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A Prodrug Stimulant for Attention-Deficit/
Hyperactivity Disorder
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a neu-
ropsychiatric condition that affects both children and adults.
In a representative sample of children 8 to 15 years of age in
the U.S., approximately 9% met the criteria for ADHD, as spec-
ified in Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV).! In cross-national surveys, the
prevalence of ADHD among children in other countries ranged
from 5.8% in Canada to 11.2% in India.?

In children with ADHD, symptoms may be manifested as sig-
nificant social, emotional, and academic problems, including
low self-esteem, poor peer relationships, delinquency, and sub-
stance abuse. The persistency of ADHD from childhood into
adulthood is often underappreciated. Increasingly, the litera-
ture clearly demonstrates that ADHD symptoms, particularly
those of inattention and many associated impairments, persist
into adulthood in a high proportion of cases.*® Approximately
65% of people with childhood ADHD continue to exhibit symp-
toms as adults.®

Results of the National Comorbidity Survey Replication
(NCSR), the first definitive epidemiologic study of ADHD,
estimated the prevalence of ADHD to be 4.4% among adults in
the U.S., but only 10.9% of adults with ADHD had received
treatment for it in the previous 12 months.” In the World Health
Organization World Mental Health Survey Initiative, which
included respondents 18 to 44 years of age in 10 countries,
estimates of ADHD prevalence averaged 3.4%, ranging from
1.2% in Spain to 7.3% in France.®

The validity of ADHD as a disorder in adults has been sup-
ported by evidence from studies of clinical correlates, family
history, treatment response, and laboratory measures.’ Heri-
tability plays a role, with 76% of ADHD cases having a genetic
component.’ Neuroanatomic studies in children with ADHD
have shown delayed maturation in the prefrontal cortex, an
area known to be involved with executive function and work-
ing memory.!! Furthermore, structural imaging studies in
children and adults with ADHD have identified smaller vol-
umes in the frontal cortex, cerebellum, and subcortical struc-
tures.??

The effects of ADHD on deportment and school perform-
ance in children are well established. However, an analysis of
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the impact of ADHD on workplace productivity and costs to
employers has focused on the need to increase the diagnosis
and treatment of ADHD in adults.”® The study, conducted by
Kessler et al. at a large manufacturing firm and published in
2009, found that ADHD was associated with a 4% to 5% reduc-
tion in on-the-job productivity, the equivalent of losing 10 to 12
work days in a 250-day work year. The cost to employers for
lost work performance was estimated to be $4,336 per em-
ployee with ADHD, which translates to $8,241 per 100 work-
ers, assuming a conservative 1.9% prevalence of adult ADHD.™

These findings suggest that treatment of this disabling con-
dition in adults may have a substantial economic benefit to
employers as well as to the patients themselves. Furthermore,
an analysis of pharmacy and medical claims data obtained
from a large managed care plan revealed that annual total
costs for adults with ADHD were $3,020 per person, slightly
more than the total annual cost for adults with seasonal aller-
gies and less than those incurred by adults with depression or
diabetes.™

HISTORY OF THERAPY

General Background on Stimulants

Stimulants have been used to treat symptoms of ADHD for
more than 50 years, and in 2006, a treatment algorithm devel-
oped by the Texas Consensus Conference Panel on Pharma-
cotherapy of Childhood ADHD confirmed the use of these
agents as a first-line treatment.'>¢ The use of stimulant med-
ications in the treatment of ADHD, however, is not without con-
troversy.

In 1999, a four-group, parallel-design study—the Multimodal
Treatment Study of Children with ADHD (MTA)—was con-
ducted.'” The children (N = 579) were randomly assigned to
receive 14 months of medication management, behavioral
treatment (including parent, school, and child components),
combined treatment, or the standard care by community
providers. All four groups showed marked reductions in symp-
toms over the course of the study; however, medication man-
agement alone and with behavioral therapy were clinically
and statistically superior to behavioral treatment or community
care alone in reducing ADHD symptoms.”
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In a follow-up study by Molina et al.,'® which used mixed-
effects regression models with planned contrasts at six and
eight years, the original study authors'” concluded that the type
or intensity of 14 months of treatment for ADHD in childhood
(at age 7 to 9.9 years) did not predict functioning six to eight
years later. The results of the long-term data require critical
evaluation, given that there was ultimately a mix of treatments
over time, making it difficult to interpret the outcome from any
single treatment.

In addition to concerns about the efficacy of stimulant treat-
ment for ADHD, there are several safety concerns as well. In
May 2006, based on recommendations from the FDA’s Drug
Safety and Risk Management Advisory Committee and the
Pediatric Advisory Committee, the FDA recommended that
manufacturers of ADHD medications revise their product
labeling to reflect concerns about adverse cardiovascular and
psychiatric events such as sudden death in patients with
underlying serious heart problems or defects; aggressive be-
haviors; visual, tactile, or auditory hallucinations; psychosis;
and mania.'%

The use of stimulants for children with ADHD has also been
associated with suppression of growth. In a 36-month follow-
up of the MTA study population,'” children newly treated with
these agents showed growth suppression of approximately
2 cm compared with unmedicated children.?! Growth sup-
pression occurred during the first 24 months and then stabi-
lized without rebounding.** A planned 12-year follow-up of this
study population may elucidate the long-term growth sup-
pression, if any, experienced by children receiving stimulant
treatment for ADHD.

Although the mechanism of action of drugs indicated for the
treatment of ADHD is unknown, the therapeutic efficacy of
ADHD medications is likely to be dependent on their relative
ability to elevate synaptic catecholamine concentrations.” Both
methylphenidate and amphetamine, the two types of stimulants
commonly used to treat ADHD, are thought to enhance the
efflux and function of both noradrenaline and dopamine in
the central nervous system (CNS).* In addition, the increased
dopamine efflux produced by stimulant medications is not
limited to cortical regions. Both types of stimulants also have
a rapid onset of action with no ceiling on drug effect.?? As
molecular entities, methylphenidate and amphetamine are

considered equally effective; however, some patients respond
better to one drug than to others.?*?* Thus, identifying treat-
ment that is effective for and tolerable to individual patients
often requires the use of trial drugs and drug substitution.?

The development of different long-acting stimulant formu-
lations has improved convenience and has extended the effects
through once-daily dosing. In addition to the methylphenidate
transdermal patch, which is indicated for ADHD in children,
four long-acting, mechanically formulated oral stimulants and
one long-acting, chemically formulated prodrug are indicated
for the treatment of ADHD in children and adults:

¢ dexmethylphenidate HCI extended-release (ER) capsules
(Focalin XR, Novartis): beaded technology, immediate-
release (IR), and enteric-coated?

¢ methylphenidate HC1 ER tablets (Concerta, McNeil
Pediatrics): osmotic release?

e methylphenidate HCI ER capsules (Metadate CD, UCB;
and Ritalin LA, Novartis): beaded technology, IR, and
ER27,28

¢ mixed salts of a single-entity amphetamine product, ER
(MAS-XR; Adderall XR, Shire U.S. Inc.): beaded technol-
ogy, IR, and enteric-coated®

e lisdexamfetamine dimesylate (LDX; Vyvanse capsules,
Shire U.S. Inc.): prodrug, iz vivo conversion of LDX to
d-amphetamine®

LDX as a Prodrug

As the first chemically formulated prodrug stimulant,* LDX
represents a new class of long-acting agents for the treatment
of ADHD. The concept of prodrugs was proposed by Albertin
1958,%! who described the alteration of the physiochemical
properties of drugs to make them pharmacologically inactive
until metabolized in the body to an active drug element. Un-
like other formulations that rely on mechanical release of
active drug that may be affected by gastrointestinal (GI) factors
such as transit time and pH, LDX as a prodrug has a biologi-
cal mechanism of drug delivery that uses enzymatic hydroly-
sis to convert the therapeutically inactive molecule to the
active drug, d-amphetamine (Figure 1).*? The naturally oc-
curring amino acid l-lysine is a by-product of the hydrolysis.

Indicated for the treatment of ADHD in patients 6 to 12
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years of age since 2007, LDX received FDA approval for the
treatment of ADHD in adults in April 2008.% In addition to long-
term efficacy throughout the day in both children and adults
with once-daily dosing, the advantages afforded by this bio-
logical mechanism of drug delivery include low rates of inter-
patient and intrapatient pharmacokinetic variability, reduced
risk of pH-mediated food or drug interactions, an unlikely
impact on the availability of active drug with changes in GI tran-
sit time, and possibly a lower potential for abuse or diversion.

Pharmacology and Mechanism of Action

The therapeutically active metabolite of LDX is d-ampheta-
mine. Although the precise therapeutic mechanism by which
d-amphetamine relieves the symptoms of ADHD is not known,
inhibition of dopamine and norepinephrine reuptake and re-
lease of these monoamines into extraneuronal space are
thought to be involved.*

Pharmacokinetics and Pharmacodynamics

LDX is rapidly absorbed in the intestine. Conversion of LDX
to the active metabolite d-amphetamine occurs primarily in the
blood through enzymatic cleavage after active absorption of
LDX from the GI lumen. The time to maximum concentration
(T,a) of the prodrug molecule (LDX) was one hour.* In a
study of 18 pediatric patients 6 to 12 years of age, the T,,,, of
d-amphetamine was 3.5 hours following a single oral dose of
LDX 30, 50, or 70 mg.**

The bioavailability of d-amphetamine after oral administra-
tion of LDX was evaluated in an open-label, randomized,
single-dose, three-treatment, three-period, crossover study in
18 healthy volunteers 18 to 55 years of age.*? After admini-
stration of a single LDX dose of 70 mg under three dose con-
ditions (fasting and with capsule only; fasting and with solution
containing capsule contents; and intact capsule after a high-fat
meal), systemic exposure of d-amphetamine was bioequivalent,
as measured by drug plasma concentration-time plots and
maximum drug concentration. The 70-mg dose is expected to
be therapeutically equivalent to the amphetamine base content
of 30-mg MAS-XR (20.8 mg vs. 18.8 mg, respectively), which
is known to be therapeutically active in children with ADHD.*

In arandomized, multicenter, double-blind, three-treatment,
three-period crossover study, Biederman et al. determined
the interpatient pharmacokinetic variability of d-amphetamine
after giving LDX and MAS-XR to children 6 to 12 years of age
with a primary diagnosis of ADHD.**** LDX demonstrated low
interpatient variability of pharmacokinetic measures, indicat-
ing consistent delivery of d-amphetamine. The T,,,, for
d-amphetamine following an LDX 70-mg dose was 5.06 hours
(range, 4.5-6 hours), with a coefficient of variation of 15.33%.

In the MAS-XR 30-mg group, the T,,,, for d-amphetamine
was 6.6 hours (range, 3-12 hours), with a coefficient of varia-
tion of 52.77%. Coefficients of variation for peak plasma con-
centration (C,,,) were 20.34% with LDX and 43.96% with MAS-
XR, suggesting that systemic exposure to d-amphetamine was
more predictable after oral administration of 70 mg of LDX than
30 mg of MAS-XR.%3* Low interpatient and intrapatient vari-
ability has been shown in adults as well.*

The dosage-formulation effect was studied in a three-treat-
ment, three-period, single-dose, open-label, crossover pharma-

cokinetic study in 18 adults (mean age, 31.6 years).3¢ Shojaei
etal. administered a single oral dose of LDX 70 mg to each sub-
ject as an intact capsule, a solution, or an intact capsule after a
high-fat meal. Systemic exposure of d-amphetamine, in the
area-under- the curve (AUC) concentration and C,,,, was bio-
equivalent when LDX was administered in a solution or as an
intact capsule with or without food. These findings suggest that
the dosage formulation does not affect the pharmacokinetic
profile of d-amphetamine following the oral administration of
LDX. After a high-fat meal, however, T,,,, was prolonged by
approximately one hour.??

In an in vitro study, the pH solubility profile of LDX was
determined in buffered aqueous solutions using an assay spe-
cific for LDX. The environmental pH did not affect the solubility
profile of LDX within the biological pH range (pH, 1-8), sug-
gesting that gastric pH variation does not affect the absorption
of LDX.36

Haffey et al. compared the pharmacokinetics of LDX and
MAS-XR, alone or with omeprazole (Prilosec, AstraZeneca),*
aproton pump inhibitor that has been shown to decrease basal
gastric acid output by as much as 94%.%® In 24 adults 18 to 45
years of age, total exposure was unaffected by omeprazole for
both LDX and MAS-XR. However, for MAS-XR, which uses a
pH-sensitive beaded technology, the median T,,, was de-
creased by 2.25 hours when MAS-XR and omeprazole were
coadministered (T},,, = 2.75 hours), compared with MAS-XR
administered alone (T}, = 5 hours). No median T, difference
was found with coadministration of LDX and omeprazole. This
suggests that there is no drug interaction with medications that
lower GI pH with the prodrug LDX.*"

Nonclinical iz vivo and in vitro studies designed to investi-
gate the absorption® and hydrolysis**° of LDX using rodent
and human tissues suggest that absorption of LDX occurs pri-
marily in the small intestine and that conversion of LDX into
active d-amphetamine occurs primarily in the blood. In the
rodent, intact LDX was readily absorbed through duodenal,
jejunal, and ileal intestinal segments and underwent pre-
systemic enzymatic conversion to active d-amphetamine.* In
the presence of rat and human whole blood, LDX was con-
verted to amphetamine. However, conversion did not occur in
plasma or human white blood cells or platelets.?* Studies of
in vitro enzymatic conversion by human blood cell fractions
demonstrated that LDX was converted into active d-ampheta-
mine by red blood cells.?**

CLINICAL TRIALS

The approval of LDX for children with ADHD was based on
results from three controlled clinical trials and one open-label
trial.**41-*3 The indication for adult ADHD was supported by
data from a large, double-blind, placebo-controlled trial by
Adler et al. (see page 283).%

For the studies,**-* children were required to satisfy DSM-
IV Text Revision (DSM-IV-TR) criteria for a diagnosis of the
combined or predominantly hyperactive-impulsive subtype
of ADHD, and adults had to meet six of the nine DSM-IV-TR
subtype criteria. General primary inclusion criteria included a
history of treatment with a stable regimen of stimulant med-
ication and the ability to function at an age-appropriate intel-
lectual level. Exclusion criteria were as follows:
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e the presence of comorbid illness that could interfere with

participation in or completion of the study or that could

affect the efficacy or tolerability of the study drugs

a documented allergy or intolerance to any study drug

concomitant medications with CNS effects

a history of drug abuse

a current comorbid psychiatric disorder (e.g., psychosis

or bipolar disorder) that would contraindicate treatment

with the study drug or that would confound efficacy or

safety assessments

e ahistory of seizures within the previous two years

e tic disorders

e cardiac disorders (not specified except for a prolonged
QTc interval, cardiac structural abnormality, or a condi-
tion that might afffect cardiac performance)

e significant laboratory abnormalities (not specified except
hyperthyroidism)

e significant deviation from normal weight

e contraceptive restrictions such as the double-barrier
method, intrauterine devices, or pharmacologically ef-
fective hormaonal contraceptives

Pediatric Studies

Biederman et al.33

The efficacy of LDX and MAS-XR was examined in a simu-
lated classroom setting. In a randomized, double-blind,
placebo-controlled and active-controlled crossover study, 52
children with ADHD 6 to 12 years of age satisfied DSM-IV-TR
criteria for a diagnosis of the combined or predominantly hy-
peractive—-impulsive subtype of ADHD. Each child received
LDX, MAS-XR, and placebo for one week. The study authors
measured responses to treatment using three standard efficacy
scales during observations made over a period of approxi-
mately 12 hours:

e the validated Swanson, Kotkin, Agler, M-Flynn, and Pel-
ham Deportment (SKAMP-D) rating scale, which uses an
independent observer to measure classroom symptoms
of ADHD#

¢ the Permanent Product Measure of Performance (PERMP),
a validated tool consisting of 400 age-appropriate math
questions administered in a 10-minute time period*

e the validated Clinical Global Impressions (CGI) scale for
symptom severity and improvement?’

LDX 30, 50, or 70 mg and MAS-XR 10, 20, or 30 mg signifi-
cantly improved measures of efficacy on all three scales com-
pared with placebo.?® Least-squares mean scores on the
PERMP-Attempted (PERMP-A) were 133.3 for LDX, 133.6 for
MAS-XR, and 88.2 for placebo (P < 0.0001 for both active treat-
ments vs. placebo) (Figure 2).%*8 Similarly, least-squares mean
scores on the PERMP-Correct (PERMP-C) were 129.6 for
LDX, 129.4 for MAS-XR, and 84.1 for placebo (P < 0.0001 for
both active treatments vs. placebo).

No meaningful abnormalities were observed in diastolic
blood pressure (BP), pulse, heart rate, QRS interval, or cor-
rected QT (QT,) interval.** Adverse events (AEs) occurring in
2% of patients or more during the double-blind treatment period
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were insomnia, decreased appetite, and anorexia with LDX,
and decreased appetite, abdominal and upper abdominal pain,
vomiting, and insomnia with MAS-XR.*® Of the 52 children
enrolled, 50 completed the study. Two patients discontinued
the study during the first double-blind treatment week while
receiving placebo. One subject discontinued therapy because
of gastroenteritis, and one participant was lost to follow-up.

A post hoc analysis of PERMP-A and PERMP-C ratings
revealed that the duration, as measured by the change in score
at each hour from first measurement at one hour post dose,
favored both active treatments at all time points starting two
hours post dose (P < 0.0001 for both active treatments vs.
placebo) (see Figure 2) .48

An additional post hoc analysis of CGI scores was conducted
using McNemar’s test to assess differences in the proportion
of children receiving LDX or MAS-XR whose scores were
rated as “very much improved” on the CGI-Improvement
(CGI-]) scale.*” LDX therapy resulted in a significantly higher
proportion of children whose scores were rated as “very much
improved” compared with MAS-XR (P < 0.05).%*% Numeri-
cally, 32% of LDX patients, 16% of MAS-XR patients, and 2% of
placebo controls were rated as “very much improved” on the
CGI-I scale. *

Biederman et al.*!

The efficacy of LDX was evaluated in a large, multicenter,
randomized, double-blind, forced-dose titration, parallel-group
study in 290 children 6 to 12 years of age with ADHD.*! Oral
doses of 30, 50, or 70 mg/day of LDX were administered with
forced-dose titration or placebo once daily in the morning for
four weeks. The primary efficacy measure was the score on the
ADHD Rating Scale IV (ADHD-RS-IV),* a validated instru-
ment® based on investigator-conducted parent interviews.
Significantly greater improvements from baseline ADHD-RS-
IV scores were noted with each of the three LDX doses meas-
ured throughout the day compared with placebo (P<0.001 for
all comparisons). LDX resulted in significant improvement in
both the inattention and the hyperactivity subscales of the
ADHD-RS.

At the end of the study, the effect sizes of treatment with
LDX, based on the ADHD-RS-IV, were 1.21, 1.34, and 1.60 for
LDX 30, 50, and 70 mg, respectively. Moreover, significant
improvements from baseline were observed on the validated
Conners’ Parent Rating Scale (CPRS-R)"2 throughout the day
and up to 6 PM.*! Compared with placebo, CGI scores also
improved significantly from baseline with all LDX doses at
the treatment endpoint.*

More than 95% of all AEs were rated as mild to moderate in
intensity. Most of these events began in the first week of treat-
ment, and the onset of new events abated over the four-week
study period. The most common AEs, occurring in more than
5% of patients with active treatment, were decreased appetite
and weight, insomnia, upper abdominal pain, headache, irri-
tability, vomiting, and nausea.*' No significant changes in mean
electrocardiographic parameters, including corrected QT
intervals, laboratory values, and systolic and diastolic BP, were
observed with LDX. A significant increase in heart rate was
observed in the LDX groups, compared with the placebo
group; the highest placebo-adjusted increase was four to five

continued on page 282
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continued from page 276
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(Mean change from 1st measurement)
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2007;62:970-976; reprinted with permission of Elsevier.3?)
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*P < 0.0001 vs. placebo; N = 50. 1 P<0.0001 vs. placebo and P< 0.05 vs. MAS-XR.
This study was not designed to compare LDX and MAS-XR groups.

Figure 2 Change in PERMP scores over 12 hours. LS = least squares; MAS-XR = extended-release mixed-salt amphetamine;
LDX = lisdexamfetamine dimesylate; PERMP = Permanent Product Measure of Performance. (From Lopez FA, et al. Poster, an-
nual meeting of the American College of Clinical Pharmacy, 2008 (courtesy of the author); and Biederman }, et al. Biol Psychiatry

beats per minute (bpm), observed in the LDX 70-mg group at
the study’s endpoint. No meaningful differences in heart rate
were found at each of the four treatment weeks.

Twenty-one treated patients discontinued the study because
of AEs, including six (8%) in the LDX 30-mg group, four (5%)
in the LDX 50-mg group, 10 (14%) in the LDX 70-mg group, and
one (1%) in the placebo group.*!

Faraone®354

To further assess the large effect sizes observed with LDX
treatment in the Biederman study,*! Faraone et al. recalculated
the effect sizes and used them in meta-analyses.’** The in-
vestigators calculated effect sizes, expressed as standard mean
differences, by taking the mean drug effect minus the mean
placebo effect and dividing the result by the pooled standard
deviation of the groups. In a meta-analysis of stimulant therapy
for ADHD, LDX was found to have an effect size larger than
that previously reported for other long-acting stimulants, in-
cluding MAS-XR.*

The analysis examined two potential artifacts that might
have inflated the LDX effect size:

e precision of measurement, as indexed by standard devi-
ation (SD) of endpoint scores

¢ the baseline effect size when compared with the endpoint
placebo effect

It was determined that the large LDX effect size could not be
attributed to unusually high precision of measurement or to an
unusually low placebo effect size, suggesting that the rela-
tively large effect size of LDX was a result of drug efficacy
itself.>* The effect size of LDX was 1.39 (95% confidence inter-
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val [CI], 1.03-1.76) for 30 mg/day, 1.42 (95% CI, 1.05-1.79) for
50 mg/day, and 1.73 (95% CI, 1.35-2.11) for 70 mg/day. Among
stimulants using the same outcome measure, this was the
largest effect size, although the 95% CI overlapped with those
of other studies.

Wigal et al.*?

LDX efficacy was also documented in a third study of 129
children 6 to 12 years of age in a simulated classroom setting.*?
In a randomized, double-blind, placebo-controlled crossover
study by Wigal et al., changes from the baseline SKAMP-D,
SKAMP-Attention (SKAMP-A),* and PERMP*¢ scores up to 13
hours post dose were significantly greater for children re-
ceiving LDX than placebo (P < 0.005). LDX showed efficacy at
each post-dose time point (1.5-13.0 hours), as measured by
SKAMP-D, SKAMP-A, and total scores, and from
2.5 to 13 hours for the SKAMP quality of work subscale (all
P values were less than 0.005). Results on the PERMP scales
were consistent with these observations.

AEs were consistent with those of other pediatric studies
with LDX.*! Treatment-emergent AEs occurring in 10% of
subjects or more during the dose-optimization period were
lability of affect, decreased appetite, headache, insomnia, irri-
tability, and upper abdominal pain. During the double-blind
crossover period, there were no new treatment-emergent AEs.
No serious AEs or deaths were reported. All treatment-related
AEs leading to discontinuation occurred before the double-
blind crossover period; those occurring in more than one sub-
ject and leading to discontinuation were abdominal pain in
two patients, nausea in two, vomiting in two, fatigue in two,
irritability in two, anorexia in two, psychomotor hyperactivity
in two, and insomnia or sleep disorder in four.
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Suicidal ideation, related to four days of exposure to LDX and
assessed as mild in severity, was reported during dose opti-
mization in an 11-year-old boy with no other clinical conditions
at baseline. There were no dose-related changes in vital signs
during the dose-optimization period; however, vital signs in-
creased slightly from baseline for both patients treated with
LDX and placebo controls during the crossover period. Max-
imum mean (SD) increases from baseline in BP were 4.2 (9.2)
mm Hg for systolic BP and 4.7 (8.5) mm Hg for diastolic BP,
both in the 70-mg LDX group at eight hours after the dose was
given. The maximum mean (SD) increase in pulse rate was 9.9
(9.8) bpm in the 70-mg LDX group at 12.5 hours post dose com-
pared with 6.6 (12.9) bpm for the placebo group and 6.6 (13.6)
bpm for all active doses of LDX combined at the same time
point. Consistent with other clinical studies of LDX, data for the
ECG interval exhibited no clinically meaningful trends.*

Findling et al.*3

The long-term tolerability and efficacy of LDX were con-
firmed in an open-label, 12-month, single-arm study of 272
children 6 to 12 years of age with a DSM-IV diagnosis of ADHD.
The initial dose of LDX was 30 mg/day. The children contin-
ued with this dose, or the dose was increased to 50 or 70
mg/day over a four-week period as needed. ADHD-RS total
scores improved significantly (above 60%, P < 0.0001) com-
pared with baseline over the 12-month treatment period.* The
improvement over baseline ADHD-RS total score was signif-
icant at the first on-therapy visit at week 1 and was maintained
throughout the 12-month treatment period. AEs were rated
generally mild to moderate in intensity and were consistent
with those observed in short-term studies.

Treatment-emergent AEs occurring in 5% or more of sub-
jects, most often within the first four weeks of therapy, in-
cluded decreased appetite, headache, weight loss, insomnia,
upper abdominal pain, upper respiratory tract infection, irri-
tability, nasopharyngitis, vomiting, cough, and influenza. In-
somnia and vomiting occurred more often in those receiving
higher doses of LDX. Five serious AEs were reported in four
patients, but none were considered related to study medication.
No deaths were reported. Overall, 25 of 272 patients (9%)
discontinued the study drug because of AEs; aggression,
irritability, and decreased appetite were the most commonly
reported reasons.

At the end of the study, the mean increase from baseline in
height was 1.5 inches (P < 0.05) and 0.6 pounds in weight
(P was not significant). As with other stimulants, slowing of
growth was observed when these changes were normalized to
account for expected growth. As was the case in the short-term
pediatric studies, treatment with LDX produced small but clin-
ically nonsignificant changes in cardiovascular parameters
similar to those seen in other studies with stimulants.

For vital signs measured at the study’s endpoint, mean (SD)
increases from baseline in BP were 0.7 (10) mm Hg for systolic
BP and 0.6 (8.3) mm Hg for diastolic BP. The mean (SD) in-
crease in pulse rate was 1.4 (13.7) bpm.* No clinically mean-
ingful changes in ECG measures were observed, and there
were no apparent trends in vital sign outliers.

Regular monitoring of vital signs during treatment with LDX
and other ADHD medications is recommended because of

possible outlying measures. No clinically significant changes
in laboratory values or in physical findings were observed.*

Wigal et al.*?

The impressions of parents and guardians were assessed in
a laboratory school study of LDX in children 6 to 12 years of
age. The study was designed to evaluate the efficacy and safety
of LDX 30, 50, or 70 mg/day. Parents completed the Medica-
tion Satisfaction Questionnaire, a non-validated scale. They
were asked to rate their level of satisfaction with LDX and to
compare LDX with their child’s previous ADHD drug treat-
ment.

Parents of participants in the intent-to-treat (ITT) population
(n=113) reported being “very satisfied” (76%) or “moderately
satisfied” (23%) with LDX.

Studies in Adults

Adler et al.**

The efficacy and safety of LDX in adults were evaluated in
arandomized, double-blind, placebo-controlled, parallel-group,
four-week study with forced-dose escalation in 420 adults 18 to
55 years of age.* Patients received LDX 30, 50, or 70 mg/day
or placebo for four weeks. At the end of the study, changes in
ADHD-RS” scores were significantly greater for each LDX
dose than for placebo (P < 0.001 vs. placebo). Relative to
placebo, significantly more subjects in each LDX group had a
reduction of 30% or more in ADHD-RS total scores beginning
at week 1 and at each week thereafter (P < 0.01 for all com-
parisons).

At the end of the study, the effect sizes of treatment with
LDX, based on the ADHD-RS raw mean change scores, were
0.73 with LDX 30 mg/day, 0.89 with LDX 50 mg/day, and 0.99
with LDX 70 mg/day. Safety and tolerability profiles of LDX
were similar in adults and children.

Among adults in the LDX groups, AEs with an incidence of
greater than 5% and twice that of placebo included decreased
appetite, anorexia, dry mouth, insomnia, nausea, diarrhea,
jittery feelings, and anxiety. Most AEs occurred during the first
week of treatment, when all patients randomly assigned to
active treatment were receiving LDX 30 mg.

Rates of therapy discontinuation attributable to AEs among
adults were low (6% with LDX and 2% with placebo). Treatment-
related AEs occurring alone or in combination in more than
one subject and leading to discontinuation were insomnia in
eight patients, tachycardia in three, irritability in two, headache
in two, increased BP in four, anxiety in two, and dyspnea in
three. No effects on QT, Fridericia (QT_F) measurements and
no clinically meaningful trends for systolic BP or diastolic BP
were observed with LDX. 4%

Least-squares mean (95% CI) changes in systolic BP were
-0.5 (-2.6, 1.5) mm Hg with placebo; 0.8 (0.7, 2.3) mm Hg with
LDX 30 mg/day; 0.3 (-1.2, 1.8) mm Hg with LDX 50 mg/day;
and1.3 (0.2, 2.7) mm Hg with LDX 70 mg/day.

Least-squares mean changes (95% CI) in diastolic BP were
1.1 (=0.5, 2.7) mm Hg with placebo; 0.8 (-0.4, 2.0) mm Hg with
LDX 30 mg/day; 1.1 (0.1, 2.3) mm Hg with LDX 50 mg/day;
and 1.6 (0.4, 2.7) mm Hg with LDX 70 mg/day.

Using the Pittsburgh Sleep Quality Index (PSQI), Adler
et al. observed no statistically significant changes in sleep
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quality, as measured by PSQI total score, in any of the treat-
ment groups.*+*® The PSQI total score included component
scores for subjective sleep quality, sleep latency, sleep duration,
habitual sleep efficiency, sleep disturbances, use of sleep med-
ications, and dysfunction in the daytime.

Brams®”

Brams also assessed LDX in adults with ADHD in a simu-
lated workplace environment.” This randomized, double-blind,
placebo-controlled, crossover study evaluated the efficacy and
safety of LDX 30, 50, and 70 mg compared with placebo in 142
adults with ADHD. LDX demonstrated significant improve-
ment when compared with placebo in average total PERMP
scores (312.9 and 289.5, respectively; P < 0.0001). At each
post-dose assessment from two to 14 hours, the LDX group also
had significantly better mean PERMP total scores than the
placebo group (P<0.01 for all). Decreased appetite, dry mouth,
headache, insomnia, upper respiratory tract infection, irri-
tability, nausea, anxiety, and jittery feelings were the most fre-
quently reported AEs in more than 5% of patients during the
dose-optimization phase of the study.

Weisler et al.>®

The long-term tolerability and efficacy of LDX were docu-
mented in a 12-month, open-label, single-arm extension of the
four-week study reported by Adler et al.* Weisler et al. enrolled
349 adults with ADHD, 18 to 55 years of age, who had com-
pleted the short-term study. LDX doses were optimized for all
subjects over four weeks and were continued for 11 months
with dose adjustments allowed. Most AEs were rated as mild
or moderate in severity and occurred early in the course of
treatment. The most common treatment-emergent AEs, ex-
perienced by more than 10% of subjects, were upper respira-
tory tract infection, insomnia, headache, dry mouth, decreased
appetite, and irritability.

LDX was also associated with statistically significant im-
provements in sleep quality, as assessed by global PSQI scores
(P<0.0001). APSQI score above 5 is generally considered de-
finitive to distinguish poor sleepers from good sleepers.>

At the study’s endpoint, small but statistically significant
increases (mean [SD] change from baseline) in pulse rate
(3.2 [11.6] bpm), systolic BP (3.1 [10.7] mm Hg), and diastolic
BP (1.3 [7.6] mm Hg), were noted; however, these changes
were consistent with the known effects of stimulants, as stated
in the labeling for these medications regarding serious cardio-
vascular events.?%0

One patient discontinued the study with an elevated glucose
level, which was considered to be unrelated to the study drug.
For the ITT population, significant improvements in ADHD-
RS* total scores from baseline were observed at all visits. At the
endpoint, the mean (SD) change in total score was -24.8 (11.7;
P <0.0001) and 84.1% of the ITT population was considered to
have improved CGI-I* measures from baseline scores.?

LABELING FOR ABUSE POTENTIAL

All stimulants indicated for the treatment of ADHD are con-
trolled substances. However, abuse liability varies with the
delivery system used in these formulations.®’ Although the rate
of onset is an important consideration for the impact of the for-
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mulation on the potential for abuse, as often shown in such
studies, the greatest abuse-related effects occurred relatively
close to the time point associated with C,,, and T, *°
Conversion of the LDX prodrug to its active component re-
quires enzymatic hydrolysis that results in a slow rise in serum
d-amphetamine level, which provides a possibly reduced
potential for diversion or abuse.f! LDX includes data on abuse
liability in the product label; however, similar to other stimu-
lants approved in the U.S. to treat ADHD, LDX is classified as
a Schedule CII compound.

Jasinski and Krishnan®!-62

Several attributes of LDX have been evaluated to further
characterize its abuse liability. In a randomized, double-blind,
three-way crossover study,’ Jasinski and Krishnan admini-
stered intravenous (IV) 50-mg doses of LDX and 20-mg doses
of d-amphetamine (with an equivalent amphetamine base con-
tent) to adults with a history of stimulant abuse who did not
have ADHD. IV LDX 50 mg did not have significantly differ-
ent abuse-related “drug-liking” (or “drug-likable”) effects com-
pared with placebo. In contrast, approximately equivalent
doses of IV IR d-amphetamine 20 mg did have significantly
more drug-liking effects than placebo.

The pharmacokinetic profile of d-amphetamine following
IV LDX 50 mg also demonstrated a delayed T,,,, (2.5 hours)
in contrast to IV IR d-amphetamine 20 mg (0.8 hours). Relative
to an equivalent dose of IR d-amphetamine, the C,,, of
d-amphetamine was lower for LDX (105 and 38.9 ng/mlL,
respectively).®! As expected, IV IR d-amphetamine 20 mg dem-
onstrated a rapid rise in serum level by T, ., and elevation by
Cax in contrast to dose-equivalent IV LDX 50 mg, whose T, .
was slower by three-fold and whose C_,, was 63% lower.

In another study of adult abusers of stimulants by the same
authors, LDX 50 and 100 mg, taken orally, had reduced abuse-
related drug-liking effects compared with IR d-amphetamine
(40 mg, an amphetamine-based dose equivalent to LDX 100
mg) .52 However, a higher dose of LDX (150 mg, equivalent to
d-amphetamine 60 mg) resulted in a significant difference in
abuse-related drug-liking scores compared with placebo.

Ermer et al.®?

Ermer et al. examined the pharmacokinetic properties of
LDX administered to adults intranasally or orally. The plasma
concentration, compared with time curves, for d-amphetamine
were similar when LDX was given by either route. Thus, the
rate of elevation in the d-amphetamine serum level was iden-
tical regardless of the route of administration. This seems
counterintuitive, because a more rapid rise in serum level with
an intranasal administration would be expected. It might be
that the active therapeutic agent, d-amphetamine, is made
available to the system only after LDX conversion in the body.
The exposure to d-amphetamine by the two routes was bio-
equivalent.

ADHERENCE TO THERAPY

Non-adherence to prescribed treatment is common with
most chronic medical conditions.% In adults with ADHD, who
tend to be forgetful, non-adherence can be particularly prob-
lematic. Moreover, patients may require more than a single
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dose of medication if symptoms are not controlled throughout
the day.

One approach to measuring adherence to a treatment regi-
men is to calculate the daily average consumption (DACON)
value of the index medication, the need for augmentation with
a second medication, and persistence with prescription refills.
The DACON value is the ratio of the average quantity supplied
versus quantity consumed during the same period or, more
simply put, the number of doses taken per day.

Christensen et al. conducted a retrospective study of med-
ical and pharmacy claims data from January 2007 to April 2008
to compare DACON, persistence with therapy, and the use of
selected long-acting ADHD medications in adults and to
examine the relationship between these variables and ADHD-
related pharmacy costs.® Selected agents included LDX,
MAS-XR, methylphenidate ER, dexmethylphenidate ER, and
atomoxetine (Strattera, Lilly).

Adults receiving LDX as their initial medication for ADHD
had the lowest DACON scores (1.06) and were more likely to
have a score of less than 1. They also had the longest persist-
ence with their index medication (116.5 days) compared with
adults initiating treatment with other long-acting ADHD
medications (74.9-115.4 days).®

Although LDX was associated with higher pharmacy costs
(median price, $543; P < 0.0001 vs. other drugs), patients
receiving LDX had the highest number of prescription fills, the
longest persistence, and low per-prescription costs compared
with patients who used other study drugs.%

DISCUSSION
Benefits of LDX

As the first chemically formulated prodrug stimulant, LDX
has unique attributes over existing treatments for ADHD. Low
interpatient variability for key pharmacokinetic parameters
suggests consistent systemic exposure for most patients; this
might be a result of the absence of a mechanized delivery sys-
tem.

Unlike other stimulants that use a pH-dependent mechani-
cal formulation (beads) to deliver active medication, LDX
absorption and conversion are not affected by variations in
gastric pH; therefore, LDX is not prone to pH-mediated food
or drug interactions. This factor is particularly relevant for
adults, many of whom take prescribed or over-the-counter
drugs that alter gastric pH. Changes in GI transit time are
also unlikely to affect the bioavailability of the active drug
d-amphetamine.

LDX capsules may be taken whole, or the capsule may be
opened and the entire contents dissolved in a glass of water,*
providing the only liquid long-acting stimulant preparation.
This route of administration may be particularly helpful in
children who may have difficulty swallowing capsules or tablets
and who need a long duration of action from the medication.

Stimulant medications such as LDX that have barriers to the
extraction of the active drug may be a useful addition to a
physician’s armamentarium of therapeutic choices. Abuse-
liability studies of LDX found a lower drug-liking effect than
an equivalent oral dose of immediate-release (IR) d-ampheta-
mine.?-% Intravenously, LDX showed a delayed T,,,, and com-
parable abuse-related drug-liking scores, when compared with

placebo, offering the advantage of a prolonged effect with re-
duced abuse-related drug liking within the recommended
dosage range. Doses that are greater than twice the recom-
mended maximum can result in higher drug-likability scores.
Furthermore, intranasal administration resulted in a pharma-
cokinetic profile of d-amphetamine exposure similar to that of
oral administration.

The drug’s long duration of efficacy was established in three
controlled trials in children and one controlled trial in adults.
In two pediatric studies, efficacy was demonstrated with LDX
up to 6 PM. on parent rating scales.*! Efficacy was consistently
maintained from the first post-dose time point (1.5 hours) up
to and including the last time point assessed (13 hours) on the
primary and most secondary efficacy measures.*? In a work-
place-like setting, the duration of effect in adults was observed
for 14 hours after the dose was received.’” Efficacy was
achieved with a safety and tolerability profile consistent with
that of long-term stimulant use.

The large effect size of LDX is believed to be a result of the
drug’s efficacy itself. Although drug efficacy might not be
directly related to pharmacokinetic characteristics, these large
effects on symptoms may be related to more predictable
bioavailability of the active moiety, d-amphetamine, when
hydrolyzed from the inactive prodrug, LDX.

Adverse Events and Precautions

In clinical trials, the most common AEs associated with LDX
in children 6 to 12 years of age, at an incidence of 5% or more,
were decreased appetite, dizziness, dry mouth, irritability,
insomnia, upper abdominal pain, nausea, vomiting, and de-
creased weight. The most common AEs associated with LDX
in adults were upper abdominal pain, diarrhea, nausea, fa-
tigue, jittery feelings, irritability, anorexia, decreased appetite,
headaches, anxiety, and insomnia.

Consistent with other CNS stimulant medications, LDX
labeling carries a precaution regarding serious cardiovascular
events, including sudden death, increases in BP, psychiatric
AEs such as treatment-emergent psychotic or manic symptoms
in patients with no prior history, or exacerbation of symptoms
in patients with pre-existing psychosis, seizures, visual
disturbances, exacerbation of tics, and long-term growth
suppression. Psychotic AEs have been identified as adverse
reactions during post-approval use of LDX and other psy-
chostimulants, and these events were rarely reported at an
incidence of less than 1% in the clinical trials.

CONCLUSION

ADHD is a common neuropsychiatric disorder that often
persists from childhood into adulthood, causing costly reduc-
tions in workplace productivity. Although stimulants remain
the first-line treatment for ADHD,' some patients respond
better to one drug than to others.?2

As a therapeutic option for patients with ADHD, LDX has rel-
evance for health care professionals and P&T committees.
Compared with other long-acting drugs indicated for ADHD,
LDX s associated with lower daily average consumption, less
need for augmentation, and greater persistence with therapy.®
Its lower potential for abuse, when compared with that of
short-acting ADHD agents,®-% also helps to address a serious
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public health concern.

Available as a first-line therapy for ADHD in adults and chil-
dren 6 to 12 years of age, LDX has less interpatient and intra-
patient variability in pharmacokinetic characteristics of
d-amphetamine derived from the inactive prodrug. It is effi-
cacious at doses of 30 to 70 mg daily in both children and
adults. Its effects last for 13 hours in children and 14 hours in
adults, and its safety and tolerability profile is similar to that of
other stimulant medications.
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