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Abstract

Rare diseases affect an estimated 600–700 million people across the globe and are
often chronic, progressive, degenerative, and life threatening. In United States, there are
more than 7,000 known rare diseases, of which less than 5% are treatable with
approximately 550 approved orphan drugs. Drug development for rare disease possesses
several layers of challenges. Pharmacometrics represents an attractive tool during orphan
drug development as it provides a way to integrate knowledge about the disease and its
treatment in a quantitative framework. These models can be utilized to optimize clinical
trial designs for evaluation of treatments under development.

X-linked adrenoleukodystrophy (X-ALD) is a peroxisomal disorder, most
commonly affecting boys, associated with increased very long chain fatty acids (C26:0)
in all tissues, causing cerebral demyelination and adrenocortical insufficiency. Certain
monounsaturated long-chain fatty acids including oleic and erucic acids, known as
Lorenzo's oil (LO), lower plasma C26:0 levels. We characterized the effect of LO
administration on plasma C26:0 concentrations and determined whether there is an
association between plasma concentrations of erucic acid or C26:0 and the likelihood of
developing brain MRI abnormalities in asymptomatic boys. Non-linear mixed effects
modelling was performed on 2384 samples that were collected during an open label
single arm trial. The subjects (n = 104) were administered LO daily at ~2–3 mg/ kg with
a mean follow-up of 4.88 ± 2.76 years. The effect of erucic acid exposure on plasma
C26:0 concentrations was characterized by an inhibitory fractional Emax model. A
v

Weibull model was used to characterize the time-to-developing MRI abnormality. The
population estimate for the fractional maximum reduction of C26:0 plasma
concentrations was 0.76 (bootstrap 95% CI 0.73, 0.79). Our time-to-event analyses
showed that every mg/L increase in time-weighted average of erucic acid and C26:0
plasma concentrations was, respectively, associated with a 3.7% reduction and a 753%
increase in the hazard of developing MRI abnormality. However, the results were not
significant (P = 0.5344, 0.1509, respectively).

Congenital adrenal hyperplasia (CAH) is a form of adrenal insufficiency characterized by
impaired cortisol synthesis. Replacement with oral hydrocortisone (HC) does somewhat
correct the resulting over-production of adrenal androgens, but significant medical
problems follow these children into adulthood. To better understand dosing requirements,
population pharmacokinetics of cortisol was characterized in children with CAH.
Children with CAH (n=48; median [range] age and weight were: 7.1 years [1.47-18.2
years] and 29.3 kg [10.8-80.6 kg], respectively) receiving oral HC, had 12 serum samples
obtained over 6 hours starting at 0800 h. Nonlinear mixed-effect modeling assuming a
one-compartment model and allometric scaling was used for data analysis. The model
included information on circadian rhythm from historical data to allow simulation of 24-h
profiles of cortisol. Effects of disease phenotype, formulation type, pubertal stage, and
sex on cortisol disposition were examined. Clearance (CL/F) and volume of distribution
(V/F) were: 21.7x(WT/70)^3/4 L/h and 37.6x(WT/70) L, respectively, and a resulting
half-life of 1.2 h. The bioavailability of the suspension was comparable to tablet
formulation (99.6% relative to the tablet formulation). Our model-based simulations
vi

suggest many children with CAH are exposed to prolonged periods of hypocortisolemia
and hyperandrogenemia over 24 hours with current hydrocortisone dosage regimens.
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Chapter 1 : INTRODUCTION
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Background

The word orphan originally comes from the Greek word orphanos, which refers to
a child who has lost one or both parents 1. This word was introduced in medicine in 1954
to describe orphan viruses “new viruses, provisionally called “orphan viruses” (as we
know so little to what diseases they belong), from patients suspected of having nonparalytic poliomyelitis” 2. Nowadays, orphan drug is the drug that has been developed to
treat rare disease 3.

Interestingly, there is no worldwide consensus on the prevalence threshold for
rare diseases. In USA, orphan disease is defined as the disease that affects fewer than
200,000 people 4. In Europe, it is defined as the disease that affects less than 5 per 10,000
in the community, whereas in Japan and Australia, the numbers are fewer than 50,000
and 2000, respectively 5.
There are nearly 7,000 rare diseases affecting more than 25 million Americans 6.
Approximately 80% of rare diseases are genetic in origin, and about 75% of all rare
diseases affect children 7. Because of the considerable challenges in obtaining regulatory
approval for therapies for rare diseases, development of orphan drugs has been largely
neglected. This led to unmet clinical need and left the affected patients facing the
consequences of their disease, which most of the time are dramatic, with no treatment.
Therefore, the Orphan Drug Act (ODA) was introduced in 1983 and provided incentives
associated with orphan-drug designation to stimulate orphan drug development 8. Since
1983, more than 2200 molecules have been designated as orphan drugs by FDA; about
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400 drugs were approved and 200 rare diseases have become treatable 9. Some of the
challenges in clinical trial design for rare diseases and potential strategies to overcome
them are discussed below.

Challenges in Trial Designs for Rare Diseases

Small Populations of Patients with an Individual Disorder

The small number of individuals with a specific rare disorder limits the
opportunity to recruit a sufficient number of patients; hence there is a great chance that
the clinical trials are at risk of being underpowered. Additionally, replication and
verification of study results might not be an option. Multi-center or even multi-national
collaboration should be considered to enhance recruitment. Careful considerations to
study conduct, precision and consistency of study procedures, and data collection are
crucial to limit the variability in the results to be able to achieve statistically significant
and clinically interpretable results 10.

Limited Understanding of the Natural History and Pathophysiology of Rare
Diseases
Disease natural history (NH) is defined as: “The natural course of a disease from
the time immediately prior to its inception, progressing through its pre-symptomatic
phase and different clinical stages to the point where it has ended and the patient is
either cured, chronically disabled or dead without external intervention” 11. A natural
history study is defined as “A study that follows a group of people over time who have, or
are at risk of developing, a specific medical condition or disease” 12, and is intended to
3

provide important health information that helps in understanding how the medical
condition or disease develops and how to treat it. NH data is important to facilitate
clinical trial design (e.g. appropriate treatment population, length of study, selection of
clinically meaningful endpoints) and to allow interpretation of results from clinical study
10

.

For the majority of rare diseases, however, the NH is poorly or incompletely
understood. Although FDA does not require that NH studies be conducted, but when
there is insufficient knowledge about the disease to guide clinical development, a welldesigned natural history study may help in designing an efficient drug development
program. The elements of data that describe the NH of rare diseases are not fixed because
of the high diversity of rare diseases. In general, selection of data elements to be included
in the NH study should be broad and based on features of specific rare disease including
disease aspects that might be life-limiting or life-altering, potential prognostic factors,
other disease features that might help in identifying a sensitive clinical endpoint. The
frequency of data collection is usually informed by knowledge of specific disease
deterioration rate and presence or absence of disease exacerbation. The type and extent of
data collection in a natural history study could be modified as knowledge accumulates.
The study should include patients across a wide spectrum of disease severity and
phenotypes. This is important in rare disease settings as many rare diseases have
substantial phenotypic variability. Such information can help identifying and better
characterizing disease phenotypes, which can greatly alter the drug development program
13

.
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Limited Information on the Clinically Relevant Endpoint
The term “endpoint” in a clinical trial of a drug, refers to the measurement used to help
determine if the drug is effective. A “surrogate endpoint” is a measure of an effect of a
therapeutic intervention that is known or reasonably likely to indicate the achievement of
a clinical endpoint. Selecting an appropriate endpoint and then measuring it effectively is
often challenging and critically important for any clinical trial to meet its objective. For
rare diseases, many drug development programs are first in disease and no wellcharacterized efficacy endpoint is available. Endpoint selection requires a strong
understanding of the natural history of a disease, clinical characteristics of the target
population, disease pathophysiology and drug pharmacology. Such information is usually
limited in rare disease settings 14.

Strategies to Enhance Clinical Trial Efficiency in Rare Diseases

Drug development under non-orphan designation usually involves thousands of
participants from 10- 40 clinical trials. This is usually not feasible for orphan drugs
because of the sparse number of patients affected with a specific orphan disease.
Observational studies usually are not valid replacement for randomized clinical trials.
For rare diseases, especially when the treatment is first in disease, there is often ethical
concerns about placebo controlled trials especially in rapidly deteriorating diseases.
Additionally, enrollment in a trial with a randomized placebo control design is likely
limited. In combination with small sample size, the large between-subject variability in
clinical course of rare diseases results in low statistical power. Therefore, alternative trial
designs and statistical approaches that aim at addressing these limitations should be
5

considered. Cornu et al. have identified alternative randomized clinical trial designs, in
addition to the gold standard parallel group design, that can be utilized in rare disease
settings for evaluation of a specific treatment 15. Each design has its own characteristics,
advantages, and limitations. In general, these designs can be classified as: cross-over
designs such as cross-over, Latin square, and N-of-1 trials; designs that ensure all
subjects receive the active treatment such as delayed-start design; designs that reduce the
time on placebo such as randomized placebo-phase, stepped wedge, and randomized
withdrawal designs; and designs that reduce heterogeneity in response such as adaptive
randomized designs.

The choice of specific study design should be based on the trial objective(s),
number of patients needed and anticipated, recruitment duration, duration of the trial,
knowledge about the treatment and the intervention, and how the variability is handled.
Summary of these alternative designs, advantages and limitations are presented in Table
1-1 15. It is possible that several trial designs can be identified as a possible design for a
specific research question. In that case, it is important to consider building an integrative
model of the disease-treatment pair and simulate the results from each design before
selecting the best design.

6

Pharmacometrics Strategies in Orphan Drug Development

Pharmacometrics is the science of quantitative pharmacology and includes
analyses of pre-clinical data, clinical trial data, development of exposure-response models
or pharmacokinetics/pharmacodynamics models (PK/PD), development of drug-disease
models, and clinical trial simulations. These analyses can be utilized to provide answers
to some important clinical questions, such as what is the shape of the dose/response
curve, what is the magnitude of treatment effect, what is the minimal effective dose, what
is the best dose for optimizing benefit and/or risk, and how should doses be adjusted in
special populations 16. In rare disease settings, pharmacometrics is a very useful tool to
inform decision-making throughout drug development phases. Several competing trial
designs could be simulated to maximize information gained form a small trial. These
simulations can incorporate the effect of dose choice, patient selection, end points,
duration of treatment, drop-out rates, and placebo effects on the clinical outcome.
Pharmacometric models can also include disease progression models, which can be
utilized to differentiate symptomatic relief from modification of disease progression
treatments 16,17.

Several successful examples of incorporating pharmacometrics in rare disease
drug development are available. Analysis of the dose-response curve for tetrabenzine
(Xenazine, Valeant), with response being the total chorea score, confirmed the
effectiveness of the drug and the drug was approved for Huntington’s disease based on a
single clinical trial 18. In pediatric patients with pulmonary arterial hypertension, the
standard adult endpoint of a 6-minute walk distance is not feasible and pulmonary
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vascular resistance index was identified as a surrogate biomarker for future trials in this
population. This was based on development of a drug-disease-trial model from 13 adult
trials 19. A physiologic-based pharmacokinetic model (PBPK) was used to support
information regarding a drug interaction between intravenous sildenafil (a CYP3A
substrate) with CYP3A inhibitors. Based on the result of the PBPK model, a 3-fold
increase in AUC was predicted when the drug was administered intravenously with
ritonavir (CYP3A inhibitor). This was much lower than the degree of AUC increase (11fold) when the drug was administered orally with ritonavir. The FDA agreed to include
this information on the label, which was based only on the PBPK model and on the drug
interaction data available on midazolam (another CYP3A substrate) 19.

It is very important to recognize that there are several major limitations for
application of pharmacometrics. These include deficiency of clinical trial data, lack of
full understanding of disease mechanism, lack of qualified biomarkers of drug response,
and insufficient data on drug safety which limits the ability to quantify the risk-benefit
ratio of the drug. This can lead to over-reliance on model assumptions and can decrease
its credibility and applicability 16.

In this dissertation, we will show examples of application of pharmacometrics
techniques in two rare diseases; namely X-linked adrenoleukodystrophy and congenital
adrenal hyperplasia. Background information of these diseases is first presented in the
forthcoming sections of this chapter.
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Examples of Rare Diseases

X-Linked Adrenoleukodystrophy (X-ALD)

X-ALD is a metabolic disorder caused by mutations in the ABCD1gene located on
the X-chromosome 20. Mutations in this gene result in mutated ALDP, a peroxisomal
transmembrane protein that transports very long-chain fatty acids (VLCFAs) from the
cytosol into the peroxisome for its catabolism through beta-oxidation 21,22. Beta-oxidation
of VLCFAs occurs exclusively in the peroxisome and therefore, a defect in ALDP results
in accumulation of VLCFAs in the cytosol 22,23. Accumulation of VLCFAs results in
cerebral demyelination, and adrenocortical and testicular insufficiency 24,25. X-ALD is
considered a rare disease with incidence of 1 in 17,000 newborns and all races can be
affected 26. Clinical presentation is heterogeneous and with four major phenotypes. No
phenotypic/genotypic correlations have been identified, even though more than 1000
different mutations have been discovered 27.

Clinical Presentation of X-ALD

Males with X-ALD

X-ALD is a heterogeneous disease with a wide range of phenotypes that differ in
terms of severity and disease progression. The major phenotypes of X-ALD, arranged in
the order of severity, are: cerebral ALD, adrenomyeloneuropathy (AMN), Addison-only,
and pre-symptomatic or asymptomatic. These phenotypes are not static and progression
of X-ALD in a specific individual cannot be predicted (vide infra). Additionally, no
genotype-phenotype correlation is present suggesting that other genetic and/or
9

environmental factors may influence the clinical presentation of X-ALD 28,29. For
example, head trauma may be an environmental factor triggering the onset of cerebral
ALD 30.

Cerebral ALD (Childhood, Adolescent and Adult)

This is the most severe and rapidly progressive phenotype that involves severe
inflammatory demyelination process primarily affecting the cerebral hemispheres 31.
Based on the age at onset of the cerebral involvement, cerebral ALD can be subclassified into three subtypes: childhood; adolescent; and adult cerebral ALD. The
childhood cerebral ALD (CCALD) occurs at 3-8 years and is the most frequent
phenotype 32,33. Initially, the symptoms involve behavioral disturbance and decline of
school performance, which are often misdiagnosed as attention deficit hyperactivity
disorder. However, the symptoms rapidly progress within months into more obvious
neurologic deficit symptoms such as auditory impairment, decreased visual acuity,
cerebellar ataxia and seizures. After the onset of neurologic symptoms, most patients die
within 2- 4 years 33. Adolescence (AdolCALD) and adulthood cerebral ALD (ACALD)
are less frequent compared to the CCALD. The symptoms and progression resemble
CCALD, but the age at onset happens later.

Adrenomyeloneuropathy (AMN)

Essentially all male patients with X-ALD who reach adulthood develop AMN,
usually in the 3rd and 4thdecades. It is a slowly progressive phenotype that involves
neurologic deficits primarily due to myelopathy and, to a lesser extent, neuropathy 34.
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Spinal cord MRI frequently reveals atrophy, while brain MRI is usually without
manifestations of cerebral ALD 35,36.

Approximately 20% of AMN patients may develop additional cerebral
demyelination over a period of 10 years 37. The demyelinating lesions can stabilize
spontaneously after an initial progression; however, once the cerebral demyelinating
lesions have entered the active phase of neuro-inflammation, the prognosis is as poor as
in CCALD. Approximately 70% of AMN patients have adrenocortical insufficiency 38.

Addison-only

Approximately 35% of patients with X-ALD presents with only adrenocortical
insufficiency (Addison’s disease). The disease presentation involves glucocorticoid
insufficiency and mineralocorticoid deficiency 39. These patients are at risk of developing
neurologic involvement.

Pre-symptomatic or Asymptomatic

This involves patients with elevated plasma VLCFA levels without adrenal or
neurologic involvement. These patients are identified by family screening. As age
progresses, the risk for these patients to become symptomatic increases. Therefore, it is
extremely important that these patients are seen by a physician on a regular basis to
ensure early detection of adrenal insufficiency or cerebral ALD. Pre-symptomatic ALD is
common in boys under 3 years of age and very rare in males over 40 years of age.

11

Women with X-ALD

While cerebral involvement and adrenocortical insufficiency are rare (2% and
1%, respectively) in women affected with X-ALD, about 65% develop AMN similar to
males affected with X-ALD by the age of 60 years 40-42. The age at onset of AMN is
usually between the 4th and 5th decade.

Diagnosis of X-ALD

Prenatal Diagnosis

ABCD1 mutational analysis provides reliable prenatal diagnostic procedure.
Mutational analysis can be performed either at week 11–13 of pregnancy using a fresh
chorionic villus sample or at 15–18 weeks of gestation using amniotic cells obtained from
amniotic fluid after centrifugation 43.

Postnatal Diagnosis

Newborn screening is now available in some parts of the United States and is
based on the measurement of C26:0 lysophosphatidylcholine (26:0-lyso-PC) in dried
blood spots 44.

X-ALD diagnosis can be confirmed in males with neurological symptoms (with
or without typical brain MRI abnormalities) or Addison’s disease, by demonstration that
plasma levels of C26:0 and the C24:0/C22:0 and C26:0/C22:0 ratios are elevated (Table
1-2) 45. For women with X-ALD, mutation analysis of the ABCD1 gene is the diagnostic
test of choice because 15% of women with X-ALD have normal plasma VLCFA levels
12

42

. Family screening should be done for those who have affected family members and

should follow the same recommendations for males and females 46.

Treatment of X-ALD

Unfortunately, treatment options are very limited and include dietary therapy with
Lorenzo’s oil and bone marrow transplantation. These treatment options are discussed
below in more details. Hormone replacement therapy is very important in all X-ALD
patients suffering from adrenocortical insufficiency, which can be lethal if left untreated.
This replacement therapy does not influence the development or progression of
neurological symptoms 47.
Lorenzo’s Oil
Lorenzo’s Oil (LO) is a 4:1 mixture of oleic and erucic acids in triglyceride form.
The name is attributed to Lorenzo Odone, a child with CCALD, whose parents helped in
the development of LO for treatment of X-ALD. Historically, the use of oleic acid in
triglyceride form, together with fat restriction, resulted in only 50% reduction of plasma
VLCFAs. Addition of erucic acid in triglyceride form (LO) resulted in normalization of
these fatty acids in plasma within 4-6 weeks 48-50. The mechanism of action of LO is
believed to be through competitive inhibition of fatty acid elongation system, hence
interfering with VLCFAs biosynthesis. Potential side effects are limited and reversible
upon discontinuance of therapy and include gastrointestinal irritation, elevation in liver
functions, and a low platelet count 51,52.
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Notably, LO’s efficacy is still under investigation and is not approved by the
FDA. The main reason can be attributed to the absence of randomized placebo-controlled
double-blinded clinical trials. Open-label trials are being conducted because of the
dramatic progression of the cerebral form, the relatively small sample size of patients,
and the impressive effect of LO on plasma VLCFAs, as well as the demonstration that
LO can cross the blood brain barrier. In a previous study where subjects received LO
after developing the cerebral form, LO did not seem to halt the neurologic progression in
these patients 53. In another retrospective analysis, it has been shown that LO has slowed
the progress of the CCALD symptoms and delayed death 54. In AMN, a large randomized
placebo-controlled clinical trial was designed to provide a definitive answer for LO
efficacy, however, the trial was aborted before completion by the safety monitoring board
because of recognized side effects of the placebo treatment 46.

In an open label clinical trial involving 89 pre-symptomatic males followed for a
mean (range) of 6.9 (0.6-15) years, it was concluded that LO can significantly reduce the
risk of development of CCALD through reduction of C26:0 plasma levels 52.

Despite uncertain efficacy of LO, it is still prescribed for pre-symptomatic males
under an expanded access clinical trial 27. This is mainly because of the lack of any other
therapeutic option for pre-symptomatic males, the risk of cerebral involvement, the
dramatic progression of the disease, and the relatively safe profile of LO.

14

Bone Marrow Transplantation

Currently, allogeneic hematopoietic stem cell transplant (HSCT) is the only
therapeutic intervention for patients with early stage cerebral demyelination i.e., when
affected boys or men have minor symptoms due to cerebral demyelinating disease 55,56.

Transplantation of autologous hematopoietic stem cells that have been genetically
corrected with a lentiviral vector before re-infusion has been performed in two X-ALD
male patients and the results was encouraging 57. Extension of this procedure to a larger
number of patients with cerebral X-ALD is currently under research.

Disease Progression and Follow-up

To date, no large prospective natural history study has been conducted to
accurately determine the natural history of X-ALD. Male patients, who survive into
adulthood, develop AMN ultimately. The severity and progression of AMN cannot be
predicted for an individual patient. About 35-40% of boys with X-ALD develop the
devastating form of the disease or CCALD. It is not possible to predict who is going to
develop this severe form. Adult males with the AMN are at risk of developing cerebral
demyelination later in life with a 20% chance 58. Women carriers can develop symptoms
that resemble AMN, but the age at onset is later than males 38.

It is recommended to evaluate boys and men yearly by an endocrinologist for
adrenocortical dysfunction by measuring the plasma adrenocorticotropic hormone
(ACTH) levels and performing an ACTH stimulation test 47. Adrenal steroid hormone
replacement therapy can be initiated when deemed necessary.
15

It is recommended to screen for early signs of CCALD in boys aged 3 to 12 years
old. This is achieved by performing brain MRI every 6 months. After 12 years of age,
MRI scan frequency can be reduced to once yearly because the incidence of CCALD
decreases after that age. If cerebral ALD early detected, patients can be offered HSCT.
Treatment results are better the earlier treatment is started 56.

For adult men with or without signs of AMN, it is recommended to evaluate
neurological symptoms annually or even bi-annually. If necessary, symptomatic
treatment might be an option for AMN symptoms (Example, spasticity treatment). MRI
of the brain every year is also important to screen for cerebral ALD in adult males 33,58.
Again, if early detected, HSCT might be an option.

Women with X-ALD should be evaluated for the development of AMN
symptoms yearly. Periodic evaluation of adrenocortical function and brain MRI is not
mandatory since women with X-ALD have very little likelihood of developing
adrenocortical insufficiency or cerebral involvement 33.

Summary Statement of X-ALD

X-ALD is a peroxisomal disorder with several phenotypes. The most severe
phenotype is the childhood cerebral ALD and can lead to death within couple of years.
Hematopoietic stem cell transplantation is the only proved effective treatment in children
with early stage of cerebral involvement. Lorenzo’s oil has shown some beneficiary
signals, especially as a preventive treatment for pre-symptomatic males. However, all of
the studies in children with pre-symptomatic or early stage of cerebral involvement were
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observational studies. Future clinical trials to assess Lorenzo’s oil effectiveness are
warranted.
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Congenital Adrenal Hyperplasia

Congenital Adrenal Hyperplasia (CAH) is defined as a group of inherited
autosomal recessive disorders which result from an enzyme defect in the biosynthetic
pathway of cortisol and/or aldosterone 59. Impaired cortisol secretion results in impaired
cortisol-mediated negative feedback control of adrenocorticotropin hormone (ACTH)
secretion 60. This results in over-secretion of ACTH causing overstimulation of the
adrenals and a resulting hyperplasia 59. Additionally, ACTH over-secretion stimulates
excessive synthesis of the adrenal hormones of those pathways which are not affected by
the enzyme deficiency and causes an accumulation of precursor molecules in pathways
blocked by an enzyme deficiency 60. More than 95% of CAH cases are due to 21hydroxylase deficiency (21OHD) as a result of mutations in the 21-hydroxylase gene
(CYP21A2). The 21-hydorxylase enzyme is important for conversion of both
progesterone and 17-hydroxyprogesterone (17OHP) to deoxycortisosterone (a precursor
to aldosterone) and 11-deoxycortisol (a precursor to cortisol); respectively (Figure 1-1).
Accordingly, 21OHD results in accumulation of 17OHP in blood. Based on the disease
severity, two major phenotypes can be described and are correlated with genotype. Those
are the classic CAH or severe phenotype and non-classic (NC) or less severe phenotype.
Depending on the presence of aldosterone deficiency, classic 21OHD CAH is further
sub-classified as salt-wasting (SW) (75% of classic CAH) or simple-virilizing (SV) forms
59

. Other forms of CAH include 11- hydroxylase deficiency (the second most common

form of CAH), aldosterone synthase deficiency, 17-Į-hydroxylase deficiency, 3-
hydroxysteroid dehydrogenase deficiency, hydroxysteroid dehydrogenase deficiency
(HSD3B2), and lipoid hyperplasia (STAR deficiency; Steroid acute regulatory protein).
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These forms have different clinical manifestations depending on where the adrenal
enzymes are blocked. Summary of important aspects of each form is presented in (Table
1-3) 61. The focus in this thesis is on children with the most common 21OHD form and
CAH will refer to children with this particular form.

Clinical Presentation of CAH

Classic CAH

Clinical manifestations in classic CAH are due to glucocorticoid deficiency (with
or without mineralocorticoid deficiency) and androgen excess. Salt wasting is the most
severe phenotype and affects approximately 75% of patients with the classic phenotype.
SW is characterized by the presentation of both glucocorticoid and mineralocorticoid
deficiency. A life-threatening salt-losing crises can happen during infancy 62,63.
Symptoms of salt-losing crises include severe vomiting, hypovolemia, hypotension with
remarkable hyperkalemia and hyponatremia. Female neonates with the classic form have
severe virilization of external genitalia (Figure 1-2), whereas the uterus, fallopian tubes,
and ovaries, are normal 60. Although the majority of the SV girls are diagnosed during the
neonatal period, some severely virilized girls can be mistakenly considered boys. In
contrast, boys have a much lower likelihood to be diagnosed with CAH by clinical
examination. Therefore, boys with CAH are at high risk of salt-losing crisis during
infancy. Uncontrolled CAH children suffer from excessive androgen exposure that may
result in advanced epiphyseal maturation, and ultimately, early epiphyseal closure.
Advanced epiphyseal maturation results in rapid growth in young children, and early
epiphyseal closure compromises the final adult height. Additionally, early puberty and
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appearance of facial, axillary and pubic hair and acne are characteristics of untreated
CAH 64.

Non-classic CAH

Patients with the NC phenotype have sufficient enzyme activity to produce both
cortisol and aldosterone with increased ACTH stimulation. In females with the NC form,
the symptoms appear around puberty 65. The most common symptoms are premature
pubarche, severe cystic acne and accelerated growth resulting in tall stature in early
childhood while the final adult height is compromised 66,67.

Diagnosis of CAH

Newborn Screening
Because of high morbidity and mortality of untreated classic CAH, newborn
screening is now performed in all 50 states of the United States. Newborn screening can
decrease morbidity and mortality, particularly by preventing salt wasting crises 68-72. It is
of particular importance for male newborns with CAH, because they are more unlikely to
be diagnosed early, as they do not exhibit genital ambiguity at birth 72.

First-tier screening is done by utilizing dried blood spots on standard screening
cards and measures 17OHP by immunofluorometric assay. Although a very high random
17OHP (>20,000 ng/dL) is diagnostic of 21OHD, false-positive results are common in
premature and severely ill infants 73,74. Using weight and gestational age-adjusted cutoffs
for 17OHP has been shown to improve the positive predictive value of screening 75-77. On
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the other hand, up to 22% false negative rates have been reported in newborn
screening, mainly when mothers had been exposed to glucocorticoids prenatally 78,79.

A second-tier assay using liquid chromatography/tandem mass spectrometry (LCMS/MS) has been shown to increase the sensitivity and specificity 80,81. LC-MS/MS can
quantify multiple steroids with one measurement. Elevated 21-deoxycortisol by LCMS/MS has been shown to increase the sensitivity of newborn screening and better
discriminate heterozygote carriers 80,82. LC-MS/MS assays are not routinely utilized for
newborn screening because they are not widely available, are often time-consuming, and
are prohibitively expensive for screening purposes currently 72.

Diagnosis of 21-hydroxylase Deficiency Beyond Infancy
Patients with clinical evidence of androgen excess firstly undergo testing of
17OHP in an early morning serum sample 83. For patients with intermediate values of
17OHP, the gold standard for diagnosing any form of CAH is an ACTH stimulation test
84

. The test involves administration of 0.25 mg of a synthetic ACTH (cosyntropin) to

stimulate the adrenal glands and maximize hormone secretion. The different forms of
CAH due to 21OHD may be determined based on baseline and stimulated values of 17OHP (Figure 1-3).

Genetic testing of CYP21A2 has 90% to 95% sensitivity for mutant alleles and is
particularly useful when steroid results are ambiguous or unreliable as in cases of
hypopituitarism and NC CAH 72,85,86. However, genetic testing is not routinely
recommended because of the high cost.
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Treatment of CAH

The aim of the treatment is to replace the missing glucocorticoid and
mineralocorticoid hormones to prevent salt-wasting crises and death, and to normalize
androgens to prevent virilization. The ultimate goal is to optimize the growth and
development and to protect against comorbidities. More details about glucocorticoid
(GC) and mineralocorticoid therapy in growing children with CAH are discussed below.

Glucocorticoids

During Childhood, hydrocortisone (HC) is the treatment of choice because of its
short half-life, and therefore minimal growth suppression that is typically associated with
longer acting glucocorticoids such as prednisone, prednisolone, and dexamethasone. The
latest endocrine society recommended a dose of 10-15 mg/m2 /day divided into three
doses of immediate release HC 87. Although the current recommendation states that HC
suspension is not adequate to control CAH in children, recent study has shown that
alcohol-free HC suspension is actually bioequivalent to HC tablet 88.

During infancy, larger GC doses than recommended can be used to initially
reduce the markedly elevated adrenal hormone levels. Once the target steroid levels are
achieved, it is important to rapidly reduce the GC dose.

Mineralocorticoids

Fludrocortisone is the mineralocorticoid of choice for patients with salt wasting
phenotype. However, during the newborn period and early infancy all patients with
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classic CAH are recommended to be administered fludrocortisone and sodium chloride
supplements. Recommended daily maintenance doses of HC, fludrocortisone and sodium
chloride are shown in Table 1-4.

Monitoring of Therapy

The goal of therapy is to reduce excessive androgen secretion by replacing the
deficient hormones. Proper treatment with GCs prevents adrenal crisis and virilization,
allowing normal growth and development. Glucocorticoids have a narrow therapeutic
range. While overtreatment leads to signs of hypercortisolism and can suppress growth in
children, under-treatment incurs the risk of androgen excess with advancement of bone
age and reduced final height. Therefore, the treatment should be monitored frequently.
Monitoring should include both clinical and biochemical parameters. Since Normal
growth and growth velocity are important variables in children, Clinical indices such as
height, weight, and bone age should be assessed frequently 89,90. Bone age in a child
usually reflects hormonal secretion over the past 6-12 months. Accordingly, monitoring
of treatment cannot be based solely on these indices since they do not change
immediately in response to treatment alteration and might not reflect the prompt need to
adjust the treatment resulting sometimes in an irreversible adverse effect of sub-optimal
treatment.

Biochemical indices include measurement of 24-h urine collection of 17
ketosteroids (17KS) and pregnanetriol, 17OHP, D4A, and testosterone levels in serum,
saliva or filter paper. A 24-h urine 17KS and pregnanetriol were found to be well
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correlated with clinical indices. Serum 17OHP, D4A, and testosterone were found to
correlate with 17KS and pregnanetriol 91,92.

The current endocrine society recommends 17OHP to be used for monitoring of
glucocorticoid efficacy 83. Although they recommended against normalizing 17OHP
because of the risk of glucocorticoid overtreatment and development of iatrogenic
Cushing’s disease, no definitive target value has been identified. Studies that have been
done to identify these targets must be interpreted with caution for the following reasons:
i) there is a diurnal variation of these hormones as a result of the inherent circadian
rhythmicity in ACTH, ii) timing of sample collection with regard to glucocorticoid dose
timing administration and its duration of action are not strictly considered in these studies
93-95

, iii) there is a considerable inter- and intra-assay variability with liquid

chromatography–tandem mass spectrometry (LC-MS/MS) being the gold standard
method for the analysis of these hormone levels with superior analytical sensitivity and
specificity compared to the immunoassay 96. Nonetheless, most physicians aim at a value
of 200-1000 ng/dL. Serum D4A and testosterone are considered useful biomarker in
females and pre-pubertal males. In male infants or pubertal males, testosterone is not
useful biomarker, since testosterone can be produced from testes under the influence of
gonadotropins 97,98.

Several studies have shown that random measurement of a single value of 17OHP
is generally not beneficial and does not correlate with any other marker of control 91,94,98101

. Assays for 17OHP in dried blood spots or salivary 17OHP have now developed and

were found to be correlated with the serum level of 17OHP. These methods of
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measurement provide convenient ways for more frequent sampling of 17OHP without the
need for in-patient admission to measure the serum levels 102-104.

Challenges of Therapy

Cortisol concentration is rhythmic over a period of approximately 24 hours where
the concentration starts to increase around 0400h and reaches its peak at awaking time
(0600-0800h) and decreases slowly throughout the day, until it reaches nadir at midnight.
The circadian rhythm is important to maintain several physiologic conditions. Ideal
glucocorticoid replacement therapy should mimic this circadian rhythm and failure to
achieve this can result in a period of under-replacement or over-replacement. While
under-replacement is associated with general fatigue, hypotension, abdominal pain,
electrolyte abnormalities and impaired response to stress; over-treatment carries the risk
of cardiovascular disease and mood disturbances 105,106.

In an attempt to mimic the physiologic circadian rhythm, hydrocortisone daily
dose is divided into two to three doses, with the highest dose in the morning. However,
even with this dosing regimen, the cortisol concentrations at early morning hours were
inevitably low due to the short half-life of hydrocortisone. This results in nocturnal rise of
ACTH, which drives over-production of androgens such as 17OHP and D4A in CAH
patients. Additionally, the current hydrocortisone formulation is available only as tablets
of fixed strength. In small children, incremental dosage adjustment might be challenging
with such small tablet. In a growing child, excessive androgen production is associated
with acceleration of growth resulting in a tall child but carries the risk of rapid epiphyseal
closure and short status in adulthood.
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Attempts to introduce physiologic replacement regimens are currently under
research. For example, a circadian infusion has been tested in healthy and CAH patients
and was found to be able to mimic the physiologic cortisol concentration over 24-hour
period 107. Research is undergoing to introduce more convenient, orally administered
delayed and sustained release formulations 108,109.

Summary Statement of CAH

CAH due to 21-hydroxylase deficiency is relatively frequent inherited disorder. If
left unrecognized after birth, it can lead to death during infancy. Newborn screening is
now mandatory in all states and allows prompt management of these cases.
Glucocorticoids, and sometimes mineralocorticoids, replacement therapy are used
throughout the patient life. In children, it is always a challenge for physicians to achieve a
balance between controlling androgen excess without exposing the patients to
glucocorticoid over-treatment. With the available hydrocortisone immediate release tablet
formulation, it is impossible to achieve this balance without exposing the patients to
alternative periods of hyper and hypo-cortisolemia throughout the day, and thus affecting
patient’s quality of life. Other formulations to optimize glucocorticoid replacement and
mimic the physiologic cortisol concentration are currently under research and warrant
clinical trials for evaluation of these therapies.

Concluding Remarks of Chapter 1

In this chapter, we have presented the definition of rare diseases and orphan
drugs, the challenges in orphan drug development, and strategies to overcome some
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challenges. Pharmacometrics represents an attractive tool during orphan drug
development as it provides a way to integrate knowledge about disease and treatment in a
quantitative framework. These models can be utilized to optimize clinical trial designs for
evaluation of treatment under development. This thesis focuses on two rare diseases in
children, namely: Childhood cerebral adrenoleukodystrophy and congenital adrenal
hyperplasia due to 21-hydroxylase deficiency. If left untreated, both diseases can be fatal
within few weeks or few years of the child life. While hematopoietic stem cell
transplantation is the only current option for children with CCALD, Lorenzo’s oil has
shown some potential in prevention of this disorder, however further clinical studies are
warranted. For patients with CAH, glucocorticoid replacement therapy has been around
for decades already. However, the current treatment suffers from several limitations and
the ability to mimic the physiologic circadian rhythm is not possible. Developments of
other treatment formulations are therefore necessary and are currently under research.
Our work focuses on development of pharmacokinetics/pharmacodynamics models that
can help future study designs for these diseases.
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Table 1-1: Summary of Different Randomized Controlled Study Design That Can Be Used in Rare Disease Settings
Study Design
Parallel groups

Factorial

Cross-over

Definition
Each patient is randomized
once to receive specific
treatment throughout the
duration of the trial.

Advantage
Simple in design, implementation,
and interpretation of the results.

Each Patient is randomized
twice to receive treatment A
or control and then to receive
treatment B or control.

Can answer more than one
question with less number of
patients.

Each Patient is randomized to
receive both treatment and
control in a pre-specified
sequence.

Each patient serves as his own
control and so eliminates interpatient variability which decreases
sample size when compared to
parallel groups design.

Limitation
Larger sample size often required,
compared with other designs.
Sometimes it is difficult to recruit
and retain patients when the control
is placebo.
Possibility of interaction between
the two treatments under study
The length of trial is longer and can
affect the retention of the
participants.
Can only be used for stable chronic
diseases.
Cannot be used for cases where
endpoints are sensitive to learning
processes.
Due to the possibility of carry over,
this design requires a wash-out
period between treatment periods.
This causes the follow-up period to
be at least twice as long compared
with corresponding parallel group
trials.
Can be susceptible to treatmentperiod interaction and statistical
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Latin Square

N-of-1

Delayed start

Randomized
placebo-phase

Stepped wedge

Randomized

analysis should accept the null
hypothesis of no-treatment-period
interaction.
Same as cross-over.

Each patient receives more
than two treatments in a prespecified sequence.
This design involves single
patient and aims at assessment
of several treatments.

Same as cross-over.

Can be used to determine the
treatment preference for specific
patient.

Same as cross-over.

Patient is initially randomized
to either active treatment or
placebo for certain period of
time and then all patients
receive the active treatment.

Can be used to assess disease
progression and disease relapse.

Treatment periods should be long
enough to capture the therapeutic
effect.

At the end of the trial, all
patients receive the tested
treatment but have varying
lengths of time on placebo.
Patients are randomized to
different period of time on
placebo.
involves random and
sequential crossover of
clusters from control to
intervention until all clusters
are exposed
At the beginning, all subjects

Double-blinding presents only in the
first period.

Suitable for disease modifying
therapies or in disease with rapid
progression.

Cannot exclude carry-over or period
effects.
Power can be reduced due to
variable length on placebo
Limited ability to estimate treatment
effect size

Intervention rolls out to all
participants

Reduces the time on placebo.
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The effect of the intervention might
be confounded with any underlying
temporal trend
complexity of the data analysis
The treatment effect is

withdrawal

receive the tested treatment.
Once responders identified,
they get randomized to
continue treatment or to
receive placebo.

overestimated since only responders
are included and compared to
placebo.
Possibility of carry-over for adverse
effects.

Useful to assess treatment
continuation in patients who
are responding to treatment
Early escape

Three-stage

Adaptive
randomization
designs
- play the
winner
- drop the

Patients are randomized to
active treatment or placebo
and will be withdrawn if they
satisfy pre-specified failure
criterion.
It involves three stages. The
first stage involves
randomization to placebo or
active treatment. The second
stage involves randomized
withdrawal for the responders.
The final stage involves
randomization of placebo
non-responders who respond
to subsequent treatment.
The probability of being
randomized to one group is
modified according to the
results obtained with previous
patients.

Not suitable for unstable diseases.

Reduces the time on placebo or on
ineffective treatment.

Loss of power if significant patients
escape.

Requires fewer patients compared
with parallel group design.

Possibility of carry-over.

Not applicable for unstable
Less time on placebo or ineffective conditions.
treatment.

Reduces the number of patients
receiving a less effective
treatment.

In play the winner, the
randomization favors the
30

Unbalanced sample size reduces
power.

losers
- generalised
drop the loser

group with favorable results.
In drop the looser, there is a
penalty for the group with
unfavorable results. While in
generalized drop the looser, it
can be generalized to multitreatment clinical trials, and
delayed responses.
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Table 1-2: Plasma Concentrations of VLCFAs Very-Long-Chain Fatty Acids in
Controls and (X-ALD) Patients
VLCFA
(mg/L)
C26:0
C24:0/C22:0
C26:0/C22:0

Normal

Males with X-ALD

Female Carriers

0.23±0.09
0.84±0.10
0.01±0.004

1.30±0.45
1.17±0.23
0.07±0.03

0.68±0.29
1.30±0.19
0.04±0.02
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Table 1-3: Summary of Different Congenital Adrenal Hyperplasia Phenotypes
Aldosterone
synthase
deficiency

17- αhydroxylase
deficiency

3-β hydroxysteroid
dehydrogenase
deficiency

Lipoid
hyperplasia

CYP11β1

CYP11β2

CYP17

HSD3B2

STAR

1/100,000
Females

Rare
None

Rare
Males

Rare
Males

Rare
No puberty
in females

Mild in females

Decreased
Normal
Corticosterone

Decreased
Decreased
DHEA, 17hydroxypregnenolone
Decreased

Decreased
Decreased
None

Normal

No puberty in
females
Increased
Decreased
DOC,
corticosterone
Decreased

Normal

Decreased

Decreased in males

Decreased

Disease

2111-βhydroxylase hydroxylase
deficiency
deficiency

Defective gene

CYP21A2

Incidence rate
Ambiguous
genitalia

1/15,000
Females

Mineralocorticoids
Glucocorticoids
Elevated
Metabolites
Estrogen

Androgen

Decreased
Decreased
17OHP
Relatively
low in
females
Increased

Increased
Decreased
DOC, 11deoxycortisol
Relatively
low in
females
Increased

17OHP: 17-hydroxyprogesterone; DOC: deoxycorticosterone; DHEA: dehydroepiandrosterone
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Decreased

Table 1-4: Maintenance therapy in growing CAH patients
Drugs
Maintenance daily
Daily distribution
dose
10-15 mg/m2
3 times
HC tablets
0.05–0.2 mg
1–2 times
Fludrocortisone tablet
1–2 g (17–34 mEq)
Divided in several feedings during
Sodium chloride
infancy
supplements

34

Figure 1-1: The Steroidogenic Pathway Showing 21 Hydroxylase Deficiency
(21OHD)
Cholesterol
STAR,
P450scc

Pregnenolone

17α-OHD

3β-HSDII

17
Hydroxypregnenolone

21OH

DHEA

3β-HSDII

3β-HSDII

17OH

Progesterone

17,20LYASE

17OH

17OHP

D4A
17β-HSDII

21OH

11- DOC
11β-OHII

Corticosterone

11-Deoxycortisol
11β-OHI

Testosterone
AROMATASE

Cortisol

Estradiol

18OH, 18OXIDAZE

Aldosterone
The steroidogenic pathway shows 21 hydroxylase deficiency (21OHD) and accumulation
of 17 hydroxyprogesterone (17OHP) and Androstendione (D4A). Dashed arrow indicates
shunting pathway due to 21OHD. Xs indicate 21OHD.
11β-OHII: 11β- hydroxylase type 1; 11β-OHIII: 11β- hydroxylase type 2; 17OHP: 17hydroxyprogesterone; 17β-HSDII: 17β-hydroxysteroid dehydrogenase type 2; 18OH:18
hydroxylase 21OH: 21-hydroxylase; 3βHSDII: 3β-hydroxysteroid dehydrogenase type 2;
D4A: Androstendione; DHEA: dehydroepiandrosterone; DOC: deoxycorticosterone;
STAR: steroidogenic acute regulatory protein; P450scc: cholesterol side-chain cleavage
enzyme.
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Figure 1-2 : Ambiguous Genitalia of a Preterm Infant, Showing Clitoromegaly and
Hyperpigmentation

Karyotype proved to be 46, XX.

*This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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Figure 1-3: Diagnosis of CAH After Infancy
100000
10000
1000
100
10

Classic (post)

Classic (pre)

NC (post)

NC (pre)

Normal or Heterozygotes (post)

Normal or Heterozygotes (pre)

1

Reference standards for hormonal diagnosis derived from Ref. 83,110. Note that Classic
CAH includes both salt-wasting and simple virilizing forms of 21-hydroxylase
deficiency. NC: non-classic; pre: pre-ACTH stimulation test; post: post-ACTH
stimulation test.
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Chapter 2 : A MODEL-BASED APPROACH TO ASSESS THE EXPOSURERESPONSE RELATIONSHIP OF LORENZO’S OIL IN
ADRENOLEUKODYSTROPHY
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Introduction

X-linked adrenoleukodystrophy (X-ALD) is a genetic disorder due to a mutation
in the ABCD1 gene, which codes for a peroxisomal membrane transporter. The defect in
this protein results in accumulation of saturated very long chain fatty acids (SVLCFAs;
mainly hexacosanoic acid or C26:0) in plasma and most tissues, particularly brain white
matter and the adrenal cortex 111,112. It is the most common peroxisomal disorder, with an
incidence of 1:17,000 113.

There are four major phenotypes of X-ALD, but none of these correlate to
genotype. These are: cerebral X-ALD (CALD), adrenomyeloneuropathy (AMN),
Addison-only, and an asymptomatic presentation. CALD, the most severe phenotype, is
characterized by a progressive, irreversible inflammatory cerebral demyelination
resulting in death within 2-3 years. Approximately 35- 40% of children with X-ALD
mutations are at risk of developing childhood CALD (CCALD), with age at onset
between 4 and 8 years 114. AMN is a slowly progressive, non-inflammatory distal
axonopathy that involves the spinal cord long tracts. Among children with X-ALD, 10 15% develop the Addison-only phenotype, which is characterized by primary
adrenocortical insufficiency without demonstrable neurological deficit. The
asymptomatic group has elevated plasma concentrations of SVLCFA without clinically
evident neurological or endocrine abnormalities. Eventually all males with asymptomatic
X-ALD will develop either CALD or AMN at some point. For females, about 65% with
the X-ALD mutation will develop AMN and the rest remain asymptomatic throughout
their lives 115.
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Lorenzo's Oil (LO) is a 4:1 mixture of oleic and erucic acid in triglyceryl form 50.
Erucic acid is considered the active component of LO and is believed to reduce the
concentration of SVLCFAs via competitive inhibition of elongase, which is responsible
for the elongation of long-chain fatty acids, such as behenic acid (C22:0) and erucic acid
(C22:1) into SVLCFAs and mono-unsaturated VLCFAs, respectively 116. Several clinical
investigations have reported that LO normalizes plasma SVLCFAs within 4-6 weeks 117.
LO appears to have a relatively safe profile: 30-40% of patients develop a moderate,
reversible reduction in platelet count without clinically significant bleeding; while 55%
have a mild increase in transaminases without clinically significant hepatotoxicity
52,118,119

. Despite the apparent benefits, clinical use of LO in X-ALD have been

controversial for more than 20 years. A few studies have indicated that LO can prevent
CCALD only when treatment is administered prior to cerebral involvement, but without
controlled clinical trial the results are inconclusive 52,120.

Small sample sizes are common when evaluating drug treatment in rare diseases
and the use of placebo-controlled clinical trials present ethical dilemmas. While both
factors may contribute to conflicting results, it is also critical to note that LO doseresponse relationships and the associated variability have not been studied. In this article
we develop a population pharmacodynamic (PD) model to characterize the effect of
erucic acid exposure on plasma C26:0 concentrations, and determine the variability
associated with this response. We also determine the effect of LO administration on the
hazard of developing CCALD, characterized by developing brain magnetic resonance
imaging (MRI) abnormalities, in asymptomatic X-ALD children.
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Methods

Subjects

Boys with X-ALD were identified by screening at-risk relatives of patients with
X-ALD or boys with Addison’s disease at the John Hopkins Research Hospital from
2000 to 2014 under an expanded access trial (Clinical Trials.gov, NCT02233257).
Diagnosis of X-ALD was confirmed in these boys by a SVLCFAs assay. Only those with
asymptomatic X-ALD were included in our analysis. Subjects were excluded from the
study if they had any demonstrable neurological or radiological abnormality at baseline
(n=1), had another disease associated with brain MRI abnormality such as brain tumor or
another peroxisomal disorder (n=6), or if they were not adherent to LO dose (n=19). The
John Hopkins Research Hospital and the University of Minnesota Medical Center
Institutional Review Boards approved the study. Subjects were followed until they
developed any brain MRI abnormality. Written informed consent was obtained from the
parents or guardians, with assent from the subjects as appropriate.

Treatment

All participants received a daily dose of approximately 2-3mg/kg of LO. This
dose was calculated to provide 20% of caloric intake as previously described 52.
Supplements of essential fatty acids provided 5% of total caloric need. Fat intake from
other sources was limited to 10 to 15% of total calories. When there was a clinically
significant reduction of platelet counts, LO was halted and replaced by glyceryl trioleate
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at the same dosage. Once the platelet counts returned to normal value; LO was restarted
at a lower dose and returned back to the target dose gradually.

Sampling and Assays

The study design involved collection of blood samples at baseline (i.e.
pretreatment) as well as every month for the first 6 months and then at 3- to 6-month
intervals after LO administration. Children were asked to fast overnight and withhold
their morning LO dose until blood collection in the morning. The samples were processed
and analyzed to obtain a profile for 70 fatty acids (including C26:0 and erucic acid)
according to a previously reported method 121.

Clinical Outcome Measure

Brain MRI studies were scheduled at 6- to 12-month intervals, and were used to
define clinical outcome. Brain MRI results were assessed with the 34-point Loes score
devised specifically for X-ALD 122. The MRI results were considered abnormal if the
Loes score was 1 or higher.

Population PD Model Building

A population nonlinear mixed-effect modeling approach was applied, using the
software NONMEM® 7.3 (Icon Development Solutions, Ellicott City, Maryland, USA)
123

. This approach involves estimation of two levels of effects; the fixed effect, which

provides estimation of the population parameters, and the random effects, which quantify
the random variability. The first-order conditional estimation (FOCE) method with
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interaction was used for parameter estimation. The choice of the structural model was
based on the significant change of the objective function value (-2 log-likelihood) for
nested models. Specifically, two hierarchical models differing by one degree of freedom
were considered significantly different if the objective function value decreased at least
3.84 units (p<0.05). For non-nested models, the model with lower Akaike information
criterion (AIC) was considered superior. The goodness-of-fit plots, created by the Xpose
4.5.0 package in R 3.0.2 (The R Development Core Team, Vienna, Austria), were also
considered during model selection 124,125.

For the fixed effect, an inhibitory fractional Emax model was assumed according to
the following:

𝐶26: 0 = 𝐸0 . (1 − (

𝐸𝑚𝑎𝑥 . 𝐸𝑅𝑈
⁄(𝐸𝐶 + 𝐸𝑅𝑈)))
50

where ERU is the observed erucic acid plasma concentration; E0 is the predicted
baseline concentration of C26:0 in the absence of erucic acid; Emax is the maximal
fractional drop of C26:0; and EC50 is the concentration of erucic acid at which 50% of the
maximum effect of erucic acid on C26:0 occurs.

Two sources of variability composed the random effects; between-subject
variability (BSV), and residual errors. An exponential model was used to account for
BSV, according to the following:
̂ 𝑒𝑥𝑝(𝜂𝑖 )
𝑃𝑖 = 𝑃.
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where Pi is the value of a parameter for an individual; 𝑃̂ is the population
̂
parameter value; and ηi.is the individual deviation from 𝑃.
ηi is defined as a normally distributed, zero-mean random variable with a variance
that is estimated as part of the model estimation. This assumption would allow Pi to be
log-normally distributed and therefore, preventing Pi to be less than zero. The
correlations between different Pi were also evaluated.

For residual errors, the additive, the proportional, and the combined additive and
proportional error models were investigated.

Model Evaluation

The final model was evaluated by prediction- and variability-corrected visual
predictive check (pvcVPC) 126 and bootstrap using Perl-speaks-NONMEM (PsN 4.4.0,
Uppsala University, Uppsala, Sweden) [27]. For pvcVPC, a total of 1000 replicates of the
original dataset were simulated using the final model. Both observations and the
simulated data were normalized to the median population prediction as well as to the
typical variability in each bin in order to account for the differences within a bin coming
from independent variables (erucic acid concentrations and doses) and between-subject
variability. The 95% prediction intervals of the 5th, 50th, and 95th percentiles of the
prediction- and variability-corrected (pvc) simulated data were calculated for relevant
erucic acid concentration bins, and compared to the 5th, 50th, and 95th percentiles of the
pvc observed data within the same bin. Binning was done by count to provide 8 bins with
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equal number of observations in each bin. X-pose 4.5.0 was used for data visualization
under the environment of the R 3.0.2 124,125.

To evaluate the precision of final estimated parameters, a non-parametric
bootstrap approach was used. This approach involves random sampling with replacement
from the original dataset to generate new datasets (n=1000). The final model was fit to
each of these datasets, and estimates of parameters were obtained. These estimates were
used to generate 95% non-parametric confidence intervals (CI) and median values for all
parameter estimates.

Time-to-Event Analyses

We performed time-to-event analyses to analyze the relationship between LO
administration and the time from study entry to the development of brain MRI
abnormality. To account for interval censoring between the last visit and the actual time
for development of brain MRI abnormality, we used a parametric survival model where
the brain MRI abnormality onset was interval-censored for those subjects who developed
brain MRI abnormalities, and right-censored at the last disease-free visit for subjects who
didn’t develop MRI abnormalities. Of the several parametric models available (such as
exponential, Weibull, normal, logistic, log-logistic 127,128), Weibull distribution was
chosen as the most consistent distribution with our data. Model choice was based on the
diagnostic probability plot provided as SAS® (SAS Institute, Cary, NC, USA) output
from PROC LIFEREG and AIC (the lower the better).
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We used the time-weighted average since study entry (area under the curve of
erucic acid adjusted for the duration of follow-up as described 52; [LAUCER]) as a
predictor for clinical outcome. The LAUCER was calculated for each subject utilizing the
auc function in the MESS package in R 3.0.2 129.The auc function utilizes a composite
trapezoidal rule for calculation of area under concentration-time curve (AUC) from study
entry until the last observation for each subject. To account for the differences in followup period for each subject, the calculated AUC was normalized to the follow-up time for
each subject. Any observed erucic acid concentration greater than 30 mg/L was censored
as it was considered to be not reflective of the steady-state brain concentrations, but
instead peak plasma concentrations of erucic acid that were collected immediately after
LO administration. This reflects personal experience (by GVR) with individuals who
received erucic acid in the inpatient setting where wide fluctuations in erucic acid levels
have not been observed.

To assess the association between C26:0 in plasma and the development of brain
MRI abnormalities, LAUCC26:0 (calculated in the same way as LAUCER but using C26:0
plasma concentrations) was used as a predictor. All analyses were done in SAS Studio®
3.1

Power Analyses

To assess the effect of the number of MRI abnormality events on the power of the
study, we performed a post-hoc power analysis. This was done through re-simulating the
original dataset 1000 times within R 3.0.2. The time-to-event (ti) was assumed to follow a
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Weibull distribution, while the censoring time (ci) was assumed to follow a truncated
normal distribution with minimum time of zero. In symbols, our generation algorithm is:
t i ~Weibull(r, μi )
μi = exp(α + β. LAUCi ), and
ci ~TN(μc , σc , min = 0)
where r is the Weibull shape parameter, μi is the Weibull scale; α is the intercept;
β is the slope associated with the LAUC effect; LAUCi is the LAUC for either erucic acid
(LAUCER) or C26:0 (LAUCC26:0) from the original dataset; and μc and σc are the mean
and the standard error of the truncated normal (TN) distribution, respectively.

For the time-to-event distribution parameters, values were based on the fitted
Weibull model in SAS®, whereas for the censoring time distribution, μc and σc were
chosen based on sensitivity analyses to provide values for the observed times and
numbers of events similar to those in the original dataset. After generating independent
time-to-event values (ti) and censoring times (ci), when the generated ci was less than ti,
the event in the simulated dataset was assumed to be right-censored and thus deleted.
To estimate our procedure’s Type I error, the true β value was fixed at zero, and
the Weibull model was fitted within R 3.0.2 using the “survival” package to each of the
resulting 1000 simulated null datasets 130. The Type I error and a corresponding 95% CI
were estimated by Monte Carlo methods as:
Type I error = (number of null simulation p < 0.05)/1000
47

95% 𝐶𝐼 = 𝑇𝑦𝑝𝑒 𝐼 𝑒𝑟𝑟𝑜𝑟 ± 1.96√

𝑇𝑦𝑝𝑒 𝐼 𝑒𝑟𝑟𝑜𝑟. (1 − 𝑇𝑦𝑝𝑒 𝐼 𝑒𝑟𝑟𝑜𝑟)⁄
1000

Power was estimated in a similar manner from 1000 simulated “alternative”
datasets (where the true β was set equal to the values obtained from survival fitting using
LAUCi from the original data in SAS®
Power = (number of alternative simulation p < 0.05)/1000

95% 𝐶𝐼 = 𝑃𝑜𝑤𝑒𝑟 ± 1.96𝑥√

𝑃𝑜𝑤𝑒𝑟. (1 − 𝑃𝑜𝑤𝑒𝑟)⁄
1000

In addition to the abovementioned simulated scenario (Scenario I), we simulated
another scenario (Scenario II) to estimate the power associated with 21 events for the
same sample size. This was done by changing the values of μc and σc.
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Results

Subject Characteristics

A total of 104 boys with asymptomatic X-ALD were included in the study. From
this cohort 2384 paired C26:0 and erucic acid measurements were available to develop
the PD model. The baseline demographics of the subjects are presented in Table 2-1. The
median baseline age at study entry was 2.79 years (range: 0.068-8.92). Pretreatment
plasma concentrations of erucic acid and C26:0 were available for 97 individuals. We
were not able to calculate the LAUC of both erucic and C26:0 plasma concentrations for
1 subject because only baseline concentrations were available. This subject was kept in
the dataset to provide information on the baseline estimation of C26:0 (E0) and was
excluded from the time-to-event analyses.

The follow-up period differed from subject to subject, with a median of 4.64 years
and a range from 0 to 10.26 years after diagnosis. Of the 103 subjects included in our
time-to-event analyses, 10 developed a brain MRI abnormality event during the
observation period. The median time until the first abnormality in these raw data, not
taking censoring into account, was 1.84 years (range: 0.51 -6.83). Data from these
subjects were analyzed as interval-censored data. For the remaining 93 subjects who did
not experience any brain abnormality, data was analyzed as right-censored events. The
median time for censoring was 4.94 years (range 0 to 10.26).
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Population PD Analyses

The fixed and random effects of the inhibitory fractional Emax model are shown in
Table 2-2. We estimated a strong negative correlation between E0 and EC50 (-0.877;
Table 2-2). On the other hand, correlations between Emax and other fixed effect
parameters were very small and, therefore, were fixed to zero in the final model. A
proportional error model best described the residual errors for these data. The combined
error model didn’t provide any significant improvement of fit (ΔOFV<3.84, Pvalue>0.05), whereas the additive error model provided a worse fit as indicated by the
AIC when compared to the proportional error model (Δ AIC~671).

All model-fitted parameters were estimated with good precision and all relative
standard errors were less than 25%. Except for Emax, shrinkages of both η and ε random
effects were below 25% (Table 2-2; calculated according to 131). Model goodness of fit
plots showed no reason to reject the model (Figure 2-1). The pvcVPC on a log scale is
shown in Figure 2-2. The pvc C26:0 observed data percentiles for most erucic acid
concentration bins were within the prediction intervals of pvc simulations. Table 2-2 also
shows the median and the 95% CIs obtained from the bootstrap datasets. All estimates
obtained from the pharmacodynamic model lie within the 95% bootstrap CIs and are
close to the median values obtained from the bootstrap datasets, providing support to our
model findings.
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Time-to-Event Analyses

We performed a time-to-event analyses to characterize the hazard of developing
brain MRI abnormalities, and to assess the effect of LO administration on this hazard. Of
all examined parametric models, the Weibull model was most consistent with the
distribution of the time to development of brain MRI abnormalities data (Figure 2-3).
The shape parameter associated with the Weibull distribution was estimated to be less
than 1, indicating that the baseline hazard is actually decreasing over time.

The hazard of developing brain MRI abnormalities was estimated to decrease by
3.7% for every unit increase in LAUCER; hazard ratio was 0.963. Therefore, the observed
median LAUCER (Table 2-1) is associated with a 40% reduction in this hazard. However,
this result was not statistically significant (95% CI: 0.85-1.08, p=0.5344).

For LAUCC26:0, the hazard was estimated to increase by 753% for every 1 mg/L
increase in LAUCC26:0; hazard ratio was 8.53. Therefore, an estimated fractional maximal
effect (Emax) of 0.76 reduction of C26:0 plasma concentration is associated with 80%
reduction in this hazard. This result was, also, not conclusive (95% CI: 0.46-157.25, p=
0.1509).

Values used in our post-hoc power analyses were based on the results of fitting
the Weibull model to the observed time-to-brain MRI abnormality data using observed
LAUCER and LAUCC26:0 as predictors and are shown in Table 2-3 and Table2- 4,
respectively. For Scenario I, the estimated powers at a 0.05 significance level to detect a
hazard ratios of 0.963 and 8.53 for every unit increase in LAUCER or LAUCC26:0 were
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10% (95% CI: 8%-12%) and, 43% (95% CI: 40%-46%), respectively. For Scenario II,
with the number of observed events doubled, the calculated powers at a 0.05 significance
level to detect the same hazard ratios for every unit increase in LAUCER and LAUCC26:0
were 16% (95% CI: 14%-18%) and 65% (95% CI: 62%-68%), respectively. Results of
our power analyses are shown in Table 2-5.
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Discussion

X-ALD is a genetic disorder which is characterized by elevated SVLCFAs
concentrations and a wide phenotypic spectrum. CCALD is the most severe, progressive
neurodegenerative phenotype of X-ALD resulting in death within 2-3 years. The current
standard of care treatment for children with CCALD is hematopoietic stem cell transplant
(HSCT). However, this treatment is only effective in the early stages of CCALD and is
restricted to children with a matched donor 132. HSCT is expensive and has a high
morbidity. LO administration has been shown to lower plasma SVLCFAs in several
clinical trials, but its efficacy in X-ALD is not established 48-50,117.

Based on a review of the literature, this is the first population pharmacodynamic
study characterizing the effect of chronic LO administration on plasma SVLCFAs
(C26:0) in asymptomatic X-ALD children. When the plasma erucic acid concentration is
zero, the baseline C26:0 plasma concentration (E0) was estimated to be 1.44 mg/L. In a
normal population, the mean plasma C26:0 level is 0.29±0.29 mg/L, whereas in X-ALD
males, it is 4 fold greater (1.18±0.53 mg/L) 121. It should be noted that E0 estimated from
our model represents an extrapolation of the C26:0 plasma concentration that would be
seen at zero plasma concentration of erucic acid. However, there is an endogenous
production and a limited dietary intake of erucic acid and we observed a median
pretreatment erucic acid plasma concentration of 0.5 mg/L (Table 2-1). This pretreatment
erucic acid plasma concentration predicts a pretreatment C26:0 plasma concentration of
0.997 mg/L, estimated under our model parameters. This is consistent with the reported
value for this population. Our model estimated a statistically significant normalization of
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plasma C26:0 with intake of LO. Study results indicate that, on average, erucic acid was
associated with a maximum reduction of C26:0 plasma concentrations from 1.44 mg/L to
0.346 mg/L; the fractional Emax was estimated as 0.76. This is consistent with a previous
report on a similar cohort 52, where they observed that most patients who administered
LO reduced their pretreatment C26:0 concentrations by 0.4-0.6 mg/L. Based on our PD
parameter estimates, the observed median LAUCER of 13.08 mg/L (Table 2-1) is
associated with reducing the C26:0 plasma concentration to 0.404 mg/L on average. We
also found that the BSV associated with EC50 is very high (CV% is estimated to be
171.3%) which indicates large differences in drug potency among individuals. The
differences in drug potency among children could be ascribed to different elongase
enzyme levels or a different affinity of the enzyme to erucic acid as a result of genetic
variations.

An advantage of using an inhibitory fractional Emax model is the ease in
interpreting the effect of LO on C26:0. For example, an estimated Emax of 0.76 would
mean that on average, the maximum effect of LO in lowering C26:0 from its baseline
concentration is 76%. In addition, this model takes into account the correlation between
the absolute maximum effect that can be reached and the individual baseline. For
example, individuals with large C26:0 plasma concentrations at baseline tend to have a
lesser reduction in their C26:0 concentrations attributable to LO therapy. This is
consistent with the disease pathophysiology, where higher C26:0 at baseline might
indicate higher levels of elongase or a higher affinity of this enzyme to C22 fatty acids
(whether it is C22:0 or erucic acid). This speculation was supported by the finding of a
strong negative correlation between the baseline C26:0 concentration and EC50.
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Unlike published reports that assumed an exact time of the observed brain MRI
abnormality in asymptomatic X-ALD boys on LO, we adopted a parametric survival
model approach that takes into account the interval censored nature of these data, and can
characterize the baseline hazard. In this study we found that a Weibull distribution best
described the time to development of brain MRI abnormalities. The shape parameter
associated with the Weibull distribution indicates that the hazard of development of brain
MRI abnormalities decreases with time in subjects on LO therapy. This is consistent with
a previous study in a similar group receiving LO, where LO was observed to reduce the
risk of developing the childhood cerebral form by a factor of 2 52. Moreover the risk for
development of CCALD decreases after the 8 years of age 114. The unavailability of a
placebo group in this study precluded us from describing the hazard of developing
CCALD over time in the absence of LO therapy. It should be noted, however, that the
confidence interval includes 1 for the scale parameter, which reduces the Weibull
distribution to an exponential distribution for which the baseline hazard of developing
brain MRI abnormalities is constant over time. Assessment of probability plots as well as
AIC values made us reject the exponential distribution as inadequate.
The mechanism of LO’s preventive effect on CCALD is not well understood. In
previous studies of postmortem tissue of LO-treated patients, the effect of C26:0
concentrations in brain pathology has been variable. Further, it is unclear if LO crosses
the human blood-brain barrier 49,133, although 14C-labeled erucic acid does enter rodent
brain tissue 134. We estimated the effect of erucic acid plasma exposure on the hazard of
developing brain abnormalities in CCALD. Although the results indicated some
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beneficial signal for those who receive LO, our results were not statistically significant.
Our analyses showed that the power associated with this effect was very small (10%).

The pathogenesis of CALD is complex and not fully understood. It has been
suggested that accumulation of SVLCFAs in the brain is the cause of development of
inflammatory demyelination 135,136. We assessed the association between C26:0
concentrations in plasma and the development of brain MRI abnormalities. We observed
a trend of increasing the hazard of developing MRI abnormality as the C26:0 plasma
concentrations increase; however, the result was not statistically significant. Again, this
may be due to the small number of individuals who developed brain MRI abnormalities
(only 10 individuals, versus 21 individuals in Moser et al. study 52), limiting the power of
this study. This was confirmed by our analyses, indicating that the power associated with
our study was small (43%). When subjects were followed for longer time (as the case for
Moser et al. 52; mean [range] follow-up time was 6.9 years [0.6-15]), the calculated power
increased (65%). This power calculation was based on our calculated effect, which might
be an underestimate. A well-powered study testing several different hypotheses was
beyond the scope of this manuscript.

No pharmacological basis was considered for choosing LO doses in this study or
in any previously reported study. This is mainly due to the absence of any information
regarding LO pharmacokinetics (PK) in X-ALD subjects. We were unable to determine
erucic acid PK in the subjects in the present study because only one determination of
erucic acid concentration was made per subject per visit and the absence of dosing and
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sampling times. Future studies will characterize LO’s PK in children and adults with XALD.

In conclusion, we have provided evidence that LO administration significantly
reduces plasma SVLCFAs. We have developed a population pharmacodynamic model
that characterizes the effect of LO on C26:0. Some experts/clinicians recommend
offering LO therapy to neurologically asymptomatic X-ALD male subjects who are at
risk of developing CALD as a preventive therapy 52,120. Although our analyses only
indicated a trend of LO’s beneficial effect on CALD characterized by development of
brain MRI abnormalities, our results are not statistically conclusive. However, our
analyses indicated we have a limited power. Nonetheless, our results from the population
pharmacodynamic model can be used to provide the effect size of LO on C26:0 plasma
concentrations and the response variability in the design of future clinical trials.
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Table 2-1: Subject’s Demographics and Characteristics
Demographic/Characteristic
Median (range)
Baseline weight (kg)
14.90 (9.40-40.60) a
Baseline age (years)
2.79 (0.068-8.92)
Follow-up period (years)
4.64 (0.00-10.26)
Pretreatment erucic acid plasma concentration (mg/L)
0.5 (0.22-1.94) a
Pretreatment C26:0 plasma concentration (mg/L)
1.06 (0.46-1.68) a
Posttreatment erucic acid plasma concentration (mg/L)
18.63 (0.21-336.1)
Posttreatment C26:0 plasma concentration (mg/L)
0.402 (0.194-1.21)
LAUCER (mg/L)
13.80 (0.39-24.05) b,c
LAUCC26:0 (mg/L)
0.45 (0.23-1.66) b
a

Based on 97 individuals only
Based on 103 subjects
c
Values of erucic acid plasma concentrations > 30 mg/L were censored
b
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Table 2-2: Pharmacodynamic Parameter Estimates
Parameter
Estimate
Shrinkage
(RSE%)
%
Fixed
effect
Random
effect

E0 (mg/L)
Emax
EC50 (mg/L)
BSVE0,
CV%a
BSVEmax,
CV%a
BSVEC50,
CV%a
Correlation
(E0 and
EC50)
Residual
error, CV%b

1.44 (7)
0.76 (2)
0.734 (20)
31.5 (14)

------22

Bootstrap
median
value
1.44
0.761
0.733
31.7

95%
bootstrap CI

6.2 (24)

33

6.05

1.25-8.89

171.3 (9)

21

176.4

124.6-261.3

-0.877 (6)

---

-0.891

-0.981- 0.749

27.6 (6)

3

27.4

24.7-31

1.29-1.66
0.73-0.793
0.488-1.04
22.6-40.4

BSV: between subject variability; CI: confidence interval; CV: coefficient of variation;
and RSE: Relative standard error
2
a
BSV, CV% was calculated as √𝑒 ω − 1.
b

Residual error, CV% was calculated as √σ2 .

59

Table 2-3: Parameter Values Used for Power Analysis (LAUCER)
Parameter
Value
Weibull shape (r)
0.744
Weiubll intercept (α)
6.49
Weibull Coefficient (β) with LAUCER
Null hypothesis
0
Alternative
0.05
hypothesis
μc
Scenario I
60
Scenario II
150
Scenario I
30
𝜎𝑐
Scenario II
20
μc: mean of truncated normal distribution for censoring time; σc : standard deviation of
truncated normal distribution for censoring time.
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Table 2-4: Parameter Values Used for Power Analysis (LAUCC26:0)
Parameter
Value
Weibull shape (r)
0.828
Weibull intercept (α)
8.19
Weibull Coefficient (β) with
Null hypothesis
0
LAUCC26:0
Alternative
-2.59
hypothesis
μc
Scenario I
60
Scenario II
150
Scenario I
30
σc
Scenario II
20
μc: mean of truncated normal distribution for censoring time; σc : standard deviation of
truncated normal distribution for censoring time.
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LAUCC26:0

LAUCER

Table 2-5: Power Analyses Results
Coefficient
Sample Target
Parameter
Size
No. of
Events
value (β)

Simulated
Mean No.
of Events

Target
Type I
error

Scenario
I

103

10

10

0.05

Scenario
II

103

21

19

0.05

Scenario
I

103

10

10

0.05

Scenario
II

103

21

21

0.05

CI: confidence interval.
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Actual
Type I
error
(95% CI)
0.056
(0.0420.07)
0.05
(0.036
0.064)

Calculated
Power
(95% CI)

0.041
(0.0290.053)
0.034
(0.0230.045)

0.426
(0.3950.457)
0.645
(0.6150.675)

0.098
(0.080.116)
0.158
(0.1350.181)

Figure 2-1: Goodness of Fit Plots for Lorenzo’s Oil Pharmacodynamic Model

Upper panel: the observed C26:0 concentrations (mg/L) vs. the population predicted
C26:0 concentrations (mg/L), the observed C26:0 concentrations (mg/L) vs. the
individual predicted C26:0 concentrations (mg/L); solid line represents line of identity,
dashed red line represents loess. Lower panel: conditional weighted residuals vs.
population predicted C26:0 concentrations (mg/L), and vs. erucic acid concentrations
(mg/L); solid line represents line of y=0, dashed red line represents loess. CWRES
conditional weighted residuals.
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Figure 2-2: Prediction- and Variability-corrected Visual Predictive Check (pvcVPC)

Prediction- and variability-corrected (pvc) C26:0 concentrations are displayed on a log
scale. Circles represent pvc C26:0 observations; red line represents the 50th percentiles of
the pvc C26:0 observations, blue lines represent the 5th, and the 95th percentiles of the pvc
C26:0 observations; and shaded areas represent 95% prediction intervals of the 5th, 50th,
and 95th percentiles of pvc simulated data.
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Figure 2-3: Probability Plot for the Weibull Model Applied to the Time-to-MRI
Abnormality Data

The circles are the non-parametric survival function estimates. The shaded bands are the
95% confidence bands predicted by the Weibull model. Solid red line is the line of linear
regression of the non-parametric survival function estimates.
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Chapter 3 : MODELING ENDOGENOUS CORTISOL CONCENTRATIONS IN
CHILDEREN WITH CONGENITAL ADRENAL HYPERPLASIA
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Introduction

Careful characterization of endogenous data is as important for PK/PD modeling
as characterization of drug treated data and equal amount of effort should be given to
these data. Drug effect can be only distinguished from placebo effect and from noise in
the data through modeling the baseline and placebo data. Additionally, from the PK point
of view, ignoring endogenous concentration of the drug can result in upwardly biased
estimation of drug half-life and therefore potentially mislead decisions based on half-life
as well as interpretations of downstream events impacted by half-life. For endogenous
substances that exhibit circadian rhythms and seasonal variations, thorough attention in
characterizing these data is extremely important. Unrecognized circadian rhythm can
result in model misspecification, biased parameter estimates, and might obscure
significant concentration–effect relationships 137.

Under normal physiological conditions, cortisol and other androgen productions
exhibit circadian and ultradian rhythms. Plasma cortisol reaches its peak in the early
morning (0400-0800), then decreases throughout the day and reaches its nadir by
midnight 138,139. Rapid alterations of endogenous glucocorticoid production are typically
observed after systemic exposure to corticosteroids. In patients with CAH, it has been
shown that cortisol, 17OHP and D4A exhibit circadian rhythm although it differs
quantitatively and qualitatively compared to normal subjects 140.

Models of endogenous steroids and its suppression following corticosteroid
administration have been developed 141,142. However, most of these studies were
conducted in normal human subjects. Due to ethical considerations, it is not feasible to
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withhold corticosteroid treatment from patients with CAH. Therefore, characterization of
endogenous cortisol production in CAH is depends upon available historical control data.

In this chapter, we extracted data from literature to model endogenous cortisol in
patients with CAH who didn’t receive treatment for at least 3 days. This information will
be utilized to model total plasma cortisol concentration in treated CAH children after
receiving their usual hydrocortisone replacement therapy.
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Methods

Historical Data in Untreated CAH Children

Frisch et al. reported 24-h endogenous cortisol concentrations in 4 children with
CAH not receiving glucocorticoid therapy for at least 3 days 94. Demographic data were
very limited and classification into classic versus NC was not available at that time.
Based on the reported cortisol concentrations, it appeared that patient no. 10 had a NC
phenotype. Ghizzoni et al. reported mean 24-h endogenous cortisol concentrations in 5
children with NC CAH 140. WebPlotDigitizer 3.3 143 was used to abstract the data from
Figure 1 (A) in Frisch et al. and Figure 1 in Ghizzoni et al.

Modeling Endogenous Cortisol Data

Several functions for fitting circadian concentrations have been proposed in
literature 141,142,144. Single cosine, dual cosine, harmonics and stretched cosine functions
were explored. A stretched cosine function was found to best describe the circadian
rhythm of this data.

The stretched cosine function involves 4 parameters to describe the circadian
rhythm pattern: the mean 24-h concentration (mesor); the amplitude that describes the
fluctuation of the concentration from the mean to the peak concentration; the time at
which the maximum concentration occurs (tmax); and the time at which the minimum
concentration occurs (tmin) 144.
2𝜋 𝑥 𝛕
𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐 = 𝐶𝑂𝑅𝑇𝑚 + 𝐴𝑀𝑃𝑥𝐶𝑂𝑆 (
)
24
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where CORTcirc is the circadian cortisol concentration in plasma, CORTm is the
mean 24-h cortisol concentration in the plasma, AMP is the amplitude, and τ (defined
below) is a parameter that allows a nonsymmetrical stretch of the cosine function. τ can
be defined according to the following equations:

12

. 𝑡 , 𝒕24 ≤ 𝐿1
𝐿1 24
𝛕={
;
12
12 + 𝐿 . (𝑡24 − 𝐿1 ), 𝒕24 > 𝐿1
2

𝒕𝟐𝟒 = (𝒕 − 𝒕𝑚𝑎𝑥 ) 𝑚𝑜𝑑 24;
𝑳𝟏 = (𝒕𝑚𝑖𝑛 − 𝒕𝑚𝑎𝑥 ) 𝑚𝑜𝑑 24; and
𝑳𝟐 = 24 − 𝑳𝟏
where t24 is a vector of the difference between time t and tmax ; mod 24 is
modulo 24 h which converts t24 to a time within a 24-h interval; L1 is time interval
between the peak cortisol concentration in plasma and its nadir over 24-h period; and
L2 is the reaming time interval in the 24-h period.

This model was fit in NONMEM® version 7.3 using the First Order (FO)
Method. All the between subject variability (BSV) was fixed to 0. It was hypothesized
that classic and NC would differ in the mesor and the amplitude parameters but would
share the same tmax and tmin values. To test our hypothesis, three model were evaluated: 1)
assume classic and NC share same parameter estimates for the stretched cosine (base
model); 2) assume that only tmax and tmin are the same (reduced model); 3) assume that all
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stretched cosine parameters are different (full model). Since these models are nested
within each other, we consider comparing the objective function value (OFV)
differences. Addition of a parameter was considered to be significant at ∆OFV = 10.8
(chi-square, p=0.001, df=1). Models were evaluated visually by looking at goodness of fit
plots such as observations and predictions versus time profiles, model predictions versus
observations, weighted residuals versus time and model predictions.

The data that were digitized and the final model control stream are presented in
Appendix I.
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Results

Based on the change of OFV, the model that best described the data consisted of
separate mesor and amplitude parameter estimates for classic and NC but same tmax and
tmin (∆OFV=174 compared to the base model, df=2, P-vlaue<0.001). Considering
separate tmax and tmin estimates didn’t result in significant fit improvement (∆OFV=5.2,
df=2, p>0.001). Parameter estimates are presented in Table 3-1. Figure 3-1 represents
cortisol concentration time profiles and the predicted concentration using stretched cosine
function for classic and NC CAH. Goodness of fit plots stratified by disease phenotype
are presented in Figure 3-2. These plots indicate a reasonable fit of the stretched cosine
model to the available data.
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Discussion

In this study, we characterized endogenous cortisol concentration in children with
CAH. Endogenous cortisol concentration in plasma follows a circadian rhythm. Although
the molecular basis of the circadian rhythm mechanism is not fully understood, a growing
body of evidence suggests that observed glucocorticoid circadian rhythm in plasma is
result from periodic glucocorticoid secretion and biosynthesis that are tightly regulated
by multiple mechanisms at different levels of the circadian timing system 145. Cortisol
elimination is thought to follow first order elimination with a constant half-life 146.
Hence, the system is in a dynamic steady state. Using an indirect response model to
separate the zero order circadian production rate from the elimination rate constant would
require perturbation of this system. Such perturbation can be achieved either through
stimulation or inhibition of endogenous cortisol production or elimination.
Administration of exogenous cortisol is expected to result in suppression of the
endogenous cortisol production while administration of synthesized ACTH can stimulate
the system. In our case, where endogenous data is only available without any system
perturbation, trying to separate rate out from rate in is mathematically not identifiable. As
such, the system was modeled in terms of concentrations.

Circadian rhythms can be represented using trigonometric functions that oscillate
over 24 h 137. As with many other hormones, the circadian rhythm of cortisol is not
symmetric. Therefore, trying to use single cosine function results in misspecification. The
dual cosine and dual ramp functions overcome this issue and provide a better fit.
However, these methods require the peak concentration to occur after the nadir .i.e. 24 >
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tmax > tmin 141. This might not be a problem when modeling endogenous data only as the
data can be shifted wherever required. Summary of the different functions that can be
used to model the circadian rhythm are presented in Appendix II.

This is the first study trying to model cortisol circadian rhythm in children with
classic CAH. For NC, our estimate for CORTm was similar to what was reported by
Ghizzoni et al. (9.52 versus 9.5 µg/dL). However, we estimated about 30% lower value
for amplitude than their reported value (5.6 versus 8 µg/dL). An estimated lower
amplitude was expected since we fitted the mean data and data from only one individual
from Frisch et al. data. Fitting mean data almost certainly will result in a reduction of
cortisol fluctuations compared to individual data. Since the main purpose of this analysis
is to inform the cortisol pharmacokinetic analysis in another group of subjects, the use of
mean data will be sufficient in providing the required information regarding endogenous
cortisol circadian rhythm in children with NC CAH. Weighting of data from the mean
(Ghizzoni; n=5) when combining it with individual data (Frisch; n=4) is an issue to
consider. Ultimately, a higher weight to the mean data was not assigned as it was felt this
was an unnecessary complication with such limited information.

The estimated 24-h mean concentration of cortisol (mesor) for both classic and
NC patients were consistent with disease severity. For example, we estimated a lower 24h mean concentration in classic patients as compared to NC patients (2.9 versus 9.5
µg/dL). The maximum, and minimum cortisol concentration is estimated to occur in the
early morning hours and around midnight as reported for normal subjects 138,139. This is
consistent with the values expected based on pathology. NC CAH children have a more
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mild form of the disease and endogenous cortisol concentrations should be higher on
average. Those children are also expected to have adrenal glands that are more
responsive to endogenous signaling from the hypothalamus and pituitary, and that should
result in greater amplitudes compared to children with classic CAH.

In conclusion, we have characterized the endogenous cortisol concentration in
children with CAH. In the next chapter, this model will be used to characterize the
endogenous cortisol concentration in patients with CAH when modeling cortisol
pharmacokinetics in subjects who receive hydrocortisone as maintenance therapy.
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Table 3-1: Parameter Estimates of Stretched Cosine Function
Parameter
Estimate
CORTm, Classic (µg/dL)
2.83
AMP, Classic (µg/dL)
1.12
CORTm, NC (µg/dL)
9.52
AMP, NC (µg/dL)
5.64
tmax (Clock time)
0618
tmin (Clock time)
0136
Residual Variability (proportional,
23
CV%)
Residual Variability (Additive, SD)
0.843

RSE%
11
24
3
2
3
2
5
12

CORTm is the mean 24-h cortisol concentration in the plasma, AMP is the amplitude, tmax
is the time at which the maximum concentration occurs; and tmin is the time at which the
minimum concentration occurs. RSE% is the relative standard error.
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Figure 3-1: Observed and Predicted Concentration Versus Time

DV: Observed Cortisol Concentration, PRED: Predicted Cortisol Concentration from
the model. The solid red curve represents the predicted concentrations. Mean data
represent mean data from Ghizzoni et al. Each ID represents the individual number in
Frisch et al. data.
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Figure 3-2: Goodness of Fit Plots for Endogenous Cortisol Data
Figure 3-2-A: Predictions versus Observations

PRED: Predicted Cortisol Concentration from the model, DV: Observed Cortisol
Concentration, solid line is the line of unity.
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Figure 3-2-B: Weighted Residuals versus Predictions

WRES: weighted residuals, PRED: predicted cortisol concentration (ug/dL).
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Figure 3-2-C: Weighted Residuals versus Time

WRES: weighted residuals, TIME: clock time.
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Chapter 4 : A MODEL-BASED PK ANALYSIS OF CORTISOL IN CHILDREN
WITH CONGENITAL ADRENAL HYPERPLASIA
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Introduction
Congenital adrenal hyperplasia (CAH) due to 21α-hydroxylase deficiency
(21OHD) is a rare form of adrenal insufficiency (1:15,000) characterized by impaired
cortisol synthesis and excessive adrenal androgen production. Beginning in utero,
decreased cortisol synthesis and impaired negative feedback leads to over-stimulation of
the hypothalamic-pituitary-adrenal (HPA) axis and accumulation of 17hydroxyprogesterone (17OHP) and adrenal androgens 147. Depending on the severity of
21OHD, CAH is classified as either classic (severe phenotype) or non-classic (NC; mild
phenotype). The classic phenotype is further subdivided into simple virilizing (SV) and
salt wasting (SW) based on whether there is adequate or deficient aldosterone production,
respectively.

Hydrocortisone (cortisol) is the standard glucocorticoid replacement therapy for
children with CAH at a recommended daily dose of 10-15 mg/m2/day divided into 3
doses 83. Long-acting glucocorticoids are not recommended in growing children due to
their negative effects on growth. Some hydrocortisone dosage regimens use a higher dose
in the morning to mimic the circadian rhythm of cortisol secretion, and others in the
evening in an attempt to suppress the early morning rise of adrenal androgens 148-151.
Whichever way it is dosed, cortisol has a rapid half-life in the plasma and patients are
exposed to considerable periods of hypocortisolemia and resultant hyperandrogenemia
150,152

. This androgen excess can lead to premature fusion of the growth plates and short

stature, genital virilization, precocious puberty, adrenal rests, polycystic ovarian
syndrome, and infertility 153-155.
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Population pharmacokinetic (PK) analyses are a useful tool to provide
information on PK parameters, between-subject variability in PK, and the identification
of covariates that could inform drug dosing decisions. The objectives of the present study
are to: i) develop a population PK model to characterize the time-course of HC
concentrations in children with CAH; ii) investigate the effect of selected covariates
(disease phenotype, pubertal stage, and sex) on the production rate and clearance of
cortisol; and iii) determine if the alcohol-free suspension provides similar cortisol
exposure to the tablet formulation in pediatric CAH patients.
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Methods

Study Population and Design

This was a single center, open-label, non-interventional study. The study was
approved by the University of Minnesota Institutional Review Board. Patients were
eligible for the study if they have confirmed diagnosis of CAH based on hormonal and
molecular testing and receiving oral HC as part of their clinical care for treatment of
CAH. All parents, and patients where the age is appropriate, provided informed consents
and assents; respectively. Onset of puberty was determined in girls by Tanner stage 2 for
breasts; in boys by testicular size of 4 cm3.

Drug Administration, Pharmacokinetic Sampling, and Measurement
Methods

Our study population consisted of children with CAH on hydrocortisone
replacement therapy. The patients were on variety of doses and schedules that were based
on clinical signs (growth velocity, weight gain, bone maturation, etc.) and their adrenal
steroid response as measured by 17-hydroxyprogesterone and androstenedione. On the
day before the pharmacokinetic study, patients received their regular evening dose and
were asked to fast after midnight. The following morning, a baseline pre-dose blood
sample was obtained at approximately 0800 and the patients then received their regular
oral HC morning dose of either tablet or extemporaneously compounded alcohol-free
suspension compounded by our pharmacy following a previously published method 88,156.
Following the dose, serial blood samples were obtained (a total of 15 mL) at 15, 30, 45,
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60, and 75 minutes, and 1.5, 2, 2.5, 3, 4, and 6 hours. Subsequent daily doses were held
until after the PK study. Patients were given a standard breakfast 1 hour after morning
dose administration.

Samples were centrifuged at 3500 rpm for 8 minutes; serum was removed and
frozen at -80 0C. Serum samples were assayed by Mayo Clinic Laboratories for total
cortisol concentrations using high performance liquid chromatography tandem mass
spectrometry 157. The lower limit of quantification (LLOQ) for the total cortisol assay
was 0.2 μg/dL. The within-assay coefficient of variation (CV) was less than 10%, and the
inter-assay CV was less than 15%.

Pharmacokinetic Modeling

Base Model Building

A total of 585 serum samples for cortisol were obtained from 48 subjects and
included in the analyses. Nonlinear mixed-effect modeling (nlme; NONMEM® version
7.3; ICON Development Solutions, Ellicott City, MD, USA) was performed using the
first-order conditional estimation method with interaction. Exploratory analyses and
diagnostic graphics were performed using R 3.0.2 (The R Development Core Team), Xpose 4.5.0 (Uppsala University, Uppsala, Sweden), and Perl-speaks-NONMEM (PsN
4.4.0, Uppsala University, Uppsala, Sweden) under the Pirana® interface 157-159.

85

Model Components

It was observed that most subjects had measureable baseline pre-dose
concentrations. Since cortisol has a rapid half-life and the previous evening dose was
approximately 10 hours earlier, all drug concentration from previous dosing was expected
to have been eliminated and an endogenous production rate model for cortisol was
required. It was also observed that several individuals demonstrated 6-h concentrations
that declined to values lower than the baseline concentrations. Therefore, an endogenous
cortisol circadian rhythm 145 was included in our model. The known negative feedback
loop of cortisol on the HPA axis was assumed to extend to cortisol concentrations from
exogenous administration of HC 145,160 and a model was developed to allow exogenous
cortisol to inhibit the endogenous production rate. Exogenous concentrations from oral
dosing of hydrocortisone were represented in a separate part of the model.

Modeling Cortisol Circadian Rhythm in Untreated CAH

As discussed in Chapter III, endogenous cortisol concentrations in untreated
historical control patients, reported in Frisch and Ghizzoni et al. 94,140 , were modeled.
Briefly, the data reported in these manuscripts were extracted using WebPlotDigitizer 3.3
143

and a stretched cosine function was fitted using NONMEM version 7.3. The stretched

cosine function involves 4 parameters to describe the circadian pattern: the mean 24-h
cortisol concentrations (mesor); the amplitude that describes the fluctuation of the
concentration from the mean to the peak concentration; the time at which the peak
concentration is observed (tmax); and the time at which the nadir concentration occurs
(tmin).
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Endogenous Cortisol Concentrations

The endogenous circadian concentrations in untreated patients were converted to
a fractional change relative to the estimated concentration at 0800 according to the
following equation:

CORTcircfrac= CORTcirc/ CORT(0800)

where, CORTcircfrac is the fractional change of cortisol concentration as a result of
cortisol circadian rhythm, CORTcirc is the circadian cortisol concentration in plasma as
described in chapter 3, and CORT(0800) is the predicted cortisol concentration in plasma at
0800 from the same data.

A time-dependent endogenous circadian cortisol concentrations ENDO(T) were
predicted based on subject-specific cortisol concentration at 0800 (pre-dose; ENDO(0800))
concentration according to the following equation:

ENDO(T) = ENDO(0800) x CORTcircfrac

Cortisol exerts a negative feedback inhibition on the HPA axis and reduces
cortisol production rate in healthy people 145,160. It was assumed this inhibition also
occurs in children with CAH being treated with hydrocortisone. Under the assumption
that cortisol can completely inhibit its own production, endogenous cortisol
concentrations in treated CAH patients were modeled assuming fractional inhibitory Emax
model with Imax=1 according to the following equation:
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ɣ

𝐶𝑂𝑅𝑇𝑡𝑜𝑡(𝑇) = 𝐸𝑁𝐷𝑂𝑇 𝑥 (1 − (

𝐶𝑂𝑅𝑇𝐸𝑋𝑂
)
⁄ ɣ
ɣ
(𝐼𝐶50 + 𝐶𝑂𝑅𝑇𝐸𝑋𝑂 )

where CORTtot(T) is cortisol plasma concentration that includes both the circadian
component and the cortisol coming from the exogenous hydrocortisone dose, CORTEXO
is the cortisol concentration resulting from the exogenous hydrocortisone dosing, IC50 is
CORTEXO required to produce 50% reduction of endogenous cortisol concentration in
plasma, and ɣ is a hill coefficient. During model development, we couldn’t estimate ɣ
due to minimization problem. Therefore, different integer values such as 1,2,3, and 4
were tried. A value of ɣ=3 was found to best fit the data based on changes of objective
function values (OFV).

Exogenous Cortisol Concentrations

Exogenous cortisol was assumed to enter from a depot compartment using an
Erlang absorption model 161. Preliminary analyses determined a series of 3 transit
compartments adequately described the absorption process (data not shown). A onecompartment disposition model with a first-order elimination process was adequate to
describe cortisol concentrations after hydrocortisone administration. The sets of
differential equations that describe the exogenous cortisol disposition are as follow:

DADT(Transit1) = - Katr x Transit1

DADT(Transit2) = Katr x (Transit1- Transit2)

DADT(Transit3) = Katr x (Transit2- Transit3)
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DADT(CORTEXO) = Katr x Transit3 – CL/V x CORTEXO

Total Cortisol Concentrations

In children with CAH treated with hydrocortisone, plasma cortisol concentrations
were represented by the sum of endogenous and exogenous cortisol concentrations. The
structural model is depicted in Figure 4-1. NONEMM’s syntax is presented in Appendix
III

Covariate Model Building

The effect of weight on cortisol CL/F and V/F was incorporated in the base model
using allometric scaling 162 . Additionally, the effect of disease phenotype on cortisol
baseline concentrations was included in the base model by assuming three unique typical
values for the pre-dose endogenous concentration corresponding to each phenotype. The
additional effect of age on cortisol CL/F was tested assuming a power model. Weight was
centered on the standard 70 kg and age was centered on the median value in our
population of 7.1 years. The effects of the categorical covariates sex and puberty were
also tested on CL/F, V/F, and endogenous cortisol concentration at 0800 by assuming
distinct values for each level. Puberty status was incorporated as two distinct values: prepubertal versus a combined pubertal and post-pubertal category as only one subject was
post-pubertal. Finally, the bioavailability (F) of the suspension was evaluated relative to
the tablet formulation (F=1).
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Model Evaluations

Models were evaluated based on the objective function values, the stability of the
model, and goodness of fit plots. For nested models, a decrease of more than 10.8 in the
objective function value (chi-square; p <0.001; df=1) was considered significant.
Additionally, biological plausibility and clinical importance of a statistically significant
difference was considered.

The precisions of the final model parameters were evaluated using a bootstrap
approach that included 500 runs stratified on disease phenotype. The final model was
evaluated using prediction-corrected visual predictive checks (pcVPC; 1000 simulations)
126

.

Simulations of Cortisol Profiles

Once the PK model was developed, steady-state 24-h profiles of cortisol were
simulated after administration of 15 mg/m2 daily. The simulations (n=100) were carried
out for each CAH phenotype assuming a 28 kg child with a BSA of 1 m2, using typical
values and BSV from the final model.

Four dosage regimens were simulated to reflect 3 (TID) or 4 (QID) daily doses: i)
7.5 mg/m2 at 0600, 3.75 mg/m2 at 1300, and 3.75 mg/m2 at 2000 (TID, largest dose at
morning; adapted from 149 ); ii) 5 mg/m2 at 0600, 2.5 mg/m2 at 1300, and 7.5 mg/m2 at
2000 (TID, largest dose at bedtime; adapted from 151 ); iii) 5 mg/m2 at 0600; 2.5 mg/m2 at
0800, 5 mg/m2 at 1300, and 2.5 mg/m2 at 2000 (QID dosing; adapted from 150); iv) 5.7 mg
(38% of the total hydrocortisone dose) at 0600, 3.15 mg (21%) at 1200, 1.65 mg (11%) at
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1800 and 4.5 mg (30%) at midnight; suggested in 148. The median and interquartile range
for cortisol predicted steady-state concentrations were calculated and plotted using R
3.0.2. Mean data of the 24-h physiologic endogenous cortisol concentrations from healthy
children 163 were superimposed on the cortisol profiles obtained from our simulations.
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Results

Subjects (n=48) were on a variety of hydrocortisone maintenance schedules that
were based on clinical signs (growth velocity, weight gain, bone maturation) and their
adrenal steroid response as measured by 17OHP and D4A Patient demographics and
morning dose ranges are presented in Table 4-1.

PK Model

A one-compartment model with a series of three-transit compartments for
absorption was used for exogenous hydrocortisone dosing. The typical values for oral
clearance (CL/F) and apparent volume of distribution (V/F) for a standard 70 kg adult
were found to be 21.7 L/h and 37.6. L, respectively. For a standard 29.3 kg child, the
CL/F and V/F values translate to 11.3 L/h and 15.7 L, respectively. Except for disease
phenotype effect on endogenous cortisol concentration at 0800, all other tested covariates
were not statistically significant (p-value>0.001). The relative bioavailability of
suspension with reference to tablet was estimated to be 0.996. However, it was not
significantly different than 1 (∆OFV=0, CI: 0.918-1.074). The final PK model parameter
estimates, their RSE, η and ε shrinkage, and the 95% bootstrap CIs are shown in Table 42. The individual prediction plots are shown in Appendix IV.
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Model Evaluations

The overall goodness-of-fit plots indicated no reason to reject the model (Figure
4-2). The prediction-corrected visual predictive checks (pcVPC) on a log scale are shown
in Figure 4-3. The prediction-corrected observed 5th, 50th, and 95th data percentiles for
most time bins were within the predictive intervals of prediction-corrected simulations.
The final model parameter estimates were all within the bootstrap 95% confidence
intervals (Table 4-2).

Simulations of Cortisol Daily Profiles

Figure 4-4 shows the median and interquartile range from simulated steady-state
plasma profiles (n=100) of cortisol (ug/dL) after administration of hydrocortisone doses
of 15 mg/m2/day in children weighing 28 kg with different forms of CAH under four
different daily dosage scenarios.
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Discussion

This is the first population PK model developed to characterize the time course of
following hydrocortisone dosing in children with CAH. We have estimated a faster CL/F
than what is reported for healthy subjects or for patients with other forms of adrenal
insufficiency 149,164. In our study we assumed the presence of an endogenous cortisol
production, whereas other studies did not 149,164. If the assumption of no endogenous
cortisol is incorrect, CL/F would be falsely low and including endogenous production
would increase the CL/F value. It is also possible that the faster clearance in our study
might be due to up-regulation of the enzyme activity of 11β-hydroxysteroid
dehydrogenase (11β-HSD) isoenzymes and other enzymes that have a role in cortisol
clearance in CAH patients 165-167. Another possibility is that the allometric scaling does
not strictly capture changes in CL/F due to body size differences in our CAH patients,
some of which are on GnRH (gonadotropin releasing hormone) analogs to suppress early
development of puberty. In addition, we did not attempt to include a maturation term on
clearance 168 because only three children were less than 2 years; this is inadequate to
accurately characterize this developmental concept. Furthermore, diagnostic plots did not
suggest any persistent misspecification in these youngest children. Our estimated typical
value of V/F of 37.6 L is close to what is reported for the volume of distribution
following an intravenous dose in healthy volunteers (32 L) 169 or V/F for individuals with
other forms of adrenal insufficiency (38.7 L) 149.

In the current prospective 6-h study, a baseline cortisol concentration at 0800 was
observed to be consistently higher than cortisol concentration 6 hours later (1400),
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specifically in NC patients. The higher cortisol concentration in the morning is unlikely
to be the result of carry-over from hydrocortisone dosing the night before the study as the
last dose was administered at approximately 2000 and cortisol has a short half-life of
about 1 hour.

No significant difference was found in hydrocortisone bioavailability between
tablet and alcohol-free suspension administration. This finding is consistent other reports
88,170,171

evaluating suspension administration. However, the current Endocrine Society

Clinical Practice Guidelines on CAH recommend against using hydrocortisone
suspension 83, based on a study using a previously available commercial hydrocortisone
suspension 172. Clearly, this recommendation complicates dosing in young children and
adults not able to swallow tablets and the available tablet strengths make it difficult to
allow the small increments in dosing needed in younger patients.

Based on our 24-h simulated profiles, none of the suggested dosage regimens
reasonably replicate the cortisol physiologic circadian rhythm and therefore are not
expected to provide adequate suppression of 17OHP, especially during late night to early
morning hours when the adrenals are maximally stimulated. This is hardly surprising
given the short cortisol half-life, and emphasizes the unmet clinical need to develop other
hydrocortisone formulations and routes of delivery aimed at providing more physiologic,
circadian cortisol concentrations and reducing periods of hypocortisolemia and resultant
periods of hyperandrogenism over the day. Administration of four hydrocortisone doses
per day performed slightly better than 3 doses per day in children with classic CAH
(Figure 4-4). For some children with NC CAH, three hydrocortisone doses per day with
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the highest dose at 0600 might provide sufficient adrenal suppression.

In conclusion, quantitative characterization of cortisol disposition following
hydrocortisone dosing in CAH children has been successfully developed in the presence
of an endogenous circadian rhythm. This PK model includes the effect of body weight on
clearance and volume of distribution of cortisol and allows the 0800 concentration to be a
function of the disease phenotype. Based on this model, none of the simulated
hydrocortisone regimens adequately replicate the physiologic cortisol circadian rhythm in
children with classic CAH. Increasing the dosing frequency to four times daily may
provide a more prolonged period of control and less hypocortisolemia. Administering the
largest dose in the evening is not likely to extend the period of control to early morning
as desired. For children with NC CAH, hydrocortisone treatment divided into three doses
with the highest dose administered in the morning might be adequate because of
sufficient endogenous production.

96

Table 4-1: Summary of Demographics
Characteristics
Median (Range)
Age (years)
7.1 (1.47-18.2)
Weight (kg)
29.3 (10.8-80.6)
2
Body surface area (m )
1 (0.51-1.97)
Sex, n
Male
Female
Pubertal status, n (%)
Pre-pubertala
Pubertal
Post-pubertal
Phenotype, n (%)
SW
SV
NC
2
Morning dose (mg/m )
5.65 (1.65-13.2)
Morning dose (mg)
5 (0.6-12.5)
Dose formulation, n
Alcohol-free suspension
Tablet

24
24
38
9
1
33
10
5

11
37

NC: non-classic; SV: simple virilizing; SW: salt wasting
a
7 of 38 pre-pubertal patients were having their puberty suppressed with histrelin acetate
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Table 4-2: PK Parameter Estimates
Parameter
Estimate
CL/F
21.7x(WT/70)^0.75
V/F
37.6x (WT/70)
Katr
7.64
Baseline
SW
0.377
Cortisol
Concentration SV
0.986
at 0800
NC
8.58
IC50
0.807
ɣ
3
Between-Subject Variability, CV%b
Baseline Cortisol
87
Concentration at 0800
CL/F (L/h)
40
V/F (L)
27
Katr (1/h)
45
Covariance between
0.053; correlation:
Baseline Cortisol
0.46
Concentration at 0800
and CL/F
Covariance between
0.084; correlation:
Baseline Cortisol
0.28
Concentration at 0800
and V/F
Covariance between
0.021; correlation:
CL/F and V/F
0.66
Residual Unexplained Variabilityc
Proportional, CCV%
16

RSE
%
5.6
4
7
22

Bootstrap
95%CI
19.4 - 23.7
35 - 40.4
6.74 – 8.74
0.277 –
0.508
0.599 – 1.57
4.87 – 12.2
0.476 - 1.03

Shrinkage
%

9

67 – 104

2

22
25
10
120

24 – 58
15 – 39
35 – 53
-0.07 – 0.2

0
4
4

219

-0.07 – 0.12

57

0.02 – 0.18

6

14 – 18

15
15
18
FIX

16

ɣ: a hill coefficient; CL/F: oral clearance; CV: coefficient of variation; CVV: constant
coefficient of variation; IC50: concentration of cortisol resulting from exogenous
hydrocortisone dosing required to produce 50% inhibition of the maximum effect on
endogenous cortisol production rate; Katr is the transit rate constant associated with the
transit absorption model; NC: non-classic; RSE: relative standard error; SV: simple
virilizing; SW: salt wasting; and WT: weight in kg
a
Shrinkage was calculated for both η and ε as shown by Savic et al.131,
2
b
CV% was calculated as √𝑒 ω − 1,
c

CCV% and SD were calculated as √σ2 .
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Figure 4-1: Depiction of PK Structural Model

Dose
ENDO(T)

Transit 2,3

CORTEXO

ENDO(T) is the endogenous cortisol concentration at any time during the day, katr is the
transit absorption rate constant, CORTEXO is cortisol concentration as a result of
hydrocortisone dosing, and CL is the cortisol clearance.
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Figure 4-2: Goodness of Fit Plots for Cortisol Pharmacokinetic Model

Upper panel, left: Population predictions vs observed concentrations. Upper panel, right:
Individual prediction vs observed concentrations. Lower panel, left: Conditional
weighted residuals (CWERS) vs population predictions. Lower panel, right: CWERS vs
time (h).
Solid lines in upper panel are line of y=x. Solid lines in lower panel are line of y=0.
Dashed lines are lowess smooth.
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Figure 4-3: Prediction-corrected Visual Predictive Check (pcVPC)

Prediction-corrected (pc) concentrations are on a log scale. Solid line represents the 50th
percentile, and dashed lines represent the 5th, and 95th percentiles of the pc observations;
and shaded areas represent 95% prediction intervals of the 5th, 50th, and 95th percentiles
of pc simulated data.
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Figure 4-4: Simulated 24-h Cortisol Profiles

Solid line is medium and shaded area is interquartile range. Dashed line is the cortisol
physiologic concentrations in healthy subjects.
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Chapter 5 : RECAPITULATIONS
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In the United States, there are almost 7000 rare diseases affecting more than 25
million people. Rare diseases raise great health care concern as there is unmet clinical
need. Even after the introduction of the Orphan Drug Act in 1983, only very small
percentage of rare diseases has treatment so far. This demonstrates the great challenges
associated with this area of research. Quantitative analysis using pharmacometrics
techniques offers a platform to efficiently improve orphan drug development. The
objectives of this thesis were to develop population models that characterize the exposure
response relationship in two rare diseases. In this final chapter we discuss the main
findings of each chapter and describe future research directions and studies that might
change the clinical practice for these diseases.

In Chapter 2, we characterized the exposure response relationship in
asymptomatic children with X-ALD, who are at risk of developing the neurodegenerative
CCALD form and receiving LO as a preventive therapy. We provided a model-base
evidence that LO significantly reduced saturated very long chain fatty acids in plasma
and we developed an exposure response model that characterized the relationship
between Lorenzo’s oil exposure and its effect on plasma lipid. Our analyses indicated a
trend of LO's beneficial effect on CALD prevention but we couldn’t prove it statistically,
potentially due to our limited power. Results from the population pharmacodynamic
model will be used to provide the effect size of LO on C26:0 plasma concentrations and
the response variability in the design of future clinical trials. Additionally, a study that
characterizes Lorenzo’s oil PK in X-ALD is currently ongoing. Results of this study will
help to optimize LO dosing in future studies that aim at providing definitive answers
regarding LO’s efficacy and target sub-population in X-ALD disease.
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In Chapter 3, we used mathematical modeling to fit a smooth curve that can
capture the endogenous cortisol concentrations in historical control children with CAH. A
stretched cosine function appeared to capture the asymmetry of the circadian pattern of
cortisol concentration in plasma. The model estimated that peak cortisol concentration to
occur in the early morning (around 0600) and the nadir to occur about 90 minutes after
the mid-night.

In our next Chapter, Chapter 4, we developed population PK model that describe
cortisol concentration in children with CAH after receiving their usual maintenance
hydrocortisone dosing. The underlying cortisol circadian rhythm was incorporated based
on parameter estimates obtained from the historical control data. Based on our covariate
analyses, no difference in bioavailability was detected between hydrocortisone tablets
and an extemporaneously compounded suspension. Therefore, the current CAH
guidelines recommendation against using a hydrocortisone suspension should be reevaluated. Based on our simulations, current dosage regimens of hydrocortisone in
children with CAH do not capture physiologic circadian rhythms resulting in prolonged
periods of hypocortisolemia and therefore, inadequate control of adrenal steroids is
expected. In our future study, we aim at developing PK/PD model that aims at describing
the response characterized by 17OHP and D4A to cortisol administration in these
children. Future studies that aim at development of other hydrocortisone formulation such
as cortisol pump or extended release cortisol are highly endorsed.
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1. Control Stream for Final Cortisol Endogenous Modeling
;; Description: STRETCHED COSINE for Ghizzoni et al. Data
;; x1. Author: Mariam A. Ahmed
$PROB RUN#2
$INPUT ID STUDY TIME CONC EVID MDV DV
;*******DEFENITIONS********************
; ID: Subject number as presented in Frisch et al. For ID=1, mean data from Ghizzoni
et al.
; STUDY: 1 Frisch, 2: Ghizzoni
; TIME: time zero represents 0800 on the clock time
; CONC: reported cortisol concentration in Frisch and Ghizzoni et al. n its original
unit (ug/dL and nmol/L, respectively)
; DV: cortisol concentration in ug/dL
;**************************************
$DATA GHIZZONI.csv IGNORE=@
;**************************************
$PRED
;**************************************
DX=1 ; for Classic CAH
IF (ID.EQ.1.OR.ID.EQ.10) DX=3 ; for NC CAH
;**************************************
TMAX=THETA(1)+ETA(1)
TMIN=THETA(2)+ETA(1)
CORTM=THETA(3)*EXP(ETA(3))
AMP= THETA(4)*EXP(ETA(4))
IF (DX.EQ.3) THEN
CORTM=THETA(5)*EXP(ETA(3))
AMP= THETA(6)*EXP(ETA(4))
ENDIF

IF ((TIME-TMAX).GT.0) THEN
T24 = (TIME-TMAX) - 24*INT((TIME-TMAX)/24)
ELSE
T24 = (TIME-TMAX) - 24*(INT((TIME-TMAX)/24)-1)
ENDIF
IF ((TMIN-TMAX).GT.0) THEN
L1 = (TMIN-TMAX) - 24*INT((TMIN-TMAX)/24)
ELSE
L1 = (TMIN-TMAX) - 24*(INT((TMIN-TMAX)/24)-1)
ENDIF
L2=24-L1 ; L1=length of first period, L2=length of second period
T1=T24/L1*12 ; part 1: map from (0, L1) to (0, 12)
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T2=(12*(T24-L1)/L2)+12 ; part 2: map from (L1, L2) to (12, 24)
IF(T24.LE.L1)THEN
TX=T1
ELSE
TX=T2
ENDIF ; step-function but at L1, T1=T2=12 and gradient=0
PI=3.141592653
CIRC = AMP*COS(TX/24*2*PI)
CORTCIRC=CORTM+CIRC
ECORT=CORTC
Y=ECORT*(1+ERR(1))+ERR(2)
$EST METHOD=0 PRINT=5 MAX=9999 NSIG=3 SIGL=9 NOABORT
MSFO=1.msf
$COV
;$SIM ONLYSIM (1234)
$THETA
(0, 20)
; TMAX
(0, 16)
; TMIN
(0, 2.8) ; CORTM CLASSIC
(0, 1.2) ; AMP CLASSIC
(0, 10) ; CORTM NC
(0, 5)
; AMP NC
$OMEGA
;; CORT
0 FIX ;TMAX
0 FIX ; TMIN
0 FIX ;VAR CORTM
0 FIX ; VAR AMP
$SIGMA
0.05 ; ERR1
0.856 ; ERR2
$TABLE ID TIME DV EVID MDV DVT24 L1 L2 TX EVID MDV ECORT PRED
WRES ONEHEADER NOPRINT FILE=1.tab
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2. Dataset extracted from Frisch and Ghizzoni et al. Paper
ID
STUDY TIME
CONC
EVID
MDV
8
1
0
0
2
1
8
1 1.556164 4.01803
0
0
8
1 3.024658 4.007525
0
0
8
1 4.580822 3.524291
0
0
8
1 6.005479 2.95616
0
0
8
1 7.561644 2.945029
0
0
8
1 9.249315 2.160425
0
0
8
1 10.63014 1.120505
0
0
8
1 12.01096 1.153546
0
0
8
1 13.58904 0.79891
0
0
8
1 15.05753 0.316303
0
0
8
1 16.72329 0.347306
0
0
8
1 17.92877 0.98246
0
0
8
1 19.52877 0.885178
0
0
8
1 21.01918 2.290826
0
0
8
1 22.37808 2.495698
0
0
9
1 0.087671 4.886903
0
0
9
1 1.556164 3.030905
0
0
9
1 3.090411 3.964137
0
0
9
1 4.536986 3.438768
0
0
9
1 6.005479 2.95616
0
0
9
1 7.605479 2.944716
0
0
9
1 9.030137 3.277872
0
0
9
1 10.49863 2.709428
0
0
9
1 12.03288 2.054677
0
0
9
1 13.55616 0.970819
0
0
9
1 15.27671 0.829757
0
0
9
1 16.54795 1.593196
0
0
9
1 18.12603 3.384483
0
0
9
1 19.55068 2.945107
0
0
9
1 21.23836 3.36222
0
0
9
1 22.50959 4.254414
0
0
9
1
24 5.532091
0
0
10
1 0.087671 9.264585
0
0
10
1 1.556164 12.17254
0
0
10
1 3.068493 10.14455
0
0
10
1 4.536986 14.16838
0
0
10
1 5.983562 12.9134
0
0
10
1 7.473973 12.21604
0
0
10
1 8.964384 10.35989
0
0
10
1 10.52055 5.327297
0
0
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DV
0
4.01803
4.007525
3.524291
2.95616
2.945029
2.160425
1.120505
1.153546
0.79891
0.316303
0.347306
0.98246
0.885178
2.290826
2.495698
4.886903
3.030905
3.964137
3.438768
2.95616
2.944716
3.277872
2.709428
2.054677
0.970819
0.829757
1.593196
3.384483
2.945107
3.36222
4.254414
5.532091
9.264585
12.17254
10.14455
14.16838
12.9134
12.21604
10.35989
5.327297

10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

12.01096
13.50137
14.94795
16.43836
17.92877
18.87123
22.37808
24
0.087671
1.775342
3.287671
4.580822
6.049315
7.627397
9.030137
10.56438
11.98904
13.43562
15.0137
16.50411
17.9726
19.48493
21.00822
22.44384
24
24
0
0.489681
1.016939
1.551076
2.066129
2.533582
3.007249
3.504327
4.027258
4.534544
5.025187
5.560323
6.024114
6.510763
7.026481
7.499371
8.028183

4.887452
4.233014
1.947988
4.941619
2.613362
7.370569
8.075097
16.64797
3.213083
5.7332
5.121524
3.56721
2.912928
2.944559
3.578302
3.567327
4.458424
2.988849
3.106316
2.9669
1.969271
2.816822
2.247986
2.967331
0
4.888314
0
410.3549
280.2084
253.3934
289.917
311.4538
426.3222
542.8508
347.7055
267.5646
287.4283
275.613
242.1509
202.0157
248.5391
351.7411
244.9275
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

4.887452
4.233014
1.947988
4.941619
2.613362
7.370569
8.075097
16.64797
3.213083
5.7332
5.121524
3.56721
2.912928
2.944559
3.578302
3.567327
4.458424
2.988849
3.106316
2.9669
1.969271
2.816822
2.247986
2.967331
0
4.888314
0
14.87332
10.15616
9.184247
10.50805
11.28865
15.45206
19.67564
12.60259
9.697884
10.41784
9.989599
8.776762
7.322062
9.008303
12.74886
8.877402

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

8.469339
9.053073
9.501221
10.03325
10.49282
11.003
11.51805
12.00481
12.51986
13.01605
13.52467
14.01376
14.49808
15.03221
15.54372
16.03292
16.50137
17.03662
17.50096
18.01357
18.4848
18.99952
19.5149
20.03251
20.52637
20.9926
21.50655
22.0206
22.51135
23.00632
23.50274
23.9845
24

221.4716
239.6428
321.185
262.7039
165.9096
129.1012
165.6248
127.1562
163.6798
266.8753
206.734
203.2648
128.1303
101.3153
84.50653
82.70397
119.2405
109.0918
83.96285
83.82046
162.0229
193.5466
235.0701
309.9263
378.1225
381.3263
401.1835
422.7074
444.2377
529.1002
635.629
522.1619
0
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

8.027243
8.685858
11.64136
9.521706
6.013394
4.679274
6.003072
4.608779
5.932578
9.6729
7.493079
7.367338
4.644085
3.672174
3.06294
2.997607
4.321874
3.954035
3.043235
3.038074
5.872522
7.015099
8.520119
11.23328
13.70505
13.82118
14.5409
15.32104
16.1014
19.17725
23.03838
18.92577
0
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Summary of available different functions for fitting data with circadian rhythm
Function
Structure
Comment
2𝜋 𝑥 (𝐭 − 𝐭 𝐳 )
Single Cosine

Suitable
𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐 = 𝐶𝑂𝑅𝑇𝑚 + 𝐴𝑀𝑃𝑥𝑐𝑜𝑠 (
)
for data that
24
show symmetric
circadian rhythm
where CORTm is the 24-h mean cortisol

CORTm
concentration, AMP is the amplitude, and tz is the ≥ AMP
acrophase time,sad which signifying peak cortisol
concentration
Dual Cosine
The asymmetric nature of the circadian data can be 
Can
described by two cosine functions which is periodic capture the
over 24 h. One function accounts for the
asymmetric
concentration between
nature of the data
Tmin (time of nadir concentration) to Tmax

Require
(time of peak concentration) and the other function that 24 > Tmax >
accounts for secretion from Tmax to 24 h and 0 to
Tmin
Tmin. The equations are:
If Time less than or equal Tmin:
𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐
= 𝐶𝑂𝑅𝑇𝑚 + 𝐴𝑀𝑃𝑥𝐶𝑂𝑆 (

2𝜋 𝑥 (𝐭 + 𝟐𝟒 − 𝐭 𝐦𝐚𝐱 )
)
(𝐭 𝐦𝐢𝐧 − 𝐭 𝐦𝐚𝐱 + 𝟐𝟒)

If Time between Tmin and Tmax:
𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐
= 𝐶𝑂𝑅𝑇𝑚
2𝜋 𝑥 (𝐭 − (2 𝑥 𝐭 𝐦𝐢𝐧 ) + 𝐭 𝐦𝐚𝐱 )
+ 𝐴𝑀𝑃𝑥𝐶𝑂𝑆 (
)
(𝐭 𝐦𝐚𝐱 − 𝐭 𝐦𝐢𝐧 )
If time greater than Tmax and less than or equal 24:
𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐 = 𝐶𝑂𝑅𝑇𝑚
2𝜋 𝑥 (𝐭 − 𝐭 𝐦𝐚𝐱 )
+ 𝐴𝑀𝑃𝑥𝐶𝑂𝑆 (
)
(𝐭 𝐦𝐢𝐧 − 𝐭 𝐦𝐚𝐱 + 𝟐𝟒)
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Harmonics

𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐 = 𝑎𝑛
𝑖𝑛𝑓

+ ∑ [𝑎𝑛 𝑥𝑐𝑜𝑠 (
𝑛=1

+ 𝑏𝑛 𝑥𝑠𝑖𝑛 (

2𝜋 𝑥 𝑛 𝑥𝑡
)
24

Can capture both
the irregularities
and asymmetry
nature of the
circadian data

2𝜋 𝑥 𝑛 𝑥𝑡
)]
24

This method employs Fourier analysis to describe
the circadian pattern of the data. a0, ai, and bi are
Fourier coefficients. The n refers to the nth
harmonic.

Stretched
Cosine

2𝜋 𝑥 𝛕
𝐶𝑂𝑅𝑇𝑐𝑖𝑟𝑐 = 𝐶𝑂𝑅𝑇𝑚 + 𝐴𝑀𝑃𝑥𝐶𝑂𝑆 (
)
24

132

Can capture the
asymmetry of the
data
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;; 2. Description: Control Stream for Final Cortisol PK Modeling
;; x1. Author: Mariam A. Ahmed
$PROB RUN#1
$INPUT C ID TIME AMT DV CMT SEX AGE WT PUB DX FORM BSA EVID MDV
;; SEX: Sex (categorical) 1 for male and 0 for female
;; AGE: Age in years
;; WT: weight in kg
;; PUB: puberty stage (categorical) 1 for pre-pubertal, 2 for pubertal, and 3 for postpubertal
;; DX: diagnosis (categorical) 1 for sv, 2 for sw, and 3 for nc
;; FORM: formulation (categorical) 1 for tablet and 0 for suspension
;; BSA: body surface area (m2)
$DATA CAH_PK.csv IGNORE=@
$SUBROUTINES ADVAN6 TOL=7
$MODEL
COMP=(DEPOT DEFDOSE)
COMP=(CENTRAL DEFOBS)
COMP=(TRANS1)
COMP=(TRNS2)
$PK
;;CORTISOL PK PARAMETER (1 COMPARTMENT WITH TRANSIT
ABSORPTION);;;;;;;;;;;
TVCL=THETA(1)*(WT/70)**0.75
CL=TVCL*EXP(ETA(1))
TVV=THETA(2)*(WT/70)
V=TVV*EXP(ETA(2))
S2=V/100
KEL=CL/V
TVKATR=THETA(3)
KATR=TVKATR*EXP(ETA(4))
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
;; CIRCADIAN RHYTHM PARAMETERS FROM FRISCH AND GHIZZONI
PAPERS (FIXED)
TMAX=THETA(4)
IF(DX.EQ.3) TMAX=THETA(5)
TMIN=THETA(6)
IF(DX.EQ.3) TMIN=THETA(7)
CORTM=THETA(8)
IF(DX.EQ.3) CORTM=THETA(9)
AMP=THETA(10)
IF(DX.EQ.3) AMP=THETA(11)
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;; STRECHED COSINE FUNCTION TO DESCRIBE CIRCADIAN RHYTHM OF
CORTISOL CONCENTRATION
IF ((TIME-TMAX).GT.0) THEN
T24 = (TIME-TMAX) - 24*INT((TIME-TMAX)/24)
ELSE
T24 = (TIME-TMAX) - 24*(INT((TIME-TMAX)/24)-1)
ENDIF
IF ((TMIN-TMAX).GT.0) THEN
L1 = (TMIN-TMAX) - 24*INT((TMIN-TMAX)/24)
ELSE
L1 = (TMIN-TMAX) - 24*(INT((TMIN-TMAX)/24)-1)
ENDIF
L2=24-L1 ; L1=length of first period, L2=length of second period
T1=T24/L1*12 ; part 1: map from (0, L1) to (0, 12)
T2=(12*(T24-L1)/L2)+12 ; part 2: map from (L1, L2) to (12, 24)
IF(T24.LE.L1)THEN
TX=T1
ELSE
TX=T2
ENDIF ; step-function but at L1, T1=T2=12 and gradient=0
PI=3.141592653
CIRC = AMP*COS(TX/24*2*PI)
;;;CORTISOL CIRCADIAN STRECHED COSINE;;;;;;;;;;;;;;;;;;;;;
CORTT=CORTM+CIRC
;;;CALCULATE CORTISOL CONC. AT TIME ZERO (0800 FROM HISTORIAL
CONTROL)
T0800 = (-TMAX) - 24*(INT((-TMAX)/24)-1)
IF ((TMIN-TMAX).GT.0) THEN
L0800 = (TMIN-TMAX) - 24*INT((TMIN-TMAX)/24)
ELSE
L0800 = (TMIN-TMAX) - 24*(INT((TMIN-TMAX)/24)-1)
ENDIF
L20800=24-L0800
T10800=T0800/L0800*12 ; part 1: map from (0, L1) to (0, 12)
T20800=(12*(T0800-L0800)/L20800)+12 ; part 2: map from (L1, L2) to (12, 24)
IF(T0800.LE.L0800)THEN
TX0800=T10800
ELSE
TX0800=T20800
ENDIF ; step-function but at L1, T1=T2=12 and gradient=0
; ENDOGENOUS CORTISOL FROM HISTORICAL CONTROL AT 0800
CORT8 = CORTM+AMP*COS(TX0800/24*2*PI)
;; FRACTIONAL CIRCADIAN
CORTCIRCFRAC=CORTT/CORT8
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;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
;;ESTIAMTE ENDOGENOUS CORTISOL CONCENTRATION AT 0800 FROM
PROSPECTIVE STUDY (ENDO8)
TVENDO8=THETA(12) ;SV
IF (DX.EQ.2) TVENDO8=THETA(13) ; SW
IF (DX.EQ.3) TVENDO8=THETA(14) ; NC
ENDO8=TVENDO8*EXP(ETA(3))
;; CIRCADAIN CORTISOL IN THE PROSPECTIVE STUDY
ENDOT=ENDO8*CORTCIRCFRAC
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
;; NEGATIVE FEEDBACK INHIBITION FROM EXOGENOUS CORTISOL ON
ENDOGENOUS CIRCADIAN RHYTHM
IC50=THETA(15)
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
$DES
CORTEXO=(A(2)/S2)
INH=CORTEXO**3/(IC50**3+CORTEXO**3)
ENDOI=ENDOT*(1-INH)
DADT(1)=-KATR*A(1)
DADT(2)=KATR*A(4)-KEL*A(2)
DADT(3)=KATR*(A(1)-A(3))
DADT(4)=KATR*(A(3)-A(4))
;DADT(5)=KATR*(A(4)-A(5))
$ERROR
ECORTEXO=(A(2)/S2)
EINH=ECORTEXO**3/(IC50**3+ECORTEXO**3)
EENDOI=ENDOT*(1-EINH)
IPRED=ECORTEXO+EENDOI
Y = IPRED + IPRED*ERR(1)
$EST METHOD=1 INTERACTION PRINT=20 MAX=9999 SIG=3 SIGL=7
MSFO=554.msf
$THETA
(0, 21.6) ;CL/F
(0, 38.7) ;V/F
(0, 10.9) ;KATR
(22.3) FIX ; TMAX CLASSIC
(22.3) FIX ; TMAX NC
(17.6) FIX ;TMIN CLASSIC
(17.6) FIX ; TMIN NC
(0, 2.83) FIX ; MESOR CLASSIC
(0, 9.52) FIX ; MESOR NC
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(0, 1.12) FIX ;AMPC CLASSIC
(0, 5.64) FIX ;AMP nc
(0, 1.01) ;ENOD8 SV
(0, 0.371) ; ENOD8 SW
(0, 8.84) ;ENOD8 NC
(0, 0.752) ; IC50

$OMEGA BLOCK(2)
0.147 ;VAR CL/F
0.0481 0.574 ; VAR V/F
$OMEGA
0.0699 ; VAR ENDO8
0.146 ;VAR KATR
0 FIX ; VAR IC50
$SIGMA
0.0267 ;[P]
$COV
$TABLE C ID TIME AMT DV CMT SEX AGE WT PUB DX FORM BSA EVID MDV
CL V KATR ENDO8 IC50 IPRED PRED CWRES NOAPPEND ONEHEADER
NOPRINT FILE=sdtab1
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1. Individual Prediction for CAH Patients With Salt Wasting

Solid lines are the observed plasma cortisol concentrations and dashed lines are
the individual prediction. Time is the time after morning dose (0800).
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2. Individual Prediction for CAH Patients With Simple Virilizing

Solid lines are the observed plasma cortisol concentrations and dashed lines are
the individual prediction. Time is the time after morning dose (0800).
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3. Individual Prediction for CAH Patients With Non-Classic

Solid lines are the observed plasma cortisol concentrations and dashed lines are
the individual prediction. Time is the time after morning dose (0800).
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