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Table 1: Patient Characteristics
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Figure 2: High AUC after first dose is associated
with greater treatment related mortality after
HCT

Figure 1: Simplified biotransformation
pathway of fludarabine.
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Figure 3 shows a graphical display of 2-compartment model

• Develop a limited sampling strategy that could accurately predict F-Ara-A exposure

Actual body weight (kg)

82.5 (41.5-139.5)

Body surface area (m2)

1.95 (1.3-2.54)

BMI (kg/m2)
Serum creatinine (mg/dL)

Data for this study were obtained from 87 patients eligible for NMA-HSCT and were used for
the development of the population pharmacokinetic model and limited sampling strategy.
The conditioning regimen was i.v. cyclophosphamide (50mg/m2) on day-6 before transplant,
fludarabine 40mg/m2/day i.v. on days -6 to -2 before transplant; total body irradiation
200cGy single fraction on day -1. Fludarabine phosphate was administered over 1 hour i.v. on
days -6 to -2. Blood samples were collected for F-Ara-A pharmacokinetics with the first dose
(day -6) immediately pre-dose and at times 1.6 (100 min), 2, 3, 4, 6, 8, 12 and 24 hours post
start of infusion. DNA was genotyped for twelve candidate variants in CD73 (NT5E) , ENT1
(SLC29A1) and DCK.
Population Pharmacokinetic Modeling and Covariate Selection:
Population pharmacokinetics were conducted using a non-linear mixed effects model to
estimate F-Ara-A clearance (Cl) and volume of distribution (V); and computing area under
the curve. A step-wise covariate model building strategy of forward inclusion and backward
elimination was used to assess the effects of clinical and genetic covariate on F-Ara-A
clearance (TVCL) and volume of distribution (TVV1). The genetic variants were tested as
categorical covariates that could influence F-Ara-A Cl and volume of distribution. Further
model evaluation and assessment was performed using non-parametric bootstrap and visual
predictive check.

0.90 (0.4-1.5)

Creatinine clearance (mL/min)

82.1 (49.5-153.2)

INDIVIDUALIZED DOSING EQUATION FOR PREDICTION OF F-Ara-A Cl AND THE
FLUDARABINE DOSE:
Based on the final parameter estimates, a personalized model was developed to
predict the Cl for the first dose of fludarabine. Fludarabine monophosphate dose can
be calculated in 3 steps:
Step 1: Calculate individual’s estimated F-Ara-A clearance (TVCL) based on CrCl and
IBW
Step 2: Calculate the estimated F-Ara-A dose (mg) to achieve the desired AUC target

Disease
Acute lymphoblastic leukemia

6 (7%)

Acute myelogenous leukemia

26 (30%)
1 (1%)
6 (7%)
14 (16%)
17(20%)

Hodgkin's lymphoma
8 (9%)
Covariate Selection:
• The following covariates were examined: age, gender, CrCl using Cockcroft and Other
9 (10%)
Gault equation, height, actual body weight, ideal body weight (IBW), lean body
weight, body surface area and genotypes.
LIMITED SAMPLING STRATEGY:
• CrCl and IBW were found to be significant covariates towards F-Ara-A Cl
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Models containing 2 or more concentrations more precisely predicted AUC0→∞ as
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Where
TVCL : Typical value of Cl;
Clnr : Estimate of non-renal clearance; Clslope: Estimate of slope of renal clearance;
TVV1: Typical value of V1, θ2: Estimate of TVV1
Final parameter estimates are shown in Table 2
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Step 3: Calculate fludarabine monophosphate dose
Clinical example of how the model can be applied clinically is as follows.
Consider a patient with

Ht: 170.5 cm

Step 2: F-Ara-A Dose

ClCr: 50ml/min
BSA: 2.2 m2
Target AUC = 5.0 μg-hr/mL

Step 3: Fludarabine phosphate

LIMITED SAMPLING STRATEGY:
Model equations were developed by regressing concentrations at multiple sampling
time points against the AUC0→∞ obtained from the NONMEM model. Models
containing 2 or more concentrations more precisely predicted AUC0→∞ as compared
to single time points.
The best models were then tested in a validation group containing one-third of the
dataset and predictive performance of the models was assessed. The median
prediction errors (MPPE) and median absolute prediction error (MAPE) were within
15% and thus the models shown in table 3 predicted the AUC0→∞ with lowest bias
and highest precision of those tested. Models 2-5 would be acceptable models for
clinical use.
Table 3: Limited Sampling Equations and the Predictive Performance of each Model

A) Observed concentration (DV) vs Population predicted concentration (PRED),
B) Observed Concentration (DV) vs Individual predicted concentration,
C) Conditional weighted residuals (CWRES) vs TIME and
D) CWRES vs PRED.

MODEL EVALUATION
1. Non-parametric bootstrap:
Final population pharmacokinetic model was evaluated for its reliability by using nonparametric bootstrap. Out of 1000 datasets generated, 997 minimized successfully. Table 2
shows the results of estimates with 95% confidence intervals obtained from the original
dataset and then the median of bootstrap parameter estimates with 95% confidence
intervals. Estimates for fixed and random effects are comparable and lie within 5% of the
estimates obtained from the final model, indicating that the model is robust and
reproducible.

Step 1: Estimate Clearance:

IBW: 62 kg,

Figure 4: Correlation plots between

METHODS
Study Population, Pharmacokinetic Samples, DNA:

29 (18-43)

Non-Hodgkin's lymphoma

Therefore the purpose of this research was to develop a pharmacokinetic guided
personalized dosing model for fludarabine to avoid plasma concentrations that exceed the
toxic threshold. The long term goal is to develop safer and more effective regimens.
Specifically, the objectives were to:
• Develop an individualized dosing model for fludarabine

56 (64%) / 31 (36%)

Chronic myeloid leukemia
Error Model:
An exponential error model was used to describe between subject variability (BSV) Other leukemia
and a combined proportional and additive error model was used to describe the Myelodysplastic syndrome
residual unexplained variability (RUV).

OBJECTIVES

• Identify clinical and genetic factors that affect fludarabine (F-Ara-A) pharmacokinetics

55 (20-69)

CWRES
CWRES
CWRES
CWRES

F-Ara-A

Structural Kinetic Model:

Figure 3: The two
compartmental model
CL: Total Clearance
V: Volume of distribution
Q: Inter-compartmental
clearance
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A total of 768 concentrations from 87 individuals were used for covariate model Number of Patients (N)
building and limited sampling strategy development. Patient characteristics are Age (years)
shown in Table 1.
Male / Female

CWRES

Although fludarabine is a highly effective agent it has significant dose dependent side effects
the most serious being profound myelosuppression and neurotoxicity [2]. Previous studies
identified an association between F-Ara-A exposure measured in plasma and treatment
related mortality in HCT patients. The cumulative incidence of treatment related mortality
was higher in patients with plasma area under the curve (AUC0→∞) >6.5 ug-hr/ml as
compared to patients that had an AUC0→∞ <6.5 ug-hr/ml (50% vs. 15%)(Figure 2) [3].

Median (range)/N (%)

CWRES
CWRES

Fludarabine phosphate injection (F-Ara-A), is a fluorinated nucleotide analogue with both
anti-tumor and immunosuppressive activity and is routinely used in NMA regimens in
combination with cyclophosphamide, antithymocyte globulin, radiation, and others. On
administration it undergoes several enzymatic biotransformation steps to its active
intracellular form, F-Ara-ATP (Figure 1). The primary mechanism of action of F-Ara-ATP on
T-lymphocytes is inhibition of DNA synthesis, ultimately leading to cell death by apoptosis
[1].

MODEL DEVELOPMENT:

ObservedConcentration
Concentration
Observed
(ng/mL)
(ng/mL)
Observed Concentration
Conc. ng/mL
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(ng/mL)

Hematopoietic cell transplant (HCT) is an optimal treatment for patients with advanced
hematologic malignancies and bone marrow disorders. Conditioning regimens containing
chemotherapy and/or radiation are given prior to allogeneic transplant to eradicate or
reduce malignant cell burden, promote engraftment through host immunosuppression and
in the case of nonmyeloablative (NMA) regimens allow for graft vs. tumor effects.

Equation

r2

MPE

MPPE (%)

MAPE (%)

Median ±STD

Median
±STD

Median
±STD

1

1.00+ 0.012 C8 +0.013 C12 +0.012 C24

0.80

-0.07±0.75

-1.68±11.61 8.92± 7.44

2. Visual Predictive Check:

2

0.94

0.06±0.84

1.04±12.31 3.58±10.11

The plot in figure 5 further demonstrates that
model reasonably describes the data.

-0.13+ 0.0055 C1.6+ 0.034 C24

3

-0.18+0.0041 C1.6+ 0.024 C12

0.91

-0.15±0.53

-2.39±12.97 5.77±11

4

-0.06+ 0.006 C2+ 0.036 C24

0.95

0.04±0.83

0.63±11.41 8.92±7.44

5

0.0044 + 0.0043 C2+ 0.023 C12

0.90

-0.21±0.48

-3.96±11.23 5.28±9.91

MPE = Median( Predicted AUC0-∞–Observed AUC0-∞)
MPPE = Median[ (Predicted AUC0-∞– Observed AUC0-∞)/Observed AUC0→∞ *100]
MAPE =Median(|Predicted AUC0-∞–Observed AUC0-∞|)/Observed AUC0→∞ *100

Table 2: Parameter estimates from the model estimated and bootstrap estimated
:

CONCLUSION

Bootstrap Estimates (95% C.I.)

Parameter Estimates

Original Dataset(%RSE)

CLnr (L/h)

7.26 (14)

7.01 (4.8-9.17)

Clslope (L/hr)

3.77 (26.8)

3.93 (1.79-6.15)

V1 (L)

65.4 (3)

65.58(61.84- 69.64)

Q (L/hr)

9.75 (6)

9.71 (8.56-10.93)

V2 (L)

58.3 (7.5)

58.59 (50.30-71.16)

CrCl and IBW were significant covariates towards F-ara-A Cl. IBW was an important
covariate towards volume of distribution. From these data we developed a
fludarabine dosing equation to estimate the dose that can be used to target an
optimal AUC0→∞ in HCT patients. To simply and efficiently monitor fludarabine
exposure, we designed a limited sampling strategy for estimation of fludarabine
AUC0→∞ . These tools can now be tested to determine if pharmacokinetic guided
dosing can reduce treatment related mortality associated with fludarabine and
thereby improve survival in HCT patients. In the future variants within other
enzymes mediating conversion of F-Ara-A to F-Ara-ATP should be studied.

Inter-individual variability (IIV)

Development of Limited Sampling Model:

IIV on CL (CV%)

0.068 CV% =26.1

0.065 (0.041-0.098)

The dataset of 87 patients was randomly divided into 2 groups for model development
(n=58) and model validation (n=29). The model development group was used to assess
different combinations of limited sampling times that could predict AUC0→∞.. Acceptable
model equations were identified as those using less than 3 sampling time points with an r2
>0.9. The model validation group (n=29) was then used to determine the predictive
performance of the limited sampling models developed.

IIV on V1 (CV%)

0.061 CV% = 24.7

0.054 (0.035-0.080)

Residual unexplained variability (RUV)
RUV proportional

0.052 CV%= 22.36

0.052 (0.036-0.069)

RUV additive

11.8 ng/ml (24.5)

11.39 (4.32-16.57 )

Figure 5: Visual Predictive Check:
The solid red line represents the median of the observed plasma concentrations obtained from 87
subjects. The pink block around the solid red line (nearly obliterated by the red line) is the 95%
confidence interval for the median, obtained from the simulation -based prediction. The 95th and 5th
percentiles of the observations are represented by red dashed lines above and below respectively. The
blue shaded areas represent 95% confidence intervals for corresponding 5th and 95th prediction intervals
obtained from the simulations. Finally the blue dots represent the observed concentrations from the 87
subjects.
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