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AIMS
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.
The aims of this study were to characterize the effect of LO administration on plasma C26:0 concentrations and to determine
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.

METHODS
Non-linear mixed effects modelling was performed on 2384 samples collected during an open label single arm trial. The subjects
(n = 104) were administered LO daily at ~2–3 mg kg�1 with a mean follow-up of 4.88 ± 2.76 years. The effect of erucic acid ex-
posure on plasma C26:0 concentrations was characterized by an inhibitory fractional Emax model. A Weibull model was used to
characterize the time-to-developing MRI abnormality.

RESULTS
The population estimate for the fractional maximum reduction of C26:0 plasma concentrations was 0.76 (bootstrap 95%CI 0.73,
0.793). Our time-to-event analyses showed that every mg l�1 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 ab-
normality. However, the results were not significant (P = 0.5344, 0.1509, respectively).

CONCLUSIONS
LO administration significantly reduces the abnormally high plasma C26:0 concentrations in X-ALD patients. Further studies to
evaluate the effect of LO on the likelihood of developing brain MRI abnormality are warranted.
© 2016 The British Pharmacological SocietyDOI:10.1111/bcp.12897
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Accumulation of C26:0 is believed to be the major cause of morbidity and mortality in X-ALD patients.
• Lorenzo’s oil (LO) has been shown to reduce C26:0 plasma concentrations in X-ALD patients.
• The effect of LO on X-ALD clinical outcome is controversial.

WHAT THIS STUDY ADDS
• This is the first study to quantify the effect size of LO on C26:0 and the variability associated with it using a population
pharmacodynamic modelling approach.

• This study sets the foundation for optimizing LO dosage for future studies.
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 pro-
tein 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 [1, 2]. It is the most common peroxi-
somal disorder, with an incidence of 1 : 17 000 [3].

There are four major phenotypes of X-ALD, but none of
these correlate with genotype. These are cerebral X-ALD
(CALD), adrenomyeloneuropathy (AMN), Addison only and
an asymptomatic presentation. CALD, the most severe phe-
notype, is characterized by a progressive, irreversible inflam-
matory cerebral demyelination resulting in death within 2–
3 years. Approximately 35–40% of children with X-ALD mu-
tations are at risk of developing childhood CALD (CCALD),
with age at onset between 4 and 8 years [4]. AMN is a slowly
progressive, non-inflammatory distal axonopathy that in-
volves the spinal cord long tracts. Among children with X-
ALD, 10–15% develop the Addison only phenotype, which
is characterized by primary adrenocortical insufficiency with-
out demonstrable neurological deficit. The asymptomatic
group has elevated plasma concentrations of SVLCFA with-
out clinically evident neurological or endocrine abnormali-
ties. 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 [5].

Lorenzo’s Oil (LO) is a 4 : 1mixture of oleic and erucic acid
in triglyceryl form [6]. 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 [7]. Several clin-
ical investigations have reported that LO normalizes plasma
SVLCFAs within 4–6 weeks [8]. LO appears to have a relatively
safe profile: 30–40% of patients develop a moderate, revers-
ible reduction in platelet count without clinically significant
bleeding, while 55% have a mild increase in transaminases
without clinically significant hepatotoxicity [9–11]. Despite
the apparent benefits, clinical use of LO in X-ALD have been
controversial for more than 20 years. A few studies have indi-
cated that LO can prevent CCALD only when treatment is ad-
ministered prior to cerebral involvement, but without
controlled clinical trials the results are inconclusive [11, 12].
Small sample sizes are common when evaluating drug
treatment in rare diseases and the use of placebo-controlled
clinical trials presents ethical dilemmas. While both factors
may contribute to conflicting results, it is also critical to note
that LO dose–response relationships and the associated vari-
ability have not been studied. In this article we develop a pop-
ulation pharmacodynamic (PD) model to characterize the
effect of erucic acid exposure on plasma C26:0 concentra-
tions and determine the variability associated with this re-
sponse. We also determine the effect of LO administration
on the hazard of developing CCALD, characterized by devel-
oping brain magnetic resonance imaging (MRI) abnormali-
ties, in asymptomatic X-ALD children.
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 a brain tumour or another peroxi-
somal disorder (n = 6), or if they were not adherent to LO dose
(n = 19). The John Hopkins Research Hospital and the Univer-
sity of Minnesota Medical Center Institutional Review Boards
approved the study. Subjectswere followed until they developed
any brain MRI abnormality. Written informed consent was ob-
tained from the parents or guardians, with assent from the sub-
jects as appropriate.

Treatment
All participants received a daily dose of approximately 2–
3 mg kg�1 of LO. This dose was calculated to provide 20% of
caloric intake as previously described [11]. 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 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.
Br J Clin Pharmacol (2016) 81 1058–1066 1059
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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 3–6 month intervals after LO adminis-
tration. 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 [13].

Clinical outcome measures
Brain MRI studies were scheduled at 6–12 month intervals,
and were used to define clinical outcome. Brain MRI results
were assessed with the 34-point loess score devised specifi-
cally for X-ALD [14]. The MRI results were considered abnor-
mal if the loess score was 1 or higher.

Population PD model building
A population non-linear mixed-effect modelling approach
was applied, using the software NONMEM

® 7.3 (Icon Develop-
ment Solutions, Ellicott City, Maryland, USA) [15]. 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 interaction was used for parameter esti-
mation. 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 Develop-
ment Core Team, Vienna, Austria), were also considered
during model selection [16, 17].

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

C26 : 0 ¼ E0: 1� Emax:ER=EC50 þ ERÞð Þð

where ER 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 ex-
ponential model was used to account for BSV, according to
the following:

Pi ¼ P ̂ : exp ηið Þ

where Pi is the value of a parameter for an individual, P̂ is the
population parameter value and ηi.is the individual deviation
from P̂.

ηi is defined as a normally distributed, zero-mean random
variable with a variance that is estimated as part of themodel es-
timation. This assumption would allow Pi to be log-normally
1060 Br J Clin Pharmacol (2016) 81 1058–1066
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 finalmodel was evaluated by prediction-
and variability-corrected visual predictive check (pvcVPC) [18]
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 with the 5th, 50th and 95th

percentiles of the pvc observed data within the same bin.
Binning was done by count to provide eight bins with 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 [16, 17].

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 fitted 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 relation-
ship between LO administration and the time from study en-
try 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 did not develop MRI abnor-
malities. Of the several parametric models available (such as
exponential, Weibull, normal, logistic, log-logistic [19, 20]),
Weibull distribution was chosen as themost consistent distri-
bution with our data. Model choice was based on the diagnos-
tic probability plot provided as SAS® (SAS Institute, Cary, NC,
USA) output from PROC LIFEREG and AIC (the lower the
better).

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 in [11], [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
[21]. 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 follow-up period
for each subject, the calculated AUC was normalized to the
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follow-up time for each subject. Any observed erucic acid con-
centration greater than 30mg l�1 was censored as it was consid-
ered 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 per-
sonal experience (by GVR) with individuals who received erucic
acid in the inpatient setting where wide fluctuations in erucic
acid concentrations 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 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 eWeibull r;μið Þ

μi ¼ exp αþ β:LAUCið Þ

and ci e TN μc ; σc ; min ¼ 0ð Þ;

where r is theWeibull shape parameter, μi is theWeibull scale,
α is the intercept, β is the slope associated with the LAUC ef-
fect, 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
Table 1
Subject’s demographics and characteristics

Demographic/Characteristic

Baseline weight (kg)

Baseline age (years)

Follow-up period (years)

Pretreatment erucic acid plasma concentration (mg l�1)

Pretreatment C26:0 plasma concentration (mg l�1)

Post-treatment erucic acid plasma concentration (mg l�1)

Post-treatment C26:0 plasma concentration (mg l�1)

LAUCER (mg l�1)

LAUCC26:0 (mg l�1)

*Based on 97 individuals only. †Based on 103 subjects. ‡Values of erucic acid
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 [22]. The type I error and a corre-
sponding 95%CI were estimated byMonte Carlo methods as:

Type I error ¼ number of null simulation P < 0:05ð Þ=1000

95%CI ¼ Type I error ± 1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Type I error: 1� Type I errorð Þ=1000

p

Power was estimated in a similar manner from 1000 simu-
lated ‘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 ¼ number of alternative simulation P < 0:05ð Þ=1000

95%CI ¼ Power±1:96x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Power: 1� Powerð Þ=1000

p

In addition to the abovementioned simulated scenario (sce-
nario 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.
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 1. Themedian 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
Median (range)

14.90 (9.40–40.60)*

2.79 (0.068–8.92)

4.64 (0.00–10.26)

0.5 (0.22–1.94)*

1.06 (0.46–1.68)*

18.63 (0.21–336.1)

0.402 (0.194–1.21)

13.80 (0.39–24.05)†,‡

0.45 (0.23–1.66)†

plasma concentrations >30 mg l�1 were censored.

Br J Clin Pharmacol (2016) 81 1058–1066 1061
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were not able to calculate the LAUC of both erucic and
C26:0 plasma concentrations for one 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 abnor-
mality in these raw data, not taking censoring into account,
was 1.84 years (range 0.51–6.83 years). Data from these subjects
were analyzed as interval-censored data. For the remaining 93
subjects who did not experience any brain abnormality, data
were analyzed as right-censored events. The median time for
censoring was 4.94 years (range 0 to 10.26 years).
Figure 1
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,
the red line represents the 50th percentiles of the pvc C26:0 observa-
tions, blue lines represent the 5th, and the 95th percentiles of the pvc
C26:0 observations and shaded areas represent 95% prediction inter-
vals of the 5th, 50th, and 95th percentiles of pvc simulated data
Population PD analyses
The fixed and random effects of the inhibitory fractional Emax

model are shown in Table 2. We estimated a strong negative
correlation between E0 and EC50 (�0.877, Table 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
did not provide any significant improvement of fit
(ΔOFV < 3.84, P value > 0.05), whereas the additive error
model provided a worse fit as indicated by the AICwhen com-
pared with the proportional error model (Δ AIC ~ 671).

All model-fitted parameters were estimated with good pre-
cision and all relative standard errors were less than 25%. Ex-
cept for Emax, shrinkages of both η and ε random effects were
below 25% (Table 2, calculated according to [23]). Model
goodness of fit plots showed no reason to reject the model
(Supplementary material, Figure S1). The pvcVPC on a log
Table 2
Pharmacodynamic parameter estimates

Parameter Estimate (RSE%) Shrinkage

Fixed effect

E0 (mg l−1) 1.44 (7) —

Emax 0.76 (2) —

EC50 (mg l−1) 0.734 (20) —

Random effect

BSVE0, CV%* 31.5 (14) 22

BSVEmax, CV%* 6.2 (24) 33

BSVEC50, CV%* 171.3 (9) 21

Correlation (E0 and EC50) −0.877 (6) —

Residual error, CV%† 27.6 (6) 3

BSV, between subject variability; CI, confidence interval; CV, coefficient of vaffiffiffiffiffiffiffiffiffiffiffiffiffi
eω2−1

p
. †Residual error, CV% was calculated as

ffiffiffiffiffiffi
σ2

p
.
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scale is shown in Figure 1. The pvc C26:0 observed data percen-
tiles formost erucic acid concentration binswerewithin the pre-
diction intervals of pvc simulations. Table 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 themedian values
obtained from the bootstrap datasets, providing support to our
model findings.
% Bootstrap median value 95% bootstrap CI

1.44 1.29, 1.66

0.761 0.73, 0.793

0.733 0.488, 1.04

31.7 22.6, 40.4

6.05 1.25, 8.89

176.4 124.6, 261.3

−0.891 −0.981, −0.749

27.4 24.7, 31

riation; RSE, Relative standard error. *BSV, CV% was calculated as



Table 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 LAUCC26:0

Null hypothesis 0

Alternative hypothesis −2.59

μc

Scenario I 60

Scenario II 150

σc

Scenario I 30

Scenario II 20

μc, mean of truncated normal distribution for censoring time; σc ,
standard deviation of truncated normal distribution for censoring time.

Exposure–response relationship of Lorenzo’s oil
Time-to-event analyses
We performed a time-to-event analysis to characterize the
hazard of developing brain MRI abnormalities and to assess
the effect of LO administration on this hazard. Of all exam-
ined parametric models, the Weibull model was most consis-
tent with the distribution of the time to development of brain
MRI abnormalities data (Supplementary material, Figure S2).
The shape parameter associated with theWeibull distribution
was estimated to be less than 1, indicating that the baseline
hazard was actually decreasing over time.

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

For LAUCC26:0, the hazard was estimated to increase by
753% for every 1mg l�1 increase in LAUCC26:0. The hazard ra-
tio 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 Tables 3, 4, respec-
tively. 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 in-
crease in LAUCER or LAUCC26:0 were 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 5.
Table 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 hypothesis 0.05

μc

Scenario I 60

Scenario II 150

σc

Scenario I 30

Scenario II 20

μc, mean of truncated normal distribution for censoring time; σc ,
standard deviation of truncated normal distribution for censoring time.
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 haematopoietic 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
[24]. 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 [6, 8, 25, 26].

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 esti-
mated to be 1.44 mg l�1. In a normal population, the mean
plasma C26:0 level is 0.29 ± 0.29 mg l�1, whereas in X-ALD
males, it is four-fold greater (1.18 ± 0.53 mg l�1) [13]. It should
be noted that E0 estimated fromourmodel represents an extrap-
olation of the C26:0 plasma concentration thatwould 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�1 (Table 1). This pretreatment erucic
acid plasma concentration predicts a pretreatment C26:0
plasma concentration of 0.997 mg l�1, estimated under our
model parameters. This is consistent with the reported value
for this population. Our model estimated a statistically signifi-
cant normalization of plasmaC26:0 with intake of LO. Study re-
sults indicate that, on average, erucic acid was associated with a
maximum reduction of C26:0 plasma concentrations from
1.44 mg l�1 to 0.346 mg l�1. The fractional Emax was estimated
Br J Clin Pharmacol (2016) 81 1058–1066 1063



Table 5
Power analyses results

Coefficient
parameter value (β)

Sample
size

Target number
of events

Simulated mean
number of events

Target type
I error

Actual type
I error (95% CI)

Calculated
power (95% CI)

LAUCER

Scenario I 103 10 10 0.05 0.056 (0.042, 0.07) 0.098 (0.08, 0.116)

Scenario II 103 21 19 0.05 0.05 (0.036, 0.064) 0.158 (0.135, 0.181)

LAUCC26:0

Scenario I 103 10 10 0.05 0.041 (0.029, 0.053) 0.426 (0.395, 0.457)

Scenario II 103 21 21 0.05 0.034 (0.023, 0.045) 0.645 (0.615, 0.675)

CI, confidence interval.
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as 0.76. This is consistent with a previous report on a similar co-
hort [11], where they observed that most patients who were ad-
ministered LO reduced their pretreatmentC26:0 concentrations
by 0.4–0.6mg l�1. Based on our PD parameter estimates, the ob-
served median LAUCER of 13.08 mg l�1 (Table 1) is associated
with reducing the C26:0 plasma concentration to 0.404 mg l�1

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 max-
imum effect that can be reached and the individual baseline.
For example, individuals with large C26:0 plasma concentra-
tions 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.

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 consis-
tent 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 [11]. Moreover the
risk for development of CCALD decreases after 8 years of age
[4]. The unavailability of a placebo group in this study
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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 tis-
sue 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 [26, 27], although
14C-labelled erucic acid does enter rodent brain tissue [28].
We estimated the effect of erucic acid plasma exposure on
the hazard of developing brain abnormalities in CCALD.
Although the results indicated some beneficial signal for
those who received LO, our results were not statistically sig-
nificant. 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 inflam-
matory demyelination [29, 30]. We assessed the association
between C26:0 concentrations in plasma and the develop-
ment of brain MRI abnormalities. We observed a trend of
increasing the hazard of developing MRI abnormality as the
C26:0 plasma concentrations increased. 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, vs. 21 individuals in
Moser et al.’s study [11]), limiting the power of this study. This
was confirmed by our analyses, indicating that the power as-
sociated with our study was small (43%). When subjects were
followed for a longer time (as in the case for Moser et al. [11],
mean [range] follow-up time was 6.9 years [0.6–15]), the cal-
culated power increased (65%). This power calculation was
based on our calculated effect, which might be an underesti-
mate. A well-powered study testing several different hypoth-
eses 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
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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
sampling times. Future studies will characterize the PK of LO
in children and adults with X-ALD.

In conclusion, we have provided evidence that LO adminis-
tration significantly reduces plasma SVLCFAs. We have devel-
oped 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 preven-
tive therapy [11, 12]. 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 popula-
tion 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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Figure S1 Goodness of fit plots. Upper panel: the observed
C26:0 concentrations (mg l�1) vs. the population predicted
C26:0 concentrations (mg l�1), the observed C26:0 concen-
trations (mg l�1) vs. the individual predicted C26:0 concen-
trations (mg l�1); solid line represents line of identity,
dashed red line represents loess. Lower panel: conditional
weighted residuals vs. population predicted C26:0 concentra-
tions (mg l�1) and vs. erucic acid concentrations (mg l�1);
solid line represents line of y = 0, dashed red line represents
loess. CWRES conditional weighted residuals
Figure S2 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. The solid red line is the line of linear regression of
the non-parametric survival function estimates
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