold higher GBP concentration-to-

dose-ratio than that of younger adults, and recommended that GBP dose be reduced by 

half to achieve similar concentration (25). However, measures of renal function were not 

available in this study and the conclusion was mainly driven by differences in exposure 

without reference to efficacy or safety implications in the two populations. In a pooled 

analysis of two placebo-controlled phase 3 studies, elderly patients (≥75 years; n = 192) with 

postherpetic neuralgia were found to have similar efficacy (reduction in baseline-adjusted 

average daily pain score in ≥75 /<75: −34.2 %/−38.3 %) to younger patients (<75 years; n 

= 527) after a once-daily GBP dose of 1800 mg (26). In this study, the mean (SD) CLcr in 

the elderly and younger adult subjects were 65.4 (13.7) and 95.6 (48) mL/min, respectively 

These differences in renal function would predict higher GBP concentration in the elderly 

patients compared to younger adults; however, the study also reported similar occurrence 

and pattern of adverse events in the two populations. Thus, despite the expected difference in 

exposure, the safety and efficacy of GBP were not affected by age of the patient.

Gabapentin is absorbed from the gut by a saturable L-amino acid transporter that is 

hypothesized to be responsible for the dose-dependent bioavailability of GBP (12, 27). Other 

mechanisms of absorption could be involved at higher doses (up to 6000 mg/day) as both the 

area under the plasma concentration-time curve (AUC) and serum concentration continue 

to linearly increase at such high doses (28, 29). In agreement with a saturable absorption 
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process, we found the bioavailability of GBP to decrease in a nonlinear manner with 

increasing dose. It is of interest that we see a significant difference with either individual 

dose or TDD. It is intuitive that individual dose would contribute to the saturation of a 

transporter more than a daily dose; however, when we compared our model with both single 

and total daily doses TDD was a stronger predictor of GBP F than dose. This may reflect 

that TDD is a surrogate of GBP dosing regimen (dose and frequency of administration) and 

therefore, cumulative doses. With the reported longer gastric transit time in the elderly as 

compared to younger adults (30), a variable that accounts for the cumulative amount of the 

drug in the gut, such as TDD, would explain why it better predicts F in the nursing home 

population than individual dose.

CONCLUSION

This analysis characterized the pharmacokinetics of GBP in elderly nursing home patients. 

Similar to previous findings in other populations, GBP CL was strongly correlated with 

glomerular filtration rate. The bioavailability of GBP decreased in a nonlinear manner with 

increasing GBP daily doses. These data suggest that there may be a carryover dose effect 

in this population. Therefore, an increase in drug exposure (i.e., increasing the TDD) is 

achieved just as well by increasing individual doses as increasing the number of dose 

administrations. Results from this study indicate that GFR be measured as a marker of renal 

function and then used to assess the initial target dosage of GBP. However, since measuring 

GFR in special populations may not be accurate with the conventional methods used in the 

clinic, measurement of periodic concentrations to verify drug exposure after reaching steady 

state dosing is still recommended.

Future studies of a wider age range population should be considered to investigate the 

potential for an independent age-related effect beyond the known age-related decrease 

in eGFR on CL and investigate potential co-morbidity influences on GBP exposure. 

Ultimately, the impact of higher exposure on safety and efficacy of GBP would be required 

to assess if a dose reduction is warranted in the elderly population.
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Fig 1. 
Goodness-of-fit plots for the final population pharmacokinetic model. (A) Observed 

versus population-predicted GBP concentration. (B) Observed versus individual-predicted 

GBP concentration. (C) Scatter plot of conditional weighted residuals (CWRES) versus 

population-predicted GBP concentration. (D) Scatter plot of CWRES versus time.
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Fig 2. 
Prediction-corrected visual predictive check plot of observed GBP concentration versus 

time. Graph presenting the prediction corrected visual predictive check. The solid line 
represents the median and the dotted line the observed 5th and 95th percentile. the shaded red 
area the 95% CI around the median and the shaded blue the 95% CI for the 5gh and 95th 

percentile
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Table I.

Summary of the subject characteristics and variables included in the model development dataset

Characteristic Median (range) Number

Number of subjects 75

76.4 (39.1- 76.4 (39.1 – 168.6)

Height (cm) 162.6 (142.2 – 190.5)

BSA (m2) 1.83 (1.38 – 2.60)

Body Mass Index (kg/m2) 27.5 (14.2 – 60.0)

Age (years) 79.0 (61.0 – 98.0)

Sex (Men/Women) 20/55

Race (Caucasian/African American or Black/more than one race/unknown) 65/8/1/1

Daily Dose of GBP (mg) 600 (50 – 3000)

Doses per day 3 (1 – 4)

eGFR (ml/min/1.73 m2)
a 65.5 (13.7 – 262.1)

eGFR (ml/min)
b 68.6 (16.4 – 296.6)

CLcr (ml/min)
c 56.6 (16.3 – 285.9)

Charlson Comorbidity Index
d 2 (0 – 9)

Age-comorbidity Index
e 6 (2 – 14)

BSA= body surface area calculated using DuBois, et al’s formula, (31).

a
eGFR= the estimated glomerular filtration rate calculated using the abbreviated MDRD study equation (21, 22).

b
eGFR (ml/min)= the individualized GFR estimate calculated by multiplying the eGFR by the individual’s BSA and dividing by 1.73 m2.

c
CLcr= creatinine clearance based on the Cockrauft Gault equation (31).

d
Calculated using the method described by Charlson ME, et al.

e
Calculated using the methodology described by Charlson ME, et al.
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Table II.

Pharmacokinetic Model Equations, Parameter Estimates and Bootstrap Confidence Intervals (C.I.)

Parameter NONMEM analysis Boostrap Analysis

Estimate (%RSE) Median 95% CI

CL (L/h)
2.96   ×   eGFR(mL/min

69   mL/min
θeGFR

(4.1)

2.92

θeGFR 0.893 (7.9) 0.887 0.740–1.03

Vc (L) 71.2 (28.8) 70.4 44.5–143

Ka (hr−1) 0.778 FIXED -- --

BSV1* of CL (%CV) 28.7 (9.8); Shrinkage=14.8 28.4 22.4–34.6

BSV of Vc (%CV) 126.8 (20.6); Shrinkage=47.2 123 45.0–279

%RSE, percent relative standard error; CL, clearance; Vc, central volume of distribution; Ka, first order absorption rate constant; BSV, between 

subject variability; RUV, residual unexplained variance.

a
Reported as %CV, calculated using the equation: 

100 × exp omega − 1
b
Reported as %CV, calculated using the equation: 

100 × sigma
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