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The overall objective of this study was to optimize the benefit-to-risk ratio of 

inhaled corticosteroid therapy using a pharmacokinetic/phannacodynamic modeling 

approach. Specifically, two aspects were addressed. The first aspect was the 

pharmacokinetic (PK) and systemic pharmacodynamic (PD) modeling of the potent 

glucocorticoid, fluticasone propionate (FP), after inhalation of single and multiple 

therapeutic doses. The second aspect was the asse'Ssment of the predictive value of the 

modeling approach under clinically relevant situations for four commonly used 

corticosteroids. Fourteen healthy volunteers participated in a randomized, placebo

controlled, crossover study to determine the PK/PD properties of FP after inhalation of 

single and multiple twice-daily doses (200 and 500 µg) over 5 days. A sensitive liquid 

chromatography/tandem mass spectrometry assay was developed to measure the serum 

concentrations of FP. Serum cortisol levels and modulation of blood cell counts were 

used as surrogate markers of systemic activity. PK/PD evaluation was carried out using 

noncompartmental, and individual and population modeling approaches. For the 
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population analysis, data from the present study and from several earlier studies were 

pooled and retrospectively analyzed using a nonlinear mixed-effects modeling approach. 

A computer algorithm was developed to compare the model-based population predictions 

of cortisol suppression with actual clinical data published in the literature. 

FP showed prolonged pulmonary residence and moderate accumulation in the 

body upon repeated dosing. Consequently, the systemic effects, although very minimal, 

were higher after multiple than after single doses. An Emax-based, linear cortisol release, 

indirect response model accurately described the single and multiple dose effects of FP 

on endogenous cortisol suppression. Results from individual and population approaches 

yielded comparable parameter estimates. The computer algorithm gave valid predictions 

of cortisol suppression in comparison to clinical data from short-term studies, irrespective 

of the drug, dosing regimen, or the inhaler device used. The developed mixed-effects 

model is capable of handling sparse data and hence may be used to characterize these 

relationships on a long-term basis. In conclusion, a clinically valuable, externally 

validated, PK/PD-based tool was developed, which could potentially reduce 

developmental costs for new drugs and be used to rationally dose inhaled corticosteroids 

in the presence of additional efficacy data. 
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CHAPTER 1 
INTRODUCTION 

Inhaled corticosteroids are currently the first-line choice of anti-inflammatory 

therapy for the treatment of asthma. The topical delivery of modem corticosteroids has 

revolutionized the treatment and management of asthma and at the same time reduced the 

incidence of unpleasant side effects to a great extent. However, at high doses, the therapy 

is not totally devoid of systemic adverse effects such as growth suppression, ocular 

hypertension, reduction in bone density, and cataracts [ 1]. Hence there is a need to 

monitor and minimize the overall systemic burden while simultaneously maintaining 

asthmatic control and quality oflife, in other words, a need to optimize the benefit-to-risk 

ratio. A scientific approach of addressing this issue is through the use of 

pharmacokinetic/pharmacod ynamic (PK/PD) modeling techniques. 

Pharmacokinetics deals with "what the body does to the drug" (absorption, 

distribution, metabolism and elimination), whereas pharmacodynamics deals with "what 

the drug does to the body" (effects, side effects). The combination of these two areas, 

PK/PD modeling, leads to the therapeutically most relevant relationship between 

pharmacological effects and time. Corticosteroids are ideally suited for PK/PD analysis 

because most of the pharmacological effects, desired as well as undesired, are initiated 

through a well-characterized interaction with the glucocorticoid receptor. However, the 

feasibility of PK/PD modeling depends on several other factors as well. Of paramount 

importance are the availability of appropriate pharmacodynamic measures (surrogate 

markers or clinical endpoints), and the availability of sensitive and specific assays for the 

1 



2 

drug and the marker(s) of interest. To monitor systemic corticosteroid activity, there are 

several reproducible and reliable surrogate markers available such as serum cortisol 

levels, the number of lymphocytes and granulocytes in the blood (1-3] . Although 

clinically significant adrenocortical insufficiency is practically non-existent amongst 

inhaled steroid-dependent patients, the influence of inhaled steroids on the adrenal axis 

has nevertheless been widely used as a surrogate marker for other systemic adverse 

effects related to the therapy. 

All of the modeling information published to date on endogenous cortisol 

suppression by exogenous corticosteroids have been from single dose studies. Since 

inhaled corticosteroids are administered on a regular rather than intermittent basis, results 

derived at steady-state conditions are more clinically relevant than those obtained from 

single dose studies. The overall objective of this work was to individually address some 

of the key factors that collectively determine the success of PK/PD modeling, the 

yardstick being the predictive power of the model under clinically relevant conditions. 

Fluticasone propionate was selected as the model drug as it is a widely prescribed and 

scrutinized corticosteroid. 

The specific objectives of the present study were the following: 

1. to develop and validate a sensitive and specific assay method to quantify the low 

picogram/ml levels of fluticasone propionate (FP) seen in plasma when therapeutic doses 

are inhaled 

2. to determine the single dose and steady state pharmacokinetics of FP after inhaled 

administration in humans 
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3. to evaluate the single dose and steady state systemic pharmacodynamic profile of FP 

using cumulative endogenous cortisol suppression and the number of lymphocytes and 

granulocytes in the blood as markers 

4. to model the single dose and steady state effects of FP on serum cortisol suppression 

using individual and population PK/PD-based approaches, and 

5. to develop a computer algorithm based on the PK/PD model that can predict 

cumulative cortisol suppression (CCS) for variou~ clinically relevant dosing situations in 

inhaled corticosteroid therapy. 



CHAPTER2 
LITERATURE REVIEW 

Overview 

Corticosteroids (CS) have been used for the treatment of asthma for over 50 years, 

long before a rationale was developed· to explain th~ir actions [ 4]. Much of the early 

enthusiasm regarding oral corticosteroid therapy in asthma was undermined with the 

realization that their use resulted in a number of unpleasant side effects such as peptic 

ulcer disease, hypertension, osteoporosis, adrenal and immunologic suppression, 

Cushing' s syndrome, and cataracts. Therefore, research was directed toward reducing the 

side-effect profile by delivering them directly into the airway. The first inhaled 

corticosteroid (ICS) to offer superior topical to systemic potency was developed in the 

early 1970s with the delivery of beclomethasone dipropionate (BDP) via a pressurized 

metered dose inhaler (MDI) [5 , 6]. In the following years, numerous studies established 

inhaled BDP to have potent oral corticosteroid-sparing effects in patients with steroid

dependent asthma along with improvements in lung function, decreased diurnal 

variability in peak flow rates, less need for supplemental bronchodilator use and an 

overall improvement in quality of life. In the ensuing 20-25 years, several other potent 

topical steroids such as triamcinolone acetonide (TAA), flunisolide (FLU), budesonide 

(BUD) and fluticasone propionate (FP) with different physicochemical properties were 

developed for use in asthma. The key features for the development of these drugs 

included a high binding affinity to the glucocorticoid receptor, an extensive uptake into 

the lung, metabolic stability at the target, and rapid systemic inactivation, all of which 

4 
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were achieved, albeit to varying degrees, through structural modifications to the basic 

steroid molecule (Figure 1) [7]. During this time period, great strides were also made in 

our overall understanding of the mechanism(s) of action of these drugs at the molecular 

and cellular levels, and their clinical efficacy and safety. Inhaled steroids are now widely 

regarded as the first-line choice of anti-inflammatory treatment for asthma. 

0 0 

Triamcinolone acetonide Flunisolide 

Budesonide 

i 
CH 0-0-C-CH -CH 
I 2 2 3 

I 
=O i 

0-C-CH-CH 
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=O ~ 

0-C-CH-CH H 2 3 
3 
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F 

Beclomethasone dipropionate Fluticasone propionate 

Figure 1 Chemical structures of commercially available inhaled corticosteroids 

The current asthma management guideline recommends doses for inhaled steroids 

based on the severity of the disease (mild, moderate or severe) [8). In general, the more 

severe the asthma, the higher the dose recommended for control. However, this approach 

has recently resulted in a trend toward the use of higher doses, raising serious concerns 

over the occurrence of adverse effects similar to those associated with oral CS [2, 3]. As a 

consequence, the research focus has shifted back towards finding ways to minimize the 



6 

overall systemic burden while simultaneously maintaining optimal asthmatic control and 

quality of life. The present study addresses the need to optimize the benefit-to-risk ratio 

of ICS therapy by using pharmacokinetic/pharmacodynamic (PK/PD) modeling, a 

technique that enables the characterization and prediction of the magnitude and duration 

of effect/side effect intensities. 

The ultimate aim of PK/PD modeling is to provide a scientific and economical 

(time and money) way to identify the optimum dose and dosage regimen of a drug for a 

given patient and disease state [9]. This is a task easier said than done since it involves 

the application of two areas, pharmacokinetics which characterizes "what the body does 

to the drug," and pharmacodynamics which characterizes "what the drug does to the 

body,"[10] that are part of the mystery of the human body. For a long time, these 

disciplines were considered as separate entities. Pharmacokinetics characterized time 

courses of drugs in different body fluids, whereas pharmacodynamics was used to either 

describe concentration-effect relationships or the time course of pharmacological effect 

after dosing [11] . Since the relationship between the administered dose and the resulting 

effect is difficult to comprehend without an understanding of the resulting drug 

concentrations in the body [12], these fields in isolation have had limited impact in 

achieving the desired effect in the patient or in the development of better drugs. However, 

when bridged, they become powerful as they link the concentration-time profile as 

assessed by pharmacokinetics to the intensity of the observed effect as quantified by 

pharmacodynarnics [ 13]. Thus the resulting PK/PD model allows the description of the 

time course of the desired and/or undesired effects in response to a drug therapy [11]. 

PK/PD modeling, in general, has continued to develop to a high level of 

sophistication over the last two decades. With the development of sophisticated analytical 
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methodologies (e.g., liquid chromatography / tandem mass spectrometry [14]), statistical 

techniques (nonlinear mixed-effects modeling [ 15]), scientific advancements ( effect 

compartment [16], mechanism based indirect effect models [17]) and classification 

systems ( direct versus indirect link, soft versus hard link, direct versus indirect response, 

and time variant versus invariant [11, 18]) during this time, the field has taken several 

steps forward towards achieving the ultimate goal of predicting effects over time as a 

function of the concentration resulting from a given dosing regimen and formulation. 

Although CS are well suited for PK/PD analysis because most of their 

pharmacological effects are mediated through the glucocorticoid receptor, the lack of a 

sensitive and reliable pharmacodynamic marker of antiasthmatic effect has hindered the 

application of this technique. Fortunately, with regard to side effects, markers such as 

serum cortisol, white blood cell counts, serum osteocalcin, blood glucose etc. are 

available. The last few years has seen endogenous cortisol suppression receive wide 

attention both from clinical as well as from modeling standpoints as a surrogate marker of 

the overall systemic activity of ICS therapy. The following sections summarize the 

current status of our understanding on the mechanism(s) of action, clinical efficacy and 

adverse effects before specifically reviewing the literature pertaining to the objectives of 

this study. 

Mechanism of Action 

Corticosteroids (CS), being lipophilic molecules, are readily absorbed, diffusing 

easily across the cell membrane. Once inside the cytoplasm, they bind with high affinity 

to the glucocorticoid receptor (GR). Upon binding, the CS-GR complex is translocated 

into the nucleus [19], where it dimerizes [20] and then binds to specific DNA sites, 

termed glucocorticoid response elements (GRE), which then results in either up or down 
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regulation of gene products [21-23]. However, many of the genes encoding for 

proinflammatory cytokines lack GREs. In those cases, CS have been shown to indirectly 

inhibit their expression by interfering with nuclear transcription factors such as AP-1 and 

NF-KB, factors that play a crucial role in amplifying the inflammatory cascade by 

upregulating the transcription of proinflammatory cytokine genes [24-26] . 

The mucosal inflammatory response seen in asthma is associated with the 

production of cytokines, the upregulation of adhesion molecules on both leukocytes and 

vascular endothelium, the influx of inflammatory cells into the airway, and the 

production of mediators of inflammation, including histamine, leukotrienes, 

prostaglandins, and the eosinophil-derived basic proteins. CS have been shown in vitro to 

cause inhibition of interleukin-I (IL-1) [27], IL-2 [28], IL-3 [29, 30], IL-4 [31 , 32] , IL-5 

[32, 33], IL-6 [34], IL-13 , granulocyte-macrophage colony stimulating factor (GM-CSF) 

[35, 36], and tumor necrosis factor alpha (TNK-a) [35]. Most of these cytokines are 

thought to be directly or indirectly involved in airway inflammation. Recently, there have 

been studies in asthmatics employing bronchoscopy with bronchoalveolar lavage (BAL) 

and/or endobronchial biopsy before and following a course of ICS therapy. These studies 

have shown an increased number of intact ciliated epithelial cells lining the airway 

epithelium [37] , a reduced number of eosinophils within the airway epithelium [38] , 

diminished epithelial expression of GM-CSF [39], reduced thickness of the lamina 

reticularis [39], decreased nitric oxide levels [ 40] , and reduced activity of several other 

mediators of inflammation from both BAL fluid and airway tissues of asthmatic adults 

after ICS treatment. These data have clearly established the fact that inhaled steroids act 

topically by suppressing allergic inflammation. 



9 

Clinical Efficacy 

A vast body of literature has accumulated over the past 25 years supporting the 

clinical efficacy of ICS therapy in children and adults with asthma. Most of the studies 

have consistently shown the therapy to result in significant reductions in bronchial

hyperresponsiveness (BHR), fewer asthma symptoms, improved pulmonary function 

using parameters such as peak expiratory flow (PEF) and forced expiratory volume in 

one second (FEV 1 ) , less need for supplemental P-agonist use, and fewer exacerbations 

requiring courses of oral CS. Table 1 is a summary of the beneficial effects of ICS 

therapy. 

Table 1 Effects oflnhaled Corticosteroids 
Anti-inflammatory effects 
Reduction in inflammatory cell infiltrate 
Reduction in cytokine expression 
Possible reduction in airway remodeling (tissue damage and 

repair) 

Clinical effects 
Reduction in symptoms (nocturnal awakening, cough) 
Reduction in supplemental P-agonist use 
Reduction in need for oral CS during exacerbations 
Oral CS-sparing effects (FP and BUD) 
Reduction in need for hospitalization with acute asthma 
Possible reduction in asthma morbidity, mortality 
Possible sustained remission in a minority of patients 

Effects on lung function 
Improved morning and evening PEF rates 
Reduction in diurnal variation of PEF rates 
Improved baseline FEV 1 values 
Reduction in lung volumes toward the normal range 
Reduction in BHR 
Source (41] 

In addition, epidemiological studies have demonstrated that inhaled steroids 

protect against life-threatening and fatal asthma (42, 43]. Because they appear to be most 
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effective if administered soon after the onset of the disease [ 44, 45], there has been a 

trend toward earlier use of these medications. The newly revised NHLBI guidelines have 

now recommended inhaled steroids as first-line agents in all but patients with the mildest 

asthma [8]. This recommendation has been met with some controversy, especially given 

the propensity of these compounds to display systemic effects. 

Adverse Effects 

Although the topical to systemic potency of inhaled steroids makes the likelihood 

of adverse effects much smaller than that of oral CS, the potential for systemic absorption 

and hence systemic effects exists. The most commonly encountered adverse effects from 

ICS therapy can be classified into local and systemic effects (Table 2). 

Table 2 Adverse Effects of Inhaled Corticosteroid Therapy 
Local effects 
Oral candidiasis (thrush) 
Dysphonia 

Svstemic effects 
Adrenal suppression 
Potential for growth suppression in children 
Potential for adverse effects on bone metabolism 
Cataracts and glaucoma 
Muscle atrophy 
Other rare but reported adverse effects 

Opportunistic infection 
Development of cushingoid features 
Addisonian crisis 
Dermal thinning 
Psychosis 
Hypoglycemia 

Source [41] 
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Local effects such as oral candidiasis and dysphonia may be greatly minimized by 

using spacer devices and mouth rinsing [ 46]. However, the systemic effects are more 

difficult to avoid. 

Hypothalamic-Pituitary-Adrenal (HPA) Axis Suppression 

Several studies of adverse effects of corticosteroids have focused on their 

interference with HP A axis function, which is in maintaining homeostasis in both basal 

and stress-related states (3, 47]. The HPA axis is exquisitely sensitive to the presence of 

exogenous corticosteroids, is relatively easy to assess, and has hence proven to be a 

convenient target for assessing the systemic activity of inhaled steroids [3]. The 

administration of exogenous corticosteroids results in a negative feedback effect on 

glucocorticoid receptors in the hypothalamus and anterior pituitary gland, resulting in the 

suppression of corticotrophin . and corticotrophin-releasing hormone, respectively. 

Consequently, there is a reduction in cortisol secretion from the adrenal cortex [ 1]. 

Depending on the dose, potency, duration, frequency, timing, and route of administration, 

systemically available corticosteroids may sometimes lead to prolonged adrenal 

suppression resulting in atrophy of the adrenal cortex [2]. The presence of low 

endogenous cortisol levels may not be clinically relevant as long as there is additional 

glucocorticoid activity from the exogenous corticosteroid in the body. However, the 

presence of adrenal cortical atrophy becomes clinically relevant if exogenous 

corticosteroid therapy is abruptly stopped, or if there is unusual stress (for example 

surgery, trauma, infection, myocardial infarction), whereby the adrenal cortex is unable 

to produce sufficient cortisol in time, 'resulting in acute adrenal insufficiency crisis [ 1] . 
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Methods of assessment [21 

In general terms, there are 2 types of tests available for evaluating adrenocortical 

function, namely, screening tests of basal HPA secretory function and dynamic 

stimulation tests to assess adrenocortical reserve. The basal tests include morning (7-8 

a.m.) serum cortisol levels, 24-hour integrated plasma cortisol levels, 24-hour urinary 

free cortisol excretion and overnight urinary cortisol excretion. The stimulation tests 

include the ACTH, CRH, Insulin (tolerance) stress and the Metyrapone tests. 

Measurement of plasma cortisol concentrations (over 12 to 24 h) and the ACTH test are 

considered to be the "gold standards" among the basal and stimulatory tests, respectively. 

Brief descriptions of the main features of these tests are given below. 

24 hour plasma cortisol concentrations 

Precise but scientifically rigorous 

Takes into account the secretory pulse and circadian rhythm of adrenal cortisol 

production 

Blood collected by withdrawal at constant time periods usually over 24 hours; normal 

range of integrated cortisol levels is 4.2-8.4 µg/dl (115-230 nmol/1) 

Plasma cortisol concentration-time curves usually constructed and the effect of the drug 

determined by the difference in the areas under the curve between the placebo and 

drug treated groups over 24 hours 

Very sensitive to small effects seen with inhaled steroids 

Ideal for comparative evaluations 

24-hour urinary free cortisol (UFC) secretion 

Not a reliable or a practical test 

Can be subject to compliance problems 



13 

Creatinine content should also be measured to confirm completeness of collection 

Normal range is 10-100 µg/24 h (30-300 nmol) 

May not accurately differentiate a low baseline excretion level from an abnormally low 

level 

Overnight urinary cortisol 

More easily performed than 24-hour UFC but too dependent on patient compliance 

Creatinine content should be measured 

Same "baseline" problem as UFC 

Not a standardized test with established normal values 

Morning plasma cortisol concentration 

Test not suitable for accurate assessment of adrenal function 

Completely ignores inter and intra individual variability in the circadian rhythm 

Normal values may range anywhere between 120 and 700 nmol/1 at 8 a.m. 

Only very high or very low levels may be useful 

Commonly used test but the least reliable 

ACTH test 

The most useful screening procedure for suspected adrenal insufficiency 

Tests adrenocortical integrity, and pituitary and hypothalamus indirectly 

Intravenous or intramuscular injection of 0.25 mg ACTH followed by a rise in plasma 

cortisol levels to >500 nmol/1 at 30 min or >550 nmol/1 at 60 min rules out primary 

adrenal cortical failure 

Readily performed in outpatient settings 

Not a good marker for comparative evaluations between inhaled steroids 
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Corticotropin releasing hormone (CRH) test 

Mainly used to differentiate hypothalamic and pituitary disease components 

After administration of 100 µg ( or 1 µg/kg) intravenously, the normal increase in plasma 

ACTH is 30-40 pg/ml 

Insulin (tolerance) stress test 

Potentially hazardous test 

Will only differentiate between adrenocortical and anterior pituitary insufficiency when 

plasma ACTH and cortisol levels are known; sensitivity also in question 

Metyrapone test 

Tests both adrenocortical and pituitary integrity 

Inhibits 11 ~-hydroxy lase, an enzyme, which is essential for cortisol synthesis. 

Interpretation requires accurate plasma ACTH and cortisol profiles 

Dose of 30 mg/kg is usually administered at midnight and plasma cortisol and 11-

desoxycortisol are measured at 8 a.m. 

Seldom used because of unpleasant side effects such as nausea and vomiting 

Effects on cortisol suppression 

A majority of the studies evaluating adrenal suppression have shown FP to have 

comparable systemic effects to either BDP or BUD, especially at the doses of FP 

recommended for the treatment of mild and moderate asthma (176-440 µg/day) [41]. The 

same cannot be said regarding high-dose FP therapy, i.e. , at doses greater than 1000 

µg/day. A number of studies have demonstrated significantly greater effects on HPA axis 

suppression than with equivalent doses of BUD. These studies found FP to have a greater 

likelihood to suppress plasma cortisol, urinary cortisol, and ACTH levels, with the 

greatest degree of suppression noted at doses of~ 1000 µg/day [ 41] . Clark et al. studied 
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12 adult asthmatics in a double-blind, placebo-controlled crossover design comparing 

single doses of either inhaler BUD (400, 1000, 1600 or 2000 µg) or FP (500, 1000, 1500 

or 2000 µg) administered at 2200 h and found FP to exhibit at least a two-fold greater 

degree of adrenal suppression than BUD on a microgram-per-microgram basis [ 48]. A 

subsequent study from the same group studied the effect of chronic dosing of either FP or 

BUD administered twice daily over 4 days and found FP to have more profound 

suppressive effect on both morning cortisol levels and overnight urinary 

cortisol/creatinine ratios compared to BUD, with a 3.5 fold difference in potency between 

the two drugs [49]. Boorsma et al. used pooled plasma cortisol levels and found FP to 

have a 3.7-5.2 fold greater systemic potency ratio than BUD when delivered via MDI. Of 

note, FP (2000 µg/day) caused reductions of 80 and 89% in 24 hour cortisol and 8 

morning levels, respectively, whereas they were 27 and 11 %, respectively, for the same 

dose of BUD [50] . Donnelly et al. studied high doses of BUD and FP and found a 3 fold 

higher effect on 24-h cortisol for FP than BUD at same doses via MDI [51]. 

Several studies have compared the effects of FP, BDP, BUD and TAA using 

either 8 a.m. plasma cortisol, urinary cortisol or 24 hour plasma cortisol levels [1 , 2, 52] . 

Variable degrees of reduction of adrenal function have been reported and FP has a steeper 

dose-related systemic activity than BDP, BUD or TAA [l]. There were, however, no 

differences between those agents for urinary or spot morning plasma levels and the 

effects were mostly evident with doses over 800 µg per day. Overall, the literature is 

replete with studies on the adrenal suppression of inhaled steroids. Unfortunately, most of 

them are of little value because of unreliable methods of assessment, inappropriate 

comparisons between patient populations, history of prior oral corticosteroid use, and 

steroid dependency [2]. The general opinion is that there is a misguided tendency to use 
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higher doses of inhaled steroids on the assumption that there are clear dose-response 

benefits and no adverse effects. Furthermore, 24-hour cortisol concentrations and ACTH 

stimulation tests are the only reliable tests for testing the basal activity of HP A and 

adrenocortical reserve, respectively [3]. Although clinically significant adrenocortical 

insufficiency is rarely seen amongst !CS-dependent patients, the influence of inhaled 

steroids on the adrenal axis, as determined using 24-hour cortisol levels, may 

nevertheless be used as an early, sensitive and reliable surrogate marker for other 

systemic effects related to the therapy. 

Growth Suppression 

Growth suppression is one adverse effect that is of primary concern for clinicians 

caring for children. New techniques have been introduced for the assessment of the risk 

of growth suppression in asthmatic children treated with inhaled steroids [ 41]. 

Assessment of lower leg growth rates with the knemometer has made short-term studies 

of growth processes under strictly controlled conditions possible. With knemometry, 

inhaled FP 200 µg/day has been shown to have no effect on lower leg growth, but BDP 

400 µg/day significantly reduces lower leg growth [53]. Inhaled BUD also reportedly 

causes a dose-dependent reduction in lower leg growth, but the reduction is significant 

only at 800 µg/day dose [54]. However, these short-term studies cannot be used for 

estimations of intermediate-term height growth rates or long-term evaluations of final 

height. There have been two recent studies on the long-term effects of BUD in children 

[55, 56]. The first study, known as the Childhood Asthma Management Program 

(CAMP), involving more than 1000 children with asthma, aged 5 to 12, found only a 

transient reduction in growth velocity when treated with 200 µg BUD over a treatment 

period of up to six years (1.1 cm less than with placebo) [55]. The second study by 
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Agertoft and Pederson, the longest trial of its kind worldwide, found that children 

reached their expected final height even after an average of 9.2 years (range 3 to 13 

years) oflong-term treatment with a mean daily dose of 412 µg BUD [56]. 

Effects on Bone 

Osteoporosis 1s the most predictable adverse effect in asthmatics that are 

dependent on chronic oral CS therapy. A general opinion is that all patients who have 

been on >7.5 mg prednisone (or equivalent) daily for at least 6 months are at risk for 

developing osteoporosis [ 41]. Long-term use of oral CS is known to cause osteoporosis in 

about 30-50% of exposed patients [57, 58]. The main effect of CS is a reduction in the 

formation of new bone. A dynamic equilibrium exists between bone formation, involving 

osteoblasts, and bone resorption, involving osteoclasts, in the bone matrix. CS may 

reduce bone mass by inhibiting osteoblast function and favor bone resorption by 

increasing osteoclast function. 

Two recent studies highlight the discrepancies in results that characterize many of 

the studies evaluating the effects of ICS therapy on bone metabolism and density [59, 

60]. In the first study, Hanania et al. studied 36 asthmatics, 18 treated with BDP (mean 

dose, 1323 µg/day; mean duration, 24 months) and 18 treated with bronchodilator alone 

[60]. In the second study, Luengo et al. evaluated 48 asthmatics with inhaled steroids 

(BUD or BDP; mean dose 662 ± 278 µg/day for 10.6 years) in comparison to 48 age- and 

sex-matched nonasthmatic controls at baseline or after 2 years of observation [59]. 

Whereas Hanania et al. found ICS therapy to result in a dose-dependent reduction in bone 

density, Leungo et al. found no difference between the respective treatments in their 

study. Toogood et al. reviewed nine studies on bone density in patients receiving inhaled 

steroids and · found that the results were often contradictory with many of them 
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confounded by past or current oral CS therapy and post-menopausal status [61]. The 

present consensus is that, in adults, daily doses of inhaled steroids equivalent to <800 µg 

of BDP usually exert minimal influence on markers of bone metabolism, whereas a lower 

serum osteocalcin and higher urinary phosphorus level may be found in subjects using 

the equivalent of > 1000 µg of inhaled BDP [ 41]. In children receiving a mean dose of 

500 µg/day BUD for over 4.5 years, Agertoft and Pedersen found no significant 

differences between the drug and placebo treated groups in any of the measures, 

including bone mineral density, total bone calcium, or bone mineral capacity [62]. More 

studies are needed especially in cases where chronic high-dose inhaled steroids are 

indicated to manage severe persistent asthma. 

Cataracts and Glaucoma 

Cataracts and glaucoma are known opthalmological complications of chronic 

systemic CS therapy. Two recent reports have suggested that chronic ICS therapy is also 

associated with the development of these complications [63 , 64]. Garbe et al. have 

reported that individuals receiving high dose JCS therapy (~ 1500 µg/day) for prolonged 

periods of time (~ 3 months) are at great risk for the development of glaucoma [ 64] . 

Cummings et al. also reported similar findings with an increased risk of cataracts with 

higher cumulative lifetime doses (~ 2 mg/day) of inhaled steroids [63]. Recently, 

Agertoft and Pedersen investigated low dose inhaled BUD therapy in asthmatic children 

and found no evidence of development of cataracts. The authors concluded that long-term 

treatment with BUD (<500 µg/day) is unlikely to cause cataracts and that 

opthalmological surveillance is probably not warranted [56]. A number of other adverse 

effects (Table 2) have been reported that are primarily case reports with few controlled 
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studies performed to objectively evaluate the potential for and significance of these 

complications. 

PK/PD Properties 

Given the fact that the potential for adverse effects exists with inhaled steroids, it 

is important to always achieve the lowest dose that provides optimal asthmatic control 

and quality of life. Recently, the National Institutes of Health, and the National Heart, 

Lung and Blood Institute initiated a global strategy for asthma management and 

prevention [8]. The committee devised dosing strategies for inhaled steroids for initiating 

the treatment of asthma based on the severity of the disease (mild or moderate or severe), 

determined using lung function tests . These are listed in Table 3 and Table 4 for adults 

and children, respectively. The classification of low, medium and high doses is based on 

mild persistent, moderate persistent and severe persistent asthma, respectively. However, 

these recommendations are based on empirical determination and are targeted towards 

the "average" patient. Hence it is entirely up to the medical practitioner to interchange 

between the drugs, doses and regimens depending on the patient' s initial response to 

treatment. Traditionally, this has been achieved through trial-and-error methods and 

simply by experience. A scientific way of optimizing the dose and the dosing regimen is 

to understand the pharmacokinetic and pharmacodynamic properties of the drug that 

govern the clinical or biological response and then integrate those properties through 

mathematical modeling. 
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Table 3 Dosage Guidelines for Inhaled Corticosteroids in Adults [8] 
Corticosteroid Low dose (µg) Medium dose (µg) High dose (µg) 
BDP 168-504 504-840 >840 
42 µg/puff (4-12 puffs) (12-20 puffs) (>20 puffs) 

...... 84 .µg/puff .___ . C2-6puffs) . ... _(6-lOpuffs) ................ J>lOpuffs) .. . 
BUD Turbohaler 200-400 400-600 >600 

..... 200 µg/puff _··--- ·--- .. _(l-2puffs) _ ___ _ _ ____ (2-3puffs) ______ _ __ (> 3J}uffs) ______ _ 
FLU 500-1000 1000-2000 >2000 
_250 .. _µg/puff_ __ _ ____ (2-4_puffs) __ _ _____ (4-8_puffs) ______ . .. _ (>8puffs) _ 
FP 88-264 264-660 >660 
MDI: 44, 110, 220 (2-6 puffs- 44 µg) or (2-6 puffs- 110 µg) (>6 puffs - 100 µg) 
µg/puff (2 puffs-110 µg) (> 3 puffs - 220 µg) 
DPI: 50, 100, 250 (2-6 puffs - 50 µg) (3-6 puffs - 100 µg) 

-···µg/puff __ ·········-··············-····----- ·······- - ----······ -··-----·-·----·-···----- _______ _ ------··- ···········-····---······----·····-····---····· ····-- -- -·······-··---······-···-···--
T AA 400-1000 1000-2000 >2000 
100 µg/puff (4-10 puffs) (10-20 puffs) (>20 puffs) 

Table 4 Dosage Guidelines for Inhaled Corticosteroids in Children [8] 
Corticosteroid Low dose (µg) Medium dose (µg) High dose (µg) 
BDP 84-336 336-672 >672 
42 µg/puff (2-8 puffs) (8-16 puffs) (> 16 puffs) 

·-· 84 __ µ g/puff ____ ···-·-··---·· ·····-··--·---··-·--···-·····-·····-·····--·-------·-···--- ······-·-·-··-··---·-·-----···--·-·--·-···-----···-·--·---------···-·-···--·-·- ····---······-··-·------··-··-··-·····---··--·-·-----
BUD Turbohaler 100-200 200-400 >400 

_200 _µg/puff __ _ _____ (1-2 _inhalations) ________ (1-2 _inhalations) __ ..................... (>2 _inhalations) __ 
FLU 500-750 1000-1250 >1250 

...... 250._. µg /puff. . (2-3 puffs) ............................ ....... -( 4-5_puffs) _ .. ................................. (>5puffs) .......... . 
FP 88-176 176-440 >440 
MDI: 44,110,220 (2-3 puffs-44 µg) (4-10 puffs- 44 µg) (>4 puffs - 100 µg) 
µg/puff (2-4 puffs- 110 µg) 
DPI: 50, 100, 250 (2-4 inhalations- 50 (2-4 inhalations - (>4 inhalations -

__ µg/puff_ ___ __ µg) ___ _ ____ . ___ .. lOO_µg) _________ _ ______ ____ lOO ___ µg) ___ _ 
T AA 400-800 800-1200 > 1200 
100 µg/puff ( 4-8 puffs) (8-12 puffs) (> 12 puffs) 

The overall goal of ICS therapy is to produce long-lasting therapeutic effects at 

the pulmonary target site with minimal systemic side effects. A variety of PK/PD 

parameters are potentially important to achieve this goal [65]. In order to identify those 
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parameters and therefore the differences between the drugs, an understanding of the fate 

of an inhaled corticosteroid is necessary. 

Following inhaled administration, approximately 10-40% of the corticosteroid 

dose is deposited in the lung, whilst the majority (up to 90%) impacts on the 

oropharyngeal region and is swallowed (Figure 2). Following absorption from the 

gastrointestinal tract, the drug passes through the liver before entry into the systemic 

circulation. All commonly used inhaled steroids, particularly BUD and FP, are 

metabolized, during their first pass through the liver and thus, following oral absorption, 

enter the systemic circulation mostly as inactive metabolites [66]. Drugs that are not 

efficiently inactivated during first-pass metabolism are able to enter the systemic 

circulation unchanged, resulting in extra-pulmonary effects (most of which are unwanted) 

[67] . It is important to note that the fraction of the dose delivered to the lung will also be 

absorbed into the systemic circulation. Only dissolved drug is able to reach the 

intracellular steroid receptors in the lung following which the absorption is rapid [68]. 

The PK/PD properties of the currently used inhaled steroids are listed in Table 5. 
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T bl 5 Ph a e d h d f ·nh 1 d rf t ·ct armaco met1c an p armaco ynarmc parameters o 1 a e co 1cos ero1 s. 
Drug FLU TAA BUD BOP 17-BMP FP 

Oral F (%) 7-20 23 6-lla 15-20 720 <I 

Inh F (%) 39 (MDI) 22-25 26 (MDI) 25 (CFC) 27 (CFC) 26 (MDI), 
(MDI) 38 (TBH) 70 (HFA) 12 (DH) 

17 (DSK) 

fu (%) 20 29 12 13 NA 10 

CL (L/hr) 58 37 84, 230 54° 69, 112 
67 (22S), 
117 (22R) 

Vd55 (L) 96 103 183, NA 84° 356 
245 (22S), 
425 (22R) 

IV T12 (hr) 1.6 2.0 2.8, 0.1-0.5 0.6-1.7 5-13 
2.7 (22S), 
2.7 (22R) 

Inh T12 (hr) 1.6 3.6 3.0 0.1 1.5-6.5 8-14 

MRT-IV (hr) 1.7d 2.7 2.2 NA 1.6 4.9 

MAT (hr) <I 2.9 0.3-2.6 NA NA 5 

RRA 190 233 935 NA 1022 1800 
(Dex= 100) 

Abbreviations: FLU-Flunisolide; T AA- Triamcinolone acetonide; BUD- Budesonide; 
BDP- Beclomethasone dipropionate; 17-BMP- Beclomethasone-17-monopropionate; FP
Fluticasone propionate; Oral F- Oral bioavailability; Inh F- Overall systemic 
bioavailability after inhalation; fu- Fraction unbound; CL- Clearance; V d55- Volume of 
distribution at steady state; IV T\l:z- Elimination half-life; Inh T \l:z- Terminal half-life after 
inhalation; MR T-IV - Mean residence time after intravenous administration; MAT -
Mean absorption time after inhalation; RRA - Relative receptor affinity (Dex -
Dexamethasone); MDI- Metered dose inhaler; DH- Diskhaler; DSK- Diskus; TBH
Turbohaler; CFC- Chlorofluorocarbon propellant based MDI; HF A-Hydrofluoroalkane-
134a propellant based MDI; NA- Not available; a - Radiolabeled budesonide; b_ In rats; c_ 

Assuming complete conversion after intravenous administration of BDP; d _ Calculated 
from V d55 and CL after intravenous administration; 22S and 22R - Epimers of 
Budesonide. References are provided during the discussion of each topic. 
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Relative receptor affinity 

Most inhaled steroids are used in their pharmacologically active form with BDP being a 

notable exception. BDP is a prodrug that first needs to be activated by hydrolysis. The 

active form of BDP is the respective monoester, beclomethasone-17-monopropionate 

(17-BMP). Unlike other corticosteroids, 17-BMP also forms an active metabolite, 

beclomethasone (B) (Figure 3) [69]. With respect to their receptor affinity relative to 

dexamethasone (RRA=lOO), FP has the highest affinity (RRA=l800) among the 

currently used inhaled steroids followed by 17-BMP (RRA=1345), BUD (RRA=935), 

TAA (RRA=233), FLU (RRA=l90) and B (RRA=73) [65 , 70] . The metabolites of FP 

(Figure 4) [71], FLU (Figure 5) [72] and TAA (Figure 6) [73] are inactive. 

Beclomethasone dipropionate ~ 
(inactive) yH2-0-C-CH2-CH3 

0 

HO 
O=C 0 

II 
--O-C-CH2-CH3 CH,"-

yHrOH I~ 

0 =C ..,,,J!II!: 0 

HO~-OH 
CH3 

I 

~ 
~ Beclomethasone 

O (RRA 73) 

HO 

CH2-0H 
I 

O=C 0 
II 

--0-C-CH -CH3 
CH3 2 

Beclomethasone-17-monopropionate 
(RRA 1345) 

Figure 3 Metabolic pathway for beclomethasone dipropionate (BDP) [69] . 

BUD is a 1: 1 mixture of the epimers 22 S and 22 R, the metabolites of which are 

also inactive (Figure 7) [74]. In practical terms, these differences in receptor affinity 

mean, for example, that a 10-fold higher unbound concentration of FLU at the receptor 

site is needed to produce the same degree of receptor occupancy as FP. 



25 

a 
' I 
F 

' I 
F 

OH 
I 

O=C 0 
II 

--O-C- CHrCH3 
-- CH3 

Fluticasone propionate 
(active, RRA 1800) 

17~-Carboxylic acid metabolite 
(inactive) 

Figure 4 Metabolism ofFluticasone propionate (FP) [71] . 

0 , 0 
I 

F OH 

CHrOH 
I 

O=C 

Flunisolide 6~-Hydroxymetabolite 
(active, RRA 180) (inactive) 

Figure 5 Metabolism of Flunisolide (FLU) [72) 

H 

CHrOH 
I 

O=C 

0 

OH 

CHr OH 
I 

O=C 

Triamcinolone acetonide 6~-Hydroxytriamcinolone acetonide 
(active, RRA 233) (inactive) 

Figure 6 Metabolism of Triamcinolone acetonide (TAA) [73) 



0 

H 

(22RS)-Budesonide 
(active, RRA 935) 

26 

only (22R)-Budesonide 
0 

OH 

6~-Hydroxybudesonide 
(inactive) 

yH2 ·0H 

O=C 
I ------OH 

--OH 

H 

16a-Hydroxyprednisolone 
(inactive) 

Figure 7 Metabolism of the 1: 1 mixture of the epimers (22 S and 22 R) of Budesonide 
(BUD) [74]. 

Plasma protein binding 

Because only the free, unbound drug is able to interact with the corticosteroid 

receptor, it is important to convert measured plasma or serum concentrations to the 

respective unbound concentrations. All inhaled corticosteroids show moderate to high 

levels of protein binding. TAA has the lowest plasma protein binding (71 %) [75] 

followed by FLU (80%) [76], BUD (88%) [77] and FP (91 %) [71]. BDP has been 

reported to be 87% bound to plasma protein [78], but no data are available for 17-BMP. 

Oral bioavailability 

Inhaled corticosteroids are intended to provide localized therapy with immediate 

drug activity at the site of delivery in the lungs. However, it is well known that the 

greater part of an inhaled dose is swallowed and therefore available for undesired oral 

absorption, resulting in unwanted systemic effects. Hence an ideal inhaled corticosteroid 
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should have minimum oral bioavailability. This goal has been achieved in the case of FP, 

which has an oral bioavailability of less than 1 % [79]. The absorbed fraction of the other 

inhaled corticosteroids after oral intake is greater: 6-11% for BUD [77, 80], 7-20% for 

FLU [81 , 82], 23% for TAA [83] and 15-20% for BDP [84]. No data are available for 17-

BMP in humans, however, a 72% oral bioavailability has been reported in rats [85]. 

Pulmonary bioavailability 

In general, corticosteroids are absorbed well from the lungs. Indeed it can be 

assumed that all drug available at the receptor site in the lungs will be absorbed. 

Corticosteroids administered by inhalation can therefore be detected in the blood, 

although the blood corticosteroid concentration represents the sum of pulmonary and 

orally absorbed fractions. For this reason it is difficult to separately assess the pulmonary 

bioavailability of those inhaled corticosteroids that also undergo significant oral 

absorption. Oral absorption of FP is negligible, and hence its pulmonary bioavailability 

can be calculated with greater confidence. Indeed the pulmonary bioavailability can be 

calculated to range between 10% and 30% for FP depending on the inhalation device [86, 

87]. The overall systemic availabilities after inhalation in healthy subjects are reported to 

be 22%-25% for TAA [83 , 88] delivered via a metered dose inhaler (MDI), 26 % via 

MDI and 38% via Turbohaler® for BUD [89], 39% via MDI for FLU [90], 26% via MDI, 

12% via FP-Diskhaler®, 17 % via FP-Diskus® [91], and 25% via MDI for BDP [92]. 

With the global phasing out of chlorofluorocarbon (CFC) propellant-based MDis, 

hydrofluoroalkane-134a (HF A) based formulations have been recently developed for 

corticosteroids. For FP, it has been reported that lung deposition is similar with the HFA 

and the CFC formulations whereas for BDP, the HF A-based product Qvar® is reported to 

provide a significantly higher respirable fraction (60%) compared to the CFC-based MDI 



28 

[93-95]. The use of integrated spacer devices such as in the Azmacort® formulation for 

TAA, has been shown to provide respirable fractions ·exceeding 60% [96]. Recently, the 

deposition of FLU has been reported to be significantly improved (39% respirable 

fraction compared to 10% with conventional MDis) with the use of a novel, mechanically 

driven, liquid droplet inhaler device RESPIMA T [97) . 

Systemic clearance 

One of the most important properties of inhaled corticosteroids is their clearance 

after absorption, which minimizes the systemic side effects. In theory, the faster the 

systemic clearance, the higher the therapeutic index [ 65). All of the currently used 

inhaled corticosteroids show rapid systemic clearance that is of similar magnitude: 84 L/h 

for BUD [77), 69 [98) and 112 L/h for FP [79), 58 L/h for FLU [81) and 37 L/h for TAA 

[83] . Budesonide is a 1: 1 mixture of the epimers 22 S and 22 R, which are reported to 

have different clearance rates, 67 and 117 L/h, respectively [99]. Nevertheless, these 

values are approximately the same as the rate of hepatic blood flow, which would be the 

maximum clearance rate possible for hepatically metabolized drugs. Indeed even with an 

increased hepatic extraction efficiency, this value could not be increased because the 

maximum clearance rate would be achieved when all of the drug supplied by liver blood 

flow was removed. In this scenario, these so called "high-extraction drugs" are removed 

by the liver at a rate that is equivalent to liver blood flow. Only BDP has been reported to 

have a systemic clearance greater than hepatic blood flow (230 L/h), indicating 

extrahepatic metabolism [100). However, in this case the metabolic reaction does not 

result in the formation of an inactive metabolite and therefore termination of systemic 

activity but in the formation of the extremely potent metabolite 17-BMP. The clearance 
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rate of 17-BMP, assuming complete conversion after intravenous administration of BDP, 

is reported to be 54 L/h [ 101]. 

Volume of distribution 

The volume of distribution is a pharmacokinetic parameter that allows 

quantification of tissue distribution. The larger its value, the greater the amount of drug 

located inside the peripheral body compartments. However, a large volume of 

distribution does not necessarily indicate greater pharmacological activity m the 

peripheral body compartments because most of the drug is present m its 

pharmacologically inactive, bound form. The active, unbound drug concentration at 

steady state is independent of volume and depends only on clearance and degree of 

protein binding. Since there are different ways of calculating volume of distribution, 

comparison of literature values must be done with great care. The volume of distribution 

at steady state (Vd55) for FP was reported to be 356 L [79, 98], quite in agreement with its 

high lipophilicity. Vd55 was reported to be 183 L for BUD [89] , 103 L for TAA [83], 96 L 

for FLU [76] and 84 L for 17-BMP [101) . The epimers of BUD also exhibit significantly 

different distribution patterns with reported Vdarea (terminal phase apparent volume of 

distribution) values of 245 and 425 L for the 22S and 22R epimers, respectively [99]. 

Elimination half-life 

The elimination half-life ofany drug is a secondary pharmacokinetic parameter 

that is dependent on the rate of systemic clearance and the volume of distribution. The 

elimination half-life quantifies how rapidly the plasma concentration changes but does 

not indicate the magnitude of this concentration. As a result of its large volume of 

distribution, FP has the longest elimination half-life of 5 to 13 hours, as measured after 

intravenous administration [79, 98, 102, 103). The elimination half-lives of BUD, TAA, 
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and FLU are reported to be 2.8 [77] , 2.0 [83] and 1.6 h [90, 104] and those of BDP and 

17-BMP after intravenous administration of BDP were recently reported to be 0.1-0.5 hr 

and 0.6-1.7 hr [84, 100, 101], respectively. The epimers of BUD have identical 

elimination half-lives (2. 7 h) even though they exhibit different distribution and clearance 

characteristics [99] . 

Terminal half-life after inhalation 

The terminal half-life after inhalation can differ from the true elimination half-life 

after intravenous administration if absorption is slow and if it is the overall rate-limiting 

step ("flip-flop pharmacokinetics"). Hence a slower terminal elimination half-life after 

inhalation than after intravenous administration indicates slow absorption. This may be 

the case for T AA since the terminal half-life after inhalation of 3. 6 hours was found to be 

longer than that after intravenous administration (2.0 h) [83]. In the case of 17-BMP the 

evidence is rather inconclusive. A 0.1 hr terminal half-life has been reported for BDP 

whereas values ranging between 1.5 and 6.5 hours have been reported for 17-BMP [84, 

101 , 105] . In a recent study with subjects receiving BDP by intravenous as well as by 

inhaled administration, the mean terminal half-life of 17-BMP after inhalation of BDP 

was found to be longer (2.7 h, range: 2.2-3 .7) than after intravenous administration 

(1.7h), indicating a possibility of slow absorption [101]. For the other drugs, the terminal 

half-lives after intravenous and inhaled administrations have been found to be similar: 

10-14 h for FP [86, 102, 103], 3 h for BUD [89] and 1.6 h for FLU [104]. In such cases, a 

parameter such as the mean absorption time is a better indicator of the absorption rate 

than the terminal half-life. Moreover, accurate determination of the terminal half-life 

depends on the sensitivity of measurement of blood drug concentrations. Thus, low levels 
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of drug in the lung may remain undetected, resulting in apparently low residence and 

absorption times. 

Pulmonary residence time 

One of the predominant factors responsible for achieving pulmonary selectivity is 

the pulmonary residence time. Pulmonary residence time is determined by the release rate 

of the inhaled particle from an inhaled solid (powder) or an alternative delivery system 

such as liposomes, the absorption rate of dissolved drug across pulmonary membranes 

and the mucociliary clearance which removes drug particles from the upper portions of 

the lung [65]. The absorption across membranes is a rapid process for lipophilic 

glucocorticoids and hence the dissolution rate of a glucocorticoid powder is the main 

determinant for controlling the pulmonary residence time [ 68). One parameter that is 

useful in estimating the duration of pulmonary retention of inhaled steroids is the mean 

absorption time (MAT) that denotes the average time it takes for a molecule of the drug 

to get absorbed into the systemic circulation. The longer the MAT, the greater the 

pulmonary residence. The reported MATs (calculated as the difference between the mean 

residence times after inhaled and intravenous administrations) are 5 hr for FP [103 , 106), 

2.9 hr for TAA [83) and 0.3-1.8 hr for BUD [89). No data are available for FLU, BDP 

and 17-BMP. The prolonged pulmonary residence of FP as indicated by the relatively 

long mean absorption time is consistent with its very low aqueous solubility (0.04 µg·mr 

1
) compared to other inhaled corticosteroids [100). As with Vd, residence time in the lung 

is not necessarily indicative of pharmacological activity, as the latter depends on whether 

or not the drug is in the unbound form. However, a long residence time in the lung most 

likely indicates a longer availability for topical release and hence activity. Recent studies 

have shown that the formation of esters that act as a depot for the active corticosteroid in 
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the lung may be an alternative mechanism for prolonging the pulmonary residence. For 

example, the formation of several fatty acid conjugates of BUD in the lung has been 

shown in vivo [107]. 

Accumulation 

Accumulation 1s the term used to describe the increase in plasma drug 

concentration that may occur during multiple-dose administration until steady state is 

reached. The accumulation time is a function of the terminal elimination half-life of the 

drug. As a general rule, it takes approximately four to five half-lives to reach steady state. 

In the case of FP, this is equivalent to about 2 days [ 103]. Steady state is reached in about 

half a day in the case of BUD and TAA, within 8 hours for FLU and in about a day for 

BDP and its metabolites (i.e. , after the first dose) [108, 109]. The magnitude of the steady 

state plasma concentration however, is independent of the half-life and is only a function 

of systemic clearance. For instance, it will take longer to reach steady state for FP than 

for BUD. However, for equal amounts of drug absorbed, the resulting average steady

state concentrations will be quite similar. Because of the shorter half-life, BUD plasma 

concentrations will exhibit greater fluctuation. 

Pharrnacokinetics in asthmatics 

Most studies evaluating the clinical pharrnacokinetics of inhaled steroids have 

been performed in healthy volunteers. Differences in drug exposure, especially lung 

deposition due to altered airway caliber, between asthmatics and healthy volunteers have 

been characterized primarily using dose titration studies involving asthma control as the 

primary outcome. Thus, pharrnacokinetic information in the target group, patients with 

varying degree of respiratory disease, is scarce. 
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In a study with 13 patients with mild to moderate asthma (FEV 1 > 50-80% 

predicted), 500 µg FP bid was inhaled from Disk.haler® and Diskus® dry powder devices, 

respectively. In both groups, comparable FP plasma concentration profiles were obtained 

after 4 weeks of treatment with no statistically significant differences between the 

devices, evaluated by comparison of Cmax and AUC values [87]. However, AUC and Cmax 

were lower in asthmatic patients than in healthy subjects, probably due to impaired 

inhalation and deposition of the administered dose in the lung. Falcoz and coworkers 

reported a geometric mean for Cmax and AUC during multiple dosing therapy from 

Disk.haler® of O .190 ng/ml and 1.124 ng/ml.h for healthy subjects, and of O .120 ng/ml and 

0.412 ng/ml.h for asthmatics, respectively, when normalized for a common dose of 500 

µg FP inhaled twice-daily (bid) [91 , 110). In a second study, including 10 patients with 

mild-to-moderate asthma dosed with 100 and 500 µg FP bid from Disk.haler® over 4 

weeks, FP plasma concentrations were also lower than in healthy subjects [110]. Jusko 

and Harding investigated FP in 118 asthmatics (FEV 1 > 50% predicted) receiving either 

250, 500, 750, or 1000 µg FP for 28 days, inhaled from MDI [111) . Plasma 

concentration-time courses showed considerable variability, but the mean AUC was 

proportional to the administered dose. Yates and coworkers, and Brutsche and coworkers 

recently reported that the systemic exposure and hence activity are significantly lower in 

asthmatics compared to healthy subjects [112, 113]. 
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Figure 8 Comparison of systemic exposure to FP 1000 µg in healthy volunteers and 
patients with asthma by inhalation device [ 112]. Values of mean area under the curve are 
corrected for dose regimen and assay method; the figure above each bar is the number of 
pharmacokinetic profiles. 

In a four-week study involving 33 mild asthmatics (FEV 1 > 65% predicted), the 

dose proportionality of three different doses of BUD ( 400µg, 800µg and 1600µg bid) 

inhaled via Turbohaler® was evaluated [114]. BUD was found to exhibit linear 

pharmacokinetics, both within and up to twice the maximum of the clinically 

recommended dose range. The dose-normalized AUC and Cmax values obtained in the 

study were similar to those obtained in 24 healthy volunteers receiving 800 µg doses via 

Turbohaler®, suggesting that mild asthmatics have similar kinetics as in the healthy [74, 

114]. These results are consistent with studies that have reported comparable lung 

deposition in asthmatics ( 50< FEV 1 <92% predicted) as well as in healthy subjects after 

inhalation via the MDI and Turbohaler® formulations [89, 115]. In a study with 6 

asthmatic children aged 10-13 years (FEV 1 > 75% predicted), the clearance of BUD 

(after adjustment in body surface areas) was found to be 50% higher than that found in 

adults [ 116]. 
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The single and steady-state pharmacokinetics of BDP delivered via CFC and HF A 

pressurized metered dose inhalers was investigated in 43 steroid-na'ive asthmatic patients 

(FEV 1 > 60% predicted) over 14 days [109] . No clinically meaningful difference was 

observed in total beclomethasone pharmacokinetics (representing the sum of BDP, 17-

BMP, beclomethasone and other metabolites) between single and multiple doses over 14 

days. 

Zabomy and coworkers investigated the pharmacokinetics of TAA in moderately 

severe asthmatics and found it to be linear over a dose range of 400-1600 µg when 

inhaled via the Azmacort® MDI device [117]. The reported AUC and Cmax values were 

consistent with those obtained in another study involving 12 healthy volunteers receiving 

2 mg via the Azmacort® inhaler [83 , 117]. Steady state pharmacokinetic data for T AA 

and FLU in asthmatics are not available in the literature. 

From these studies, it is clear that the PK/PD properties of the currently available 

inhaled steroids differ significantly from each other. In order to integrate these properties 

in the form of a mathematical model, appropriate pharmacodynamic markers are needed. 

The following section reviews the markers that have been used in the past for monitoring 

CS activity. 

Surrogate Markers 

The best parameter for evaluation of the effect ( desired or undesired) of a drug is 

the clinical effect. Clinical effect may be determined by objective measures using clinical 

endpoints (FEY 1, pain scores, morbidity) or subjective measures such as quality of life or 

general well being. These measures are sufficient if, for example, disease progression or 

the occurrence of an adverse effect can be monitored on a real-time basis so that changes 

in dose, regimen etc. can be made whenever necessary. There are however not many 
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drugs that allow such comfort. For example, measures of the most significant adverse 

clinical effects of inhaled steroids such as growth suppression, reduction in bone density 

and cataracts would take several years and a large number of patients to detect a 

statistically significant effect of the drug. This has turned the attention towards 

identification of biological or "surrogate" markers that can provide early, real-time and 

reliable information on the probability of occurrence of a desired or an undesired clinical 

event. Surrogate markers have a variety of potential applications during the clinical 

development process as well as in clinical settings. In the early stages of development, 

they can be used to assess direct mechanistic evidence to support the proof-of-concept for 

the drug substance. Later in the development process, the surrogate marker may be used 

appropriately to predict outcomes. Ultimately they can also assume outcome-like 

properties (e.g. , blood pressure as a predictor of myocardial infarction or stroke) [118] . 

Corticosteroids are responsible for various biochemical changes in the body, 

resulting in several beneficial as well as unwanted effects. Yet, only a few biomarkers or 

surrogate markers are available for screening and/or quantification of effect and fewer are 

promising candidates for clinical PK/PD modeling. Some of the typically measured 

effects of CS are on blood basophils, granulocytes, blood glucose, serum osteocalcin, 

cortisol and lymphocytes. In addition, gene-mediated corticosteroid effects have also 

been described using expressed proteins such as tyrosine aminotransferase (TAT). 

Basophils 

Corticosteroids cause an immediate change in the affinity of basophils for 

distribution sites in the extravascular compartment [119]. The decline in cell number, 

such as shown in figure 1 using whole blood histamine, is attributed to inhibition of cell 

movement from extravascular sites into blood. Histamine is one of a range of mediators 
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that play an important role in asthma, and the releasability of basophils has been shown to 

be upregulated in this disease [120]. In vitro, beta 2-agonists and to a lesser extent 

corticosteroids have been shown to reduce histamine release. However, very few studies 

on basophil suppression by inhaled steroids in asthmatics have been done on a 

quantitative level. Kivity et al. studied the in vivo ( oral prednisone) and in vitro 

( dexamethasone, DEX) effects of systemic CS and found that they suppressed the 

histamine release from basophils of mild but not from severe steroid-dependent 

asthmatics, indicating that basophils are potentially sensitive markers for assessing 

disease severity [120] . 

Simple pharmacodynamic relationships were developed by Kong et al. and Yates 

et al. to describe the rapid effects of CS on cell trafficking patterns of basophils, 

measured as whole blood histamine (Figure 9) [121 , 122]. Later on Wald et al. developed 

a more accurate model by including the complexity of a circadian rhythm in the baseline 

behavior of these cells [123]. From Figure 9 it can be seen that basophil replenishment 

occurs when steroid concentrations in plasma fall below the concentration producing 

50% inhibition (EC5o value). The following set of equations describes the model and the 

effect of corticosteroids on basophils. 

dWBH 
--=R· · l (t)-kh -WBH 

dt m 

I(t)=(l- C ) 
EC50 + C 

Equation 1 

Where WBH is number of red blood cells/ml or % of levels at initial time measured using 

radioimmunoassay, RM is average input rate of the cells, R8 is amplitude of the input rate 
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of cells into the blood, t is time, T2 is acrophase time, I(t) is inhibition function, C is 

corticosteroid concentration, EC50 is corticosteroid concentration at 50% of maximal 

effect, Rin is influx of the cells and kh is efflux of the cells. 
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Figure 9 Basophil cell trafficking model. Basophils after 16.4 mg ( •) and 49 .2 mg (• ) 
dose of prednisolone are plotted against time [123]. 

Granulocytes 

Corticosteroid administration causes a dose dependent increase in segmented cells 

(granulocytosis) [124]. Medium doses of systemic corticosteroids (15-80 mg DEX), used 

for the therapy of rheumatic diseases, result in a maximum granulocyte induction 4 h 

after drug administration and return to baseline within 24 h. High doses ( 110-1000 mg) 

used in emergency situations, lead to a second maximum 24 h after dosing, and a baseline 

return within approximately 48 h in blood [125] . The early maximum is primarily due to 

increased release of granulocytes from bone marrow into the blood circulation and 

probably due to release of interleukin-3 causing the stimulation of the granulopoesis 

[126] . The second maximum after 24 hat very high doses of250-1000 mg may be caused 

by reduced cell adhesion to vascular walls and tissue [126]. A moderate circadian rhythm 
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is also observed for granulocyte baseline levels, but is confounded by high variability. 

The following equations have been used to describe granulocyte induction by oral as well 

as inhaled steroids [75, 104, 106, 127, 128]. 

dN 
- = kin - kout · N 
dt 

Equation 2 

The rate of change of the number of blood cells, N, can be quantified (Equation 2) by 

assuming the influx to follow zero-order kinetics with a zero-order rate constant (kin), and 

the efflux follow first-order kinetics with a first-order rate constant (kout) [106, 128) . 

Under steady state conditions the number of blood cells is constant due to equal degree of 

influx of cells from the extravascular space into the blood and efflux of cells out of the 

vascular space. At steady state, this difference is zero, since influx and efflux are of the 

same magnitude. Excellent descriptions (Figure 10) have been shown if the steroid effect 

on the number of blood cells was assumed to take place by modifying the influx and, 

hence, changing kin [106, 128]· In the case of granulocyt~s, kin is increased causing a 

stimulation of the number of cells in the blood. Since corticosteroids act via receptor 

activation, the Emax-model is the most appropriate pharrnacodynamic model to relate free 

drug concentrations (C1) on the effect on influx. The number of granulocytes is affected 

by corticosteroids according to Equation 3 

dN =k· -(l+ Emax · Cr J-k -N 
dt m EC50 + Cr out 

Equation 3 

Where Emax is the maximum effect and EC5o is the unbound concentration at 50% of the 

maximum effect. If the number of lymphocytes is converted to percent of the pre-dose 

number, then by definition the number of cells at time zero is 100%. Since this value is 
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observed at steady state, it follows that kin= lOO·kout· EC5o is a function of the intrinsic 

potency of the respective steroid induced by its receptor binding affinity and is different 

for each steroid. Emax and kout have been shown to be independent of the respective 

steroid. c1 is calculated from total drug plasma concentrations by accounting for protein 

binding. 
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Figure 10 Number of granulocytes in blood in percentage of predose numbers (mean with 
SEM) after inhaled administration of 250 µg , 500 µg, 1000 µg and 3000 µg FP [106] . 

Blood glucose 

Endogenous cortisol participates m the physiological regulation of the 

carbohydrate metabolism and thus exogenous corticosteroids can also cause changes in 

carbohydrate metabolism. This effect also gives these class of corticosteroids their other 

name i.e. , glucocorticoids. A dose-dependent increase in fasting blood sugar after 

corticosteroid administration has been observed in healthy volunteers, which is clinically 

insignificant. However, due to this side effect corticosteroids are contraindicated in 

patients with diabetes [127]. The mechanism of action of the effect of coticosteroids on 
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blood glucose is not fully known. There are many theories to explain this effect of 

corticosteroids. Corticosteroids can induce the de-novo synthesis of enzymes involved in 

the gluconeogenesis, decrease glucose uptake into fat tissue and promote 

gluconeogenesis. These are believed to be possible causes of the effect of corticosteroids 

on glucose. 

Fasting Blood Sugar 
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Figure 11 Fasting blood sugar (cumulative effect) in healthy volunteers after different 
doses of methylprednisolone phosphate (16-1000 mg) [ 127]. 

Osteocalcin 

Several markers of bone formation and bone resorption are currently available. 

Markers of bone formation include sen.un osteocalcin (most frequently used), plasma 

levels of bone-specific alkaline phosphatase and various types of serum procollagen 

peptides such as procollagen type IN-terminal propeptide (PINP) and procollagen type I 

carboxy-terminal propeptide (PICP). The main markers of bone resorption include 

urinary excretion of hydroxyproline or calcium, and the urinary pyridinium cross-links 

pyridinoline and deoxypyridinoline, cross-linked carboxy terminal of type I collagen 

(ICTP), as well as tartrate-resistant alkaline phosphatase (TRAP) [127]. 

Osteocalcin is a calcium-binding gamma-carboxyglutamic acid-containing 

noncollagenous protein called bone Gla protein (BGP) and is synthesized by osteoblasts. 

About 25% of osteocalcin escapes into circulation and circulating levels reflect osteoblast 
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activity. Different immunoassays using polyclonal and monoclonal antibodies are used 

for its measurement. The suppression of osteocalcin plasma concentrations by 

corticosteroids can be used for quantification of corticosteroid-induced suppression of 

bone formation. A circadian rhythm in the plasma concentrations of osteocalcin is 

observed with a peak at night and a trough in the morning (Figure 12). Although the 

monitoring of osteocalcin levels has received a lot of attention during inhaled 

corticosteroid therapy, no modeling results have been reported so far . The following set 

of equations (Equation 4) was developed by Wald and Jusko to describe the effect of 

prednisolone on osteocalcin [129]. 

I(t)=(l- C J 
EC50 +C 

Equation 4 

Where OC is osteocalcin concentration, RM is average input rate of the cells, R8 is 

amplitude of the input rate of osteocalcin into the blood, t is time, T 2 is acrophase time, 

S(t) is stimulation function, C is corticosteroid concentration, EC50 is corticosteroid 

concentration at which 50% of the effect is seen, R in is zero-order influx constant for 

osteocalcin and koc is first-order efflux constant for osteocalcin 
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Figure 12 Osteocalcin concentration-time profile during baseline ( o ), after 2.5 mg ( •) 
and 49 .2 mg ( •) dose of prednisone [ 129]. 

Endogenous cortisol 

Endogenous cortisol suppression, although not of direct clinical concern, has been 

shown in a number of studies to be a reliable surrogate marker for estimating the 

systemic activity of inhaled steroids. Testing methodologies such as the integrated 

cortisol levels (cortisol AUC) by multiple blood sampling at frequent intervals and the 

ACTH stimulation test are now well established as sensitive and early indicators of 

adrenal suppression by inhaled steroids [2, 3] . Under clinical settings, the degree of 

cumulative cortisol suppression (CCS) is usually expressed as the difference in the areas 

under the curves ( calculated using the trapezoidal rule) between the placebo and drug 

treated groups over a 24 hour time period either after a single or during multiple doses of 

the inhaled steroid. This approach is a descriptive method only, and its ability to provide 

predictive clinical outcomes is fairly limited by the complexities of the number of factors 

involved. In other words, a large number of clinical studies would have to be conducted 

in order to account for differences in dose, inhaler device, patient population, duration, 

frequency, timing, route of administration, and the relative potency of the administered 

corticosteroid. To address this issue, several pharmacokinetic/ pharmacodynamic-
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(PKJPD)-modeling approaches have been developed that describe the circadian rhythm in 

the plasma concentration-time course of endogenous cortisol and its suppression after 

administration of exogenous corticosteroids [75, 122, 130-135]. All of these models use 

the basic structure of an indirect response model based on the premise that the cortisol 

secretion rate (Re) is inhibited. Thus the effect of exogenous corticosteroid on 

endogenous cortisol suppression was expressed as, 

dC cort = R . (l - Emax · C J -k . C 
dt c EC so + C e Cort 

Equation 5 

Where Cc0n is the plasma cortisol concentration, Emax is the maximum possible effect, 

which is complete suppression of the production of cortisol (set to 1 ), C is the unbound, 

pharmacologically active concentration of the exogenous corticosteroid and ECso is the 

unbound concentration of drug causing 50% of the maximal suppression of Re and ke is 

the first order elimination rate of cortisol. 

The input or secretion rate (Re), in recognition of the circadian concentrations of 

cortisol, bas been described by several time-dependent 24-hour periodic functions. They 

are described below. 

Cosine function ( 134]. 

Re= RM +R 8 -co{(t-tz)· ~:) 

Equation 6 
Where RM is the mean cortisol release rate, RB the amplitude of the cortisol release rate 

and t2 the time of the acrophase. 

Two rates [136) 

Secretion of cortisol occurs in two phases described by two zero-order-input rates. 

From Oto Tsw, 
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Rc(t) = Rlcort 

From Tsw to 24 hour, 

Rc(t) = R2cort 

Where Tsw is the time to switch for the two secretion rates. 

Exponential model [132] 

Baseline cortisol concentrations are described by a sum of positive and negative 

exponentials 

C =a· e-a·t + b · eP·t 

Equation 7 

Where t is the time that has passed since the last acrophase. At t=24 h, it follows that 

~=ln((a+b)/b)/24. Therefore, only three parameters (ex, a and b) are necessary to describe 

the curve. When the drug is administered in the acrophase, this model, a constant (Zc) is 

multiplied by the respective concentration of corticosteroid (C), and the product is 

subtracted from the baseline cortisol. 

C -a·t b P·t z C =a·e + ·e - c · 

Equation 8 

Dual cosines [ 13 7] 

The input rate function is described by two cosine functions, one from time of 

minimum secretion rate of cortisol (tmin) to time of maximum secretion rate (tmax) and the 

other for secretion from tmax to 24 h and O to tmin· 

From time zero hour to tmin: 

( 
(t-tmax +24) 21t) 

Re= RM +RB ·COS ( )·-
tmin - tmax + 24 2 

Equation 9 
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Where RM and R8 are the mean and amplitude of cortisol secretion rate. 

From tmin to tmax 

R -R R ((t-2·tmin +tmax) 21tJ 
C - M + B . cos ( ) . -

tmin -tmax 2 

Equation 10 

From tmax to 24 hr 

( 
(t - tmax) 2nJ 

R c = RM +RB · cos ( ) · -
tmin - tmax + 24 2 

Equation 11 

Self suppression models [132] 

Cortisol release is modulated by a negative feedback mechanism. Hence, the 

'inhibitory' cortisol concentration can be used to describe the change of cortisol release. 

The disposition of this 'inhibitory' cortisol (Cinh) that is present in blood at the time of the 

acrophase can be described by monoexponential (C2) or biexponential (a+b) equations 

(Equation 12): 

C C -ke·t C -a·t b P·t inh = z · e or inh = a · e + · e 

Equation 12 
Where tis the time after the last acrophase. 

The release rate of cortisol can then be described as given below (Equation 13) 

Re = Ro ·(1- Emax · Cinh J 
Eso + Cinh 

Equation 13 

Where Ro is the mean cortisol release rate and E50 is the in vivo potency of the 

'inhibitory ' cortisol concentration. Unfortunately, it is not possible to have the cortisol 
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concentration regulate its own release, smce the system will then end up in an 

equilibrium and no diurnal rhythm can be modeled. The cortisol concentration can then 

be described as 

dCcort - R - k . C 
dt - C e · Cort 

Equation 14 

However, it is possible to model the effect of the drug in this situation since in this case 

the drug will contribute further to the suppression of endogenous cortisol. The degree of 

suppression will depend on the concentration of the drug C and the respective 

corticosteroid activity as expressed by EC5o. The resulting change in cortisol 

concentration is as given in Equation 5. 

Linear release rate model (Dual Ramps) [132] 

It is possible to convert cortisol plasma levels to the respective cortisol release 

rates by using pharmacokinetic parameters of cortisol (Equation 15) [ 13 8]. 

S = (C coRT2 - CcoRTI + Ke · AUC) · Vd 

Equation 15 

Where AUC is the area under the curve between time t1 and t2 for the corresponding 

cortisol concentrations of CcoRTI and CcoRr2, RR is the release rate of cortisol in amounts 
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and Re is the release rate in concentration. Visual inspection of such release rate plots 

indicated that in the baseline situation cortisol release decreased in a linear fashion from 

the time of the acrophase (with maximum release rate Rmax (amount/time) at time tmax) to 

almost Oat a time of minimum release (tmin). For the time between the acrophase tmax and 

tmin the release rate decreases according to Equation 16 

Rmax Rmax · tmin Re = · t - ---------
V d · (tmax - tmin - 24) Vd · (tmax - tmin - 24) 

Equation 16 

Where t is the time after cortisol monitoring was started. For the time between tmin and 

tmax the release rate increases according to Equation 1 7: 

Rmax Rmax · tmin 
Re= ·t-------

V d · ( t max - t min ) V d · ( t max - t min ) 

Equation 17 

Harmonics [139) 

The baseline cortisol concentrations, Ccon, are described through the use of 

Fourier analysis as represented below (Equation 18). 

00 

Ccon =ao + I[an ·cos(2nnt / 24)+bn · sin(2nnt / 24)] 
n=I 

Equation 18 

Where ao, an, and bn are Fourier coefficients obtained by fitting Equation 18 to the 

placebo data. The cortisol secretion rate Re is then generated from Equation 19. 

dCcon -R · -k ·C 
dt - C e Cort 

Equation 19 
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Fourier series uses the placebo data to recover equations for cortisol secretion 

rate. Two methods, nonlinear regression restricted to two harmonics and L 2 Norm 

approximation (3 harmonics), were used to derive the equations for the secretion rate. 

Rohatagi et al. [132] and Chakraborty et al. [135] , in two separate studies, 

evaluated the appropriateness of these periodic functions using the same data set. 

Comparisons using statistical goodness-of-fit criteria showed that the linear release, dual 

cosine, and the Fourier series models gave accurate and comparable descriptions for 

baseline as well as suppressed cortisol data (Figure 13). 
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Figure 13 Serum cortisol concentrations at various times following 1000 µg of inhaled 
fluticasone propionate (FP). Mean data(± SD shown as error bars) were fitted using each 
of the indicated methods [135] . 

Recently, Meibohm et al. presented an integrated approach based on the linear 

release model to quantify a cumulative effect of the exogenous corticosteroid over a 24 
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hour period, termed as cumulative cortisol suppression (CCS) [140] . The authors showed 

that the approach was identical to the one clinically employed where the effect of the 

drug is calculated as the difference in the areas under the curve, calculated by trapezoidal 

rule, between baseline and the drug induced cortisol profiles over 24 hours [140]. 

According to the described linear release model, the amount of endogenous cortisol 

released at baseline situation Ac Base could be calculated as the integral of cortisol release 

Re (concentration/time) times volume of distribution of cortisol V ct from time to to time t1 

(Equation 20). 

t , t , 

A~ase = Jvct · R cdt = Vct · JRcdt 

Equation 20 

Based on Equation 20, the amount of cortisol release during corticosteroid therapy 

Ac Therapy was then determined with a similar integral, considering the release suppression 

by the exogenous corticosteroid (Equation 21 ). 

A Therapy = tJ, V . R . ( 1- Emax . C }t 
C d C EC + C 

t 50 
(I 

Equation 21 

CCS was then estimated as the % difference between the amount of suppressed cortisol 

Ac s upp and the amount of cortisol release under baseline conditions Ac Base within ·a certain 

time interval, 24 hours. The resulting expression for %CCS is shown in Equation 22. 

t0 +24hr 

V d . J R c . E max . C dt 
EC50 +C 

%CCS=~~~t'~' ~~~~~~~ 
12hr · Rmax 

Equation 22 
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Since the volume of distribution of cortisol (V d) is not an identifiable parameter, a 

population average value of 33.7 L was assumed throughout these calculations [138]. 

Lymphocytopenia 

It is known that the administration of CS results in a transient depletion of blood 

lymphocytes, predominantly of the thymus derived (T) cell population [ 141, 142]. This 

decline is a result of redistribution of lymphocytes out of the circulation into other body 

compartments, a phenomenon well established both in animals and man. Being a reliable 

and reproducible parameter, the decrease in number of lymphocytes has been used as a 

surrogate marker for the systemic effect of inhaled corticosteroid therapy on the immune 

system. Lymphocy1e cell counts are usually determined with an electronic cell counting 

apparatus (Coulter counter). The T-helper cells (OKT4 or CD4+) show a moderate 

circadian rhythm and the effect of corticosteroids is more pronounced on these cells than 

the T-suppresser cells (OKT3 or CD8+) [143-145]. Several PK/PD modeling approaches 

with varying degrees of complexity have been developed to describe those effects [75 , 

106, 123, 124, 127, 128, 146, 147]. Some studies have directly linked the serum 

corticosteroid levels to effects on lymphocytes and others have taken into account the 

combined effect of exogenous and endogenous corticosteroids. Meibohrn et al. recently 

showed that by combining several previously published PK/PD models describing the 

underlying physiological process, the complex, competitive interaction between the 

exogenous corticosteroid, endogenous cortisol and lymphocytes could be characterized 

by one consistent multiple step modeling approach (Figure 14) [147]. 
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Figure 14 Schematic depiction of the interaction between the exogenous corticosteroid 
(BUD), endo~enous cortisol and lymphocytes [147]. The free concentration of 
budesonide Cf ud, determined by the administered dose D and the pharmacokinetic first
order rate constants ka and ke, suppresses the release of endogenous cortisol Re, thereby 
decreasing the free concentration of cortisol cF0

rt, which is determined by Re and the 
first-order elimination rate constant ke Cort . cr8ud and Cfcon competitively modulate the 
lymphocyte count N by decreasing the influx rate of lymphocytes kin into the vascular 
system. 

Firstly, the circadian rhythm in the serum cortisol concentrations was described 

by a linear release model, as described earlier. Secondly, since cortisol exhibits non

linear protein binding (albumin and transcortin), the total plasma cortisol concentrations 

were converted to free plasma concentrations using Equation 23 . 

K Q C cortisol 
CCortisol = . TC . TC . f + K Q ccortisol + ccortisol 

tot 1 + KTc . c~ortisol Alb . Alb . f f 

Equation 23 
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Where Krc is the affinity constant between cortisol and transcortin (3 x 107 1/mol), Kaib is 

the affinity constant between cortisol and albumin (5000 1/mol), Qrc is the total 

transcortin concentration (0.7 µmol/1), Qaib is the total albumin concentration (550 

µmol /1), and C/ortisoI, is the unbound cortisol serum concentration. By solving for C/ortisoI, 

total cortisol serum concentration-time profiles generated with the linear release model 

were converted to unbound concentrations responsible for the observed depletion of the 

lymphocytes. 

Thirdly, the free cortisol concentrations were related to the lymphocyte count via 

Equation 24. 

- = K · · 1 - max f - k · N 
dN [ E . C cortisol J 
dt m ECso c~L + Crortisol out 

Equation 24 

Where n-number of lymphocytes, Kin- influx rate constant, Kaur efflux rate constant, 

Esr·~L is the unbound concentration of cortisol at 50% of the maximum effect. 

Fourth, the total serum corticosteroid concentrations were converted into free 

levels and used to model the suppressed cortisol concentrations. Finally, 

lymphocytopenia was modeled as a combined effect of the exogenous and endogenous 

corticosteroids using Equation 25. 

dN =K . 
dt m 

E . (c BUD + RRB Cort . C cortisol J 
max f RRBBUD f 

1-~~~~~~~~~~~~~-
RRBCort 

EC BUD+ cBUD + . ccortisol 
50 f RRBBUD f 

-kout · N 

Equation 25 

Where RRB800 and RRBCort are the relative receptor binding affinities of the exogenous 

corticosteroid (in this case it was BUD) and cortisol, EC5a8°0 the unbound concentration 
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of BUD at 50% of the maximum effect, N the number of lymphocytes, Emax the 

maximum effect, and cr8uo the unbound BUD concentration. The resulting model-based 

descriptions of lymphocyte counts were in excellent agreement with observed data 

(Figure 15). 
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Figure 15 Lymphocyte count in blood after administration of BUD in pH-modified 
release capsules every 8 hours (lag time of 3 hours), shown as measured data (mean± 
SD) and time courses based on PK/PD-modeling. The dotted lines describe the baseline 
lymphocyte count taking its circadian rhythm into account [147]. 

Tvrosine amino transferase (TAT) 

Attempts have been made to link the pharmacokinetics of corticosteroids to 

proteins that are expressed as a result of corticosteroid administration. One of the induced 

proteins is Tyrosine amino transferase (TAT), a hepatic enzyme commonly employed as 

a biomarker to study the receptor/gene-mediated effects of corticosteroids. Four 

generations of models have been reported so far, each an improvement over the other, to 

describe the roles of glucocorticoid receptor (GR) messenger RNA (mRNA) in GR down 

regulation and TAT mRNA in TAT induction following corticosteroid administration in 

rats [148-152]. Although the mechanism(s) of GR down regulation are not known (Table 
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6), it is generally agreed that the expression of TAT is suppressed due to down regulation 

of mRNA and hence needs to be taken into account for modeling purposes. In the first 

generation model by Boudinot et al. , TAT induction in liver was modeled as a simple 

receptor mediated effect of prednisolone (148]. Nichols et al. further developed the 

second-generation model in which a series of differential equations were used to describe 

hepatic cytosolic glucocorticoid receptor (GR) and TAT induction by prednisolone in rat 

liver [149] . The introduction of quantitative Northern Hybridization methods made the 

measurements of GR-mRNA and TAT-mRNA levels possible, thereby allowing their 

time course to be followed. This led to the third-generation model by Xu et al. in which 

the roles of GR mRNA in GR down regulation and TAT mRNA in TAT induction in rat 

liver were examined over 18 hours after a single dose of methyl prednisolone (MP) [150]. 

Sun et al. recently presented the fourth-generation model that is able to follow these 

events over 72 hours following single and multiple doses of MP (Figure 16) [ 151 , 152]. 

Table 6 Factors that may contribute to glucocorticoid receptor (GR) down regulation after 
administration of exogenous corticosteroids [ 151] 
Receptor is physically bound to the steroids and translocated into the nucleus 

Steroids may increase glucocorticoid receptor protein turnover rate 

Steroid-receptor complex may decrease the transcription rate of GR mRNA in the 

nucleus, or increase the degradation rate of GR mRNA in the cytoplasm 

The recovery of GR density after steroid treatment may be controlled by receptor 

recycling as well as the expression of new receptor protein. 
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Figure 16 Pharmacodynamic model of corticosteroid actions in rat liver [ 152] . D is the 
steroid concentration at hepatic cytosolic receptor site; R, free glucocorticoid receptor 
(GR) density; DR, steroid-receptor complex in the cytoplasm; DR(N), steroid/receptor 
complex in the nucleus; mR..NAaR, GR mRNA level; ksyn,GR mRNA, transcription rate of GR 
mRNA; kctgr,GR mRNA, degradation rate of GR mRNA; ksyn,GR, translation factor for GR 
synthesis; kctgr,GR, degradation rate of GR; kon, association rate constant for 
steroid/receptor binding; kT, a first order rate constant for the translocation of 
steroid/receptor complex into the nucleus; kre, overall turnover rate of DR(N); Rf, 
recycling fraction; TC, transcription compartment in which steroid-receptor complex 
initiates the transcription; kN, distribution rate constant between DR(N) and TC; y, a 
power term that describes the shape of the effect-time curve; mRNATAT, TAT mRNA 
level; EF1 , a transcription factor for GS mRNA induction; kctgr, TAT mRNA, degradation rate 
constant for TAT mRNA; TAT, TAT activity level ; EF2, a translation factor for TAT 
induction; kcter TAT, degradation rate constant for TAT. Model A is an indirect response - ' 
model where the transcription rate of GR mRNA is inhibited. Model B resembles indirect 
response model where the degradation rate of GR mRNA is increased. 

The authors showed that repeated dosing (second dose at 24 hours) of methyl 

prednisolone resulted in a tolerance effect on TAT mRNA/T AT induction because the 

second dose was given before the free GR density could fully recover back to its baseline 

following the first dose (Figure 17) [ 152]. 
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Figure 17 Plots of TAT mRNA (top panels) and TAT induction (bottom panels) in liver 
after iv methyl prednisolone administration in rats [152]. Symbols are experimental data. 
The solid lines are model fitted lines. The arrows indicate the times of dosing of the drug. 
When the second dose (right panels) was given, the. GR density was 70% of baseline. 

This finding is consistent with the empirical recommendation by Swartz and 

Dluhy in the 1970s that "Alternate day therapy is recommended for patients requiring 

high dose prolonged glucocorticoid treatment since the undesirable catabolic actions of 

the steroids are thereby minimized" [153]. Unfortunately, the model cannot be applied to 

humans, as liver enzymes cannot be measured without invasive techniques. Nevertheless, 

the quantitative understanding of the mechanism of action of corticosteroids is of great 

interest. 



CHAPTER3 
A SENSITIVE LIQUID CHROMATOGRAPHY/TANDEM MASS SPECTROMETRY 

METHOD FOR THE QUANTIFICATION OF FLUTICASONE PROPIONATE IN 
HUMAN PLASMA 

Introduction 

Over the years, analytical techniques such as high performance liquid 

chromatography (HPLC) and radioimmunoassay (RIA) have been used for the 

determination of glucocorticoids in plasma [154] . However, they either lack the 

sensitivity needed for detecting levels that are seen with FP after inhalation of therapeutic 

doses or the selectivity due to interfering endogenous steroids and metabolites. 

Alternative hyphenated methods like HPLC/RIA are extremely time consuming. Gas 

chromatography-mass spectrometry (GC-MS) techniques, have been widely used for 

steroids but they require extensive derivatization [155, 156]. 

Recently, liquid chromatography - mass spectrometry assays (LC-MS) have been 

developed for the analysis of corticosteroids [157-161]. These studies incorporated either 

the atmospheric pressure chemical ionization (APCI) technique or thermospray (TS) 

ionization technique for determining corticosteroids in various biological fluids [157-

161] . Over the years, the thermospray technique has been increasingly less commonly 

employed due to the lack of reproducibility of the response [158]. 

Li and coworkers have demonstrated the use of LC-APCI-MS for quantifying FP 

in plasma with improved sensitivity [161]. The single ion monitoring or recording (SIM 

or SIR) technique was employed in this assay. Recently, the use of selected or multiple 

59 
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reaction monitoring (SRM or MRM) for quantification has gained immense popularity 

because of the additional selectivity it provides by ion monitoring both parent and 

daughter ions. The increase in specificity consequently enhances the signal-to-noise ratio 

when only trace quantities of the analyte are introduced. This allows the development of 

assays with minimal sample preparation and also permits some compromises in the 

chromatography step(s) [162]. The objective of this study was to develop a rapid and 

sensitive LC-APCI-MS/MS method using MRM analysis to quantify FP in human 

plasma. 

Materials and Methods 

Chemicals 

FP and the internal standard (LS.), 13CyFP, were kindly provided by 

GlaxoWellcome R&D, Ware, Herts, UK. Methanol and water were of OPTIMA grade 

and purchased from Fisher Scientific (Springfield, NJ). Ethanol, ethyl acetate and heptane 

were of HPLC grade and purchased from Sigma Aldrich (St.Louis, MO). Drug-free 

human plasma was obtained from the Civitan regional blood system (Gainesville, FL). 

The solid phase LC 1s (6 ml) cartridges for sample extraction were obtained from Supelco 

(Bellefonte, PA). 

Preparation of standard solutions and plasma samples 

Primary stock solutions of FP were prepared by dissolving 10 mg of FP in 50 ml 

of methanol and these were then stored at -20°C. The working solutions used for the 

preparation of plasma calibration standards and quality control samples were 10 and 1 ng. 

mr' in a mixture of methanol-water (80:20, v/v). From one of the stock solutions, a large 

batch of quality control samples (10, 20, 25, 50, 100, 200, 500, 1000 pg.mr') was 
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prepared in plasma to be used against independently prepared plasma calibration 

standards. The calibration curve ranged from 10-1000 pg mr'. The LS. stock solution 

was prepared by dissolving 200 µg in 1 ml of methanol and stored at -20°C. A working 

solution of 20 ng mr1 was prepared by diluting the stock solution with methanol. 

Sample extraction 

Plasma samples were thawed at room temperature. After addition of 50 µl of LS. 

working solution to 1 ml plasma corresponding to approximately 1000 pg mr1 of 13C3-

FP, the compounds were extracted using a procedure published before [161]. Briefly, 1 

ml of 30% ethanol was added to 1 ml of plasma sample and centrifuged to remove the 

protein precipitate. Two ml of the supernatant was then extracted using a 3 ml endcapped 

C18 cartridge. The analytes were eluted with 3 ml of a mixture of ethyl acetate-heptane 

(35:65, v/v). The residue was evaporated under vacuum and reconstituted in 100 µl of a 

mixture of methanol-water (80:20, v/v). A total sample volume of 80 µl was injected into 

the HPLC-APCI/MS/MS system. 

LC/MS/MS conditions 

The analysis of FP was performed using a Micromass Quattro-LC-Z (Beverly, 

MA) triple quadrupole mass spectrometer equipped with an atmospheric pressure 

chemical ionization (APCI) ion source. The source temperature was set to 120° C and the 

APCI probe temperature was set to 500° C. Corona and cone voltages were set to 2.5 kV 

and 20 V respectively. The mass resolution was set to unit mass. A dwell time of 1 sec 

was used for scanning FP and 0.1 sec for the I.S . The MS/MS signals were optimized by 

injecting a 1 µg.mr1 solution of FP in methanol at a flow-rate of 100 µl.min· 1 using a Kd

Scientific® infusion pump. Argon was used as the collision gas. The mass spectrometer 

was linked to a Perkin Elmer ISS 200 autosampler via contact closure and the operation 
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was controlled by computer software, Masslynx 3.1. The mobile phase was a mixture of 

methanol-water (80:20, v/v) delivered at a flow-rate of 1.2 ml.min·1 by a LDC/Milton 

Roy CM 4000 multiple solvent delivery system. Chromatographic separations were 

achieved using a Waters 5-µm ODS2 (4.6 x 50 mm i.d.) column (Milford, MA) preceded 

by a Whatman 5-µm ODS C18 guard column cartridge (Clifton, NJ). Data analysis was 

performed using Masslynx software (version 3.0). The calibration curves were plotted as 

the peak area ratios of FP to I.S. against FP concentration using a weighted (1 /x) linear 

regression model with 9 concentration points (including blank plasma) ranging from 10 

to 1000 pg.ml"1
• 

Results and Discussion 

Preliminary experiments were carried out by tuning for FP on both positive and 

negative ion APCI modes. In the positive ion mode, the MH+ ion of FP at m/z 501.3 gave 

two major product ion peaks at m/z 293 and 313 . The negative ion mode was chosen 

because of enhanced signal-to-noise ratio for the product ion peak. Figure 18 shows the 

full scan MS 1 mass spectrum of FP in the negative ion mode where the molecular ion 

(M-•) is m/z 500.2 The I.S. had a molecular ion ~t m/z 503 .3. The selected precursor ions 

(m/z 500.2 and 503.3) were introduced into the collision cell to obtain the product 

spectrum. Both FP and 13C3-FP had a similar fragmentation pattern with the base peak of 

the product ion spectrum at m/z 380 (Figure 19). 
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The maximum abundance of the daughter ion was obtained at collision energy of 

10 eV. The transitions selected for monitoring FP and 13C3-FP were m/z 500.2 to 380 and 

m/z 503 .3 to 380, respectively. The purity of the internal standard reference material was 

tested by monitoring the FP transition after injecting a concentrated solution (1 µg.mr 1
) 

of I.S. prepared in 80:20 Methanol : water (v/v) mixture. No peaks were observed in the 

FP transition, which indicated that there was no interference from the internal standard 

reference material. 
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Blank plasma from sixteen humans was screened during method validation and no 

interference was observed. Figure 20 and Figure 21 show the total ion current (TIC) 

chromatograms for blank plasma and FP (10 pg.mr1), respectively, spiked with the I.S. 

The analysis time was 2 min with both FP and LS. eluting at 1 min. The resulting 

calibration curves were linear with coefficient of determination (r2) greater than 0.995 

with slopes of 1.004 ± 0.11 (n=21). 
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Figure 20 TIC chromatograms of blank plasma (bottom) and plasma spiked with I.S . 
(top). 

Recovery 

The (mean± SD) recovery of FP was 81.8% ± 4.7 for a 100 pg mr1 solution in 

plasma (n=6) which was comparable to that published earlier [ 161] . 

Validation 

In the first part of the study, as a pre-validation evaluation of the method and 

instrument performance, six calibration curves from one batch (range: 20 - 1000 pg.mr1
) 

were run each day on three separate days. Consistently good correlation (r2>0.995) was 

obtained throughout the process (Figure 22). Table 7 shows the inter-day precision and 

accuracy data for each standard concentration. Based on the results, it was decided to add 

a lower concentration of 10 pg.mr1 for the standard curve and the quality controls. 



66 

1001 
1.03 
1' 'i 

I 

'lo 

.I 
\ 

' ·I' 1 ,· 1·1 · · I·· I .. 1· 

100 1.05 

0.68 / \ 1.54 

'lo 

0 , . ,· Time 
0.00 0.10 0.20 0.30 040 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 130 1.40 1.50 1.60 170 1.80 1.90 2.00 

Figure 21 TIC chromatograms ofFP 10 pg.ml"1 (bottom) and LS (top) in plasma. 

In the second part of the validation study, calibration curves were used to 

calculate the concentrations of independently prepared quality controls over three days. 

The calibration curves used on those three occasions were also prepared independently by 

separately weighing out FP. Table 8 displays the inter and intra-batch precision and 

accuracy data for eight quality control levels. The data shows that this LC-MS-MS 

method is consistent and reliable with good accuracy ( < 11 % ) and precision ( 17% at the 

lower limit of quantitation and < 15% at other concentrations). 
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Figure 22 Representative calibration curve of FP in plasma 

Table 7: Inter-day precision and accuracy for FP standard concentrations 

FP (pg.mr1)* 

Theoretical 
Concentration 20 25 50 100 200 500 

Mean 20.1 27.6 56.0 89.0 188.6 517.0 

SD 0.8 1.8 1.3 2.3 2.0 3.4 

% Bias 0.3 10.4 11.9 -11.2 -5.7 3.4 

CV (%) 4.1 6.6 2.3 2.6 1.1 1.9 

* n=18 

• ngknl 
0.5 

1000 

995.1 

5.5 

-0.5 

0.5 



68 

Table 8: Inter and Intra-batch precision and accuracy for FP quality control samples 

Theoretical 
Concentration 10 20 25 50 100 200 500 1000 

Batch 1 (n=6) 

Mean 9.8 20.6 25.2 53.4 111.8 216.2 526.2 992.8 

SD 1.3 1.9 3.0 2.3 4.9 7.7 24.0 44.0 

%Bias -2.0 2.9 0.8 6.4 10.5 7.5 5.0 0.7 

CV (%) 13.3 9.2 11.9 4.4 4.5 3.6 4.6 4.5 

Batch 1 (n=3) 

Mean 9.3 19.0 26.0 52.5 103.0 198.5 503.7 938 .0 

SD 1.2 2.7 1.4 2.0 8.1 5.0 39.0 11.7 

% Bias -7.5 -5 .0 4.0 5.0 3.0 -0.7 0.7 -6.2 

CV(%) 12.9 14.2 5.4 4.0 7.9 2.6 7.9 1.2 

Batch 1 (n=3) 

Mean 9.2 19.6 24.0 45 .7 97.6 185.3 453 .7 914.7 

SD 1.6 1.5 0.5 2. 1 16.8 7.4 21.0 65,0 

% Bias -10 .0 -2.5 -5.0 -6.0 -7 .7 -8 .6 -7.3 -7.6 

CV(%) 17.5 7.6 2.1 6.8 11.1 4.3 5.8 6.1 

This MRM method, with a lower limit of quantitation (LLOQ) of 10 pg.mr1 and 

signal to noise ratio of >5, is substantially more sensitive than the SIR method described 

by Li et al. , which had an LLOQ of 200 pg.mr1 
[ 161]. MRM analysis, therefore, has not 

only provided additional selectivity by monitoring the fragment ion specific to FP, but 

has also provided with increased sensitivity and turnover as shown in this report. 
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The presented method is slightly more sensitive than the one reported recently by 

Pleasance et al. employing turboionspray positive ionization for quantifying FP to levels 

down to 20 pg.mr1 [163]. Using a different LC-MS/MS instrument than the one used by 

Pleasance et al. , initial attempts to ionize FP using electrospray in the positive ion mode 

resulted in the formation of major sodium adduct ions that underwent little fragmentation 

and as a result yielded inadequate sensitivity. The presented method using atmospheric 

pressure chemical ionization in the negative ion mode provides an alternative for 

quantifying FP using instruments that are susceptible to sodium adduct interference. 

Stability 

The freeze-thaw stability of a 500 pg.mr1 solution in plasma of FP was evaluated. 

FP was stable in plasma even after 4 freeze thaw cycles (ANOV A, P=0.63). The bench 

top stability of a 100 pg.mr 1 plasma FP solution after extraction and reconstitution was 

evaluated over 24 hours. FP was stable over the time period studied (ANOV A, P=0.42). 

In summary, a simple, sensitive and selective LC-MS-MS method was developed 

using a solid phase extraction procedure for quantifying FP in human plasma. Validation 

results have shown that the method is robust and meets the requirements of the 

pharmacokinetic investigation of FP after inhalation of therapeutic doses. The sensitivity 

(LOQ 10 pg mr1), selectivity and speed (analysis time of 2 min) are ideally suited for 

pharmacokinetic investigations involving large number of samples. 



CHAPTER4 
SINGLE DOSE AND STEADY STATE PHARMACOKINETICS OF INHALED 

FLUTICASONE PROPIONATE 

Introduction 

Fluticasone propionate (FP) possesses a number of properties favorable to achieve 

distinct anti-inflammatory effects in the lung with minimal systemic side effects. It 

belongs to the third generation of inhaled corticosteroids with high lipophilicity, high 

affinity to the glucocorticoid receptor, rapid systemic clearance and a large volume of 

distribution. The pharmacokinetic evaluation of FP after intravenous and inhaled 

administration has been the topic of several investigations over the past few years. Due to 

a lack of sufficient analytical sensitivity, an adequate characterization of its 

pharrnacokinetic properties has been difficult to achieve. Intravenous pharrnacokinetic 

studies have shown that FP has a large steady state volume of distribution (318 L), rapid 

systemic clearance (1.1 Umin) and a mean residence time of 4.9 h [98]. It has an oral 

bioavailability of less than 1 % due to extensive first-pass inactivation [71, 164] . Hence 

after inhalation, the systemic availability of FP is only due to absorption of the dose that 

reaches the intracellular steroid receptors in the lung. Since FP is extremely potent ( 18 

times greater relative potency than dexamethasone, [70]), low doses (50-500 µg) are 

usually prescribed. The combination of all of these factors result in very low plasma 

concentrations that require extremely sensitive analytical methods to measure. 

With the development of an assay with a limit of quantification of 10 pg·mr1 

[165], the present study was undertaken to determine the single dose and steady state 

70 
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pharmacokinetics in healthy subjects when clinically relevant doses of FP such as 200 

and 500 µg are inhaled. 

Materials and Methods 

Subjects 

The study was conducted in accordance with the revised Declaration of Helsinki 

(Hongkong Revision 1989) and to Good Clinical Practice guidelines. A total of 15 

healthy male volunteers, who fulfilled the inclusion and exclusion criteria given below, 

entered the study. One subject withdrew for personal reasons after receiving two doses of 

FP 200 µg and thus 14 subjects completed the study. They had a mean age of 26.4 (range 

22-32) years, height of 179.2 (range 172-187) cm and weight of 72.7 (range 62-85) kg. 

The protocol was approved by the Ethics Committee of Ruhr University, Bochum and all 

subjects gave written informed consent. 

Inclusion Criteria 

1. Age between 21 and 40 years 

2. Male 

3. Body weight within the range 44-95 kg 

4. In good general health, free from significant disease as determined by history, physical 

examination and screening investigations. 

5. Capable of giving informed consent which includes compliance with the requirements 

and the restrictions listed in the informed consent form. 

6. Available to complete the study. 
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Exclusion Criteria 

1. Persons to whom any of the following exclusion criteria applied were not allowed to 

take part in the study: 

2. As a result of the medical interview, physical examination or screening investigations, 

the Physician Responsible considers the volunteer unfit for the study. 

3. The volunteer has a history of drug or other allergy, which, in the opinion of the 

Physician Responsible, contradicts their participation. 

4. The volunteer has participated in a study with a new molecular entity during the 

previous 3 months. 

5. The volunteer has donated a unit of blood within the previous month. 

6. The volunteer is currently taking regular ( or a course of) medication whether 

prescribed or not. 

7. The volunteer regularly, or an average, drinks more than 4 units alcohol per day. 

8. The volunteer smokes more than 10 cigarettes daily. 

Study design 

The study was part of a double-blind, double-dummy, randomized, placebo-

controlled, 5-way crossover design involving single and multiple, low and high doses of 

FP and budesonide (BUD). The washout period was at least six weeks between each of 

the treatments. The five treatments comprised of a) 200 µg FP, b) 500 µg FP (both doses 

delivered via the Diskus® inhaler, GlaxoWellcome), c) 400 µg BUD, d) 1000 µg BUD 

(both delivered via the Pulmicort Turbohaler®, AstraZeneca) and e) placebo delivered via 

Diskus® and Turbohaler® devices. The duration of each treatment was 5 days. On day 

one, a single dose of the test substance was administered at 8 a.m. to allow for a complete 
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pharmacokinetic/dynamic evaluation over 24 hours and on days 2-5 it was given twice 

daily at 8 a.m. and 8 p.m. After each single dose and during the last two doses (8th and 

9th) on day 5, blood samples for drug were collected at frequent intervals. On days 2-4, 

only trough samples (8 a.m. and 8 p.m.) were obtained. 

Investigational procedures 

Subjects were fasted from late in the previous evening until the morning of the 

first study day. A polyethylene catheter was inserted into a forearm or cubital vein. The 

subjects were instructed and trained to use the inhalation technique given in the package 

insert for each of the drugs/devices. Blood samples were taken at 0, 0.17, 0.33 , 0.5, 1, 

1.5, 2, 3, 4, 6, 8, 10, 12, 12.5,14, 16, 18, 20, 22, 24, 36, 48, 60, 72, 84, 96.17, 96.33 , 96.5, 

97, 97.5, 98, 99, 100, 102, 104, 106, 108, 108.5, 110, 112, 113, 114, 116, 118, 120 h after 

the first dose. Serum was separated from cellular material by sedimentation and 

subsequent centrifugation and then stored at -20 °C until analyzed. 

Bioanalytical methods 

Serum concentrations FP were determined by a high performance liquid 

chromatography/ tandem mass spectrometry (LC/MS/MS) method using a Micromass 

Quattro LC-Z, triple quadrupole mass spectrometer (Beverly, MA), equipped with an 

atmospheric pressure chemical ionization (APCI) source [165]. The concentrations were 

measured over a linear range of 10 to 1000 pg mr1
. Using a 13C3-labeled internal 

standard, serum samples of FP were extracted by solid-phase extraction prior to analysis. 

Inter and intra batch precision (% coefficient of variation) and accuracy (% bias) of the 

quality controls samples of FP were less than 15% and 11 %, respectively. The validated 

lower limit of quantification of FP was 10 pg.mr 1• 
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Pharmacokinetic data analvsis 

Noncompartmental PK analysis was performed usmg the Kinetica® software 

(lnnaphase, Champs Sur Marne, France) with the exception of the steady state mean 

residence time, which was calculated using MS Excel. 

For day 1, the following parameters were determined. The terminal half-life (t112) 

was calculated from the relationship 0.693/k, where k is the negative slope of the terminal 

linear phase of a semi-log plot of concentration versus time (C vs t) on day 1. k was 

determined, upon visual inspection and nonlinear regression of data points in the terminal 

linear phase. The area under the plasma concentration-time-curve was calculated by the 

trapezoidal rule (AUCcc) using the mixed log-linear transformation provided by 

Kinetica®. Extrapolation from the last measurement point to infinity was done as Cp1ast/k. 

Dose-adjusted estimates were derived from AUCO() and the overall dose (AUCO()/D). The 

area under the first moment curve (AUMCO()) was calculated by the trapezoidal rule from 

Cpi*ti versus ti-pairs. Extrapolation from the last measurement point to infinity was done 

as t1as/Cp1as/ k+ Cp1ast/k2 where Cp,ast was defined as the last measurable concentration

time point (::?: 10 pg/mr1). The mean residence time (MRTinh) was calculated as the ratio of 

. AUMCO() and AUCO(). Clearance (CL) not adjusted for overall bioavailability (F) was 

calculated from AUCO() and the administered dose, Dusing CL/F= D/AUCO(). Tmax (time of 

peak concentration) and Cmax-values (peak concentration) were obtained by visual 

inspection of the C-t profiles. Dose adjusted maxima were calculated as Cma,JD. 

On day 5, assuming steady-state, the following parameters were calculated: The 

area under one dosing interval at steady state (AUCss) was calculated from the area under 

the concentration time profile of day 5 as AUC96-12oh/2. Steady-state clearance (CL/F) 
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was calculated as D/AUC55 • Trough concentrations (Cmin) were calculated as the average 

of concentrations observed at 96, 108 and 120 hours from the time of first dose on day l . 

Since the study had a reduced sampling density during the second half of day 5 ( 108-120 

h, 12-h night profile) compared to the first half (96-108 h, 12-h day profile)), only the 96-

108 h C-t profile was used to visually determine the steady state Cmax and T max values. 

The average concentrations (Cavg) were calculated as AUC5/r w~ere -r is the dosing 

interval (12 h). Mean residence time during steady state was determined using Equation 

26. 

MRT _ AUMCss + 1:. AUC ,-00 
inh - AUCss AUCss 

Equation 26 

where AUMCss is the area under the first moment curve in one dosing interval, and 

AUC1_oo is the area extrapolated from -r to oo using Cmin/k where k is the terminal slope 

obtained after the single dose on day 1 [166]. Mean absorption time (MAT) was 

calculated as MRTinh - MRTiv, where MRTiv is the mean residence time after intravenous 

administration. The reported average MRTiv value of 4.9 h was used [98]. Accumulation 

during multiple dosing (Re) was determined as a ratio of AUC55 and AUC0-i2 where 

AUC0_12 is the area under the C vs t curve over 12 hours following the first dose on day 1. 

Compartmental analysis was performed for each individual using the nonlinear 

regression programs Win.."1\J"onlin version 1.1 (Pharsight Corporation, Mountain View, 

CA) and Scientist® (Micromath, Salt Lake City, UT). Serum concentrations of FP were 

fitted to a two-compartment body model with first order absorption according to Equation 

27 for a single dose and Equation 28 for multiple doses. 
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n. -K ·t 
C = A · e -a·t + B · e - f-' ·t - (A + B) · e a 

Equation 27 
n. -n·K · t 

1 -n·a ·t t 1- e-n ·f-' ·t -K ·t 1- e a 
C _ A -a·t - e B -~· ( ) - ·e · + -e · - A+B -e a ------

1 -a·t l -~·t -K ·t -e -e 1-e a 

Equation 28 

where C is the total FP concentration, A, B and a , ~' Ka are hybrid constants, n is the 

number of doses and 't is the dosing interval (12 h). The evaluation of goodness of fit was 

done using the Akaike information criteria from WinNonlin® and the model selection 

criteria from Scientist®. In order to evaluate the absorption profile of FP, the Loo

Riegelman method [ 167] was employed for the present data set using average intravenous 

pharmacokinetic parameters obtained from Mackie et al. , where a three-compartment 

body model had been used to describe the disposition profile [98]. Secondary parameters 

namely the area under the curve (AUC), clearance (CL), microconstants K12, K21 and K10, 

and the volumes V c, V d55 and V darea were calculated according to the equations given 

below. The overall systemic bioavailability (F) was assumed to be 10% based on 

literature data [91]. 

AUC = A + B _(A+ B) 
a ~ K. 

Equation 29 

CL= DOSE · F 
AUC 

Equation 30 



A · p · Ka + B · a · Ka - (A + B) · a · p 
K J1 = [ ( ) ] - - A · a + B · p - A + B · Ka 

Equation 31 

Equation 32 

Equation 33 

Dose-K -F 
V = a 

c A ·(K a -a)+B·(Ka -P) 

Equation 34 

( 
K 12 J Vdss = 1 + -- · Ve 
K 21 

Equation 35 

Equation 36 

Statistical analysis 
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A three-way analysis of variance, followed by Tukey multiple comparisons test 

was used to assess differences in relevant parameters at a level of significance of 0.05. 

The analysis was carried out using the Sigmastat® software, version 2, Jandel 

Corporation, Sanrafael, CA. 
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Results and Discussion 

FP was well tolerated at all dose levels and no maJor adverse events were 

reported. Hematological and other clinical parameters did not differ by more than ± 10% 

from the reference values and physical and neurological examinations did not reveal any 

pathological findings. The individual FP concentration-time data for 200 µg on days 1-4, 

200 µg on day 5, 500 µg on days 1-4, and 500 µg on day 5 are given in Table 9, Table 10, 

Table 11, and Table 12, respectively. 

Non compartmental analysis 

Table 13 summarizes the results of non-compartmental pharmacokinetic analysis 

of single and steady state doses of 200 and 500 µg FP inhaled via the Diskus® dry 

powder device. Results from individual noncompartmental analysis are summarized in 

Table 14 and Table 15 for 200 and 500 µg doses, respectively. 

Peak concentrations of FP were observed after 30-90 min post inhalation with no 

effect of dose or dosing regimen (Figure 23). The median Cma.x values for single and 

steady state twice-daily (bid) doses were 0.037 and 0.058 ng/ml for 200 µg and 0.094 and 

0.156 ng/ml for 500 µg. The steady state Cma.x values were statistically significantly 

higher than the single dose values (p<0.001). Evaluation of the dose normalized Cma.x 

values showed no evidence of non-linearity in kinetics. This was difficult to confirm 

using the dose-adjusted AUC values due to lack of sufficient analytical sensitivity for the 

low dose. The high dose estimates of AUCo-oo on day 1 and AUCss on day 5 did not differ 

significantly (p>0.05), indicating no time-dependency in pharmacokinetics. The median 

terminal half-lives of FP were 5.0 and 10.1 h for the low and high doses, respectively. 

Clearance estimates (CL/F) on days 1 and 5 were 914 and 662 L/h for 200 µg and 630 
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and 534 L/h for 500 µg , respectively. Mean residence times on days 1 and 5 were 7.2 and 

8.0 h for the 200 µg dose, and 12.0 and 12.9 h for the 500 µg dose, respectively. With a 

reported MRT of 4.9 h after intravenous administration [91] , the corresponding mean 

absorption times (MAT) were calculated to be approximately 2-3 hand 7-8 h for the low 

and high doses, respectively. Since, serum concentrations after inhalation of the high 

dose were monitored for a longer time period, the 7-8 hour estimate may more closely 

resemble the actual value. The accumulation index, Re, calculated as the ratio of AUC55 

on day 5 and AUC0-i2 on day 1, was 1.5 for the low dose and 1.8 for the high dose, 

indicating accumulation. The corresponding Cmax ratios were 1.4 and 1. 7 for the low and 

high doses, respectively. 



Table 9 Serum concentrations of FP after inhalation of 200 µg (Days 1-4) 
Sample Clock Total I 102 3 4 5 6 7 8 9 

Time h ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 

Day I 0 8:00 0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

I 8:10 0.17 0.013 0.013 0.050 0.032 0.019 0.017 0.026 0.019 0.032 

2 8:20 0.33 0.020 0.028 0.062 0.028 0.024 0.019 0.029 0.021 0.033 

3 8:30 0.5 0.023 0.027 0.048 0.029 0.020 0.030 0.034 0.028 0.031 

4 9:00 1.0 0.024 0.033 0.051 0.029 0.034 0.029 0.040 0.027 0.037 

5 9:30 1.5 0.030 0.035 0.059 . 0.022 0.035 0.032 0.035 0.03 I NS 

6 10:00 2.0 0.029 0.036 0.050 0.023 0.040 0.028 0.027 0.030 0.035 

7 I 1:00 3.0 0.017 0.028 0.03 I <LLQ 0.033 0.024 0.022 0.025 0.023 

8 12:00 4.0 <LLQ 0.025 0.022 <LLQ 0.021 0.017 0.016 0.023 0.019 

9 14:00 6.0 <LLQ 0.017 0.01 I <LLQ 0.016 0.010 <LLQ 0.014 0.01 3 

11 16:00 8.0 <LLQ 0.013 <LLQ <LLQ 0.010 <LLQ <LLQ 0.012 <LLQ 

12 18:00 10.0 <LLQ 0.012 <LLQ <LLQ 0.010 <LLQ <LLQ <LLQ 0.011 

13 20:00 12.0 <LLQ <LLQ 0.01 I <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

14 20:30 12.5 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

15 22:00 14.0 <LLQ 0.01 I <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

16 0:00 16.0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

17 2:00 18.0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

18 4:00 20.0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

19 6:00 22.0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 

Day 2 I 8:00 24.0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 0.012 <LLQ 0.010 

2 20:00 36.0 <LLQ 0.010 <LLQ <LLQ 0.020 <LLQ <LLQ <LLQ 0.014 

Day 3 I 8:00 48.0 <LLQ 0.018 0.019 0.010 0.033 <LLQ <LLQ 0.012 0.023 

2 20:00 60.0 <LLQ 0.014 0.014 <LLQ 0.025 <LLQ <LLQ <LLQ 0.019 

Day4 I 8:00 72.0 <LLQ 0.029 0.023 0.011 0.040 0.015 0.023 0.010 0.016 

2 20:00 84 .0 <LLQ 0.016 0.016 <LLQ 0.026 <LLQ <LLQ 0.014 0.01 I 

NS: No sample was available; LLQ: Below the lower lt1111t of quant1ficat10n 

10 11 12 
ng/ml ng/ml ng/ml 

<LLQ <LLQ <LLQ 
0.029 0.027 0.015 
0.036 0.032 0.029 
0.040 NS 0.024 
0.050 0.024 0.030 
0.053 0.029 0.030 
0.053 0.033 0.020 
0.038 0.019 0.021 
0.024 0.016 0.014 
0.019 0.013 0.010 
0.014 0.010 <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 
<LLQ <LLQ <LLQ 

<LLQ <LLQ <LLQ 
0.010 <LLQ <LLQ 

0.017 0.013 <LLQ 
0.016 <LLQ <LLQ 

0.018 0.010 0.010 
0.013 0.013 0.013 

13 14 
ng/ml ng/ml 

<LLQ <LLQ 
0.036 0.018 
0.044 0.052 
0.043 0.021 
0.041 0.039 
0.045 0.035 
0.047 0.033 
0.030 0.025 
0.017 0.015 
0.010 0.010 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ 0.010 
<LLQ 0.016 
0.013 0.022 
0.012 0.024 

0.013 0.028 
<LLQ 0.014 

Mean 
ng/ml 

0.025 
0.033 
0.031 
0.035 
0.036 
0.035 
0.026 
0.019 
0.013 

0.014 
0.018 
0.018 
0.019 
0.015 

S.D. 
ng/ml 

0.011 
0.012 
0.009 
0.009 
0.010 
0.010 
0.006 
0.004 
0.003 

0.004 
0.007 
0.005 
0.009 
0.004 

00 
0 



Table IO Serum concentrations of FP after inhalation of 200 µg (Day 5) 
Sample Clock Total I 102 3 4 5 6 7 8 9 10 11 12 13 14 Mean S.D. 

Time h ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 

Day 5 0 8:00 96.0 0.015 0.022 0.023 0.012 0.032 0.012 <LLQ 0.015 0.017 0.016 0.038 <LLQ 0.018 0.021 0.020 0.008 
1 8:10 96.17 0.028 0.039 0.056 0.041 0.047 0.042 0.040 0.053 0.045 0.042 0.041 0.025 0.045 0.035 0.041 0.008 
2 8:20 96.3 0.034 0.056 0.065 0.050 0.073 0.048 0.048 0.048 0.056 0.046 0.030 0.038 0.061 0.044 0.050 0.012 
3 8:30 96 .5 0.037 0.050 0.070 0.040 0.053 0.045 0.064 0.049 0.050 0.058 0.027 0.042 0.056 0.056 0.050 0.011 
4 9:00 97 .0 0.032 0.059 0.065 0.044 0.072 0.039 0.046 0.053 0.050 0.066 0.034 0.050 0.058 0.055 0.052 0.012 
5 9:30 97.5 0.033 0.058 0.058 0.034 0.077 0.046 0.052 0.047 0.041 0.055 0.032 0.047 0.058 0.066 0.050 0.013 
6 10:00 98 .0 0.029 0.054 0.053 0.030 0.080 0.042 0.042 0.045 0.048 0.061 0.026 0.047 0.057 0.064 0.048 0.015 
7 11:00 99.0 0.020 0.045 0.037 0.019 0.061 0.027 0.042 0.035 0.038 0.041 0.028 0.032 0.036 0.055 0.037 0.012 
8 12:00 100.0 0.016 0.037 0.029 0.016 0.048 0.022 0.021 0.030 0.027 0.035 0.015 0.024 0.022 0.040 0.027 0.010 
9 14:00 102.0 <LLQ 0.024 0.020 0.012 0.051 0.018 0.015 0.024 0.019 0.019 0.011 0.017 0.015 0.034 0.021 0.011 
10 16:00 104.0 <LLQ 0.019 0.015 0.010 0.030 0.012 0.015 0.016 0.020 0.014 0.012 <LLQ 0.012 0.034 0.017 0.007 
II 18:00 106.0 <LLQ 0.014 0.015 <LLQ 0.030 <LLQ <LLQ 0.014 0.017 0.012 <LLQ 0.010 0.011 0.027 0.017 0.007 
12 20:00 108.0 <LLQ 0.011 0.011 0.010 0.040 <LLQ 0.010 0.013 0.013 <LLQ 0.021 <LLQ 0.013 0.024 0.017 0.009 00 ...... 
13 20:30 108.5 0.023 0.035 0.052 0.032 0.086 0.026 0.044 0.032 0.052 0.039 0.021 0.037 0.041 0.075 0.043 0.019 
14 22:00 110.0 0.019 0.048 0.046 0.024 0.047 0.033 0.045 0.044 0.042 0.041 0.020 O.Q35 0.038 0.066 0.039 0.013 
15 0:00 112.0 0.013 0.035 0.027 0.020 0.046 0.022 0.022 0.018 0.028 0.026 0.016 0.020 0.030 0.044 0.026 0.010 
16 2:00 114.0 0.010 0.028 0.015 0.019 0.040 0.020 0.024 0.019 0.017 0.022 0.013 0.021 0.018 0.042 0.022 0.009 
17 4:00 116.0 0.013 0.025 0.020 0.019 0.036 0.016 0.023 0.017 0.016 0.019 0.016 0.015 0.017 0.033 0.020 0.007 
18 6:00 118.0 0.012 0.022 0.014 0.014 0.040 0.020 0.014 0.013 0.015 0.017 0.012 0.011 0.015 0.040 0.019 0.010 
19 8:00 120.0 0.012 0.027 0.018 0.012 0.039 0.015 <LLQ 0.019 0.014 0.018 0.018 0.016 0.015 0.044 0.021 0.010 

NS: No sample was available; LLQ: Below the lower limit of quantification 



Table 11 Serum concentrations of FP after inhalation of 500 µg (Days 1-4) 
Sample Clock Total I 102 3 4 5 6 7 8 9 

Time h ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 

Day I 0 8:00 0 <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ <LLQ 
I 8:10 0.17 0.051 0.078 0.021 0.046 0.041 <LLQ 0.041 0.091 0.048 
2 8:20 0.33 0.066 0.098 0.026 0.073 0.043 0.069 0.053 0.094 0.067 
3 8:30 0.5 0.070 0.088 0.029 0.082 0.057 0.071 0.090 0.101 0.075 
4 9:00 1.0 0.074 0.114 0.113 0.084 0.075 0.085 0.082 0.113 0.071 

5 9:30 1.5 0.064 0.094 0.096 0.098 0.121 0.103 0.090 0.103 0.059 

6 10:00 2.0 0.065 0.089 0.118 0.073 0.116 0.114 0.083 NS 0.065 
7 11:00 3.0 0.046 0.068 0.071 0.062 0.077 0.093 0.066 0.082 0.051 
8 12:00 4.0 0.042 0.073 0.059 0.043 0.065 0.060 0.040 0.070 0.042 

9 14:00 6.0 0.030 0.058 0.030 0.031 0.054 0.044 0.034 0.051 0.034 
11 16:00 8.0 0.028 0.040 0.025 0.022 0.037 0.028 0.028 0.038 0.027 
12 18:00 10.0 0.017 0.030 0.026 0.017 0.036 0.029 0.024 0.034 0.025 

13 20:00 12.0 0.016 0.026 0.015 0.018 0.033 0.019 0.022 0.028 0.016 
14 20:30 12.5 0.017 0.026 0.014 0.017 0.030 0.017 0.024 0.027 0.016 
15 22:00 14.0 0.014 0.016 0.012 0.013 0.031 0.014 0.017 0.020 0.014 
16 0:00 16.0 0.01 I 0.016 0.011 0.011 0.028 0.014 0.017 0.014 0.012 
17 2:00 18.0 <LLQ 0.017 <LLQ 0.011 0.024 0.012 0.015 0.014 0.010 
18 4:00 20.0 <LLQ 0.011 <LLQ <LLQ 0.023 0.015 0.010 0.012 <LLQ 

19 6:00 22.0 0.011 0.010 <LLQ <LLQ 0.023 0.012 0.010 <LLQ <LLQ 

Day 2 I 8:00 24.0 0.011 0.017 0.015 0.011 0.021 0.012 0.014 0.019 <LLQ 
2 20:00 36.0 0.021 0.039 0.024 0.020 0.060 0.024 0.024 0.025 0.021 

Day 3 I 8:00 48.0 0.042 0.075 0.054 0.050 0.074 0.057 0.042 0.042 0.031 

2 20:00 60.0 0.027 0.048 0.043 0.045 0.076 0.040 0.034 0.038 0.047 

Day4 I 8:00 72 .0 0.040 0.072 0.060 0.059 0.067 0.054 0.065 0.053 0.043 
2 20:00 84.0 0.019 0.057 0.034 0.036 0.062 0.036 0.048 0.052 0.030 

NS: No sample was available; <LLQ: Below the lower limit of quantification 

10 II 12 
ng/ml ng/ml ng/ml 
<LLQ <LLQ <LLQ 
0.049 0.045 0.037 
0.051 0.045 0.076 
0.060 0.038 0.103 
0.087 0.035 0.091 
0.088 0.051 0.088 
0.083 0.059 0.093 
0.057 0.042 0.059 
0.053 0.031 0.050 
0.035 0.027 0.037 
0.026 0.022 0.026 
0.023 0.014 0.020 
0.016 0.015 0.014 
0.015 <LLQ 0.014 
0.016 0.011 0.013 
0.014 <LLQ 0.012 
0.012 <LLQ 0.012 
0.011 <LLQ <LLQ 
0.010 <LLQ <LLQ 
0.010 <LLQ <LLQ 
0.025 0.017 0.021 
0.043 0.048 0.052 
0.044 0.028 0.038 
0.060 0.042 0.047 
0.069 0.030 0.043 

13 14 
ng/ml ng/ml 
<LLQ <LLQ 
0.027 0.032 
0.034 0.053 
0.046 0.069 
0.058 0.064 
0.068 0.073 
0.083 0.109 
0.055 0.057 
0.032 0.039 
0.022 0.030 
0.018 0.023 
0.017 0.020 
0.013 0.015 
0.010 0.020 
<LLQ 0.013 
<LLQ 0.010 
<LLQ 0.010 
<LLQ <LLQ 
<LLQ <LLQ 
<LLQ <LLQ 
0.015 0.017 

0.058 0.045 
0.040 0.039 
0.059 0.051 
0.039 0.046 

Mean 
ng/ml 

0.047 
0.061 
0.070 
0.082 
0.085 
0.088 
0.063 
0.050 
0.037 
0.028 
0.024 
0.019 
0.019 
0.016 
0.014 
0.014 
0.014 
0.013 
0.014 
0.025 
0.051 
0.042 
0.055 
0.043 

S.D. 
ng/ml 

0.019 
0.021 
0.022 
0.022 
0.020 
0.020 
0.014 
0.014 
0.011 
0.006 
0.007 
0.006 
0.006 
0.005 
0.005 
0.004 
0.005 
0.005 
0.004 
0.012 
0.012 
0.012 
0.010 
0.014 

00 
N 



T bl 12 S a e erum concentrations o f FP ft . h 1 . a er m a at10n o f 500 (D 5) µg av 
Sample Clock Total I 102 3 4 5 6 7 8 9 

Time h ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 

Day 5 0 8:00 96.0 0.026 0.066 0.045 0.137 0.084 0.052 0.071 0.080 0.046 
I 8:10 96.17 0.113 0.096 0.067 0.138 0.139 0.109 0.136 0.144 0.114 
2 8:20 96.3 0.104 0.121 0.075 0.150 NS 0.142 0.128 0.12 1 0.131 

3 8:30 96.5 0.129 0.123 0.108 0.168 0.158 0.138 0.153 0.143 0.107 
4 9:00 97.0 0.118 0.132 0.096 0.193 0.139 0.135 0.123 0.160 0.122 

5 9:30 97 .5 0.119 0.144 0.118 0.140 0.164 0.145 0.113 0.163 0.144 

6 10:00 98.0 0.118 0.158 0.113 0.152 0.210 0.150 0.120 0.161 0.135 
7 11 :00 99.0 0.081 NS 0.079 0.108 0.115 0.107 0.097 0.116 0.092 
8 12:00 100.0 0.063 0.093 0.060 0.079 0.117 0.092 0.067 0.096 0.073 

9 14:00 102.0 0.051 0.075 0.050 0.057 0.102 0.067 0.061 0.085 0.067 
10 16:00 104.0 0.041 0.063 0.042 0.054 0.085 0.051 0.054 0.058 0.041 
11 18:00 106.0 0.037 0.064 0.042 0.047 0.070 0.044 0.041 0.056 0.043 

12 20 :00 108.0 0.030 0.060 0.034 0.034 0.065 0.037 0.097 0.039 0.072 

13 20 :30 108.5 0.077 0.122 0.062 0.141 0.075 0.086 0.116 0.119 0.099 

14 22:00 110.0 0.073 0.112 0.074 0.099 0.106 0.092 NS 0.109 0.100 
15 0:00 112.0 0.070 0.113 0.057 0.085 0.116 0.073 0.089 0.071 0.070 
16 2:00 114.0 0.062 0.095 0.049 0.065 0.109 0.065 0.066 0.063 0.056 

17 4:00 116.0 0.052 0.089 0.041 0.057 0.085 0.058 0.052 0.052 0.043 

18 6:00 118.0 0.045 0.079 0.039 0.051 0.079 0.055 0.055 0.047 0.046 

19 8:00 120.0 0.044 0.077 0.042 0.053 0.076 0.053 0.054 0.047 0.044 

NS : No sample was available; <LLQ: Below the lower limit of quantification 

10 11 12 
ng/ml ng/ml ng/ml 

0.056 <LLQ 0.041 
0.079 <LLQ 0.092 
0.099 0.089 0.150 
0.107 0.114 0.174 
0.140 0.089 0.128 
0.149 0.152 0.126 
0.155 0.097 0.133 
0.113 0.070 0.112 
0.095 0.068 0.076 
0.059 0.054 0.059 
0.048 0.044 0.043 
0.044 0.041 0.042 
0.041 0.033 0.032 
0.082 0.066 0.069 
0.113 0.083 0.076 
0.086 0.058 0.072 
0.078 0.045 0.061 
0.065 0.042 0.058 
0.067 0.048 0.054 
0.060 0.041 0.052 

13 14 
ng/ml ng/ml 

0.041 0.069 
0.093 0.119 
0.118 0.136 
0.128 0.134 
0.154 0.133 
0.174 0.157 
0.163 0.142 
NS 0.081 

0.080 0.082 
0.065 0.065 
0.060 0.050 
0.041 0.042 
0.035 0.044 
0.087 0.081 
0.102 0.137 
0.160 0.096 
0.056 0.056 
0.063 0.053 
0.057 0.054 
0.052 0.049 

Mean 
ng/ml 

0.063 
0.111 
0.120 
0.135 
0.133 
0.143 
0.143 
0.098 
0.082 
0.065 
0.052 
0.047 
0.047 
0.092 
0.098 
0.087 
0.066 
0.058 
0.055 
0.053 

S.D. 
ng/ml 

0.028 
0.024 
0.023 
0.022 
0.026 
0.019 
0.028 
0.016 
0.016 
0.014 
0.012 
0.010 
0.020 
0.024 
0.018 
0.028 
0.017 
0.014 
0.012 
0.011 

00 
w 
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Table 13 Median(% coefficient of variation) pharmacokinetic parameters of FP 
following inhaled administration of 200 and 500 µg doses via Diskus® over 5 days 
(n=14). 

200 µg 500 µg 

Day 1 Day 5 Day 1 Day 5 

Cmax (ng·ml"1
) 0.037 (25) 0.058 (20) 0.094 (20) 0.156 (15) 

Tmax' (min) 90 (20-120) 30 (20-120) 90 (30-120) 90 (30-120) 

AUC# (ng·h·ml"1) 0.22 (40) 0.30 (38) 0.79 (29) 0.94 (17) 

CL/F (L·h-1) 914 (42) 662 (48) 630 (24) 534 (17) 

T1 12 (h) 5.1 (58) NA 10.1 (37) NA 

Cavg (ng·ml"1
) NA 0.025 (38) NA 0.078 (17) 

MRTinh (h) 7.2 (51) 8.0 (35) 12.0 (31) 12.9 (27) 

Cmin (ng·ml"1) NA 0.012 (42) NA 0.038 (27) 

R}' NA 1.5 (30) NA 1.8 (17) 

• - Median (range);# - AUC calculated as AUCo-oo on day 1 and AUCss on day 5; w - R: 
calculated as ratio between AUCss on day 5 and AUC0•12 on day 1; NA - Not analyzed 



T bl 14 I ct· ·ct l a e n 1v1 ua I h noncompartmenta p armaco 
Subject 1 2 3 4 
Day 1 
Cmax [ng/ml] 0.030 0.036 0.062 0.032 
T max [h) 1.5 2.0 0.3 0.2 
AUC0•1 [ng/ml*h) 0.08 0.31 0.25 0.10 

AUC0 ,1ra [ng/ml*h) 0.02 0.07 0.07 0.06 
AUC1o1a1 [ng/ml*h) 0.10 0.38 0.32 0.15 
% AUCcxtra 18.4 17.7 22.8 35.8 
K [h"I] 0.532 0.075 0.096 0.101 
AUMC0.1 [ng/ml*h2] 0.20 2.30 0.90 0.30 
AUMCe,traa [ng/ml*h2] 0.10 2.30 1.60 1.00 
AUMC10,a1 [ng/ml*h2] 0.30 4.70 2.50 1.30 
T112 [h] 1.3 9.3 7.2 6.8 
MRT [h] 2.6 12.5 7.9 8.1 
CL/F [1/h] 1964 533 623 1295 
Vd., • .IF [I] 3689 7143 649 1 12783 
AUC/D 0.50 1.90 1.60 0.75 
Cmax/D 0.15 0. 18 0.31 0.16 
Day5 
Cmin [ng/ml] 0.010 0.011 0.011 0.010 
Cmax [ng/ml] 0.037 0.059 0.070 0.050 
Tmax [h] 0.5 1.0 0.5 0.3 
Caverage [ng/ml] 0.009 0.030 0.026 0.017 
AUC,, [ng/ml*h] 0. 11 0.36 0.3 1 0.21 
CL/F [1/h] 1891 560 644 966 
T112 [h] 21.3 I I. I 7.6 10.7 
Fluctuation 3.7 5.4 6.4 5.0 
K [h"I] 0.033 0.063 0.091 0.065 
AUC/D 0.53 1.79 1.55 1.04 
Cmax/D 0.19 0.30 0.35 0.25 

metlc parameters fi ll "nh l . o owing 1 a atlon o fFP 200 
5 6 7 8 9 10 11 

0.040 0.032 0.040 0.031 0.037 0.053 0.033 
2.0 1.5 1.0 1.5 1.0 2.0 2.0 

0.29 0.16 0. 13 0.20 0.2 1 0.30 0.18 
0.10 0.03 0.02 0.05 0. 10 0.05 0.04 
0.39 0.19 0.15 0.25 0.31 0.36 0.22 
24.8 17.2 12.4 18.6 31. 1 14.8 16.2 

0.057 0.179 0.386 0.130 0.083 0.107 0.146 
2.20 0.60 0.30 0.90 1.00 1.50 0.80 
3.80 0.50 0.20 0.90 2.40 1.30 0.70 
6.00 1.10 0.50 1.80 3.30 2.80 1.50 
12.2 3.9 1.8 5.3 8.3 6.5 4.8 
15.4 5.8 3.1 7.5 10.8 7.9 6.8 
5 12 1028 1348 807 646 559 916 

8986 5732 3491 6225 775 1 5238 6283 
1.95 0.95 0.75 1.25 1.55 1.80 1.10 
0.20 0.16 0.20 0.16 0.19 0.27 0.17 

0.030 0.012 0.010 0.013 0.013 0.0 12 0.011 
0.086 0.048 0.064 0.053 0.056 0.066 0.041 

2.0 0.3 0.5 1.0 0.3 1.0 0.2 
0.047 0.018 0.023 0.026 0.027 0.026 0.019 
0.57 0.21 0.28 0.32 0.32 0.3 1 0.23 
353 945 7 11 629 628 645 885 
33.3 10.9 6.1 9.2 6.5 8.8 41.0 
2.9 4.0 6.4 4.1 4.3 5.5 3.7 

0.02 1 0.064 0.115 0.076 0. 106 0.079 0.017 
2.84 1.06 1.41 1.59 1.59 1.55 1.13 
0.43 0.24 0.32 0.27 0.28 0.33 0.21 
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T bl 15 I d . . d I a e n 1v1 ua noncompartmenta I h p armaco ti II met1c parameters o 
Subject I 2 3 4 5 6 7 

Day 1 
Cmax [ng/ml] 0.074 0.114 0. 118 0.098 0. 12 1 0.114 0.090 
Tmax [h] 1.0 1.0 2.0 1.5 1.5 2.0 1.5 
AUC0.1 [ng/m l*h] 0.54 0.84 0.64 0.59 0.94 0.76 0.66 

AUCcxtra [ng/ml*h] 0. 12 0.12 0.18 0.10 0.55 0.36 0.12 
AUC101a1 [ng/ml*h] 0.66 0.96 0.83 0.69 1.49 1. 12 0.79 
o/o AUCcxtra 18.0 12.2 22.0 15.0 36 .9 31.9 15.6 
K [h-1] 0.067 0.085 0.045 0.072 0.040 0.034 0.080 
AUMC0•1 [ng/ml*h2

] 3.7 5.8 4.1 3.8 7.7 5.1 4.8 
AUMC0,1,a [ng/m l*h2

] 4.4 3.9 8.0 3.7 26.0 18.3 4.2 
AUMC101.1 [ng/ml*h2

] 8.1 9.7 12. 1 7.6 33 .7 23.4 9.0 
T11i[h] 10.3 8.1 15.5 9.6 17.5 20.5 8.7 
MRT [h] 12.3 IO.I 14.7 10.9 22 .6 21.0 11.5 
CL/F (1/h] 755 52 1 606 723 335 448 635 
V da,cafF [I] 11260 6092 13555 10045 8437 13265 798 1 
AUC/0 1.32 1.92 1.65 1.38 2.99 2.23 1.57 
Cmax/D 0.37 0.57 0.59 0.49 0.61 0.57 0.45 
Day 5 
Cmin [ng/m l] 0.026 0.060 0.034 0.034 0.065 0 .037 0.041 
Cmax [ng/ml] 0.129 0.158 0.118 0.193 0.210 0.150 0.153 
T max [h] 0.5 2 1.5 I 2 2 0.5 
C.vcrage [ng/ml] 0.062 0.088 0.060 0.08 1 0.107 0.079 0.076 
AUC,. [ng/ml*h] 0.75 1.06 0.72 0.97 1.28 0.95 0.91 
CL/F [l/h] 667 .5 470.9 690. 7 516.7 390.7 528 .1 547.2 
T11i(h] 11.2 14.7 16.1 11.7 11.9 17.2 11.7 
Fluctuation 4.9 2.6 3.5 5.7 3.2 4.1 3.7 
K (11° 1] 0.062 0.047 0.043 0.059 0.058 0.040 0.059 
AUC/D 1.50 2. 12 1.45 1.94 2.56 1.89 1.83 
Cmax/D 0.65 0.79 0.59 0.97 1.05 0.75 0.77 

. h l . owmg m a at10n o fFP 500 
8 9 10 11 

0. 11 3 0.075 0 .088 0.059 
1.0 0.5 1.5 2.0 

0.86 0.58 0 .63 0.42 

0. 11 0. 11 0 .17 0.13 
0.97 0.69 0.80 0.55 
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Figure 23 Median(± SD) serum concentration-time profile of FP after a single dose (A) 
and during twice-daily steady state dosing (B) of 200 (A) and 500 C•) µg doses via the 
Diskus® dry powder inhaler. 

Compartmental analysis 

12C 

Except for the low dose treatment on day 1, the two-compartment model with first 

order absorption gave excellent fits for the observed FP concentrations for each of the 

subjects over the five day period (r2 > 0.94, MSC> 2.5). In the case of the low dose (200 

µg) treatment on day 1, the assay was not sensitive enough to capture the terminal 

elimination phase and hence a one-compartment model sufficed (r2 > 0.93, MSC > 2). 

The fits for mean data are shown in Figure 24. Both software programs (WinNonlin® and 

Scientist®) yielded comparable parameter estimates in all cases. However, for both doses, 

extrapolation of the single dose profile to steady state resulted in good predictions only 

when the two-compartment model was used. This not only indicated that the disposition 

of FP is bi-phasic but also confirmed linear kinetics at therapeutic doses. There were no 

major differences in the results regardless of whether average or individual data were 

used. The derived parameter estimates were consistent with noncompartmental results for 

the present data set and also with other studies [91 , 103, 168]. 
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Figure 24 Mean fits for single dose (top panel) and steady state (bottom panel) 
concentration-time profiles of FP following inhalation of 200 (A) and 500 µg (B) doses 
over 5 days. Note: because of program requirements given times represent actual times 
after delivery of the dosage form plus 24 hours. Thus, the first dose was given at t=24 
hours. 

In theory, when using a two-compartment body with first order absorption, 6 

super-imposable or identical concentration-time profiles may be derived from various 

permutations of the absorption, distribution and elimination rate constants depending on 

the initial estimates and other fitting conditions (169-172]. However, since a basic 

assumption is that a is always greater than ~' the number of permutations may be 

reduced to three. An example 1s shown m Table 16 where the pharmacokinetic 
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parameters of FP and the various possible combinations of macroconstants (Ka>a>p, 

a>Ka>p and a>P>Ka) and of the hybrid constants (A and B) that produce identical 

concentration-time profiles, are listed. 

Table 16 Pharmacokinetic estimates of FP after fitting using a two-compartment body 
model with first order absorption. 
Parameter Macroconstant permutation 

Ka>a>p a>Ka>P a >P>Ka 

Primary (fitted) parameters 
A (ng·mr1

) 0.125 -0.147 -0.147 

B (ng·mr1
) 0.022 0.022 0.125 

Ka (h-1) 4.2 0.18 0.051 

a (h-1
) 0.18 4.2 4.2 

~ (h-') 0.051 0.051 0.18 

Secondary ( calculated) parameters 
AUC (ng·h·mr1

) 1.1 1.1 1.1 

CL* (L·h-1) 71 71 71 

K21 (h-1) 0.07 0.07 0.07 

K10 (h-1) 0.13 2.90 10.90 

K12 (h-1
) 0.03 1.21 -6.60 

Ve* (L) 531 24 6 

Vdss* (L) 781 422 -587 

Vdarea * (L) 1386 1386 376 

*- Calculated assuming an overall systemic bioavailability of l 0% 
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The primary (fitted) parameters in the table are separated from the secondary 

(calculated from primary) parameters for purposes of clarity. It can be observed that no 

matter what order the macroconstants are in, the AUC, CL and the redistribution rate 

constant (K21) remain the same, which is consistent with the respective equations. 

However, for the three possible macroconstant combinations, three different sets of K10, 

K12, V c, and V dss and two different sets of V darea may be derived even though identical 

time-concentration profiles are obtained. This raises the question as to which one of the 

three-macroconstant combinations is the most appropriate reflector of the behavior of FP. 

A closer look at the secondary parameters shows that the a>P>Ka case is not 

feasible because of negative estimates obtained for K12 and Vd55• We can therefore 

narrow down the possibilities to two situations (a>Ka>P and Ka>a>P) that have no 

negative secondary estimates and are perfectly able to describe the concentrations 

identically. Comparison of the respective volumes of distribution in the central 

compartment (V c) reveal values of 24 L and 531 L for the a>Ka>P and the Ka>a>P 

cases, respectively. The 24-L value seems the more likely one compared to 531 L, since 

the higher value is seldom, if not ever, seen in pharmacokinetic analysis. These values are 

already adjusted for bioavailability. Furthermore, in comparison to a published range of 

12-28 L after intravenous administration [98], it becomes clear that the a>Ka>~ case is 

most likely the accurate predictor of the underlying system. This indicates a flip-flop 

situation where the distribution rate is much faster than the absorption rate. Hence the 

resulting half-lives of 9.9 min, 3.8 hand 13.6 h based on the three rate constants actually 

represent the distribution, absorption and elimination processes, respectively. It is 

interesting to compare the rate constants reported after intravenous administration and 
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those observed in the present study. The distribution half-life of 9.9 min observed after 

inhalation correlates fairly well with the initial rapid distribution phase (t112 of 2-6 min) 

seen after IV administration [103]. However, the intermediate phase (t112 of 1.3 hours) 

seen after intravenous administration [103] is completely masked after inhalation. 

Figure 25 shows the absorption profile of FP as determined by the Loo-Riegelman 

method. Clearly, the absorption of FP is prolonged with almost a fourth of the dose 

remaining to be absorbed even after 8 hours after inhalation, a fact that is consistent with 

the assignment of the parameter estimates. Although the IV parameters were not obtained 

from the same subjects that received FP by inhalation, it is unlikely that the overall 

pattern would be completely different to the one shown. 
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Figure 25 Absorption profile of FP after a single inhalation of 500 µg via the Diskus® 
dry powder device, as determined using the Loo-Riegelman method. The profile is based 
on a three-compartment disposition model after intravenous administration. Calculations 
were based on average parameters obtained after intravenous administration of 1000 µg 
[98] and median inhalation data obtained in the present study. 
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The pharmacokinetic profile of FP represents an example of a drug showing a 

relatively early T max (about 30-90 min) but relatively slow absorption (MAT of 6-8 h). 

We have shown in the present study that two completely different absorption profiles 

(half-lives of absorption of 10 min versus 3.8 hours) can yield identical T max values. 

Therefore, it is not necessarily true that an early T max indicates a faster absorption rate 

and a later T max indicates a slower absorption rate. It also depends on the distribution and 

elimination processes. 

The presented results compare very well with those reported by Falcoz et al. in a 

simultaneous evaluation of the absorption profile using inhalation and intravenous data 

from the same subjects [173]. The 3.8 h absorption ·half-life is somewhat longer than the 

2 h value reported by Thorsson et al. [103] . Nevertheless, it is in the same order of 

magnitude and in contrast to the 11.3 min value recently reported by Minto et al. [174]. 

The present study indicates that the slow dissolution profile of FP observed in in vitro 

systems is in fact consistent with that seen in healthy subjects as well as in asthmatics 

[175]. The study also highlights the need to use great caution when using Tmax to evaluate 

absorption rates. Although we have shown that it is possible to correctly identify and 

assign the parameter estimates to the underlying physical process, it is clear that this 

would not have been possible had prior information from intravenous evaluation been not 

available. Obviously, this can be evaluated best by collecting simultaneous IV data and 

evaluating robust parameters such as mean absorption times to quantify the absorption 

process although regulatory requirements and formulation considerations often make it 

very difficult to conduct such studies. However, whenever possible, intravenous studies 
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should be included in the pharmacokinetic evaluation of new products even if there is no 

intention to market the intravenous dosage form. 



CHAPTERS 
SINGLE DOSE AND STEADY STATE PHARMACODYNAMIC EVALUATION OF 

INHALED FLUTICASONE PRO PI ONA TE 

Introduction 

The overall objective of the this study was to determine the single dose and steady 

state pharmacodynamic properties of FP in comparison with budesonide (BUD) after 

inhalation of single and multiple, low and high, equipotent doses in the same subjects. 

The focus of the present thesis was on FP. The specific objectives were 

1. to determine the effects of single doses of 200 and 500 µg FP on serum cortisol 

suppression 

2. to determine the effects of multiple twice-daily doses of 200 and 500 µg FP over 5 

days on serum cortisol suppression 

3. to determine the single dose and steady state effects of the same dose levels on the 

modulation of lymphocytes and granulocytes in blood. 

Materials and Methods 

Subjects 

The study was conducted in accordance with the revised Declaration of Helsinki 

(Hongkong Revision 1989) and to Good Clinical Practice guidelines. A total of 15 

healthy male volunteers entered the study. One subject withdrew for personal reasons 

after receiving two doses of FP 200 µg and thus 14 subjects completed the study. They 

had a mean age of 26.4 (range 22-32) years, height of 179.2 (range 172-187) cm and 

94 
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weight of 72.7 (range 62-85) kg. The protocol was approved by the Ethics Committee of 

Ruhr University, Bochum and all subjects gave written informed consent. 

Study design 

The study was part of a double-blind, double-dummy, randomized, placebo-

controlled, 5-way crossover design involving single and multiple, low and high doses of 

FP and budesonide (BUD). The washout period was at least six weeks between each of 

the treatments. 

6 weeks 6 weeks 6 weeks 6 weeks 

Placebo to 3 month FP to 3 month 
BUD 

to 3 month FP to 3 month Bud 
Treatment 200µg Treatment Treatment SOOµg Treatment 1000 µg 400µg - -

pv .. VV • 

bidaily 
t-MOVU ' pvolUU - bidaily 

pv .. VU . 
bidaily Interim Interim bidaily Interim Interim 

Figure 26 An example of overall study design 

Day 1 Day 2 Day 3 Day4 Day 5 

Time 8a.m 8p.m 8a.m 8p.m 8a.m 8p.m Ba.m 8p.m 8a.m 8p.m 

Dosing of drug i i i or placebo i i i i i i 
Assessment Full PK/PD Limited PK/PD Limited PK/PD Limited PK/PD Full PK/PD 

profile profile profile profile profile 

Figure 27 Study design for one dosing regimen 

The five treatments comprised of a) 200 µg FP, b) 500 µg FP (both doses delivered 

via the Diskus® inhaler, GlaxoWellcome), c) 400 µg BUD, d) 1000 µg BUD (both 

delivered via the Pulmicort Turbohaler®, AstraZeneca) and e) placebo delivered via 

Diskus® and Turbohaler® devices. The duration of each treatment was 5 days. On day 

one, a single dose of the test substance was administered at 8 a.m. to allow for a complete 
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pharmacokinetic/dynamic evaluation over 24 hours and on days 2-5 it was given twice 

daily at 8 a.m. and 8 p.m. After each single dose and during the last two doses (8th and 

9th) on day 5, blood samples for drug were collected at frequent intervals. On days 2-4, 

only trough samples (8 a.m. and 8 p.m.) were obtained. 

Investigational procedures 

Subjects were fasted from late in the previous evening until the morning of the 

first study day. A polyethylene catheter was inserted into a forearm or cubital vein. The 

subjects were instructed and trained to use the inhalation technique given in the package 

insert for each of the drugs/devices. Blood samples were taken at 0, 0.17, 0.33, 0.5, 1, 

1.5, 2, 3, 4, 6, 8, 10, 12, 12.5,14, 16, 18, 20, 22, 24, 36, 48, 60, 72, 84, 96.17, 96.33 , 96.5, 

97, 97.5, 98, 99, 100, 102, 104, 106, 108, 108.5, 110, 112, 113, 114, 116, 118, 120hafter 

the first dose. Serum was separated from cellular material by sedimentation and 

subsequent centrifugation and then stored at -20 °C until analyzed. 

Cytometry and serum cortisol 

Blood cell count of lymphocytes and granulocytes were recorded using Coulter 

Counter flow-through cytometry and blood smear counting. Serum cortisol levels were 

determined by a commercially available, specific (radioimmunoassay) RIA method 

(Coat-A-Count, Diagnostic Products Corporation, Bad Nauheim, Germany) in the clinical 

laboratories of BG-Kliniken, Bergmannsheil. This assay showed no cross-reactivity 

towards budesonide and FP in the concentration range observed in the clinical study. 

However, the metabolites of the two drugs were not tested for cross-reactivity. 

Pharmacodynamic analysis 

Granulocytes (% of leukocytes) and lymphocytes (% of leukocytes) were used as 

pharmacodynamic parameters. Data analysis was performed using actual cell (cells/µl) 
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numbers as well as after transformation of the data into % of baseline (8 a.m.) estimates 

for the placebo and drug treated groups. As a cumulative measure for the 

pharmacodynamic activity on blood cells, the area under the effect parameter-time curves 

were calculated by the trapezoidal rule over 24 hours. Missing data points were 

substituted with the group means for the specific time point. Lymphocyte suppression 

and granulocyte induction were calculated as the difference in the areas under the curves 

between the placebo and drug treated groups (Equation 37). Thus the effect would be a 

positive number for lymphocytes and negative number for granulocytes. 

(AUC -AUC) 
Effect(%) = placebo · 100 

AUCplacebo 

Equation 37 

Twenty four-hour serum cortisol concentrations were used to assess the effects of 

single and multiple doses of FP on the basal hypothalamic-pituitary-adrenal (HPA) axis. 

Differences in the areas under the cortisol concentration-time curve, calculated by the 

linear trapezoidal rule over 24 hours, between the placebo (AUCplacebo) and the drug 

treated groups (AUCsuppressect) was used as a cumulative measure of the pharmacodynamic 

activity (Equation 38). 

(AUC -AUC ) CC S(%) = placebo Suppressed . l OO 
AUCplacebo 

Equation 38 

where CCS(%) is cumulative cortisol suppression. 

Statistical analysis 

A three-way analysis of variance, followed by Tukey multiple comparisons test 

was used to assess differences in relevant parameters at a level of significance of 0.05 . 
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The analysis was carried out usmg the Sigmastat® software, vers10n 2, Jandel 

Corporation, Sanrafael, CA. 

Results and Discussion 

FP was well tolerated at all dose levels and no major adverse events were reported. 

Hematological and other clinical parameters did not differ by more than ± 10% from the 

reference values and physical and neurological examinations did not reveal any 

pathological findings. The mean (± SD) effects of FP on cortisol, lymphocytes and 

granulocytes are given in Table 17 and Table 18. The individual effects of FP on cortisol 

are listed in Table 19. The individual effects on blood cell counts expressed as % 

leukocytes are given in Table 20 and Table 21 , respectively for lymphocytes and 

granulocytes, and those expressed using absolute cell numbers in Table 22 and Table 23 , 

respectively. 

On day 1, the 200 µg dose had negligible effect on serum cortisol and only the 

high dose caused statistically significant suppression. On day 5, both doses had 

statistically significant effects on cortisol. Since there was no statistically significant 

difference between the day 1 and day 5 placebo cortisol profiles, the averaged 

concentration-time points were used for AUC calculations. After a single dose of 200 and 

500 µg on day 1, FP suppressed the cortisol levels by -0.1 % (95% CI - 8, 8) and 14% (7, 

22), respectively. During steady state twice-daily dosing on day 5, the two doses caused 

12% (4, 20) and 27% (19, 35) suppression, respectively. Results from pair-wise multiple 

comparison Tukey tests indicated statistically significant differences between the low and 

high dose effects as well as between single and multiple doses of FP. Plots of the mean 

cortisol concentration-time profiles after placebo and drug treatments are shown in Figure 
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28. The 200 µg treatment, after single and multiple doses, had negligible effect on 

lymphocytes or granulocytes, whereas the 500 µg dose resulted in a statistically 

significant increase in granulocytes and a significant decrease in lymphocytes compared 

to placebo. Figure 29 and Figure 30 show the effects of FP on lymphocytes and 

granulocytes (% of leukocyte estimates), respectively. Overall, at the clinically relevant 

dose range, FP exerted almost negligible effects (less than 10%) on blood cells even after 

multiple twice-daily dosing. These findings are of interest since they pertain to effects 

observed at commonly prescribed, clinically relevant doses. However, it has to be 

mentioned that these results may not be extrapolated to asthmatics since the plasma 

concentrations of FP are reportedly halved in asthmatics in comparison to healthy 

subjects (112, 113, 175]. 

Table 17 Effects of FP on Serum Cortisol (%CCS) 
200 µg FP 500 µg FP 

Mean SD Mean SD 

Day 1 -0.1 18.5 14.2 35.9 

Day 5 12.1 18.2 27.0 15.6 
Numbers indicate percent change in AUC from placebo 

Table 18 Mean ± SD effects of FP on blood cell count 
FP % Modulation % Modulation 

(Relative Numbers) (Absolute Numbers) 
Lymphocytes Granulocytel Lymphocytes Granulocytel 

200 µg Day 1 2.4 ± 13.7 -3.0 ± 13.4 -1.3 ± 16.7 -8 .2 ± 28 .5 
200 µg Day 5 -4.2 ± 32.6 -1.8 ± 15 .7 -3 .5 ± 23 .1 -5.6 ± 29.6 
500 µg Day 1 -1.4 ± 13.0 -4.9 ± 15 .6 10.6 ± 17.9 0.4 ± 23.6 
500 µg Day 5 -3.3 ± 12.7 -7.9±17.3 8.1±16.0 -10.1±31.1 
# Negative number indicates increase in cell numbers; data expressed as mean ± CV (%) 



Table 19 Individual effects ofFP on serum cortisol calculated as percent decrease in 24 hour AUC from placebo (n= l4). 

Subject I 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SD 

Day 1 Placebo 1663 1781 1536 2844 2498 1615 1999 1961 1595 1816 948 2032 2364 1354 1857 484 
AUC (ng·h·mr 1

) 

Day 5 Placebo 1353 1592 1601 22 13 2644 2488 1615 1733 1654 2099 1260 3097 2120 1352 1915 546.2 
AUC (ng·h·mr 1

) 

Day 1 FP 200 µg 
. 

AUC (ng· h·mr1
) 1377 1815 1955 2156 21 44 1655 1681 2213 1693 2400 1150 2463 1786 1460 1854 374 

% Suppression 17.2 -1 .9 -27.3 24.2 14.1 -2.5 15.9 -12.9 -6.2 -32.2 -21 .3 -21 .2 24.4 -7.9 -0.1 18.5 -0 
0 

Day 5 FP 200 µg 

AUC (ng·h·mr 1
) 1216 2038 1373 1983 1826 1334 1552 1891 1156 2008 1092 2124 1952 1365 1636 358 

1% Suppression 10.1 -28.1 14.2 10.4 30.9 46.4 3.9 -9.1 30.1 4.3 13.3 31.4 7.9 -1 .0 12.1 18.2 

Day 1 FP 500 µg 

AUC (ng·h·mr 1
) 1127 1782 3134 2457 2009 2029 1160 1394 1196 1646 997 1928 1931 · 1513 1736 562 

% Suppression* 32.3 -0.1 -104.0 13.6 19.6 -25.6 42.0 28.9 25.0 9.4 -5.1 5.1 18.3 -11 .8 14.2 19.0 

Day 5 FP 500 µg 

AUC (ng·h·mr 1
) 1017 1085 11 44 2461 1764 1979 1371 829 986 1494 827 1744 1241 1240 1370 455 

% Suppression 24.8 31.8 28.6 -11 .2 33.3 20.5 15.1 52.2 40.4 28.8 34.3 43.7 41.5 8.3 27.0 15.6 

*- Mean (SD) denote the average of 13 subjects excluding subject number 3. 



Table 20 Individual effects of FP on lymphocyte counts (expressed as% of leukocytes) calculated as percent decrease in 24 hour AUC 
from placebo (n=14). 

Subject t 2 3 4 5 6 7 8 9 to 11 12 13 14 Mean SD 

Day 1 Placebo 2206 2346 2051 2147 2560 2496 2336 2636 2202 2462 2703 2212 2631 2183 2369 211 
AUC (%·h) 
Day 5 Placebo 2022 2436 1273 2082 2517 2423 2970 2801 2201 2776 3087 2178 2477 2177 2387 461 
AUC (%·h) 

Day 1 FP 200 µg 
' 

I 

?654 AUC (%·h) 2436 .11747 2245 2162 1887 2412 2253 2620 2722 2548 2089 2113 2318 2300 288 
% Suppression -10.4 25.5 -9.4 -0.7 26.3 3'.3 3.6 -0.7 -18.9 -10.5 5.7 5.6 19.7 -6.2 2.4 13.7 

-
Day 5 FP 200 µg 

AUC (%·h) 2411 1595 2556 2219 2111 2239 2230 2940 2468 2885 2600 1994 2231 2783 2375 366 
% Suppression -19.2 34.5 -1 00.8 -6.5 16.1 7.6 24.9 -4.9 -12.1 -3.9 15.7 8.4 9.9 -27.8 -4.2 32.6 

/ 

Day 1 FP 500 µg ··< J 

AUC (%·h) 2760 3100 1288 / 1_901 1879 2330 2538 2289 2397 2467 2351 2174 2044 1903 2244 439 
% Suppression -25.1 -32.1 ( "3i·2 ; 11A 26.6 6.6 -8.6 13.1 -8.8 -0.1 13.0 1.7 22.3 12.8 5.0 19.1 

' ·.,.__ 
' . 

Day 5 FP 500 µg 
I 

AUC (%·h) 2393 2821 1890 -~876 i 1801 2171 . 2299 2128 2302 2466 2343 1858 1951 1820 2151 302 
% Suppression -18.3 -15.8 -48.5 -~ .8 J 28.4 10.4 / 22.5 24.0 -4.6 11 .1 24.0 14.6 21 .2 16.3 6.8 21 .6 

"\......./ ../ ..J - ~ 

........ 
0 ........ 



Table 21 Individual effects ofFP on granulocyte counts (expressed as% of leukocytes) calculated as percent increase in 24 hour AUC 
from placebo (n= l4). 

Subject I 2 3 4 5 6 7 8 9 10 ti 12 13 14 Mean SD 

Day 1 Placebo 2839 2496 2836 2675 2268 2384 2440 2336 2640 2466 2256 2381 2456 2809 2520 204 
AUC (%·h) 
Day 5 Placebo 2933 2477 3555 2708 2254 2355 2188 2190 2633 2153 2018 2352 2440 2714 2498 398 
AUC (%·h) 

Day 1 FP 200 µg 

AUC (%·h) 2605 2669 2925 2546 3238 2492 2528 2293 2270 2399 2387 2582 2639 2554 2580 251 
% Suppression 8.2 -6.9 -3.1 4.8 -42.7 -4.5 -3.6 1.8 14.0 2.7 -5.8 -8.4 -7.4 9.0 -3.0 13.4 

Day 5 FP 200 µg 

AUC (%·h) 2651 3130 2673 2408 2696 2532 2621 2157 2414 2234 2286 2577 2535 2091 2500 267 
% Suppression 9.5 -26.3 24.8 11 .0 -19.6 -7.5 -19.8 1.5 8.3 -3.7 -13.2 -9.5 -3.9 22.9 -1 .8 15.7 

Day 1 FP 500 µg 

AUC (%· h) 2216 2101 3679 2763 3040 2417 2392 2831 2432 2420 2412 2547 2630 3037 2637 410 
% Suppression 21.9 15.8 -29.7 -3.3 -34.0 -1.3 1.9 -21 .1 7.8 1.8 -6.9 -6.9 -7.1 -8.1 -4.9 15.6 

Day 5 FP 500 µg 

AUC (%·h) 2432 2226 2904 2839 2935 2640 2575 3160 2516 2384 2367 2538 2478 3081 2648 287 
% Suppress ion 17.0 10.1 18.3 -4.8 -30.1 -12.1 -17.6 -44.2 4.4 -10.7 -17.3 -7.9 -1 .5 -13.5 -7.9 17.3 

Note: Negative sign indicates granulocyte induction 

...... 
0 
N 



Table 22 Individual effects of FP on lymphocyte counts (absolute cell numbers expressed as% of baseline) calculated as percent 
d . 24 h AUC fl I b ( 14) ecrease m our romp ace o n= 

Subject I 2 3 4 5 6 7 8 9 lO 11 12 13 14 Mean 

Day 1 Placebo 2597 2011 2220 2357 1940 3033 2953 2368 2277 2603 2639 1929 2474 2189 2399 
AUC (%·h) 
Day 5 Placebo 2381 2082 2021 2257 1723 2995 3136 2164 2116 2594 2684 1828 2515 2293 2342 
AUC (%·h) 

Day l FP 200 µg 

AUC (%·h) 2539 1886 2807 2107 1785 2572 2236 2420 2367 3257 2355 2162 2332 2870 2407 
% Suppression 2.2 6.2 -26.4 10.6 7.9 15.2 24.2 -2.2 -3.9 -25.1 10.7 -12.0 5.7 -31.1 -1.3 

Day 5 FP 200 µg 

AUC (%·h) 2459 1488 2954 1920 1940 2667 2116 2394 2367 2631 2447 2209 2403 3265 2375 
% Suppression -3.2 28.5 -46.1 14.9 -1 2.6 10.9 32.5 -10.6 -11.8 -1.4 8.8 -20.8 4.4 -42.3 -3.5 

Day l FP 500 µg 

AUC (%·h) 2735 2599 1509 1864 1237 2351 2474 2078 2162 2326 2964 1968 2014 1694 2141 
% Suppression -5.3 -29.1 32.0 20.9 36.2 22.5 16.2 12.2 5.0 10.6 -12.3 -2.0 18.5 22.6 10.6 

Day 5 FP 500 µg 

AUC (%·h) 2727 2475 1892 1956 1189 2357 2418 1889 2244 2307 2986 1769 2214 1602 2144 
% Suppression -14.5 -18.9 6.3 13.3 30.9 21 .2 22.9 12.6 -6.0 11.0 -11.2 3.2 11 .9 30.1 8.1 

SD 

343 

409 

391 
16.7 

444 
23.1 

478 
17.9 

466 
16.0 

...... 
0 
u.) 



Table 24 Individual effects of FP on granulocyte counts (absolute cell numbers expressed as% of baseline) calculated as percent 
increase in 24 hour AUC from placebo (n=l4). 

Subject 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SD 

Day 1 Placebo 3617 2129 3018 3028 1730 2914 3115 2124 2731 2588 2217 2070 2291 2795 2598 522 
AUC (%·h) 
Day 5 Placebo 3521 2104 5429 2945 1535 2919 2312 1690 2507 1995 1736 1970 2498 2930 2578 500 
AUC (%·h) 

Day 1 FP 200 µg 
2711 2909 3663 2466 3038 2681 2479 2103 2029 2852 2218 2688 2874 3203 2708 441 

AUC (o/o·h) -0 

% Suppression 25.1 -36.6 -21.4 18.6 -75.6 8.0 20.4 1.0 25.7 -10.2 -0.1 -29.8 -25.5 -14.6 -8.2 28.5 ~ 

Day 5 FP 200 µg 

AUC (%·h) 2724 2922 3070 2090 2510 3063 2473 1752 2304 2026 2146 2866 2684 2488 2508.3 407.1 
% Suppression 22.6 -38.9 43.4 29.0 -63.6 -4.9 -7 .0 -3 .6 8.1 -1 .6 -23.6 -45.5 -7.4 15.1 -5.6 29.6 

Day 1 FP 500 µg 

AUC (%·h) 2194 1793 4237 2730 1984 2427 2320 2548 2201 2287 3037 2312 2584 2692 2525 586 
% Suppression 39.4 15.8 -40.4 9.8 -14.7 16.7 25.5 -20.0 19.4 11.7 -37.0 -11 . 7 -12.8 3.7 0.4 23.6 

Day 5 FP 500 µg 

AUC (o/o·h) 2774 1961 2890 2930 1935 2896 2681 2796 2434 2204 2998 2413 2815 2767 2606.8 356.9 
% Suppression 21 .2 6.8 46.8 0.5 -26.1 0.8 -15.9 -65.4 2.9 -10.5 -72.7 -22.5 -12.7 5.6 -10.1 31.1 
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Figure 28 Plasma cortisol levels after 200 and 500 µg of fluticasone propionate and 
placebo. Data for day 1, day 5 and the 5-day period are shown. 
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Figure 29 Effects on lymphocytes after administration of200 and 500 µg of FP. Data for 
day 1, day 5 and the 5 day period are shown. 
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day 1, day 5 and the 5-day period are shown. 



CHAPTER6 
PHARMACOKINETIC/PHARMACODYNAMIC MODELING OF FLUTICASONE 

PROPIONATE AFTER SINGLE AND MULTIPLE DOSES 

Introduction 

Although it is relatively uncommon to see frequent side effects as observed with 

oral corticosteroids, the potential for dose related systemic effects continues to exist with 

modern inhaled steroids such as FP as well [1]. This is mainly because, after inhalation, 

the pulmonary deposited fraction of the dose that interacts with the intracellular 

glucocorticoid receptors in the lung also gets absorbed into the systemic circulation to 

exert unwanted effects through the systemic glucocorticoid receptors [176]. Hence it is of 

interest to use scientific techniques such as pharmacokinetic / pharmacodynamic 

modeling to facilitate the characterization and prediction of the time-course of drug 

effect/side effect intensities in order to optimize the benefit-to-risk ratio of the therapy. 

Although several clinical studies have investigated the anti-asthmatic and 

systemic activity of inhaled FP, only a few have described its combined systemic PK and 

PD properties using sensitive markers such as 24 h serum cortisol suppression and 

lymphocytopenia. The systemic effects of single doses of FP using an integrated PK/PD 

modeling approach was recently presented [ 106, 130]. Since inhaled corticosteroids are 

administered on a regular rather than intermittent basis, results derived at steady-state 

conditions are more clinically relevant than those obtained from single dose studies. The 

aim of this study was to model the steady state PK/PD profile of FP after inhalation of 

clinically relevant doses in healthy subjects over five days. Furthermore, the predictive 

108 
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power of the model was assessed by simulating cortisol suppression for various clinically 

relevant situations during FP therapy in comparison with published results from actual 

clinical trials. 

The steady state PK/PD evaluation was of particular interest in the light of recent 

findings that FP can suppress the endogenous cortisol levels by more than 80%, when 

high but clinically prescribed doses are repeatedly inhaled [50, 51 , 103, 177, 178]. Hence 

in addition to the above-mentioned objectives, we sought to explore for possible 

inconsistencies in one or more PK/PD parameters ( e.g., ECso) across the 0-100% effect 

range. This was accomplished by combining data from several earlier studies with the 

present data set and retrospectively evaluating the concentration-effect relationships 

using a nonlinear, mixed-effects modeling approach. The pooled analysis also included 

pharmacodynamic data from Grahnen et al. [177] , where almost complete suppression of 

plasma cortisol levels had been observed during a 7-day, 1000 µg BID regimen of FP. 

Materials and Methods 

Pharmacokinetic-pharmacodynamic data were collected from a total of four 

healthy volunteer studies. For study I, which was the main focus of the present 

investigation, PK/PD analysis was performed for averaged and individual, single dose 

and steady state data. The resulting parameter estimates were then used to simulate 

cumulative cortisol suppression for various dosing conditions of FP in order to assess the 

predictive power of the model. The simulated effects were compared against data from 

actual clinical trials reported in the literature. The population (NONMEM) analysis was 

performed after pooling all four studies. Consent forms and protocols were approved by 

the respective local ethics committees and written-informed consent was obtained from 
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all subjects before entry into the study. The results from model independent PK/PD 

analyses are reported elsewhere [106, 168, 177]. 

Clinical Studies 

Study I was part of a double blind, double dummy, placebo-controlled, five-way 

crossover evaluation of single and multiple inhalations of 200 and 500 µg doses of 

fluticasone propionate (delivered via the Diskus® dry powder inhaler, Glaxo Wellcome, 

UK) and 400 and 1000 µg doses of budesonide ( delivered via the Pulmicort 

Turbohaler®, Astrazeneca, Sweden), another commonly used inhaled corticosteroid. 

Details of study design, investigational procedures, subject, and bioanalytical 

methodologies are provided elsewhere [168]. Briefly, 14 healthy volunteers (mean age: 

26.4 years, height: 179.2 cm and Weight: 72.7 kg) were randomized to receive a single 

dose of the test substance (FP or budesonide or placebo) at 8 a.m. on day 1 to allow for a 

complete PK/PD evaluation over 24 hours, followed by BID doses at 8 a.m. and 8 p.m. 

on days 2-5. After the single dose and during the last two doses (8th and 9th) on day 5, 

blood samples for drug and cortisol analysis were collected at frequent intervals: 0, 0.17, 

0.33 , 0.5 , 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 12.5,14, 16, 18, 20, 22, 24, 36, 48, 60, 72, 84, 96.17, 

96.33, 96.5, 97, 97.5, 98, 99, 100, 102, 104, 106, 108, 108.5, 110, 112, 113, 114, 116, 

118, 120 h after the first dose. Serum levels of FP were analyzed by a liquid 

chromatography I tandem mass spectrometry method with a lower limit of quantification 

of 10 pg·mr1 
[ 165]. Serum cortisol levels were determined by a commercially available, 

specific RIA method (Coat-A-Count, Diagnostic Products Corporation, Bad Nauheim, 

Germany) with a lower limit of quantification of 2 ng·mr1
• Differential counting of blood 
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cells was carried out using a Coulter counter and blood smear to determine the number of 

lymphocytes and granulocytes. 

Study II was an open label, partly-crossover design involving a single dose of 

500, 1000 or 3000 µg FP (Flixotide 250, metered-dose inhaler, GlaxoWellcome, UK). 

Details of study design, investigational procedures, subject, and bioanalytical 

methodologies are provided elsewhere [106]. A total of 15 healthy subjects (mean age: 

25.2 years, height: 184 cm and weight: 76.3 kg) were involved in this study with each 

treatment given to 6 out of 15 subjects. The volunteers received a dose of 500 µg, 1000 

µg or 3000 µg , administered as two puffs (2 x 250 µg) , four puffs ( 4 x 250 µg) or twelve 

puffs (12 x 250 µg). Blood samples for drug and cortisol analysis were collected at O (8 

a.m.), 0.17, 0.33, 0.5, 0.67, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10 and 12 h after the dose. Serum 

levels of FP were analyzed by a liquid chromatography / tandem mass spectrometry 

method with a lower limit of quantification of 25 pg·mr1
• Serum cortisol levels were 

determined by a commercially available, specific RIA method (Coat-A-Count, 

Diagnostic Products Corporation, Bad Nauheim, Germany). The lower limit of 

quantification was 2 ng·mr1
. 

Study III was an open label, crossover design involving a single dose of 500, 1000 

or 2000 µg FP (Flixotide 250, metered-dose inhaler, Glaxo Wellcome, UK). Details of 

study design, investigational procedures, subject, and bioanalytical methodologies are 

provided elsewhere [130]. A total of 12 healthy subjects (age range: 22-46 years and 

weight within 20% of ideal body weight) participated in the study. The volunteers were 

randomized to receive a dose of 500 µg, 1000 µg or 2000 µg, administered as two puffs 

(2 x 250 µg) , four puffs ( 4 x 250 µg) or twelve puffs (8 x 250 µg). Blood samples were 



112 

collected for evaluation of 24-h baseline cortisol levels on the day before administration 

of each dose. For drug and cortisol analysis, blood samples were collected at O (8 a.m.), 

0.17, 0.33, 0.5, 0.67, 1, 1.5, 2, 2.5 , 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h after the 

dose. Serum levels of FP were analyzed by radioimmunoassay using solid phase 

extraction with a lower limit of quantification of 100 pg·mr1 [154]. Serum cortisol levels 

were determined by a commercially available, specific RIA method (Coat-A-Count, 

Diagnostic Products Corporation, Los Angeles, CA). The lower limit of quantification 

was 2 ng·mr1
. 

Study IV was part of an open, parallel-group (four groups) design with cross-over 

of two treatments within each group. FP (Flutide Diskhaler®, Glaxo Wellcome, UK) and 

budesonide (Pulmicort Turbuhaler®, Astrazeneca, Sweden) were given BID at four dose 

levels, for 7 days. Details of study design, investigational procedures, subject, and 

bioanalytical methodologies are provided elsewhere [177]. For the present evaluation, 

only data from the highest dose level of FP (1000 µg) was used since the goal was to 

explore for pharmacodynamic alterations, if any, that may have influenced the almost 

complete suppression of cortisol levels. 20 healthy volunteers (mean age: 23 years, 

height: 179 cm and Weight: 79 kg) were randomized to receive 1000 µg (2 x 500) BID 

doses at 8 a.m. and 8 p.m. over 7 days. During the last two doses (13th and 14th) on day 

7, blood samples for cortisol analysis were collected at frequent intervals over 24 hours. 

Serum cortisol levels were determined by a commercially available, specific 

radioimmunoassay method (Orion Diagnostica Cortisol { 125I}) with a lower limit of 

quantification of 3.6 ng·mr1
. The NONMEM approach was particularly useful in 

handling this study since no kinetic data were available. 



113 

Pharmacokinetic/pharmacodynamic analysis 

PK/PD analysis of naYve averaged as well as individual PKJPD data (14 subjects) 

from study I were carried out using the nonlinear regression computer program 

Scientist® (Micromath, Salt Lake City, UT). A total of 56 FP-cortisol profiles (14 each 

for 200 µg single dose, 500 µg single dose, 200 µg steady state BID and 500 µg steady 

state BID) were individually fitted and summarized using standard statistical methods 

(two-stage approach). 

Plasma concentrations of endogenous cortisol follow a circadian rhythm, which 

can be described by a previously reported linear release model for cortisol release, RC 

(concentration/time) [75, 131, 132]. For the time between the maximum cortisol release 

(tmax) and the minimum cortisol release (tmin), Re decreases in a linear fashion from the 

maximum release rate, Rmax (amount/time) at time tmax to approximately O at time tmin 

· (Equation 39). 

Equation 39 

where Vct is the volume of distribution of cortisol (33.7 L) [138] and tis the time after 

cortisol monitoring has started. For the time between tmin and tmax, Re increases according 

to Equation 40. 

R _ Rmax Rmax · tmin 
C - ·t-------

Vd · (tmax - tmin) Vct · (tmax - tmin) 

Equation 40 

The resulting change in cortisol concentrations (Ccon) as well as the effect of exogenous 

corticosteroids can then be modeled by Equation 41 using an Emax based suppression 
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model, where Ke is the first order elimination rate constant of cortisol, Emax is the 

maximum suppressive effect, EC50 is the concentration of FP that produces 50% 

reduction in cortisol release, and C is the serum concentration of FP. Since the maximum 

possible effect is complete suppression of cortisol release, Emax is fixed at 1. 

dC Cort = R . (1- Emax . C J-K . C 
dt C EC 50 + C e Cort 

Equation 41 

The single dose and steady state serum concentrations of FP were described using 

Equation 42 and Equation 43 , respectively. 

Equation 12, 
- 'ic ·t - 1.. ·t - A ·t 

e ' e 2 
( ) e 3 

C=C1 · _ + C2 · • -C1 +C2 ·---
1 - A ·-: l -A ., l - A ., -e ' -e 2 -e 3 

Equation 43 

where C is the total FP concentration, C1 , C2 and )q, 11.2, 11.3 are hybrid constants. Ihe 

PK/PD analysis was peefaoned sequentially by first describing FP concentrati ID,S.-aRa - - · ---
thµour....a,veraged activ~ ~atniea.t.,.P- ~ gle d,_,ose and steady state) data, 

w._, .• -

Ke~.- ......_er:.__..fitting the average data of i s placebo cortisol profiles ----........ - .-- . --·· - --~ ~ . 

(from 14 subjects on 2 different occasions). Therefore, only Rmax and EC50 were 
. ,,.. ..... .,,...~ .... --- -~- ~~--. .. __._.,,.. __ .. ~----"· _,,.,... ...... .,._..,. .. ..,_,. _________ ____.... 

estirmrtea ioiiith''f ~tive reatm~nt- ai a.:_f.or individual analysis, each subject had a Ke, 

tmax and tmin value determined by uniquely fitting his placebo cortisol profile but these 

were fixed as well when analyzing the individual active treatment data. Rmax and EC50 

were estimated for active treatment data for each individual. The evaluation of goodness 
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of fit was done using coefficient of determination and the model selection criterion 

(MSC) of Scientist®, a modified Akaike information criterion that represents the 

"information content" of a model by relating the coefficient of determination to the 

number of parameters used to obtain the fit [179]. The greater the value of MSC, the 

more appropriate the model. 

The predictive power of the model was evaluated as described below. Clinically, 

the degree of cumulative cortisol suppression (CCS) is determined as the difference in the 

areas under the cortisol concentration-time curves ( calculated using the trapezoidal rule) 

between the placebo and the drug-treated groups over a 24-hour period following single 

or multiple doses. To enable comparisons, the same AUC approach was also used for the 

model-based predictions of baseline and suppressed cortisol concentrations. Thirty CCS 

observations from 10 clinical trials [2] were compared against the model-based 

predictions using an Excel spreadsheet, which is discussed in detail in the next chapter 

[180]. The input variables were the dose, dosing interval, illilialer device and the 

administration times (clock time). FP is commercially available in metered-dose (MDI), 

and Diskhaler® and Diskus® dry powder inhalers (DPI) that differ in their lung deposition 

capacities [91]. For the simulations, these differences were taken into account by 

adjusting the inhaled bioavailability (25%, 12%, and 16% for MDI, Diskus® and 

Diskhaler®, respectively) . 

The pooled analysis was performed using the NONMEM program (version V, 

NONMEM project group, San Francisco, CA) run under MS-DOS. All graphical and 

diagnostic plots were constructed in Excel. Serum concentration-time data from the four 

studies were combined and analyzed using the same stmctural model described above. 
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The following algebraic and differential statements in NONMEM summarize the PK/PD 

model for fitting FP and cortisol concentration-time data (PREDPP subroutine ADV AN 

6). The first-order (FO) method with POSTHOC option was used for estimating the 

bayesian predicted concentrations (IPRED). 

DADT(l)=-KA*A(l) 

DADT(2)=KA * A(l )+K2 l * A(3)-(Kl O+KI2)* A(2) 

DADT(3)=KI2* A(2)-K2I * A(3) 

C=A(2)/S2 

EFF= l-C/(ECS0-1-C) 

DADT(4)=RC*EFF-KE*A(4) 

The pharmacokinetic parameters estimated were the rate constants Ka 

(absorption), K 12 (distribution into the peripheral compartment), K2 1 (redistribution back 

into the central compartment) and K10 (elimination from the central compartment), and 

the apparent volume of distribution not adjusted for bioavailability (V /F), denoted as S2. 

Two typical values were estimated for V /F, one for studies I and IV and one for studies II 

and III, since different inhaler devices with different systemic bioavailabilities had been 

used. 

The pharmacodynamic parameters estimated were Rmax, tmax, tmin, ECso and Ke, as 

described earlier. The inter-individual variability of all of these parameters was modeled 

using exponential error models (Equation 44) except for the times of maximum (tmax) and 

minimum (tmin) cortisol release. 

P. = 8. ·elli 
1, tv 

Equation 44 
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where Pi is the value of the parameter of the individual, 8i, tv is the typical value 

(tv) of this parameter in the population, and ri is a variable accounting for the inter

individual variability (IIV), which is assumed to be normally distributed with mean zero 

and variance o}. Inter-individual variability in tmax and tmin were modeled using additive 

error models as shown in Equation 45. 

pt = 8 t , tv + TJt 

Equation 45 

where P1 is the value of tmax or tmin of the individual, 81, tv is the typical value 

(tv) of tmax or tmin in the population, and Tlt is the variable accounting for the difference 

between Pt and 81, tv with mean zero and variance o/. Residual error in FP and cortisol 

concentrations were estimated separately using proportional error models as shown below 

(Equation 46): 

Eqµation 46 

where Ci*(t) is the expected FP or cortisol concentration for the ith subject for a 

particular time point and Ei(t) is a normal distributed variable with mean zero and 

variance r:/. The data file consisted of 4246 records (dosing, serum sampling of FP and 

serum sampling of cortisol) from 65 volunteers. Since study IV (21 subjects) had only 

pharmacodynamic data, 260 additional records were included in order to obtain the 

simulated FP concentrations during the fitting process. 
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Results and Discussion 

Fits for FP and cortisol concentrations after placebo and active treatment (FP 200 

and 500 µg) based on na'ive averaged data are shown in Figure 31 for day 1 (single dose), 

and in Figure 32 for day 5 (BID doses), respectively. 

Individual pharmacokinetic modeling 

Except for the low dose treatment on day 1, the two-compartment model with first 

order absorption gave excellent fits for the observed FP concentrations for each of the 

subjects over the five day period (r2 > 0.94, MSC > 2.5). In the case of the low dose (200 

µg) treatment on day 1, the assay was not sensitive enough to capture the terminal 

elimination phase and hence a one-compartment model sufficed (r2 > 0.93, MSC > 2). 

However, for both doses, extrapolation of the single dose profile to steady state resulted 

in good predictions only when the two-compartment model was used. This not only 

indicated that the disposition of FP is bi-phasic but also confirmed linear kinetics at 

therapeutic doses. There were no major differences in the results regardless of whether 

average or individual data were used. The derived parameter estimates were consistent 

with noncompartmental results for the present data set and also with other studies [91 , 

103, 168]. 
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Figure 31 Mean (± SD) concentration-time profiles of FP (A and B) and cortisol (C and 
D) after a single dose of 200 (left panel) and 500 (right panel) µg doses. The upper lines 
in C and D are the model predicted placebo cortisol concentrations profiles and the lower 
lines are the drug-induced profiles. Note: because of program requirements given times 
represent actual times after delivery of the dosage form plus 24 hours. Thus, the dose was 
given at t = 24 hours. 
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Figure 32 Mean (± SD) concentration-time profiles of FP (A and B) and cortisol (C and 
D) during steady state twice-daily doses of 200 (left) and 500 (right) µg doses. The upper 
lines in C and D are the model predicted placebo cortisol concentrations profiles and the 
lower lines are the drug-induced profiles. Note: because of program requirements given 
times represent actual times after delivery of the dosage form plus 24 hours. Thus, the 
first dose was given at t = 24 hours. 

Individual pharmacodynamic modeling 

The estimates of Ke, tmax and tmin (see methods for definitions) after fitting the 

averaged placebo cortisol profile were 0.564 h-1
, 21.2 hand 17.2 h, respectively. During 

analysis of the active treatment data, these were fixed along with the PK parameters. The 

resulting EC50 (not corrected for protein binding) estimates were 0.145, 0.211 , 0.215 , and 

0.207 ng·mr1
, for 200 µg on day 1,200 µg BID on day 5, 500 µg on day 1, and 500 µg 

BID on day 5, respectively. Rmax was estimated to be 3230 ± 163 µg·h- 1
. The lower EC5o 
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estimate obtained for the 200 µg dose on day 1 is again likely due to underestimation of 

the serum concentrations of FP at later time points due to the use of a one rather than a 

two-compartment model. 

During individual fits, several unusually high values for EC50 were observed. 

However, considering that the suppressive effects of single and multiple doses of 200 µg 

and in a few cases of single doses of 500 µg were almost negligible compared to the 

placebo effect [168], this was not surprising. It is also known that by suppressing 

endogenous cortisol, FP merely substitutes the actions of cortisol and only the excess of 

the replaced cortisol produces overall blood cell counts that are distinctly different from 

baseline levels. Predictably, negligible effects on blood cells were also observed with the 

present dose levels. This is shown in Figure 33 and Figure 34, where the 24-hour AUC 

estimates of lymphocyte and granulocyte counts, respectively, for the placebo and drug 

treated groups did not differ significantly. As cortisol suppression became prominent with 

multiple doses of 500 µg , reliable estimates of EC50 could be obtained. Overall, the 

PK/PD model provided fair fits for cortisol reduction by FP when analyzed individually 

(r2 0.66-0.93 , MSC of 0.5-2.5). The (mean ± sd) estimates of Rmax, tmax, tmin, and Ke 

across the 14 individuals were 3644 ± 1124 µg·h- i, 20.6 ± 1.1 h, 15.5 ± 3.2 h, and 0.41 ± 

0.05 h-1
, respectively. The (mean ± sd) estimates of EC50 were 0.097 ± 0.099 ng·mr1 

(n=lO) for 200 µg on day 1), 0.169 ± 0.139 ng·mr1 (n=ll) for 500 µg on day 1 (Table 

25), 0.206 ± 0.168 ng·mr1 (n=9) for 200 µg BID on day 5 (Table 26), and 0.191 ± 0.098 

ng·mr1 (n=14) for 500 µg BID on day 5 (Table 27), respectively. 
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Table 24 Individual model parameter estimates from fittin~ FP-cortisol levels after 200 pg on day l 
Subject I 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SD 
Rmax (µg ·h-1) 2 164 3501 4715 4325 5687 3027 2708 6 185 3389 5998 2993 398 1 4056 2685 3958 1288 

Tmax (h) 17.5 21.1 20.3 21.3 21.3 20.4 2 1.9 22.3 20.6 21.5 19.6 22.5 21.5 21.4 20.9 1.3 
Tmin (h) 17.1 16.1 9.9 18.3 11.4 14.4 15.2 13.4 15.4 12.7 7.9 15.9 15.3 18.4 14.4 3.1 
Vd(L) 33.7 33 .7 33 .7 33.7 33.7 33.7 33.7 33.7 33.7 33 .7 33.7 33 .7 33.7 33 .7 33.7 0.0 

KeW 1
) 0.526 0.439 0.3 16 0.248 0.469 0.453 0.500 0.464 0.460 0.498 0.594 0.439 0.527 0.335 0.448 0.092 

EC50 (ng·mr') 7ef9 0.134 l e /3 0.049 0.042 0.052 0.370 0.034 0.065 0.059 e 8e /3 0.089 0.082 0.097 0.099 ·,. 
A. t (h- 1

) 1.7 2.6 4.2 66.0 1.7 2.6 3.0 3.5 9.7 2.7 10.0 3.8 5.2 4.6 8.7 16.7 
A.2 (h-1

) 0.36 0.15 0.30 0.18 0.20 0.24 0.33 0.14 0. 16 0.22 0.16 0.23 0.25 0.25 - 0.23 0.07 
V/F (L) 4502 4758 3010 6307 4041 4900 39 16 5698 5 185 3044 5869 5597 35 16 4353 4621 1043 
MSC 0.6 1.6 2.0 1.0 1.4 1.0 0.9 2.2 1.7 2.3 I. I 0.9 1.5 0.9 1.4 0.5 
CD 0.56 0.84 0.82 0.84 0.86 0.7 0.68 0.9 0.93 0.92 0.72 0.66 0.8 1 0.66 0.78 0.11 

,_. 
N 

Table 25 Individual model parameter estimates from fittin~ FP-cortisol levels after 500 µg on day l 
\.,.) 

Subject 2 3 4 5 6 7 8 9 10 11 12 13 14 Mean SD 
Rmax (µg·h-1) 2336 3572 6568 2305 2308 2222 2844 4720 2819 4 176 2769 427 1 4554 2339 34 15 1288 

Tmax (h) 19.0 20.6 2 1.7 21.5 19.6 2 1.0 20.1 22.5 20.0 21.5 20.4 20.5 2 1.4 21.5 20.8 0.932 
Tmin (h) 16.3 13 .2 10.3 18.3 2 1.4 13.9 18.6 14.6 16.0 16.2 9.6 JIU 16.4 18.4 15.8 3.263 
Vd(L) 33 .7 33.7 33 .7 33 .7 33.7 33 .7 33 .7 33 .7 33 .7 33 .7 33.7 33 .7 33 .7 33 .7 33.7 0.000 

KeW 1
) 0.56 0.50 

~ 
0.35 0.09 0.48 0.49 0.39 0.40 0.49 0.56 0.53 0.49 0.51 0.43 0.13 

ECso (ng·mr') 0.038 0.404 J. e24 0.506 0.215 0.032 0.074 0.117 0.176 0.170 10.5 0.138 0.122 0.138 0.169 0.139 
c , (ng·mr') 0.064 0.107 0.200 0.112 0.200 0.199 0.135 0.112 0.050 0. 11 4 0.051 0.111 0.200 0.09 1 0.125 0.055 
C2(ng·mr 1

) 0.024 0.008 0.02 1 0.027 0.043 0.022 0.042 0.008 0.035 0.027 0.00 1 0.034 0.021 0.002 0.023 0.0 14 

11.,W') 0.257 0.137 0.339 0.374 0.4 17 0.345 0.55 1 0.141 0.263 0.345 0. 108 0.368 0.489 0.100 0.302 0.141 

11.2W 1
) 0.05 1 0.030 0.052 0.053 0.030 0.030 0.060 0.030 0.069 0.045 0.067 0.070 0.058 0.065 0.051 0.0 15 

11.3 W ') 5.3 6.6 I.I 2.8 I.I 1.3 2.0 7.5 5.6 2.0 10.0 2.8 I. I 10.0 4.2 3.3 
MSC I.I 1.3 0.9 1.6 0.4 1.3 I.I I. I 1.5 1.6 1 1.2 1.4 1.3 1.2 0.3 
CD 0.85 0.91 0.85 0.91 0.66 0.87 0.85 0.84 0.82 0.89 0.9 1 0.86 0.9 0.78 0.85 0.06 



Table 26 Individual model parameter estimates from fitting FP-cortisol levels after 200 µg on day 5 
Subject I 2 3 4 5 6 7 8 9 IO l I 12 13 14 Mean SD 
Rmax (µg ·h-1

) 1860 3143 3537 3000 4329 3848 2502 4224 3186 3745 2272 4222 3922 2328 3294 811 
Tmax (h) 17.8 20.5 21.3 20.1 20.6 18.2 20.2 21.3 21.6 20.0 20.8 20.2 20.9 20.0 20.2 I.I 
Tmin (h) 17.9 16.3 14.8 17.3 12.7 17.3 16.7 12.1 14.6 14.4 12.9 19.0 16.1 19.0 15 .8 2.2 
Vd(L) 33 .7 33.7 33.7 33.7 33.7 33 .7 33.7 33 .7 33 .7 33 .7 33 .7 33 .7 33 .7 33 .7 33.7 0.0 
Ke (h-1) 0.518 0.476 0.431 0.553 0.525 0.468 0.476 0.504 0.439 0.449 0.489 0.516 0.477 0.374 0.478 0.046 
EC5o(ng·mr 1

) 0.515 IO 0.069 IO 0.279 0.022 10 IO 0.049 0.160 0.401 IO 0.116 0.250 0.206 0.168 
c, (ng·mr') 0.031 0.055 0.054 0.047 0.074 0.035 0.049 0.042 0.046 0.077 0.035 0.119 0.085 0.824 0.112 0.206 
C2(ng·mr1) 0.373 0.248 0.297 0.455 0.242 0.199 0.409 0.302 0.269 0.359 0.500 0.694 0.479 0.891 0.408 0.191 
A1(h"') 4e-04 2e-05 0.003 le-04 Ie-04 3e-07 le-02 9e-03 8e-04 6e-04 le-03 le-02 2e-04 2e-02 4e-03 5e-03 
A2{h"1) 0.004 0.000 0.019 0.001 0.000 0.000 0.056 0.050 0.005 0.004 0.008 0.066 0.001 0.036 0.018 0.024 
A3 (h-1) 5.9 2.5 5.931 8.0 1.9 15.6 4.3 4.2 7.4 2.3 11.0 1.4 2.5 2.5 5.4 4.0 
MSC 1.4 1.5 1.5 1.6 1.7 1.4 1.0 1.5 0.9 1.4 1.6 l.3 1.5 I. I 1.4 0.2 
CD 0.79 0.81 0.80 0.82 0.83 0.78 0.66 0.80 0.65 0.79 0.83 0.76 0.81 0.72 0.78 0.06 

....... 
N 
+:,. 

Table 27 Individual model parameter estimates from fitting FP-cortisol levels after 500 µg on day 5 
Subject I 2 3 4 5 6 7 8 9 IO 11 12 13 14 Mean SD 
Rmax (µg ·h-1) 1876 5157 3958 5897 3715 3889 2332 3886 3167 3642 2298 4476 4027 2376 3621 1141 
T max (h) 18.0 20.6 21.0 21.7 19.7 18.5 19.4 21.6 21.2 20.5 20.2 20.0 21.2 20.1 20.3 I.I 
T min (h) 17.4 9.1 IO. I 16.9 24.0 17.2 19.1 12.6 13 .6 14.6 13 .0 19.5 15.1 18.6 15 .8 4.0 
Vd(L) 33.7 33 .7 33 .7 33 .7 33 .7 33 .7 33 .7 33 .7 33.7 33 .7 33.7 33.7 33.7 33 .7 33.7 0.0 
K. (h"') 0.47 0.44 0.42 0.38 0.54 0.46 0.40 0.45 0.49 0.44 0.46 0.43 0.40 0.52 0.45 0.04 
EC50 (ng·mr') 0.366 0.138 0.244 0.155 0.118 0.289 0.164 0.092 0.119 0.230 0.103 0.125 0.142 0. 394 0.191 0.098 
c, (ng·mr') 0.057 0.651 2.422 0.186 0.156 0.142 0.125 0.167 0.146 1.229 28.654 0.112 3.269 0.152 2.676 7.542 
C2(ng·mr') 0.172 0.995 0.922 0.428 0.312 0.324 0.302 0.355 0.410 0.709 0.773 0.259 0.888 0.331 0.513 0.281 

A.1 (h"') 0.0293 0.0543 0.0260 0.0049 0.0008 0.0002 0.0250 0.0003 0.0023 0.0353 0.0210 0.0035 0.0169 0.0013 0.0158 0.0167 

A.2 (h"') 0.0668 0.0510 0.0449 0.0084 0.00 IO 0.0003 0.0510 0.0004 0.0040 0.0463 0.0393 0.0078 0.0267 0.0022 0.0250 0.0240 
A3 (h-1) 16.8 1.2 1.0 3.4 l.3 2.7 4.2 2.5 2.4 0.8 0.8 4.9 1.0 2.3 3.2 4.1 
MSC 1.4 2.5 1.5 2.0 0.9 1.4 1.0 1.9 2.0 1.4 1.4 1.5 1.8 1.0 1.5 0.4 
CD 0.77 0.92 0.81 0.88 0.66 0.77 0.68 0.86 0.88 0.79 0.78 0.79 0.85 0.69 0.80 0.08 
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Predictive power of the PK/PD model 

Figure 35 shows the correlation between the clinically measured and the model

predicted cumulative cortisol suppression (CCS) for single and multiple doses of FP. 

Each observed point on the graph is a mean value from an actual clinical trial for a given 

dosing regimen. Overall, the predicted and measured CCS correlated well, with a 

corresponding Pearson product-moment coefficient of correlation of r=0.90 and a root 

mean squared error (RMSE) of 12.8% CCS (95% CI: 8.5-16.0). The higher levels 

(>60%) of cortisol suppression observed clinically using ultra-high doses (~ 2 mg/day) of 

FP were consistently under-predicted by the model by about 25%. The RMSE resulted to 

be 6% CCS if those predictions were not considered. 

Mixed-effects modeling 

The NONMEM approach adequately described the FP and cortisol concentration

time data. Scatter plots of the model-predicted PK and PD concentrations versus 

weighted residuals were almost randomly distributed around zero (Figure 36). Plots of 

the individual predicted (IPRED) versus observed concentrations (DV) showed excellent 

fits for FP. However, in the case of cortisol a bias toward underestimation of the higher 

cortisol concentrations (observed between 8 am and 10 am) was evident (Figure 37). 

Pharmacostatistical parameters associated with FP and cortisol are listed in Table 28. The 

overall residual variability was about 13% for FP and 31 % for cortisol concentrations. 

The population ECso (not corrected for protein binding) of FP to suppress cortisol was 

estimated to be 0.16 ng·mr 1 with a coefficient of variation of 53%. However, significant 

differences in the ECso estimates were observed when therapeutic versus ultra-high dose 

inhalations of FP were considered separately. 
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Figure 35 Comparison of PK/PD-based predictions for cumulative cortisol suppression 
versus results measured in various clinical studies during single and multiple dosing with 
FP. The ( • ) symbol denotes mean CCS values from independent clinical studies that 
were not used during the fitting process. The ( o) symbol denotes mean CCS values from 
studies whose individual data were used for fitting. 

The mean (± sd) EC50 estimate combining all the subjects in study IV and those 

that inhaled a single dose of 3000 µg in study II, was 0.089 (± 0.039) ng·mr1
• This was 

almost twice as low compared to the rest of the data set, 0.171 (± 0.091 ) ng·mr1
. This 

increase in potency upon inhalation of supra-maximal doses is also consistent with 

several other clinical studies that have reported higher than predictable effects. 

Interestingly, the overall model-based predictions improved significantly (RMSE < 10%) 

across the 70-100% effect range if the lower EC50 estimate was used for simulating CCS 

for those ultra-high dose studies(~ 2 mg/day). 



127 

8 - 0 
0 0 6 0 

le. 0 0 
ns 4 0 ~~cP 0 :J 0 0 

"C 0 
0 ,,, 2 0 

Cl) ocP 0::: 
"C 
Cl) 

~00 - 300 .c 
.5?> 
Cl) 

3: 
-6 -

-8 -
Individual predicted cortisol (ng/m I) 

8 l 

"' 6 1 0 
ftl 4 I B :, 

21 or§ 
"C 

"' 
0 

G) 

a::: 
"C 0 
G) - -2 0 1.5 .r:. 
en 
G) -4 1 3: 

-6 ..; 
i 

-8 J 

Individual predicted FP (ng/m I) 
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(bottom) concentrations. 
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Figure 37 Scatterplot of model-predicted (IPRED) versus observed serum concentrations 
of cortisol (top) and FP (bottom), including the line of unity. 
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Table 28 PK/PD parameter estimates from NONMEM analysis 
Parameter Estimate Inter-individual variability 

% CV) 
PK 

Ka (h-1
) 0.175 29 

K 10 (h-1) 2.80 25 

K12 (h-1) 3.82 52 

K21 (h-1) 0.081 43 

V/F (L) 88 and 191 * 37 

Residual (%CV) 13% 

PD 

T max (h) 21.1 10 

Tmin (h) 15.4 9 

Rmax (h) 2130 46 

Ke (h-1) 0.38 46 

ECso (ng/ml) 0.158 53 

Residual (% CV) 31 % 

* V IF had a typical (population) value of 88 L for studies II and III, and 191 L 
for studies I and IV. See methods for further details. 

The primary objective of the present investigation was to fully characterize the 

multiple dose PK/PD profile of inhaled FP, especially since the approach had earlier 

shown promising predictive capabilities of the single dose effects of FP [140] . The 

development of a sensitive analytical method [ 165] for FP meant that clinical rather than 

high experimental doses could be used for the evaluations. A two-compartment body 

model with first order absorption adequately described the pharmacokinetic profile of 

inhaled FP. When the resulting FP concentrations were incorporated into the PK/PD 
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model, good descriptions of cortisol suppression were obtained after both single and 

multiple doses (Figure 31 and Figure 32). 

The validity of the modeling approach to predict CCS for different dosing 

regimens of FP was confirmed by comparison with results for %CCS measured in actual 

clinical studies. Predicted and measured % CCS correlated very well, considering that 

more than two-thirds of the data used for the predictions were from independent clinical 

studies (i.e., external validation). It is encouraging to note that despite major differences 

between different studies, design characteristics, subject, inhalation technique etc., the 

model was able to provide valid predictions of CCS for clinically relevant doses of FP. 

Only at higher levels of cortisol suppression reported after ultra-high dose inhalation did 

a trend for under-predicting the CCS surface. From a pharmacokinetic point of view, this 

result was rather surprising since the model did account for the 1.5-1. 7 fold accumulated 

steady state concentrations of FP, a factor that so far had been the line of thought for the 

cumulative effects seen after multiple dosing of FP [l 03]. 

In this regard the NONMEM approach provided a valuable insight in that it 

allowed the pooling of data from several studies consisting of a relatively homogenous 

group of individuals and facilitated the modeling of cortisol suppression by FP across the 

0-100% effect range. The results indicated a significant difference in the EC50 estimate 

between therapeutic versus ultra-high dose (~ 2 mg/day) inhalations of FP. The average 

EC50 estimate of FP when therapeutic doses were inhaled was twice as much compared to 

when high doses were inhaled (0.171 versus 0.089 ng·mr1). Interestingly, if this potency 

difference was taken into account for the model-based predictions of other clinical 

results, significant reductions in the RMSE could be achieved. It must be mentioned that 



131 

the present observation is based mainly on data from study IV where no information on 

FP concentrations was available during the fitting process. This was the reason for not 

pursuing a statistical evaluation (i .e., testing dose as a covariate on EC5o to observe for 

significant reductions in the NONMEM objective function) of the finding. Nevertheless, 

the NONMEM-simulated concentrations (IPRED) of FP for the 20 subjects in study IV 

were in good agreement with published kinetic data (mean AUC: 3.10 versus 2.73 

ng·h·mr1
, simulated versus reported, respectively) for the same regimen (1000 µg BID 

over 7 days) using the same inhaler device [ 103]. This is consistent with our hypothesis 

that the change might be related to pharmacodynamic rather than pharmacokinetic 

factors. However, the degree to which such a change would affect cortisol production 

warrants further investigation. This finding also raises several questions regarding the 

overall mechanism of HP A axis suppression that might be clinically relevant. 

Is there a threshold concentration of the exogenous corticosteroid beyond which the 

production of cortisol is shut down completely? 

Will there be a difference in the effects between two corticosteroids that differ in their 

pharmacokinetics but not in potency? 

In other words, if an equipotent dose of another corticosteroid is given, will it result in the 

same kind of sensitization? 

The presented approach has been validated only for the assessment of CCS after 

single doses and during short-term multiple dosing of FP up to 7 days. During long-term 

treatment it may be possible that PD parameters related to the response of the endogenous 

cortisol pattern towards exogenous corticosteroids might change, at least partially related 

to the observed down-regulation of the corticosteroid receptor during prolonged therapy 
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[ 181 , 182]. Therefore, the results of the performed simulations cannot be extrapolated to 

long-term multiple dosing without further confirmation by comparison with clinical 

studies for prolonged therapy. Furthermore, extrapolations of these predicted effects to 

asthmatics must be done with great care since the systemic bioavailability of FP is 

significantly lower in asthmatics than in the healthy [ 112]. 

This is the first report describing the multiple dose systemic PK/PD profile of 

inhaled FP from a modeling perspective. The presented approach offers a clinically 

valuable tool to predict cumulative cortisol suppression during inhaled FP therapy for 

single- and short-term multiple dosing situations. The development of a mixed-effects 

model is a first step towards the application of this model under clinical settings, 

provided additional efficacy data are available. Future work is needed to identify the 

sources and correlates of variability of the parameters in the model in order to further 

improve the predictions. 



CHAPTER 7 
A COMPUTER ALGORITHM FOR THE ASSESSMENT OF CUMULATIVE 

CORTISOL SUPPRESSION DURING INHALED CORTICOSTEROID THERAPY 

Introduction 

It is now well established that testing methodologies such as the integrated 

cortisol levels ( cortisol AUC) by multiple blood sampling at frequent intervals and the 

ACTH stimulation test are sensitive and early indicators of adrenal suppression by 

inhaled steroids [2, 3]. Under clinical settings, the degree of cumulative cortisol 

suppression (CCS) is usually reported as the difference in the areas under the curve 

( calculated using the trapezoidal rule) between the placebo and the drug treated groups 

over a 24 hour time period either after a single or during multiple doses of the inhaled 

steroid. This approach is a descriptive method only and its ability to provide predictive 

clinical outcomes is fairly limited by the complexities of the number of factors involved. 

In other words, a large number of clinical studies would have to be conducted in order to 

account for differences in dose, inhaler device, patient population, duration, frequency, 

timing, route of administration, and the relative potency of the administered 

corticosteroid. The present study has shown that the Emax-based, linear cortisol release, 

PK/PD model is able to provide valid descriptions and predictions of cortisol suppression 

beyond the existing data set following inhaled administration of multiple doses of FP. 

The objective of this study was to extend the PK/PD approach by designing a computer 

algorithm to facilitate predictions and comparisons of CCS involving various clinically 

relevant situations in inhaled corticosteroid therapy. 

133 
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Materials and Methods 

Model 

The integrated PK/PD modeling approach is described in detail elsewhere [136]. 

Briefly, the circadian rhythm in endogenous cortisol plasma concentrations, which is 

generated by a complex pulsatile release pattern, is described by a linear release rate 

model [128]. The change in cortisol plasma concentrations (Ccort) at baseline situation is 

then described by Equation 47, where Re is the release rate (concentration I time) and Ke 

is the first order elimination rate constant for cortisol. 

dCcort -R -k ·C 
dt - C e Cort 

Equation 47 

Based on Equation 4 7, an indirect response model is then deducted to characterize the 

suppression of endogenous cortisol concentrations during exogenous corticosteroid 

therapy, thereby relating the corticosteroid concentrations to the effect on cortisol release 

according to Equation 48. 

dCcon = R . (i -Emax · C ) - k . C 
dt C ECso +C e Con 

Equation 48 

Emax is the maximum suppressive effect, ECso is the corticosteroid plasma concentration 

that produces half of maximum suppression, and C is the plasma concentration of the 

exogenous corticosteroid whose pharmacokinetic profile is described using either a one 

or a two compartment body model with first order absorption. Since the maximum 

possible effect is complete suppression of cortisol release, Emax is fixed at 1. 
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Cumulative cortisol suppression is calculated as the % difference in the areas 

under the curve between the placebo and drug induced cortisol concentrations over 24 

hours (Equation 49). 

AUCSupp,24 AUCBase,24 -AUCTherapy,24 
%CCS= =~~~~~~~~~~ 

AUCBase,24 AUCBase,24 

Equation 49 

where AUCSupp,24 1s the difference between the area under the cortisol plasma 

concentration-time curves at baseline (AUCBase,24
) and during therapy (AUCTherapy,24), all 

quantified over 24 hours. Figure 38 is a graphical representation of CCS. 
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Figure 38 CCS is calculated as the area (shaded) between the plasma concentration-time 
profiles of endogenous cortisol at baseline (-----) and after exogenous corticosteroid 
administration (-) which corresponds to the amount of suppressed cortisol within 24 
hours. The arrows indicate the times of dosing of the drug. 

Parameters 

Microsoft Excel® software (Office 97, SR-2) was used to develop the algorithm. 

Four of the commonly used inhaled steroids were chosen for the purposes of simulation, 
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fluticasone propionate (FP), budesonide (BUD), flunisolide (FLU) and triamcinolone 

acetonide (T AA). The average drug-specific PK and PD parameters for FP were obtained 

from the present study and for the other drugs from previously published single and 

multiple-dose studies. For cases where multiple-dose data were not available the single

dose data were extrapolated under the assumption of linear pharmacokinetics. Data on the 

systemic bioavailability of commercially available formulations of the four steroids (e.g 

dry powder inhalers, metered dose inhalers etc.) were also obtained from the literature. 

FP is available in metered-dose inhaler (MDI), and Diskhaler~ and Diskus® dry powder 

devices (DPI). These devices differ significantly in their lung deposition capacities. It has 

been reported that the bioavailability of FP is highest (26.4%) with the MDI, whereas the 

Diskhaler® and Diskus® are comparable at 11.9 and 16.6 % respectively [107]. Similarly, 

BUD is available in MDI and Turbohaler® dry powder device (DPI) with bioavailabilities 

of 26% and 38% respectively [89]. T AA and FLU are available in MDI with 22% and 

39% bioavailabilities respectively [83 , 90]. For the purposes of simulation, the 

pharmacokinetic parameters were extrapolated for the respective devices and doses under 

the assumption of linear pharmacokinetics [113]. Mean baseline parameters for the 

cortisol linear release model were obtained from a previous publication that monitored 

cortisol plasma concentrations prior to exogenous corticosteroid therapy [126] . Rmax was 

reported to be 2966 µg/hr, tmax 20.7 hr, tmin 16.2 hr, and ke 0.64 hr-1
. The volume of 

distribution of cortisol (V ct) of 33.7 L was obtained from a pharmacokinetic investigation 

of exogenously administered cortisol [ 134] . 
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Results and Discussion 

Two spreadsheets (2 separate Excel® files) were designed to quantify CCS, one 

for single dose and another for steady state multiple doses (see Appendix I for the 

algorithm). Five input parameters were used for quantifying %CCS : name of the drug, 

dose, dosing interval (for multiple dosing), time(s) of dosing and the type of inhaler 

device. Figure 39 shows the format of the Excel® spreadsheet. 

Simulation 

A total of71 CCS observations (average values) from 15 reports of actual clinical 

trials were selected to evaluate the predictive power of the PK/PD model. The inclusion 

criterion was based mainly on the method employed (either cortisol AUCo-20 or AUCo-24) 

for assessing cortisol suppression. Total corticosteroid plasma concentrations were 

described with a one-compartment body model with first order absorption for T AA 

(Equation 50) and a two-compartment body model with first order absorption for BUD, 

FLU and FP (Equation 51). 

C C { - A ·t - A ·t) = I . \e ' -e i 

Equation 50 

Equation 51 

where C is the total corticosteroid concentration in plasma, C1 , C2 and A1, A2, A3 are 

hybrid constants. The parameters used for simulating the PK/PD profiles for FLU, TAA, 

BUD and FP are listed in. 
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Figure 39 Screen capture of the Excel spreadsheet to calculate the cumulative cortisol 
suppression of inhaled steroids. For detailed explanation, see appendix II. 

Instructions on using the spreadsheet are given in Appendix B. Two cases (A and 

B) with identical algorithms were set up adjacent to each other on the spreadsheet to 

facilitate comparisons between different combinations of the input parameters. The 

outcome variables were %CCS, the terminal half-life of the drug and the overall systemic 

availability. 



Table 29 Pharmacokinetic and pharmacodynamic parameters used for the simulation of cumulative cortisol suppression. 

Drug Device Dose C1 C2 /q A2 /1.3 ECso,tot fu Finh Ref 

(mg) (ng/ml) (ng/ml) (If') (If') W'l (ng/ml) (%) (%) 

Flunisolide MDI 3 .20 1.80 14.0 1.10 0.40 0.33 20 39c [102] 

Triamcinolone acetonide MDI 1.80 1.2 0.25 0.72 29 22d [83] 

Budesonide TBH 0.50 1.28 17.8 2 .03 0 .30 0.44a 12 38 [89) 

Fluticasone propionate DH 0.5 0 . 13 0 .02 4.2 0 .30 0 .05 0 . 13b 10 12e [180] 

a-[181], b-(87). c-(90], d-[83J, e-(86] 
MDI-Metered dose inhaler, TBH-Turbohaler, DH-Diskhalcr, C1, C,, A1, A2 and A3 are hybrid constants, EC50.,0.- Concentration of drug that produces 50% of maximum suppress ion, ....... 

.f,,- unbound fraction of the drug in plasma, l';nh· Systemic bioavailability after inhalation, Ref-reference. w 
\0 
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For single dose situations, cortisol AUC was calculated from the time of the dose 

until 24 hours later. For multiple dosing situations, the cortisol AUC was calculated 

during a 24-hour period when one or more steady state doses of the drug were 

administered. The spreadsheet-based simulations of cortisol concentrations and AUC 

estimates based on the linear trapezoidal rule were found to be consistent with those 

obtained using a different software, thereby confirming the validity of the algorithm 

(Table 30, Figure 40)(136]. The spreadsheet, however, has the advantage of facilitating 

rapid comparison of CCS between different dosing regimens, time(s) of dosing and 

delivery devices, which otherwise is extremely time consuming to simulate. 

Table 30 Validation of the Excel algorithm by comparing the spreadsheet-based 
predictions with those from a commercial software program, Scientist® (Micromath, Salt 
Lake City, UT) 
Regimen 

Single dose 

FP 250 µg at 8 am 

FP 250 µg at 8 pm 

FP 1000 µg at 8 am 

FP 1000 µg at 8 pm 

Multiple steadv state 

FP 250 µg at 8 am and 8 pm 

FP 1000 µg at 8 am and 8 pm 

FP 250 µg at 10 am and 10 pm 

FP 1000 µg at 10 am and 10 pm 

Predicted CCS (%) 

Excel 

18 .5 

12.9 

40.3 

34.9 

33.2 

64.8 

33.1 

64.9 

Scientist 

18.6 

12.9 

40.3 

35.1 

33.1 

64.5 

32.9 

64.6 
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Figure 40 Validation of the Excel algorithm for predicting the cortisol concentration time 
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Table 31 and Table 32 list the studies that reported the suppressive effects of 

single and multiple doses of BUD and FLU, and FP and TAA, respectively, along with 

the model-based predictions. Figure 41 shows the correlation between the clinically 

measured and the model-predicted cumulative cortisol suppression (CCS) for single and 

multiple doses of ICS. Irrespective of the corticosteroid, device, dosing regimen or the 

time of administration, the predicted and measured CCS correlated well, with a 

corresponding Pearson product-moment coefficient of correlation of r=0.91 and a root 

mean squared error (RMSE) of about 10% CCS. The higher levels (>60%) of cortisol 

suppression observed clinically using ultra-high doses (~ 2 mg/day) of FP were 

consistently under-predicted by the model by about 25%, which has been discussed in the 

previous chapter. 
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Figure 41 Correlation between clinically measured CCS and model-predicted CCS. Each 
observed point on the graph is a mean value from an actual clinical trial for a given 
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Table 31 Model-predicted versus clinically measured CCS for BUD and FLU 
No. Ref Data Drug N Device Dose Dosing Time of Measured Measured Predicted 

(µg) Reg. Admin. after ccs (%) ccs (%) 

I [182) E BUD 25 TBH 800 SD 10 p.m. first dose 26% 16% 

2 [ 182) E BUD 25 TBH 800 BID IOp.m. LO (>3.5) 34% 24% 

3 [183) E BUD 81 TBH 100 BID 8 a.m. 7th day bid 14% 6% 

4 [183) E BUD 81 TBH 200 BID 8a.m. 7th day bid 19% 11% 

5 [183) E BUD 81 TBH 400 BID 8a.m. 7th day bid 19% 18% 

6 [ 183) E BUD 81 TBH 800 BID 8a.m. 7th day bid 47% 28% 

7 [184) E BUD 25 TBH 800 SD lOp.m. first dose 17% 16% 

8 [50) E BUD 21 MDI 200 BID 10 p.m. 4th day bid 1% 8% 

9 [50) E BUD 21 MDI 400 BID 10 p.m. 4th day bid 3% 14% 

10 [50) E BUD 21 MDI 1000 BID 10 p.m. 4th day bid 27% 26% 

11 [185) E BUD 23 TBH 200 BID 10 p.m. LD (>7) 0% 6% 

12 [185) E BUD 23 TBH 1000 BID 10 p.m. LD (>7) 16% 19% 

13 [51] E BUD 28 MDI 400 BID 10 a.m. 5th day bid 23% 14% 

14 [51] E BUD 28 MDI 800 BID 10 a.m. 5th day bid 41 % 22% 

15 [51] E BUD 28 MDI 1600 BID 10 a.m. 5th day bid 69% 33% 

16 [ 186) E BUD 12 MDI 900 SD lOp.m. first dose 16% 13% 

17 [186) E BUD 12 MDI 900 BID 10 p.m. 6th day bid 18% 24% 

18 [163) BUD 14 TBH 400 SD 8 a.m. first dose 1% 10% 

19 [163) BUD 14 TBH 1000 SD 8 a.m. first dose 19% 18% 

20 [163) BUD 14 TBH 400 BID 8a.m. first dose 19% 18% 

21 [163) BUD 14 TBH 1000 BID 8a.m. first dose 36% 32% 

22 [l 05) E BUD 18 TBH 600 BID 10 a.m. 6th day bid 20% 19% 

23 [102) FLU 18 MDIS 500 SD 8a.m. first dose 20% 20% 

24 [102) FLU 18 MDIS 500 SD 10 p.m. first dose 10% 9% 

25 [102) FLU 18 MDISC 500 SD 8 a.m. first dose 22% 20% 

26 [102) FLU 18 MDISC 500 SD 10 p.m. first dose 12% 9% 

27 [ 102) FLU 18 MDISC 1000 SD 8a.m. first dose 22% 27% 

28 [ 102) FLU 18 MDISC 1000 SD 10 p.m. first dose 14% 14% 

29 [ 102) FLU 18 MDISC 2000 SD 8a.m. first dose 30% 33% 

30 [102) FLU 18 MDISC 2000 SD 10 p.m. first dose 22% 22% 

31 [ 102) FLU 18 MDISC 3000 SD 8a.m. first dose 36% 36% 

32 [l 02) I FLU 18 MDISC 3000 SD !Op.m. first dose 33% 27% 

33 [ 186) E FLU 12 MDI 1000 SD 10 p.m. first dose 7% 14% 

34 [ 186) E FLU 12 MDI 1000 BID 10 p.m. 6th day bid 5% 17% 

Ref- reference; E-external data, I-internal data; BUD-budesonide; FLU-flunisolide, N-number of subjects; 
TBH-Turbohaler; MDI-metered dose inhaler; MDIS-metered dose inhaler with spacer; MDISC-MDI with 
spacer and charcoal; SD-single dose; BID-twice-daily dosing; LD (>3.5)-measured after the last dose on 
the 4th day of dosing 
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Table 32 Model-predicted versus clinically measured CCS for FP and T AA 
No. Ref Data Drug N Device Dose Dosing Time of Measured Measured Predicted 

{~gl Reg. Admin. after ccs {%l ccs {o/ol 
[182] E FP 25 DH 1000 SD 10 p.m. first dose 25% 23% 

2 [182] E FP 25 DH 1000 BID 10 p.m. LD (>3.5) 55% 39% 

3 [ 183] E FP 81 DH 100 BID 8 a.m. 7th day bid 10% 11% 

4 [183] E FP 81 DH 200 BID 8a.m. 7th day bid 17% 19% 

5 [ 183] E FP 81 DH 500 BID 8a.m. 7th day bid 41% 37% 

6 [183] E FP 81 DH 1000 BID 8a.m. 7th day bid 86% 61% 

7 [184] E FP 25 DH 250 SD 10 p.m. first dose 7% 8% 

8 [184] E FP 25 DH 500 SD 10 p.m. first dose 19% 14% 

9 [184] E FP 25 DH 1000 SD lOp.m. first dose 28% 23% 

10 [184] E FP 25 DH 1000 BID 10 p.m. LD (>3.5) 65% 40% 

11 [87] FP 6 MDIS 250 SD 8a.m. first dose 24% 19% 

12 [87] I FP 6 MDIC 500 SD 8a.m. first dose 34% 29% 

13 [87] FP 6 MDIC 1000 SD 8a.m. first dose 51% 40% 

14 [87] FP 6 MDIC 3000 SD 8a.m. first dose 74% 60% 

15 [126] FP 12 MDI 500 SD 8 a.m. first dose 20% 29% 

16 [126] I FP 12 MDI 1000 SD 8 a.m. first dose 40% 40% 

17 [94] E FP 6 MDI 880 BID 8p.m. 4th day bid 80% 69% 

18 [50] E FP 21 MDI 200 BID 10 p.m. 4th day bid 21% 34% 

19 [50] E FP 21 MDI 375 BID 10 p.m. 4th day bid 39% 49% 

20 [50] E FP 21 MDI 1000 BID 10 p.m. 4th day bid 84% 72% 

21 [ 185] E FP 23 DH 1000 BID 10 p.m. LD (>7) 34% 40% 

22 [ 185] E FP 23 DH 200 BID 10 p.m. LD (>7) 0% 12% 

23 [10 l] E FP 12 DH 1000 SD 8 a.m. first dose 47% 32% 

24 [ 101] E FP 12 DH 1000 BID 8 a.m. 7th day bid 95% 61% 

25 [51] E FP 28 MDI 375 BID 10 a.m. 5th day bid 46% 49% 

26 [51] E FP 28 MDI 750 BID 10 a.m. 5th day bid 85% 65% 

27 [51] E FP 28 MDI 1000 BID 10 a.m. 5th day bid 93% 72% 

28 [ 186] E FP 12 MDI 880 SD 10 p.m. first dose 35% 39% 

29 [ I 86] E FP 12 MDI 880 BID 10 p.m. 6th day bid 79% 69% 

30 [ 163] FP 14 DSK 200 SD 8 a.m. first dose 1% 6% 

31 [163] FP 14 DSK 500 SD 8a.m. first dose 14% 12% 

32 [163] I FP 14 DSK 200 BID 8a.m. 5th day bid 12% 19% 

33 [163] I FP 14 DSK 500 BID 8a.m. 5th day bid 27% 37% 

34 [186] E TA 60 MDI 1000 BID 10 p.m. LD (>3.5) 25% 21% 

35 [94] E TA 6 MDI 800 BID 8p.m. 4th day bid 54% 53% 

36 [186] E TA 12 MDI 1000 SD 10 p.m. first dose 19% 18% 

37 [105] E TA 18 HFA 675 BID 10 a.m. 6th day bid 19% 35% 

Ref- reference; E-extemal data, I-internal data; FP-Fluticasone propionate; T AA-Triamcinolone acetonide, 
N-number of subjects; DH-Diskhaler; MDI-metered dose inhaler; MDIC-MDI with charcoal; HF A-Hydro 
fluoro alkane; SD-single dose; BID-twice-daily dosing; LD (>3.5)-measured after the last dose on the 4th 
day of dosing 
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The applicability of the spreadsheet is illustrated using the following example 

where the influence of administration time of the steroid on CCS was assessed. Using 

simulations, it has been previously shown for FP and FLU that dose timing, especially of 

single doses, is a pivotal influential factor that determines the extent of cortisol 

suppression [ 187]. Using the spreadsheet the approach was also extended for T AA and 

BUD for both single dose as well as steady state situations in order to evaluate the diurnal 

variation in CCS. 

Figure 42 shows the simulated relationship between administration time and CCS 

after inhalation of single doses of 500 and 1000 µg of TAA, BUD and FLU and 250 and 

500 µg of FP. A circadian pattern in CCS was observed, with maximum CCS when the 

drugs were administered in the early morning around 3 to 4 a.m. and minimum CCS 

when administered in the afternoon hours between 4 and 7 p.m. This pattern is a result of 

the temporal arrangement of the systemic drug activity in relation to endogenous cortisol 

release. On the one hand, CCS reaches its maximum if the time of maximum cortisol 

release in the early morning falls within the period of high systemic activity. Conversely, 

CCS is minimized if the period of high systemic activity is located around the time of 

minimum cortisol release in the late evening, several hours before the release maximum. 

Because the period of systemic activity is modulated by the corticosteroid' s terminal half

life, it is shorter for corticosteroids with shorter terminal half-lives, such as FLU (1.6 h), 

BUD (3.0 h) and TAA (3.6 h), and longer for long terminal half-life drugs such as FP (10 

h). Hence, in order to minimize systemic activity during the period of increased 

endogenous cortisol release (i.e., in the early morning), the optimum administration time 

was slightly shifted from late afternoon around 7 p.m. for FLU to early afternoon at 4 
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p.m. for FP. Despite exhibiting similar diurnal rhythms, the degree of fluctuation of CCS, 

however, was much less pronounced for FP compared to the other drugs. 

Administration time 
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Figure 42 Relationship between daily administration time and cumulative cortisol 
suppression (CCS%) compared with baseline within 24 hours after inhalation of single 
doses of 500 µg (gray) and 1000 µg (black) of TAA, FLU, BUD and 250 µg (gray) and 
500 µg (black) of FP. 

This is readily observed in Figure 43 , which relates the administration time with 

CCS after administration of equipotent doses of FP, FLU, TAA and BUD, determined by 
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calculating the dose delivered via a MDI, using literature values of overall systemic 

bioavailability, that caused 25% CCS when administered at 8 a.m. CCS caused by a 

single dose of BUD or FLU is minimized 2 fold or more if administered at 8 p.m. instead 

of 8 a.m. whereas the change in CCS after a FP dose at 8 p.m. is relatively insignificant 

(approximately 10 %) compared to the 8 a.m. dose. 

Administration time 
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Figure 43 Relationship between administration time and cumulative cortisol suppression 
(CCS%) after inhalation of single doses of FLU (850 µg, •), BUD (1150 µg , + ), TAA 
(1350 µg , •), and FP (400 µg , x) . The doses were calculated to produce an identical 25% 
CCS when administered at 8 a.m. via commercially available metered dose inhalers. 

Hence, without considering the administration time, one might conclude that the 

HPA suppression between FP and BUD or FP and FLU is either equivalent or in a 2: 1 

ratio (Figure 44). 
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Administration time (single dose) 

Figure 44 Fluctuation in %CCS when single doses of FP (gray), BUD (black) and FLU 
(white) that produce 25% CCS when administered at 8 a.m. , are administered at 8 p.m. 

These observations might have a profound effect on the comparability of clinical 

studies regarding the systemic activity of these steroids. Since multiple and not single 

dosing regimens are used for inhaled steroids, results derived at steady-state conditions 

are more clinically relevant than those obtained from single dose studies. A similar 

approach as for single dosing was used to assess the time dependency of CCS during 

multiple bid dosing at steady-state with the dosing regimen following a circadian 

periodicity, i.e., doses and dosing times identical for each day (e.g., 500 µg given at 8 

a.m. and at 8 p.m.). Simulations were performed for 500 and 1000 µg steady state BID 

doses of BUD, T AA and FLU and 250 and 500 µg doses for FP inhaled at various 

combinations of times (e.g., 8 a.m. and 8 p.m., 9 a.m. and 9 p.m. etc.). The results 

indicate that the systemic activity of inhaled steroids during multiple BID dosing is most 

likely not influenced by the times of administration (Figure 45). 
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Figure 45 Relationship between daily administration times of a BID regimen and 
cumulative cortisol suppression compared with baseline during inhalation of steady-state 
doses of 500 µg (gray) and 1000 µg (black) of TAA, FLU, BUD and 250 µg (gray) and 
500 µg (black) of FP. 

However, during once daily dosing, this may not be the case since the drugs are 

rapidly eliminated and as a result there is negligible carryover effect from one dose to 

another to mask the influence of administration time. A few clinical studies have also 

utilized the 24h cortisol AUC after the last dose of a multiple bid dosing regimen [175, 
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182, 184, 185]. In such cases, depending on the study design, there may be considerable 

differences in cortisol suppression depending on the administration time of the last dose. 

The spreadsheet is very useful in identifying such complexities. 

In addition to simulating CCS for the four inhaled steroids, a generalized 

algorithm was also designed to predict CCS based on PK/PD parameters such as 

clearance, volume of distribution, absorption rate, protein binding, pulmonary deposition, 

oral bioavailability and unbound EC50 (see Appendix II for instructions). Additionally, 

CCS could also be evaluated for orally administered steroids provided the necessary 

PK/PD parameters are available. 

In summary, a simple to handle, interactive, Excel based algorithm has been 

developed to assess the cumulative cortisol suppression during inhaled corticosteroid 

therapy. Although the model may not be able to provide individualized predictions of 

CCS in all cases, it gives a good estimate of the respective population averages that may 

aid in designing meaningful comparative studies or allow for comparative predictions of 

different treatment schedules. Since the therapeutic safety of inhaled corticosteroids is 

predominantly governed by the magnitude of their systemic activity, the method also 

allows assessing the benefit-to-risk ratio of inhaled corticosteroids if additional data on 

efficacy are considered. The algorithm could also serve as an educational tool in 

understanding the complexity involved in predicting the systemic exposure of inhaled 

corticosteroids. Future research efforts should involve the correlation of long term safety 

profiles of these compounds with the 24-hour serum cortisol concentrations to validate 

their use as surrogate markers. By fully understanding the underlying mechanisms it will 

be possible to optimize the safety profile of corticosteroids. 



CHAPTER 8 
CONCLUSIONS 

The management of asthma, in general, is still largely based on trial and error 

rather than on rational approaches. Because the dose-response curve for the clinical 

effects of inhaled corticosteroids is very flat, it is often difficult to resist increasing the 

dose in search of a conclusive evidence of drug effect. Against this background, there has 

been an increased awareness that inhaled corticosteroids (ICS) are indeed associated with 

dose-related systemic adverse effects. Since the relationship between the administered 

dose and the intensity of side effect is more obvious than the anti-asthmatic effect of JCS , 

a substantial amount of work has been directed towards evaluating the "risk" potential of 

these drugs. Unfortunately, much of the available information is of limited predictive 

value since the studies have not used modeling approaches to determine the systemic 

effects. The present study was thus undertaken from a modeling perspective with special 

emphasis on the predictive rather than descriptive capability of the approach. 

Firstly, since PK/PD based predictions are driven by the quality of the underlying 

data, special attention was paid towards establishing a sensitive, specific and reliable 

analytical methodology for fluticasone propionate (FP). With an LC/MS/MS assay that 

could measure serum concentrations down to 10 pg·mr1, the present study could afford to 

use clinical rather than experimental (high) doses in humans to determine the PK/PD 

profile of FP. 

A mean absorption time of around 7-8 h was calculated for FP. Since the oral 

bioavailability of FP is zero, this indicates that FP is retained in the lung for a long period 
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of time, a fact that is consistent with the higher lipophilicity and slower dissolution 

behavior of FP in in-vitro systems [192]. The longer pulmonary residence time, arising 

out of sustained dissolution of FP may cause the lung concentrations to be greater over an 

extended period of time. This might be beneficial for achieving high airway selectivity 

[65]. However, the high lipophilicity of FP results in extensive distribution into the 

tissues and as a result, the concentrations accumulate upon repeated dosing [71]. The 12-

hour steady state serum concentrations of FP were about 1.5-1. 7 fold higher than that 

after a single dose. In summary, FP exhibits prolonged pulmonary residence, which is a 

favorable property, as that would mean long lasting activity in the lung, but accumulates 

in the body, which is an unfavorable property, as it would mean increased systemic 

effects. 

The degree of systemic exposure of FP was determined using surrogate markers 

such as serum cortisol and blood cell counts. Although serum cortisol is yet to be causally 

linked to long-term effects, it is nevertheless considered a sensitive and early indicator of 

the unpleasant effects to come. After inhalation of 200 and 500 µg doses over 5 days, the 

maximum suppressive effect of FP on cortisol was around 27% for the higher dose with 

the effects significantly more during multiple twice-daily dosing than after a single dose. 

Considering that FP is an "equivalent" to cortisol in terms of its functions, it merely 

substitutes the actions of cortisol at these effect levels, thereby leaving with very little to 

cause significant reductions in lymphocyte counts or increases in granulocyte counts. The 

overall effects on blood cells were indeed almost negligible. 

Compartmental modeling of FP concentration-time data indicated a classical case 

of potential mis-assignment of the absorption, distribution and elimination rate constants, 

which could lead to erroneous interpretations regarding the underlying physical process 
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in the absence of intravenous data. Nevertheless, a two compartment body model with 

first order absorption gave excellent fits and when the resulting FP concentrations were 

incorporated into the PK/PD model, good descriptions of cortisol suppression were 

obtained after both single and multiple doses. 

The validity of the modeling approach to predict CCS for different dosing 

regimens of inhaled corticosteroids was confirmed by comparison with results for %CCS 

measured in actual clinical studies. Predicted and measured % CCS correlated very well, 

considering that more than two-thirds of the data used for the predictions were from 

independent clinical studies (i.e. , external validation). It is encouraging to note that 

despite major differences between drugs, different studies, design characteristics, subject, 

inhalation technique etc. , the model was able to provide valid predictions of CCS. Only at 

higher levels of cortisol suppression reported after ultra-high dose inhalation of FP did a 

trend for under-predicting the CCS surface. From a pharmacokinetic point of view, this 

result was rather surprising since the model did account for the 1.5-1. 7 fold accumulated 

steady state concentrations of FP, a factor that so far had been the line of thought for the 

cumulative effects seen after multiple dosing ofFP [103]. 

In this regard the NONMEM approach provided a valuable insight in that it 

allowed the pooling of data from several studies consisting of a relatively homogenous 

group of individuals and facilitated the modeling of cortisol suppression by FP across the 

0-100% effect range. The results indicated a significant difference in the EC50 estimate 

between therapeutic versus ultra-high dose (:?: 2 mg/day) inhalations of FP. The average 

EC50 estimate of FP when therapeutic doses were inhaled was twice as much compared to 

when high doses were inhaled (0.171 versus 0.089 ng·mr1). Interestingly, if this potency 

difference were taken into account for the model-based predictions of other clinical 
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results, significant reductions in the RMSE could be achieved. The ECso estimates shown 

above are based on total concentrations and hence it is theoretically possible that the 

protein binding of FP is nonlinear. This finding needs to be confirmed and validated in a 

prospective fashion. 

The presented approach has been validated only for the assessment of CCS after 

single doses and during short-term multiple dosing of inhaled corticosteroids up to 7 

days. During long-term treatment it may be possible that PD parameters related to the 

response of the endogenous cortisol pattern towards exogenous corticosteroids might 

change, at least partially related to the observed down-regulation of the corticosteroid 

receptor during prolonged therapy [ 181 , 182]. Therefore, the results of the performed 

simulations cannot be extrapolated to long-term multiple dosing without further 

confirmation by comparison with clinical studies for prolonged therapy. Furthermore, 

extrapolations of these predicted effects to asthmatics must be done with great care since 

the systemic bioavailability of FP is significantly lower in asthmatics than in the healthy 

[11 2]. 

In conclusion, a clinically valuable, externally validated, PK/PD-based tool was 

developed, which could potentially reduce developmental costs for new drugs and be 

used to rationally dose inhaled corticosteroids in the presence of additional efficacy data. 



APPENDIX A 
ALGORITHM FOR CUMULATIVE CORTISOL SUPPRESSION 

1. Scale is a parameter used for equally dividing the time interval over 1000 time points. 

It is calculated in the following manner: Let cell number 1 be given the value 1. Cell 

number 2 (next row, same column) is calculated by simply adding 1 to the previous cell. 

i.e. , cell number 1. Similarly cell number 3 gets the value 1 +value in cell number 2 and 

so forth until 1000 points are generated. 

2. Absolute time, (generation of 1000 time points). 

Tabs = Scale /1000 * Number of hours of simulation. 

Let M be the number of 24-hour intervals in the simulation. 

If Tabs ::s; Tmax (time of maximum release of cortisol), then M=O, otherwise 

M=Truncate[(Tabs-Tmax)/24+ 1 ], where "Truncate" truncates a number to an integer by 

removing the fractional part of the number. 

Time, t = Tabs - (M*24) 

3. The model describes the daily cortisol release (Re in concentration/time) at baseline 

situation with two straight lines (Rc1 and Rc2). For the time between the maximum 

cortisol release (tmax) and the minimum cortisol release (tmin), Re decreases in a linear 

fashion from the maximum release rate (Rmax in amount/time) at time tmax to 

approximately Oat time tmin (Rc1)(Equation 52). 

R Rmax Rmax · tmin 
CJ = Cort ( )·t--d-Co_rt_( _____ ) 

Vd · tmax -tmin -24 V · tmax -tmin -24 

Equation 52 
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where Vdcon is the volume of distribution of cortisol (33.7 L) and t is the time after 

cortisol monitoring was initiated (t0=8 a.m.). For the time between tmin and tmax, Re 

increases according to Equation 53 (Rc2). 

Equation 53 

IF Tmin 2:: t, then let Fl=l , otherwise Fl=O. 

Similarly, IF Tmin :'.5:t, then let F2=1, otherwise F2=0 

Release rate before drug administration 

RR= Fl *Rc1 + F2*Rc2 

Release rate after drug administration 

RR!rug= RR* .M * [1- Emax * C / (ECso + C)] 

Where ~tis the time interval between two adjacent times. 

Amount of cortisol eliminated over time, calculated using the trapezoidal rule, 

Et= CL Cort* [Cj + Cj+i]/2 * ~t; (Co= 120 ng/ml) 

Where Cj and Cj+ 1 are concentrations at times j and j+ 1. 

4. Plasma cortisol concentrations before drug administration, 

Cbaseline = [ Cj *V d + (RR * ~t) - Et] / V d ; (Units - ng/ml) 

Plasma cortisol concentrations after drug administration, 

Cdrug = [ Cj *Vd + (RR!rug * ~t)- Ei] / Vd 

5. Calculation of the number of doses. 

(Units - ng/ml) 

Until the time of administration of the dose, the concentration of the drug C=O. 

IF {Tadm + (Dosing interval (-r) * Total number of doses)} :'.5: T 
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THEN N= Total number of doses ELSE 

N = INTEGER {(T - Tadm) I -r + 1} 

Time ( Riime) to be used for calculating drug concentration, 

IF T < Tadm THEN Rtime = 0, ELSE Rtime = {T- Tadm - (N-1)*-r} 

6. Simulating plasma drug concentrations after single doses: 

IF Tadm ~ T, THEN O ELSE 

IF Number of compartments in the model ( excluding depot compartment) = 1 

THEN USE ONE COMPARTMENT BODY MODEL 

C C { -A ·t - 11. ·t) = I ·\e ' -e 2 

ELSE USE TWO COMPARTMENT BODY MODEL 

where C1 and C2 are unbound intercepts (ng/ml) and 11.1 , 11.2, and A3 are hybrid constants 

7. Simulating plasma drug concentrations after multiple steady-state doses: 

IF Tadm ~ T, THEN O ELSE 

IF Number of compartments in the model (excluding depot compartment)= 1 

THEN USE ONE COMPARTMENT BODY MODEL 

( 
1 -n· 2, · T l -n ·Ai · T J 

C _ C - 2 , -r - e -12 -r - e 
- I . e . l - 2

1
-r - e . -1---).-.

2
--r-

- e -e 

ELSE USE TWO COMPARTMENT BODY MODEL 
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where C1 and C2 are unbound intercepts (ng/ml) and 11.1, ;._2, and 11.3 are hybrid constants 

(h-1
) and n is the number of doses. For steady state, n ~ oo. 

8: Determination of PK model parameters for the generalized algorithm from clearance, 

volumes of distribution (V c, V d55 and V darea), absorption rate constant (first order), 

protein binding, oral bioavailability, pulmonary distribution. 

CL 
K10=

Vc 

F = Pulmonary deposition+ (1- pulmonary deposition)* Oral bioavailability 

C _ D•F•fu •Ka •(K 21 -a) 
i - Vc•(a-P)•(a-Ka)' 

C _D•F•fu•Ka•(K21-P) 
z- Vc•(a-P)•(Ka-P) 

where Ka - absorption rate constant (or 11.3), K 12, K21 , K 10 are transfer rate constants, a (or 

11.1) and P (or 11.2) are hybrid constants, CL- clearance after iv administration, Ve- volume 

of central compartment, V ct55- volume of distribution at steady state, V darea- terminal 

volume of distribution, F- overall systemic availability, fu - unbound fraction and D -

Dose. 
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Note: If pulmonary deposition is given a value of zero, then the system can be used for 

orally administered steroids if the PK/PD parameters are available. 

9. Determination of %CCS 

%CCS = AUDC - AUBC • 1 OO 
AUDC 

where, AUBC and AUDC are the areas under the curve of the baseline and the drug 

treated groups either over a 24 hour period immediately following a single dose or over a 

24 hours period following the fifth day of multiple dose treatment. They are calculated 

using the trapezoidal rule. 

t adm +24 t adm +24 

AUDC = f Cdrug · dt and AUBC = f Cbaseline · dt 
tadm tadm 



APPENDIXB 
FEATURES OF THE COMPUTER ALGORITHM 

Two Excel® spreadsheets were developed: one for single dose and another for 

steady state multiple doses (Figure 39). 

Input section 

The input section of the spreadsheet is the one indicated as "Input". Two situations (A 

in blue and B in red) having identical functions are provided in order to enable 

comparisons. 

Drug name: The abbreviations FP for fluticasone propionate, BUD for budesonide, 

T AA for Triamcinolone acetonide and FLU for flunisolide can be entered in the 

corresponding spaces for situations A and B. They are not case sensitive. 

Dose: Dose needs to be entered in micrograms. (e.g. ,1000) 

Time of administration: Time of administration is entered as clock time. ( eg: 8 for 8 

a.m. , 20 for 8 p.m. , 24 for midnight etc.) 

Dosing interval: Applicable only for steady-state multiple doses. They range from 1-

24 hours. ( eg: 12 for drug administered every 12 hours beginning with the time of 

first dose indicated in the time of administration cell) 

Device: FP is commercially available in metered dose inhaler (MDI), Diskhaler® 

(DH) and Diskus® (DSKS) inhalers. Hence for FP, the numbers 1 or 2 or 3 

corresponding to MDI, DH and DSKS can be entered. The software returns a O % · 

CCS if the number 4 is entered as FP is not available in Turbohaler device. Similarly, 

only numbers 1 and 4 are applicable for BUD, as it is not available in DH or DSKS 
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devices. T AA and FLU are available in MDI only. Hence numbers 2 to 4 will return a 

% CCS of zero for TAA and FLU. 

Parameters section 

In the "parameters" section, the parameters corresponding to the respective drugs 

entered in the "Input" section are displayed. This section is only for display and 

cannot be changed. 

Graphics section 

The graphics are directly linked to the situations and therefore refresh automatically 

whenever the parameters are changed. 

Output section 

The "Output" section displays the output for both situations. The output parameters 

are %CCS, the terminal half-life and overall bioavailability. 

The third column in the output section (titled NEW) is based on parameters in the 

"NEW" section. 

NEW section 

The "NEW" section is the generalized algorithm designed to calculate CCS based on 

PK/PD parameters. Parameters such as the dose, clearance etc. can be altered and the 

output can be observed in the third column of the "output" section. In this section, 

CCS can be calculated for an orally administered steroid as well if the PK/PD 

parameters are known. Note: The pulmonary deposition is set to zero in this case. 



APPENDIX C 
NONMEM CODE FOR PK/PD MODEL 

$PROBLEM CCS META ANALYSIS FOR FP 
$INPUT ID TIME AMT DV MDV EVID CMT STDY EDOS INH 
$DATA FP-11-13-00-CCS-4STUDIES.CSV IGNORE=C 
$SUBROUTINES ADVAN6 TRANSl TOL=l 

$MODEL 
COMP=(DEPOT) 
COMP=(CENTRAL) 
CO MP=(PERIPH) 
COMP=(CORTISOL) 

$ABBREVIATED DERIV2=NO 

$PK 
TVKA = THETA( 1) 
TVKlO = THETA(2) 
TVK12 = THETA(3) 
TVK.21 = THETA(4) 

KA = TVKA * EXP(ETA(l)) 
KIO = TVKlO * EXP(ETA(2)) 
K12 = TVKI2 * EXP(ETA(3)) 
K21 = TVK21 * EXP(ETA(4)) 
STD=O 

; INDIVIDUAL'S CLO IN L/HR 
; INDIVIDUAL'S V2 IN L 
; INDIVIDUAL'S Q IN L/H 
; INDIVIDUAL'S V3 IN L 

IF (STDY.EQ.l.OR.STDY.EQ.7) STD=l 
TVV=STD*THETA(5)+(1-STD)*THETA(6) 
S2=TVV*EXP(ETA(5)) 

TMAX=THETA(7)+ETA(6);TIME OF MAX RELEASE 
TMIN=THET A(8)+ETA(7);TIME OF MINIMUM RELEASE 
RMAX=THETA(9)*EXP(ETA(8)); MAXIMUM RELEASE RATE 
VD=33 .7; DIST VOLUME OF CORTISOL 
KE=THETA(I0)*EXP(ETA(9)); CORTISOL ELIMINATION RATE 

TESO=THETA(l l) 
EC50=TE50*EXP(ETA(l 0)) 

IF (RMAX.GT.200000) -EXIT 1 100 
IF (RMAX.L T. l 0) EXIT 1 200 
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IF (TMIN.GT.24) EXIT 1 300 
IF (TMIN.LT.0.1) EXIT 1 400 

S4=VD 
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RC 1 =RMAX/( (TMAX-TMIN-24) )*TIME-RMAX*TMIN/( (TMAX-TMIN-24)) 
RC2=RMAX/((TMAX-TMIN))*TIME-RMAX*TMIN/((TMAX-TMIN)) 
RC3=RMAX/((TMAX-TMIN-24))*(TIME-24)-RMAX*TMIN/((TMAX-TMIN-24)) 
RC4=RMAX/((TMAX-TMIN))*(TIME-24)-RMAX*TMIN/((TMAX-TMIN)) 
RC5=RMAX/((TMAX-TMIN-24))*(TIME-48)-RMAX*TMIN/((TMAX-TMIN-24)) 
RC6=RMAX/((TMAX-TMIN))*(TIME-48)-RMAX*TMIN/((TMAX-TMIN)) 
RC7=RMAX/( (TMAX-TMIN-24) )* (TIME-72)-RMAX*TMIN/( (TMAX-TMIN-24)) 
RC8=RMAX/((TMAX-TMIN))*(TIME-72)-RMAX*TMIN/((TMAX-TMIN)) 
RC9=RMAX/((TMAX-TMIN-24))*(TIME-96)-RMAX*TMIN/((TMAX-TMIN-24)) 
RCIO=RMAX/((TMAX-TMIN))*(TIME-96)-RMAX*TMIN/((TMAX-TMIN)) 
RCl l=RMAX/((TMAX-TMIN-24))*(TIME-120)-RMAX*TMIN/((TMAX-TMIN-24)) 
RC12=RMAX/((TMAX-TMIN))*(TIME-120)-RMAX*TMIN/((TMAX-TMIN)) 
RC 13=RMAX/( (TMAX-TMIN-24) )*(TIME-144 )-RMAX*TMIN/( (IMAX-TMIN-24)) 
RC 14=RMAX/( (TMAX-TMIN) )*(TIME-144 )-RMAX*TMIN/( (TMAX-TMIN)) 
RC 15= RMAX/( (TMAX-TMIN-24) )*(TIME-168)-RMAX*TMIN/( (IMAX-TMIN-24)) 
RC l 6=RMAX/((TMAX-TMIN))*(TIME-l 68)-RMAX*TMIN/((TMAX-TMIN)) 
RC 1 7=RMAX/( (TMAX-TMIN-24) )* (TIME-192)-RMAX*TMIN/( (TMAX-TMIN-24)) 
RC l 8=RMAX/((TMAX-TMIN))*(TIME-l 92)-RMAX*TMIN/((TMAX-TMIN)) 

Ml=O 
IF (TMIN.GT.TIME) Ml =l 
M2=0 
IF (TIME.GT.IMAX) M2=1 
M3=0 
IF (TMIN+24.GT.TIME) M3=1 
M4=0 
IF (TIME.GT.TMAX+24) M4=1 
M5=0 
IF (TMIN+48.GT.TIME) M5=1 
M6=0 
IF (TIME.GT.TMAX+48) M6=1 
M7=0 
IF (TMIN+72.GT.TIME) M7=1 
M8=0 
IF (TIME.GT.TMAX+72) M8=1 
M9=0 
IF (TMIN+96.GT.TIME) M9=1 
MlO=O 
IF (TIME.GT.TMAX+96) MlO=l 
Mll=O 
IF (TMIN+l20.GT.TIME) Ml l=l 



M12=0 
IF (TIME.GT.TMAX+120) M12=1 
M13=0 
IF (TMIN+144.GT.TIME) M13=1 
M14=0 
IF (TIME.GT.TMAX+144) M14=1 
M15=0 
IF (TMIN+l68.GT.TIME) M15=1 
M16=0 
IF (TIME.GT.TMAX+l68) M16=1 
M17=0 
IF (TMIN+192.GT.TIME) M17=1 
M18=0 
IF (TIME.GT.TMAX+l92) M18=1 
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RRl =RCl *Ml +RC2*(1-Ml)*(l-M2)+RC3*M2*M3+RC4*(1-M3)*(1-
M4)+RC5*M4*M5 
RR2=RC6*(1-M5)*(1-M6)+ RC7*M6*M7+ RC8*(1-M7)*(1-M8)+RC9*M8*M9 
RR3=RCI0*(1-M9)*(1-Ml0)+RC11 *Ml O*Ml 1 +RC12*(1-Ml 1)*(1-MI2) 
RR4=RC 13 *Ml 2*Ml 3+RC14*(1-Ml 3)*(1-Ml 4)+RC 15*Ml 4*Ml 5+RC 16*(1-
Ml 5)*(1-Ml 6) 
RR5=RCI 7*M16*Ml 7+RC18*(1-Ml 7)*(1-M18) 
RR=RR1+RR2+RR3+RR4+RR5 

$DES 
DADT( 1 )=-KA* A( 1) 
DADT(2)=KA * A(l)+K.21 * A(3)-(K10+K12)* A(2) 
DADT(3)=K12* A(2)-K21 * A(3) 
CP=A(2)/S2 
EFF=l-CP/(EC50+CP) 
DADT(4)=RR*EFF-KE*A(4) 

$ERROR 
Ql=O 
IF(CMT.EQ.2) Ql=l 
Fl =F*(l +ERR(l))+ERR(2) 
Q2=0 
IF(CMT.EQ.4) Q2=1 
F2=F*(l +ERR(3))+ERR( 4) 
Y= Ql *Fl +Q2*F2 
IPRED=F 

$THETA 
(0.175 FIX) 
(2.8 FIX) 



(3.82 FIX) 
(0.081 FIX) 
(190 FIX) 
(88 FIX) 
(021.124) 
(0 15.4 24) 
(0 2125 20000) 
(0 0.378 5) 
(0 0.16 100) 

$OMEGA 
(0.0814) 
(0.0621) 
(0.2689) 
(0.189) 
(0.177) 
(1.752) 
(1.548) 
(0.3 16) 
(0.201) 
(0.315) 

$SIGMA 
(0.0187)' 
(0.01 ) 
(0 .2) 
(0.5) 
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$ESTIMATION METHOD=O PRINT=5 MAXEV AL=9999 POSTHOC 
;$SIMULATION (65486761) SUBPROBLEMS=! ONLYSIMULATION 
$TABLE ID TIME TMAX RMAX KE TMIN RR MDV CMT STDY EDOS INH TE50 
EC50 KA KlO K12 K21 S2 IPRED NOPRINT ONEHEADER FILE=FP-11-13-00-CCS-
4STUDIES 
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