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Abstract

Objective This study described the prospective relationship between pharmacological and behavioral

measures of 6-mercaptopurine (6MP) medication adherence in a multisite cohort of pediatric patients

diagnosed with cancer (N¼ 139). Methods Pharmacological measures (i.e., metabolite concentra-

tions) assessed 6MP intake. Behavioral measures (e.g., electronic monitoring) described adherence

patterns over time. Results Three metabolite profiles were identified across 15 months: one group

demonstrated low levels of both metabolites (40.8%) consistent with nonadherence and/or subopti-

mal therapy; two other groups demonstrated metabolite clusters indicative of adequate adherence

(59.2%). Those patients whose metabolite profile demonstrated low levels of both metabolites had

consistently lower behavioral adherence rates. Conclusions To our knowledge, this was the first study

to prospectively validate a pharmacological measure of medication adherence with a behavioral ad-

herence measure in a relatively large sample of pediatric patients with cancer. Using multiple meth-

ods of adherence measurement could inform clinical care and target patients in need of intervention.

Key words: adherence; cancer; metabolites; pediatrics; pharmacology; metabolites.

Maintenance therapy is considered vital for survival
and long-term outcomes for pediatric patients diag-
nosed with acute lymphoblastic leukemia (ALL) and
lymphoblastic lymphoma (LBL). Relapse prevention is
the primary goal of maintenance treatment, which

necessitates patient adherence to a lengthy and com-
plex course of therapy that could be difficult for many
patients and their parents to implement (Bhatia et al.,
2012; Davies & Lilleyman, 1995). Rates of nonadher-
ence to prescribed treatment regimens during the
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maintenance phase of pediatric cancer treatment are
high, yet variable, ranging from 10% to 94% (Bhatia
et al., 2012; Davies & Lilleyman, 1995; Kato, Cole,
Bradlyn, & Pollock, 2008; Lau, Matsui, Greensberg,
& Koren, 1998). Research has documented that non-
adherence during the maintenance phase of treatment
contributes to morbidity (e.g., worse disease progno-
sis, disease relapse, adverse side effects) and mortality
in pediatric patients diagnosed with ALL and LBL
(Bhatia et al., 2012; Davies & Lilleyman, 1995; Lau
et al., 1998; Lennard, Welch, & Lilleyman, 1995).
Bhatia and colleagues (2012) found that adherence
rates to 6-mercaptopurine (6MP) of <95% based on
electronic monitoring were associated with an
increased risk of relapse. In fact, nonadherent patients
were 2.5 times more likely to relapse compared with
adherent patients (Bhatia et al., 2012). The authors
also illustrated that 6MP adherence enhanced the ther-
apeutic efficacy of the medication, which was critical
for disease remission (Bhatia et al., 2012). However,
Bhatia et al. (2012) did not describe the relationship
between multiple measures of adherence (e.g., elec-
tronic monitoring versus metabolites of 6MP). These
findings heighten the need for accurate and valid
measurement of medication adherence.

Accurate measurement of medication adherence in
pediatric patients diagnosed with ALL and LBL neces-
sitates a methodologically sound study using multiple
objective measures. Despite the concern that self-
report measures typically overestimate adherence, a
large number of studies in pediatric ALL and LBL
have used physician-, parent-, or patient-reported
adherence measures (Kenna, Labbé, Barrett, & Pfister,
2005; Lau et al., 1998; Riekert & Rand, 2002). Given
limitations with self-reported adherence, Kenna et al.
(2005) suggested examining the relationship between
multiple, objective adherence measures such as behav-
ioral adherence (i.e., electronic monitoring: an indi-
rect, objective measure of daily adherence that
provides information about the date/time a pill bottle
containing the medication was opened) and pharma-
cological adherence (i.e., metabolites of 6MP: a direct,
objective adherence measure).

Electronic monitoring has been used in a number of
studies in pediatric cancer for monitoring medication
adherence, and provides an objective estimate of
patient adherence behavior (Bhatia et al., 2012; Kato
et al., 2008; Kenna et al., 2005; Lau et al., 1998;
Riekert & Rand, 2002). However, electronic monitor-
ing does not provide a direct measure of adherence
because patients might remove the medication from
the monitored bottle, but might not ingest the medica-
tion (Ingerski, Hente, Modi, & Hommel, 2011; Kenna
et al., 2005; Lau et al., 1998). Moreover, a direct
pharmacological measure has special advantages
in characterizing adherence. When 6MP is ingested,
it is metabolized into two primary metabolites:

thioguanine nucleotides (TGN) and methylated mer-
captopurine (MMP) (Davies, Lennard, & Lilleyman,
1993). Metabolite concentration profiles of 6MP pro-
vide unique information regarding 6MP medication
adherence for the period immediately before the blood
draw (i.e., 5 days before the blood draw), which
could be integrated with the information obtained
from behavioral adherence measures (Kenna et al.,
2005; Lau et al., 1998). To our knowledge, previous
research in pediatric cancer has not described longitu-
dinal adherence patterns to 6MP medication in
the context of multiple, objective adherence
measures.Analyses investigating the prospective rela-
tionship between metabolite profiles and behavioral
adherence are important for describing 6MP adher-
ence patterns in pediatric cancer.

It has been suggested that low concentrations of
both metabolites (TGN and MMP) could reflect poor
bioavailability of the drug (e.g., inadequate dosing) or
nonadherence to prescribed 6MP (Lennard et al.,
1995; Lilleyman & Lennard, 1994). Low levels of
both metabolites were associated with poor disease
prognosis in children with ALL and LBL, including
higher risk for disease relapse (Hawwa et al., 2009;
Lilleyman & Lennard, 1994; Traore et al., 2006).
Thus, it is important to identify which patients present
with low levels of both metabolites. Two previous
studies used cluster analysis to identify subgroups of
individuals who present with similar levels of 6MP
metabolite concentrations (TGN and MMP) (Hawwa
et al., 2009; Traore et al., 2006). Traore et al. (2006)
identified four metabolite clusters in a sample of
pediatric patients with ALL (n¼ 48 patients,
Mage¼ 15 years): (1) high TGN–low MMP (n¼6),
(2) low TGN–high MMP (n¼ 25), (3) low TGN–low
MMP (n¼39), and (4) low TGN–very high MMP
(n¼ 4). Hawwa et al. (2009) identified five metabolite
profiles in a sample of 19 patients diagnosed with
ALL (Mage¼ 10 years): (1) high TGN–low MMP
(n¼ 8), (2) low TGN–high MMP (n¼25), (3) low
TGN–low MMP (n¼11), (4) very high TGN–low
MMP (n¼ 4), and (5) very high MMP–low TGN
(n¼ 16). These findings suggested that cluster analysis
could be a useful analytic technique to identify adher-
ent and nonadherent patients, in addition to those
patients being treated with suboptimal therapy. Given
that cluster analysis relies heavily on the research sam-
ple and empirically derives metabolite clusters by iden-
tifying patients with similar patterns of metabolite
values, it is important to validate these metabolite pro-
files with an independent, objective measure of medi-
cation adherence (e.g., behavioral adherence).

Previous research that described 6MP metabolic
profiles in children with ALL (Hawwa et al., 2009;
Traore et al., 2006) was limited by small sample sizes
(Ns¼ 19, 48) and restricted monitoring periods (e.g.,
4–6 months), which limited the clinical significance of
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the research for understanding prospective patterns of
medication adherence (Lau et al., 1998). In addition,
the measurement and description of thiopurine meth-
yltransferase (TPMT) activity and optimal versus sub-
optimal 6MP dosing and its relative influence on
metabolite profiles were not conducted. TPMT is an
enzyme that metabolizes 6MP into MMP and TGN
(Relling et al., 2011). Patients present with one of
three TPMT phenotypes (Relling et al., 2011): homo-
zygous deficient (1:300; present with low or deficient
TPMT activity); heterozygous (10% of population;
present with intermediate levels of TPMT activity); or
homozygous wild type (90% of patients; present with
normal or high TPMT activity). TPMT phenotypes
can influence the pharmacokinetics of TGN, which
could impact the therapeutic levels of TGN and would
likely influence the generation of metabolite profiles
(Relling et al., 2011). Similarly, suboptimal dosing
could influence metabolite levels and should be exam-
ined in research investigating pharmacological meas-
ures of adherence. Validation of a pharmacological
measure of medication adherence using data obtained
from behavioral adherence measures extends the clini-
cal utility of using objective measures of 6MP adher-
ence in routine follow up of pediatric patients with
ALL and LBL. For this reason, it is important to
describe, evaluate, and validate patterns of nonadher-
ence as measured by multiple, objective measures of
adherence and to differentiate between nonadherence
and inadequate dosing.

To address the limitations of previous research, the
current study used a prospective research design to
describe 6MP medication adherence patterns across
15 months based on pharmacological and behavioral
measures of 6MP adherence. Based on previous
research (Hawwa et al., 2009; Traore et al., 2006), it
was hypothesized that there would be three unique
metabolite profiles across 15 months: a group that
demonstrated low levels of both TGN and MMP
metabolites, which could indicate suboptimal dosing
or nonadherence to 6MP; and two groups that demon-
strated a negative correlation between the two metab-
olites, which could reflect adherence to 6MP: high
TGN–low MMP and low TGN–high MMP
(Lilleyman & Lennard, 1994). The primary aim of the
current study was to validate the metabolite profiles
with results obtained from a behavioral adherence
measure (electronic monitoring) during a 15-month
period, including correction of dosing and TPMT
activity, which has not been examined in previous
research. Measurement of TPMT activity and dosing
was included given earlier evidence that both factors
could influence metabolite concentrations and hence
metabolite profiles (Relling et al., 2011). It was
hypothesized that patients who were identified as
potentially nonadherent to 6MP based on results
obtained using pharmacological measures of

adherence (i.e., low levels of both metabolites) would
also have the lowest behavioral adherence rates.

Methods

Study Design
This study was a secondary analysis of data that were
collected as part of a prospective, multisite random-
ized controlled trial. Adherence and medical data were
collected as part of the 15-month longitudinal study of
a family-centered problem-solving intervention to pro-
mote medication adherence for pediatric cancer. This
is the first description of prospective measurement pat-
terns of behavioral adherence and pharmacological
adherence measures. Baseline results of behavioral
adherence monitoring were discussed in Rohan et al.
(2015).

Participants
Participants were 139 patients, aged 7–19 years, diag-
nosed with ALL or LBL, and their primary caregivers,
followed at six medical centers in the United States.
Baseline demographic characteristics are provided in
Table I. The four young adult patients (18 years:
n¼3; 19 years: n¼1) lived with their primary care-
givers at the time of study participation. Ethnicity was
representative of each clinic’s sample. Institutional
review boards at each site approved the study. Patients
and their parents were compensated for their time and
study participation at baseline, 6 months, and 15
months.

Eligibility Criteria and Attrition Rates
To be eligible for study participation, participants
needed to be prescribed a daily dosage of oral 6MP,
diagnosed with ALL or LBL in remission, and in at
least their second cycle of the maintenance phase of
therapy. Participants were excluded from study partic-
ipation (n¼7) if they were involved in foster care or
did not have a primary caregiver available to partici-
pate (n¼2), or had known plans to relocate (n¼5). In
accord with HIPAA guidelines, families were first con-
tacted by their medical provider who assessed their
willingness for study participation. If families
approved, they were approached by study coordina-
tors at each site to obtain parental permission
and consent and written assent for patients aged
�11 years. Verbal assent was obtained for patients
<11 years. Of the 171 patients and families
approached to participate, 18.7% (n¼32) refused
participation: too busy (n¼ 12), not interested
(n¼ 19), or no transportation (n¼1). Comparisons of
families who participated in the study with those who
did not indicated no differences (p’s>0.05) with
respect to patients’ age and gender. However, non-
Hispanic, Caucasian families (n¼16, 9.4%) refused
participation more frequently compared with
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Hispanic (n¼ 6, 3.5%) and non-Hispanic, minority
(n¼ 10, 5.8%) families (V¼ 0.23; p¼0.01).

Twelve patients (8.6%) dropped out during the 15-
month period for the following reasons: disease
relapse (n¼9, 75%), maintenance therapy finished
before study completion (n¼1, 8.3%), and relocation
and transfer of care to another hospital (n¼2,
16.7%). Of these families, 8.3% (n¼ 1) completed
baseline, 33.3% (n¼ 4) completed 3 months, 25%
(n¼ 3) completed 6 months, 25% (n¼3) completed 9
months, and 8.3% (n¼ 1) completed 12 months.
Comparisons of families who completed the study
with those who did not indicated no differences
(p’s> 0.05) with respect to patients’ cumulative
behavioral adherence rates, age, and gender. On the
other hand, Hispanic patients (n¼8) were dropped
more frequently than non-Hispanic, Caucasian (n¼ 3)
and non-Hispanic, minority patients (n¼ 1) (V¼0.22;
p¼0.04).

Family-Centered Problem-Solving Intervention
Following the baseline study visit, patients and their
primary caregivers were randomized in equal numbers
to one of two groups using a stratified random per-
muted blocks scheme design: Family Problem-Solving
Training Intervention (FPST) (n¼69) or Current
Psychosocial Care (n¼70). The FPST intervention
tested the efficacy of a family-centered intervention to
address specific barriers to medication adherence that
were commonly experienced by children and adoles-
cents with cancer and their families, including enhanc-
ing adolescent–parent problem-solving strategies;
facilitating parent–adolescent communication and

collaboration; and using behavioral reinforcement to
enhance problem-solving skills (Kato et al., 2008; Pai
& Drotar, 2009). The intervention included five in-
person visits and two phone visits.

Measures
Medical Characteristics and Prescribed Medical
Treatment
Medical charts were reviewed at quarterly intervals
from baseline to 15 months using standardized forms
to obtain information regarding 6MP medication dos-
ing and timing of administration. Prescribed medical
treatment was standardized across all sites based on
treatment protocols for ALL and LBL implemented by
the Children’s Oncology Group.

Behavioral Medication Adherence Measures:
Electronic Monitoring of 6MP
An electronic monitoring device (i.e., Medication
Event Monitoring System [MEMSVR ] from the
AARDEX Corporation) was used to monitor behavio-
ral adherence to 6MP oral medication across 15
months. The electronic monitor is similar to a pre-
scription bottle, but contains a micro-electronic chip
in the cap that registers dates and times when the bot-
tle is opened and closed. Patients and families were
aware of adherence monitoring, but were not given
feedback regarding their medication adherence. A
standardized form was completed at quarterly inter-
vals to capture information regarding extra openings,
refills, and periods of nonuse during the previous
3-month period. Adherence was defined as the number
of times that oral medication was taken as prescribed

Table I. Demographic and Medical Characteristics of Baseline Sample (M 6 SD) or n (%)

Demographic and Medical
Characteristics

Entire sample
(n¼ 139)

High TGN–low
MMP (n¼ 26)

Low TGN–high
MMP (n¼58)

Low TGN–low
MMP (n¼ 55)

Patient’s age at baseline (years) 12.29 years 6 3.44 11.55 6 3.44 11.99 6 3.42 12.95 6 3.42
Type of cancer diagnosis

ALL 133 (95.7) 24 (92.3) 56 (96.6) 53 (96.4)
LBL 6 (4.3) 2 (7.7) 2 (3.4) 2 (3.6)

Duration of cancer diagnosis (years) 1.29 years 6 0.35 1.28 years 6 0.39 1.29 years 6 0.36 1.30 years 6 0.32
Child’s gender

Male 94 (67.6) 18 (69.2) 38 (65.5) 38 (69.1)
Female 45 (32.4) 8 (30.8) 20 (34.5) 17 (30.9)

Child’s ethnicity/race
Non-Hispanic, Caucasian 75 (54.0) 17 (65.4) 30 (51.7) 29 (52.7)
Non-Hispanic, Minority 17 (12.3) 3 (11.5) 4 (6.9) 9 (16.4)
Hispanic 49 (33.9) 6 (23.1) 24 (41.4) 17 (30.9)

Household composition
One-caregiver household 45 (32.4) 6 (23.1) 20 (34.5) 19 (34.5)
Two-caregiver household 94 (67.6) 20 (76.9) 38 (65.5) 36 (65.5)
TPMT absolute value 12.71 6 3.61 10.06 6 3.47 13.98 6 3.51 12.66 6 3.13

TPMT genotype
Heterozygote 18 (14.4) 12 (60) 2 (3.8) 4 (7.7)
Wild type 107 (85.6) 8 (40) 51 (96.2) 48 (92.3)

Note. No significant differences between metabolite profiles on relevant demographic and medical characteristics. Heterozygous: present
with intermediate levels of TPMT activity. Wild type present with normal or high TPMT activity.
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(Lau et al., 1998). Electronic monitoring of oral medi-
cation adherence has been used by a number of inves-
tigators in a range of pediatric chronic illnesses
(Ingerski et al., 2011; Rapoff, 2010), including pedia-
tric cancer (Bhatia et al., 2012; Lau et al., 1998;
Rohan et al., 2013).

Pharmacological Measures of Medication Adherence:
6MP Metabolite Concentrations
Blood samples were obtained at six time points col-
lected at quarterly intervals from baseline to 15
months. A validated high-performance liquid chroma-
tography assay with ultraviolet detection was used to
measure 6MP and concentrations of its two metabo-
lites (TGN and MMP) in red blood cells (RBC)
(Davies & Lilleyman, 1995; Dervieux & Boulieu,
1998; Traore et al., 2006). The use of RBC, TGN, and
MMP concentrations was based on an extensive
review of the extant literature on 6MP pharmacology
and utility to detect 6MP (Davies & Lilleyman, 1995;
Dervieux & Boulieu, 1998; Traore et al., 2006).
Pharmacological measures of medication adherence
have been used in previous research investigating
adherence in pediatric ALL and LBL (Davies et al.,
1993; Davies & Lilleyman, 1995; Hawwa et al.,
2009; Lilleyman & Lennard, 1994; Traore et al.,
2006). Metabolite levels at each time point, the last
dosage amount, and the date and time of the last dose
were mapped on and verified with electronic monitor-
ing data.

TPMT Activity
TPMT is an enzyme that metabolizes 6MP into two
active metabolites: MMP and TGN (Relling, 1999).
TPMT activity is a genetic trait that is inherited from
both biological parents (i.e., one allele from the moth-
er and one allele from the father). TPMT activity can
be described as the absolute values of TPMT activity;
or as a genotype (e.g., homozygous deficient, hetero-
zygous, or homozygous wild type). TPMT activity is
an important measure in the present study because it
can affect how a patient metabolizes 6MP, which
could potentially influence TGN and MMP levels and
hence the metabolite profile group membership for
that patient. When patients with a homozygous defi-
cient genotype are adherent to their 6MP medication,
they will often present with extremely high concentra-
tions of TGN metabolites and little to no MMP
metabolites. Heterozygous patients taking medication
as prescribed will often present with high concentra-
tions of TGN metabolites and low levels of MMP
metabolites. Homozygous/wild-type patients who are
adherent to 6MP will express low levels of TGN and
high levels of MMP if they are taking medication as
prescribed. TPMT absolute values and TPMT geno-
types were obtained for all patients who consented to

genetic testing (n¼125) (Table I). Absolute values
were calculated using the average TPMT value for the
first and last blood draw (baseline and 15-month val-
ues for most patients). Differences in TPMT activity
were examined across the metabolite clusters.

Data Analytic Plan
Baseline demographic and medical factors were exam-
ined to determine which variables, if any, should be
included as covariates in analyses that examined group
differences among adherence subgroups. Based on pre-
vious research (Bhatia et al., 2012; Davies &
Lilleyman, 1995), the following covariates were exam-
ined: patient gender, patient age, patient ethnicity/
race, single parent versus two-parent households,
TPMT activity (genotype), Randomized Controlled
Trial (RCT) assignment, and data collection site.
Results of the RCT indicated that there were no signif-
icant differences in behavioral medication adherence
and metabolite profiles between those patients who
participated in the family-centered problem-solving
intervention compared with those who received clini-
cal care as usual (p¼ .12, d¼0.21). Thus, RCT
assignment was not included as a covariate.

6-MP Metabolite Profiles From Baseline to 15 months
Longitudinal hierarchical two-step cluster analysis
(Aldenderfer & Blashfield, 1984; Garson, 2010) was
used to identify metabolite profiles for the two metab-
olites (TGN and MMP) of 6MP. The purpose of clus-
ter analysis was to define mutually exclusive groups of
individuals who had similar patterns of metabolite lev-
els over time, which could reflect nonadherence or
suboptimal therapy (e.g., low levels of both metabo-
lites) or adherence to 6MP (i.e., high levels of one
metabolite and low levels of another metabolite)
(Aldenderfer & Blashfield, 1984; Davies & Lilleyman,
1995; Hawwa et al., 2009; Lennard et al., 1995;
Traore et al., 2006). Metabolite profiles were based
on each individual’s metabolite results from baseline
to 15 months. Thus, it was possible for a patient to be
in the same metabolite group or a different metabolite
group over time depending on his/her TGN-MMP
metabolite values at the time the blood draw was col-
lected. Standardized z-scores for TGN and MMP were
used as the unit of analysis rather than absolute scores
because cluster analysis required commensurability
(i.e., equal scale units) (Aldenderfer & Blashfield,
1984). Although Traore et al. (2006) and Hawwa
et al. (2009) identified two additional groups (i.e., low
TGN–very high MMP; very high TGN–low MMP), a
three-group model was hypothesized in the current
study given the small sample sizes and lack of diagnos-
tic importance of these two groups to adherence: one
group demonstrating low levels of both metabolites;
and two groups demonstrating a negative correlation
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between the two metabolites: high TGN–low MMP
and low TGN–high MMP (Lilleyman & Lennard,
1994).

The two-step cluster analysis first identified “pre-
clusters” and then treated those “pre-clusters” as sin-
gle cases in hierarchical cluster analysis (Garson,
2010). Cluster membership was determined by the
cluster distances approach: between-groups differen-
ces were maximized and within-group differences
were minimized to generate groups with similar meta-
bolic profiles (Aldenderfer & Blashfield, 1984;
Garson, 2010). The Bayesian information criterion
(BIC) was used to determine the appropriate number
of clusters, which was based on the lowest BIC
(Aldenderfer & Blashfield, 1984; Garson, 2010).
Patient age and ethnicity, household composition,
randomized intervention status (intervention versus
control), and site were examined across the three
metabolite profiles to determine whether these varia-
bles should be included as covariates in the cluster
analysis. There was a significant association between
site and metabolite profile (p< 0.05), and site was
used as a covariate in the cluster analysis. No other
potential covariates were significant.

Relationship Between Behavioral and
Pharmacological Measures of Adherence: Mean
Differences in 5-Day Adherence Rates
The relationship between indirect behavioral measures
and direct pharmacological measures of medication
adherence was examined. It was hypothesized that
there would be a moderate relationship between 6MP
metabolites and behavioral adherence rates over time.
The half-life of 6-TGN and 6-MMP is approximately
five days following the medication dose (Fishman &
Mrozek-Orlowsk, 1999). Thus, behavioral adherence
rates were mapped on to the assay data and mean
behavioral adherence rates were examined at 5 days
before the date of the blood draw. It was hypothesized
that those individuals who presented with low levels
of both TGN and MMP metabolites would also have
the lowest behavioral adherence rates across time
compared with the other metabolite groups.

6MP Dosing Regimens and Relationship to
Metabolite Clusters
Clinical guidelines suggest that patients who are
treated with 6MP during the maintenance phase of
treatment should be prescribed a target dose of 6MP
to achieve maximum benefit (Relling et al., 2011;
Relling, 1999). Patients may receive less than the tar-
get dose for a number of reasons including, but not
limited to, reducing the frequency and type of adverse
side effects. Thus, it is important to determine whether
the low TGN–low MMP metabolite group reflected
nonadherence to prescribed 6MP or reflected

potentially suboptimal dosing. Patient’s prescribed
6MP dose was compared with his/her target 6MP
dose. Based on clinical guidelines for 6MP dosing in
pediatric cancer treatment, target dose was calculated
by multiplying a standard dose of 65 mg by the
patient’s body surface area (Relling et al., 2011;
Relling, 1999). 6MP only comes in 50 mg tablets, thus
6MP target dose recommendations were compared
with the prescribed dose to create three subgroups:
50 mg within target, 50 mg above target, and 50 mg
below target.

Results

6-MP Metabolite Profiles From Baseline to 15
months
Consistent with hypotheses, a two-step longitudinal
hierarchical cluster analysis indicated that a three-
group model had the best fit based on the BIC crite-
rion when controlling for site differences: (1) high
TGN–low MMP metabolite profile (n¼ 113, 14.8%),
(2) low TGN–high MMP metabolite profile (n¼340,
44.4%), and (3) low TGN–low MMP metabolite pro-
file (n¼312, 40.8%). Table II provides the average
TGN and MMP values for the metabolite profiles over
time. As shown in Table II, TGN and MMP metabo-
lite levels were relatively stable over time. Consistent
with previous research (Davies & Lilleyman, 1995;
Lennard et al., 1995), there is more variability in
MMP metabolite values over time relative to TGN
metabolite values.

Relationship Between Behavioral and
Pharmacological Measures of Adherence
Differences in 5-day behavioral adherence rates were
examined for the three metabolite profiles using
repeated measures mixed models (SAS Proc Mixed).
Overall group differences were examined, in addition
to differences in 5-day adherence rates when control-
ling for dosing and/or TPMT. Significant differences
were examined using appropriate post hoc compari-
sons (Tukey’s HSD or independent t-tests). Results are
provided in Tables III and IV.

Five-Day Behavioral Adherence Rates (Not
Controlling for TPMT or Dosing)
As expected, there was a significant difference in 5-
day behavioral adherence rates between the three
metabolite clusters (p¼ .008). Post hoc comparisons
indicated mean differences in 5-day adherence rates at
6, 9, and 12 months. Those in the low TGN–high
MMP metabolite profile consistently demonstrated
higher behavioral adherence rates compared with the
low TGN–low MMP group. There were no other sig-
nificant differences (Table III). On the other hand,
behavioral adherence rates for the three metabolite
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profiles did not significantly change over time and
remained relatively stable (p¼ .85) with adherence
rates ranging between 72% and 78% for the low
TGN–low MMP metabolite profile compared with
rates of 85% to 90% for the low TGN–high MMP
profile. The high TGN–low MMP metabolite group
had adherence rates of 86% to 89% from 3 to 12
months, dropping to 72% adherence at 15 months.
There was not a significant interaction between
metabolite cluster and time (p¼ .68).

Behavioral Adherence Rates (Controlling for TPMT
Activity)
Previous research suggests that patients with a high
TGN–low MMP metabolite profile may have deficient
or intermediate levels of TPMT activity and could
have trouble metabolizing 6MP (Relling et al., 2011).
In the current sample, 60% of patients in the high
TGN–low MMP profile were identified as having
intermediate levels of TPMT activity (Table I, hetero-
zygotes). Given potential difficulties with metaboliz-
ing 6MP, patients in the high TGN–low MMP
metabolite profile (n¼ 26) and heterozygote TPMT
patients in the other profiles (n¼6) were omitted
from analysis. As expected, there was a significant dif-
ference in 5-day adherence rates between the low
TGN–low MMP metabolite profile and the low
TGN–high MMP profile (p¼ 0.003). Independent
sample t-tests indicated that patients in the low TGN–
low MMP profile demonstrated lower behavioral
adherence rates across time relative to the low TGN–
high MMP profile at 6, 9, 12, and 15 months. There

were no other significant differences (Table IV). On
the other hand, behavioral adherence rates did not sig-
nificantly change over time and remained relatively
stable even when controlling for TPMT activity
(p¼ .80) with adherence rates ranging from 70% to
76% for the low TGN–low MMP profile compared
with rates of 84% to 90% for the low TGN–high
MMP profile. There was no significant interaction
between metabolite cluster and time (p¼ .47).

Behavioral Adherence Rates (Controlling for Dosing)
To determine whether the low TGN–low MMP
metabolite group reflected nonadherence to 6MP or
reflected suboptimal dosing, a patient’s prescribed
6MP dose was compared with his/her target 6MP dose
based on pediatric guidelines for 6MP dosing (Relling
et al., 2011; Relling, 1999). Table II provides the per-
centage of patients who received 6MP dosing within
50 mg of target, 50 mg above target, or 50 mg below
target dose recommendations. The majority of
patients across the three metabolite profiles were pre-
scribed a dosage of 6MP that was within the recom-
mended dose from baseline to 15 months. To control
for patients with suboptimal dosing, those patients
who received 6MP doses below standardized dose rec-
ommendations were removed from analysis. Patients
who were prescribed 6MP within or above target rec-
ommendations were included.

As expected, there was a significant difference in
5-day adherence rates between the three metabolite
profiles even when controlling for dose (p¼ .01).
Post hoc comparisons indicated differences in 5-day

Table IV. Results of Mixed Effects Modeling (Controlling for TPMT): 5-Day Behavioral Adherence Rates by Metabolite
Cluster (M 6 SD, n)

Cluster 2 Cluster 3 2 versus 3

F, t ES

Overall sample
Metabolite profiles (between groups) 9.25** 0.09
3 months 84 6 31 (40) 76 6 36 (45) 1.02 0.22
6 months 88 6 26 (50) 70 6 34 (39) 2.74** 0.59
9 months 89 6 20 (39) 74 6 34 (45) 2.30* 0.50
12 months 88 6 25 (48) 70 6 35 (29) 2.65** 0.62
15 months 90 6 24 (43) 74 6 36 (29) 2.24* 0.55
Time (within groups) 0.41 0.02
Metabolite profile*time 0.86 0.03
Controlling for 6MP dose
Metabolite profiles (between groups) 6.99** 0.07
3 months 84 6 31 (40) 76 6 37 (42) 1.03 0.23
6 months 88 6 26 (50) 69 6 34 (38) 2.85** 0.61
9 months 89 6 20 (38) 75 6 34 (43) 2.35* 0.52
12 months 88 6 25 (48) 70 6 34 (24) 2.63** 0.66
15 months 90 6 24 (43) 72 6 37 (24) 2.43* 0.62
Time (within groups) 0.23 0.01
Metabolite profile*time 0.88 0.04

Note. **p< .01; *p< .05; Effect sizes (ES) for F tests are partial eta squared (g2
p) and those for t-tests are Cohen’s d.
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adherence rates at 6, 9, and 12 months. Those in the
low TGN–high MMP metabolite profile consistently
demonstrated higher behavioral adherence rates com-
pared with the low TGN–low MMP group. There
were no other significant differences (Table III). On
the other hand, behavioral adherence rates for the
three metabolite profiles did not significantly change
over time and remained relatively stable even when
controlling for dose (p¼ .65). Adherence rates for the
low TGN–low MMP metabolite profile ranged from
71% to 78% compared with rates of 84% to 91% for
the low TGN–high MMP profile across 15 months,
and rates of 85% to 89% from 3 to 12 months for the
high TGN–low MMP profile dropping to 72% at 15
months. There was no significant interaction between
metabolite cluster and time (p¼ .53).

Behavioral Adherence Rates (Controlling for Dosing
and TPMT Activity)
To determine whether similar findings were observed
when controlling for both dosing and TPMT activity,
differences in behavioral adherence rates from 3 to 15
months were also examined for the low TGN–low
MMP and the low TGN–high MMP profiles (exclud-
ing heterozygote patients given differences in how
6MP is metabolized). As expected, there was a signifi-
cant difference in 5-day adherence rates between the
three metabolite profiles even when controlling for
dose and TPMT (p¼ .01). Independent sample t-tests
indicated patients in the low TGN–low MMP metabo-
lite profile had significantly lower behavioral adher-
ence rates relative to the low TGN–high MMP profile
at 6, 9, 12, and 15 months. There were no other signif-
icant group differences. See Table IV. On the other
hand, behavioral adherence rates for the three metabo-
lite profiles did not significantly change over time and
remained relatively stable even when controlling for
dose and TPMT (p¼ .92) with adherence rates rang-
ing from 69 to 76% for the low TGN–low MMP pro-
file compared with rates of 84–90% for the low
TGN–high MMP profile across the 15-month period.
There was no significant interaction between metabo-
lite cluster and time (p¼ .47).

Clinical Relevance of Metabolite Clusters and
Behavioral Adherence
Bhatia et al. (2012) found that behavioral adherence
rates<95% were associated with an increased risk for
disease relapse. Across the 15-month period, patients
in the three metabolite profiles had average 5-day
adherence rates either >95% or <85% (see Figure 1).
As shown, the majority of patients within the low
TGN–high MMP group and the high TGN–low MMP
group demonstrated adherence rates >95% across the
15-month period with the exception of the high TGN–
low MMP group at 15 months. The majority of

patients with low levels of both metabolites had
adherence levels below 85%.

Discussion

To our knowledge, the current study is the first to vali-
date the prospective relationship between an indirect
measure of 6MP behavioral adherence (i.e., daily 6MP
adherence using electronic monitors) and a direct
measure of 6MP pharmacological adherence (i.e.,
metabolites of 6-mercaptopruine) during the mainte-
nance phase of cancer treatment for pediatric ALL
and LBL. Examination of pharmacological measures
of medication adherence using hierarchical cluster
analysis indicated three distinct metabolite profiles
across 15 months. The percentage of patients within
each of the metabolite profiles and the absolute levels
of the TGN and MMP metabolites were relatively
consistent with previous research (Hawwa et al.,
2009; Traore et al., 2006). A major strength of the
present study was the use of longitudinal hierarchical
two-step cluster analysis to generate profiles of
mutually exclusive groups of individuals who have
similar patterns of 6MP metabolite levels across a
15-month period. Longitudinal hierarchical two-step
cluster analysis was used in the present study
rather than cross-sectional or iterative profile classifi-
cations given a patient could have similar TGN
and MMP results over time, and hence, profiles should
be classified based on TGN and MMP levels across
the entire study duration rather than at each time
point.

The primary contribution of the current study was
the validation of metabolite profiles with behavioral
measures of adherence (electronic monitoring). Those
in the low TGN–low MMP group consistently had
lower behavioral adherence rates relative to the other
metabolite profiles, which suggests that the low TGN–
low MMP group is indicative of nonadherence to
6MP. To determine whether 6MP dosing or TPMT
genetic traits impacted the relationship between
metabolite levels and behavioral adherence, we con-
trolled for TPMT activity and dosing. Even when con-
trolling for TPMT activity and 6MP dosing, the low
TGN–low MMP group continued to have lower
behavioral adherence rates over time. On the other
hand, there were no significant differences in behavio-
ral adherence between the high TGN–low MMP and
the low TGN–high MMP group. These findings sug-
gest that these two groups likely represent better
adherence to 6MP with mean 5-day behavioral adher-
ence rates >85%, which is consistent with previous
research (Davies, Lennard & Lilleyman, 1993; Davies
& Lilleyman, 1995). It is notable that those in the low
TGN–high MMP profile demonstrated adherence
rates between 84% and 91% across the entire 15-
month period even when controlling for dosing and
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TPMT, whereas those in the high TGN–low MMP
profile had behavioral adherence rates of 84–89%
from 3 to 12 months, which dropped to 72% at 15
months. Although previous research (Davies &
Lilleyman, 1995; Hawwa et al., 2009; Lennard et al.,
1995; Traore et al., 2006) identified both the high

TGN–low MMP and the low TGN–high MMP pro-
files as being indicative of adherence to 6MP, future
research should further investigate these profiles, given
the decreased behavioral adherence rates at 15 months
for the high TGN–low MMP profile. Although the
present study did not identify significant differences in

Figure 1. Percentages of patients within each metabolite cluster with 5-day adherence rates �95% versus those with adher-
ence rates <85%. Note. *Denotes significant differences (p< .05) between the three metabolite group profiles.
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behavioral adherence between the three groups at 3
months even after controlling for TPMT and dosing,
or at 15 months before controlling for TPMT, it is
notable that the low TGN–low MMP profile had
adherence rates 10% lower than the other two groups
at both periods. The overall differences in the behavio-
ral adherence rates between the high TGN–low MMP
and low TGN–high MMP groups versus the low
TGN–low MMP group suggest that adherence behav-
iors do influence metabolite levels and hence exposure
to medication (Kenna et al., 2005).

Bhatia et al. (2012) noted that adherence rates of
�95% are a protective factor for relapse. In the
present study, close to 50% or more of patients in the
low TGN–high MMP group demonstrated 5-day
behavioral adherence rates of �95% across the 15-
month period, while over half of the patients in the
low TGN–low MMP group demonstrated adherence
rates <85% across the 15-month period, putting these
patients at an increased risk for relapse (Bhatia et al.,
2012). Our findings support the importance of moni-
toring adherence to 6MP using objective measures of
medication adherence during treatment given the
known relationship of adherence to disease remission.
Future research should investigate the relationship
between pharmacological and behavioral measures of
6MP and their relationship to clinical outcomes,
including disease relapse, health-care use, and clinical
biomarkers.

Another relevant contribution of this study was the
measurement and description of TPMT activity in
analyses of metabolite levels of 6MP. It is well known
that pediatric cancer patients with TPMT deficiencies
(intermediate or low/absent TPMT) will have diffi-
culty metabolizing 6MP, which could influence
metabolite levels and health outcomes (Davies &
Lilleyman, 1995; Relling et al., 2011). In the present
study, the majority of patients with the heterozygous
TPMT genotype were in the high TGN–low MMP
metabolite group (67%). Furthermore, even after con-
trolling for 6MP dosing, the metabolite group with
low levels of TGN and MMP continued to demon-
strate lower behavioral adherence rates. These find-
ings provide further support that low levels of both
TGN and MMP metabolites cannot be explained by
metabolic differences and are likely indicative of non-
adherence or poor bioavailability of the medication
(Davies & Lilleyman, 1995). This is particularly
important for evaluating results obtained in clinical
trials and ensuring therapeutic efficacy of chemother-
apy medications in pediatric cancer (Kenna et al.,
2005).

Several limitations should be considered when
interpreting these findings and developing future
research. It is notable that seven patients of Hispanic
ethnicity were dropped from the study owing to dis-
ease relapse, which is consistent with previous

research conducted by Bhatia et al. (2012) who noted
higher rates of disease relapse for pediatric patients of
Hispanic ethnicity. Future studies need to be cross-
validated in a heterogeneous age range (infancy to
young adulthood) in a larger sample of pediatric can-
cer patients with greater ethnic diversity.

Furthermore, it is unknown whether 6MP adher-
ence generalizes to other chemotherapy medications.
It will be important to assess adherence across multi-
ple medications during the entire duration of mainte-
nance to determine treatment burden and its
relationship to adherence. Finally, future studies
should describe extensive PK modeling over time for a
pediatric sample of patients diagnosed with ALL or
LBL to inform clinical care and optimize dosing
regimens.

Previous research has discussed the benefits and
drawbacks from using objective measures of medica-
tion adherence, including the potentially high costs
associated with using these measures (Drotar &
Rohan, 2013; Ingerski et al., 2011; Riekert & Rand,
2002; Rohan et al., 2013). The advantages of using
these measures in an effort to reduce morbidity, mor-
tality, and health-care use owing to nonadherence far
exceeds the costs of these objective measures. The
findings presented in the current study suggested that
using direct and indirect measures of medication
adherence can provide an effective method for identi-
fying patients who are in need of intensive adherence
promotion intervention. Using behavioral and phar-
macological measures of medication adherence at the
onset of treatment could assist with identification of
patients who have nonadherence patterns that nega-
tively impact their clinical outcomes. Intensive adher-
ence promotion interventions delivered early in
treatment could significantly improve the health out-
comes of these patients, and hence decrease their risk
for disease relapse. Interventions such as those
described in Kato et al. (2008) in which patients
played a videogame to promote adherence to 6MP
and other medications have been shown to be effec-
tive. Moreover, our experience suggests that a multi-
disciplinary team of providers can use principles of
anticipatory guidance during medical follow up of
ALL and LBL in an effort to prevent adherence prob-
lems from occurring during treatment (e.g., education
concerning importance of adherence, to identify
potential barriers to adherence, and to follow up on
adherence promotion efforts) (Pai & Drotar, 2009).

Another potential use of the ongoing measurement
of behavioral and pharmacological adherence meas-
ures of 6MP over the course of pediatric cancer treat-
ment includes preventing the medical toxicity
associated with undetected nonadherence to ALL and
LBL treatment. In some instances, nonadherence to
prescribed medications could be misinterpreted by a
treating physician as poor absorption of the
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medication. In turn, the physician may prescribe a
higher medication dose, which could result in significant
drug toxicity if patients resume taking the medication at
this higher dose (Davies & Lilleyman, 1995; Hawwa
et al., 2009; Lau et al., 1998; Traore et al., 2006).
Assessment of behavioral and pharmacological adher-
ence measures could assist clinicians with 6MP dose rec-
ommendations, significantly reducing the risk for
adverse events associated with drug toxicity. Finally,
using both behavioral and pharmacological measures of
medication adherence in clinical care not only identifies
patients with chronic or moderate nonadherence, but
also serves as a mechanism for identifying patients who
are not receiving therapeutic doses of 6MP.

The findings in the present study provide strong evi-
dence for the importance of using both indirect and
direct objective measures of medication adherence, not
only in the management of pediatric cancer but also in
other pediatric chronic illness populations. Self-reported
adherence rates are often inaccurate and provide
overinflated representations of individual behavior. On
the other hand, objective measures, such as electronic
monitoring, provide real-time information about adher-
ence patterns over time (e.g., daily, weekly, monthly,
and overall adherence rates; information about dose
timing to inform therapeutic efficacy; and information
about prolonged periods where medication was not
used by the patient). Metabolite levels are equally
important because although electronic monitoring pro-
vides information regarding daily medication use, it
does not provide us with information about whether
medication was ingested by the patient or whether the
dosing is therapeutically effective. The development
and implementation of objective measures of adherence
in routine care for pediatric chronic illness, specifically
pediatric cancer, provide an important area to develop
innovative adherence promotion interventions in an
effort to prevent disease relapse and reduce health-care
costs associated with disease morbidity and mortality
(Bhatia et al., 2012; Rohan et al., 2013).
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