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Abstract
The AIDS Clinical Trials Group designed and implemented a prospective, randomized, strategy trial
in antiretroviral-experienced, HIV-infected patients, to evaluate the virologic impact of protease
inhibitor dose escalation in response to therapeutic drug monitoring (TDM) with an inhibitory
quotient, which integrates both drug exposure and viral drug resistance. In the process of developing
this clinical trial several unique challenges were identified that required innovative solutions. The
major challenge was the need to integrate resistance testing, pharmacokinetic data, medication
adherence, toxicity data, clinical assessments, randomization assignment, and protocol-specified
clinical management in a way that could be utilized in real-time by the protocol team, communicated
promptly to the clinical sites, and transmitted accurately to the study database. In addition, the
protocol team had to address the relative lack of commercially available therapeutic drug monitoring
laboratories in the US that were experienced in antiretroviral drug assays, and a lack of familiarity
with the principles of pharmacokinetic monitoring at participating clinical sites. This manuscript
outlines the rationale for the design of this strategy trial, specific barriers to implementation that were
identified, and solutions that were developed, with the hope that these experiences will facilitate the
design and conduct of future trials of TDM.
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Introduction
Management of antiretroviral-experienced HIV-infected patients continues to pose a clinical
challenge. Although high rates of virologic suppression can be achieved with currently
available first-line combination regimens 1, 2, the suppression rates for treatment-experienced
patients have traditionally been substantially lower 3, 4, fueling interest in the use of prognostic
assays, such as HIV drug resistance testing, to individualize and optimize patient management.
More recently developed antiretroviral agents have demonstrated substantially greater success
in this patient population 5-9. Nonetheless, optimizing and individualizing antiretroviral drug
regimens will likely remain an important strategy in treatment-experienced patients.

Measurement of PI drug concentrations may prove useful to monitor treatment-experienced
patients because of inter-individual variation in PI pharmacokinetics and complex drug-drug
interactions. One retrospective analysis demonstrated that PI concentrations were associated
with treatment outcome independent of resistance testing 10. However, such retrospective
studies do not address the question of whether dose-escalation in subjects with low drug
concentrations leads to improved treatment outcomes.

A prospective interventional trial of TDM in treatment-experienced patients did not show a
benefit of TDM 11. There are a number of potential explanations for this result. First, this trial
did not utilize an inhibitory quotient (IQ), which incorporates both drug exposure and viral
drug resistance and has been shown in several studies to correlate with virologic responses in
treatment-experienced patients 12-23. Second, the majority of subjects in the TDM arm did not
undergo a dose adjustment 11. Third, the dose escalations, which occurred eight weeks after
initiation of the salvage regimen, may have occurred too late to have an impact on virologic
outcome.

A Phase II clinical trial, A5146, was designed to further study an interventional TDM strategy
in PI-experienced patients. The purpose of this paper is to summarize the unique challenges
that were encountered and solutions that were developed during the process of designing and
implementing this TDM strategy trial.

Study Design of A5146 and its Rationale
Summary of A5146 study design

A5146 was conducted by the AIDS Clinical Trials Group (ACTG). This 48 week trial utilized
an IQ normalized to a reference population (NIQ) as the parameter on which dose escalation
was based; NIQs ≤ 1 were defined as potentially needing PI dose escalation. A5146 was divided
into four phases (Figure 1): a screening phase, during which eligibility was assessed; an initial
phase, in which study subjects initiated a new antiretroviral regimen, chosen by their primary
care provider, and received results of TDM (Step 1); a subsequent phase in which subjects with
low NIQs were randomized to dose escalation (“TDM”) or standard of care (“SOC”) arms
(Step 2); and a final phase (Step 3) in which all subjects in Step 2 who were failing their A5146
regimen initiated a new regimen and underwent TDM monitoring and dose escalation. A subset
of 50 subjects with NIQs > 1 was also eligible to enter Step 2 on an observational arm. The
primary endpoint of the study was to compare the change in viral load from randomization to
20 weeks post-randomization in the TDM and SOC arms.

Use of an NIQ to guide PI dose escalation—NIQ is the ratio of the patient's IQ to a
reference IQ derived from a population that achieved virologic success on a regimen containing
the PI in question (Figure 2, Table 1). Thus, if a patient's NIQ for saquinavir is > 1, their IQ is
greater than the IQ of a reference population of patients that achieved virologic success on a
saquinavir-containing regimen. An advantage of NIQ is that it allows one to use fold-change
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in IC50 as the metric for drug resistance, rather than the absolute IC50 value. In addition, since
the NIQ is the ratio of the patient and reference IQs, one does not need to make assumptions
regarding the proportion of a PI that is protein-bound in patient serum versus a phenotypic
resistance assay. The NIQ has been shown to correlate with outcome in recent retrospective
studies 19, 23.

The protocol team elected to use timed trough concentrations for TDM monitoring, based on
retrospective data correlating trough concentration with clinical outcomes or toxicities for
many of the PIs, and on the practical consideration that the relatively stable PI concentrations
at the end of a dosing interval would provide more latitude in sample timing relative to dose,
compared to peak concentrations. Based on earlier studies, the protocol team did not believe
that pharmacokinetic modeling using a single random sample was sufficiently robust to allow
the use of randomly timed samples 24, 25. The virco®TYPE HIV-1 assay (Virco BVBA,
Mechelen, Belgium) was used to measure drug resistance for the NIQ, rather than traditional
phenotypic resistance testing, because previously published studies correlating IQ with
outcome used Virco's virtual phenotype assay to measure drug resistance of HIV 12, 19, 26. The
choice of antiretroviral regimen and calculation of NIQs at any given time were based on the
then-current version of Virco's assay that was available, consistent with clinical practice. At
the completion of the study, comparisons of regimen activity among the three arms will be
performed using a single version of the interpretation software (VT 4.1.00).

Timing of randomization—In order to maximize the proportion of randomized subjects
who were eligible for dose escalation, A5146 was designed so that randomization of each
subject occurred after their PI trough concentration was obtained, and an NIQ was calculated.
Two weeks after study entry, a trough blood sample for PI concentration was obtained (Figure
1). If the NIQ was ≤ 1, subjects entered Step 2, and were randomized to either receive PI dose
escalations according to pre-determined algorithms (“TDM arm”) or to be followed according
to current standard of care without dose escalation (“SOC arm”). Subjects whose NIQ was >
1 were assigned to an observational arm, or, once this arm was completely accrued,
discontinued from study.

Subsequent timed trough samples were obtained in all subjects in Step 2 at two and six weeks
after randomization, but NIQ results were only communicated to subjects on the TDM arm. If
subjects on the TDM arm continued to have NIQs ≤ 1 after the first dose escalation, they were
generally allowed a second dose increase, according to pre-determined algorithms.

Inclusion of specific PIs—Because A5146 was conceived as a strategy trial, all FDA-
approved PIs were allowed in the study to facilitate study enrollment and to ensure that the
study results would be applicable to clinical practice. Darunavir was not included in A5146
because it was FDA-approved less than two weeks before the completion of accrual. All PIs
were given in protocol-specified doses, and all dose escalations occurred in a standard fashion,
either by increasing the dose of the primary PI or the ritonavir used to boost its concentration
(Table 1). In addition, a number of ritonavir-boosted dual PI regimens were also allowed. The
choice of specific algorithms to dose-escalate individual PIs or PI combinations was based on
a review of the relevant literature summarizing pharmacokinetics, toxicities, and therapeutic
outcomes.

Access to TDM and dose escalation for all study subjects—Although TDM is an
accepted part of HIV clinical practice in Europe, it is not widely available in the US and there
are no prospective studies supporting its use to guide dose escalation in antiretroviral-
experienced patients27. For this reason, the protocol team believed that A5146 should be a
randomized trial, since there was equipoise with regard to the clinical utility of this monitoring
strategy. In order to improve subject retention, a final phase of the study (Step 3) was designed,
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in which all patients in Step 2 who had confirmed virologic failure 20 weeks or later after
randomization had the option to receive TDM and PI dose escalation on a new antiretroviral
regimen.

Challenges to Implementation
A5146 was the first ACTG-sponsored randomized interventional TDM strategy trial that
incorporated PI dose escalation based upon a NIQ. During the process of designing and
conducting A5146, a number of challenges were encountered that had to be overcome to
successfully implement and accrue this trial. Utilizing an individualized NIQ result as an
integral component of randomization and subsequent PI dose escalation required close
collaborations and real-time communications among the testing laboratories, protocol team
members, clinical sites, and the statistical and data management center (SDMC; see Figure 3
for an illustration of these real-time communications). The specific issues that were raised and
their solutions are summarized below. Although these problems were primarily identified and
addressed during the design and early conduct of the study, the discussion below is organized
according to the time line of the protocol itself.

Screening study subjects for eligibility
Because the central question of this study was the utility of PI dose escalation guided by an
IQ, it was critical to have both the resistance testing and PI trough concentration measurements
performed by experienced, CLIA-certified, central laboratories. Thus, all subjects screened for
this study had a plasma sample tested for a virtual phenotype (virco®TYPE HIV-1) by Virco
BVBA. Electronic pdf files of each report, with assigned patient identifier number, were sent
by secure email from Virco to a core group of protocol team members, and designated staff at
the appropriate clinical site.

Study entry
In order to provide consistency, standardized protocol-specified starting doses and dose
escalations for each PI and each ritonavir-boosted dual PI regimen were required. In order to
ensure that adequate time was allotted to achieve steady state PI trough concentrations and that
dose escalation occurred promptly after treatment initiation, the protocol specified that the
trough sample be obtained a minimum of 10 days after initiation of the A5146 regimen, and
that randomization to Step 2 occur within 3-5 weeks after study entry.

Week 2 PI trough concentration
Selection of a testing laboratory—The requirements for the centralized pharmacology
laboratory for A5146 were that it be CLIA-certified, experienced in measuring PI
concentrations, able to readily interface with the ACTG SDMC, and able to transfer data into
the ACTG database in real-time using appropriate file formats. The SUNY at Buffalo
Pharmacology Support Laboratory (UB PSL), one of six ACTG-funded pharmacology
research laboratories, which was experienced in TDM of antiretroviral drugs and the
pharmacokinetics of protease inhibitors 28-35, was selected by virtue of meeting these specified
criteria. Following the initial implementation of A5146, the UB PSL was able to generate real-
time PI trough concentration results with an average turn-around time of 7 days from specimen
receipt.

Obtaining accurate trough samples—Before beginning enrollment, and at periodic
intervals during the trial, the study team and pharmacology laboratory personnel conducted a
series of conference calls and face-to-face meetings with clinical site personnel to provide the
necessary background for managing study patients. Topics reviewed included a summary of
retrospective studies correlating PI IQ to virologic outcome, the definition of IQ and NIQ, and
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examples of week 2 NIQ reports that would be generated in A5146. In addition, the ACTG
network conducted prospective educational initiatives to summarize the pharmacokinetic
principles that underlie effective TDM programs. Ultimately, the ACTG developed a tutorial
for study coordinators that was a requirement for enrolling patients into pharmacology-oriented
studies, including A5146. These educational sessions, which were initiated during the early
phase of enrollment into A5146, proved helpful to the sites, and resulted in fewer errors in
obtaining the PI trough specimens 36.

Optimizing Adherence—The clinical site personnel conducted adherence support
interviews during visits at which trough samples were to be obtained, to review dosing
instructions and barriers to adherence, and to provide specific interventions to improve
adherence. Telephone contact was also made approximately 48 hours before the scheduled
trough sample to reinforce adherence.

Assessment of specimen quality by the testing laboratory—In addition to assessing
the physical integrity of the PI trough sample, the UB PSL also verified the presence and
accuracy of required data, including the timing and dose of PIs and a list of all other
medications. These data were summarized in a pharmacokinetic case report form filled out by
the clinical site staff and sent together with the sample to the UB PSL.

Generation of the NIQ report
Initial assessment of the PI trough concentration report by the study chairs—
The study chairs reviewed the PI trough concentration report from the testing laboratory,
including time intervals between PI doses and sample collection, and concomitant medications,
to identify any factors that might affect the results. In addition, the chairs identified reports in
which the PI trough concentration was outside the expected ranges for patients on standard
dosing regimens, and contacted sites to request a reassessment and reinforcement of adherence,
followed by a repeat trough sample. If an undetectable or unexpectedly high trough
concentration was verified on repeat testing, the study subject was allowed to proceed to Step
2 entry and randomization, if otherwise eligible.

Generation of the NIQ report—The NIQ is the ratio of the patient's IQ to a reference IQ,
obtained from a population of patients who received the same PI and achieved virologic
suppression. The patient IQ was the ratio of the patient trough PI concentration to the patient's
virus' fold-change in IC50 for that PI, obtained at screening (Figure 2). The reference IQ for
each PI was calculated using the mean trough concentration divided by the mean fold-change
in IC50 for clinical cohorts that had high rates of virologic suppression 12, 13, 26, 37, 38 (Table
1).

The NIQ report that was distributed to the site staff and investigators was sent by the protocol
chairs following team sign-off via email and included the PI trough concentration, fold-change
in IC50, the NIQ value, and recommendations to the clinical site regarding assessment of
toxicities and eligibility for Step 2 entry. Figure 3 summarizes the communication of real-time
data among the protocol team, clinical site, and testing laboratories that was required to generate
an NIQ report and determine eligibility for Step 2 entry.

Randomization
Assessment of toxicities before randomization—The protocol team determined that
subjects experiencing toxicities or intolerance should not undergo dose escalation for safety
reasons. The primary concerns were liver function tests, for subjects receiving tipranavir; and
EKG conduction abnormalities for all subjects. In order to assure appropriate and timely
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management of the first PI dose escalation, direct communications were established between
the clinical sites and the protocol team for each subject approaching randomization.

Complicating the assessment of toxicities was the introduction of monitoring for EKG
abnormalities in June 2004, after atazanavir was added to the study. This additional monitoring
was incorporated because of reports that higher trough concentrations of atazanavir were
associated with prolongation of the P-R interval 39. There had also been anecdotal reports of
prolonged QT intervals in some patients receiving other PI regimens 40. For safety reasons,
EKG monitoring was therefore instituted at week 2, and at the time of each trough sample, for
all subjects in Step 2. EKGs were interpreted at each site, with conduction intervals
communicated to the team via email. A scheme for grading the adverse events of prolonged
PR and QTc intervals was also created for the Adverse Event Database and protocol
management.

Dose escalation for subjects randomized to the TDM arm—Because a dosing
recommendation from the protocol team was required after randomization to the TDM arm,
direct communications between the site and the protocol team were relied on to facilitate
prompt dose escalation. In general, dose escalations were provided to the sites within 1-2 hours
after randomization.

On-study follow-up
When designing this trial, it was not known what the distribution of NIQs would be, and
whether a single dose escalation would be optimal for improving virologic responses. The trial
was therefore designed to allow up to two dose escalations, with a repeat trough concentration
obtained two weeks after randomization, followed by dose escalation within two weeks of
sampling if the NIQ remained ≤ 1. At the time each NIQ was calculated, the study team also
monitored whether the previously recommended dose escalation had been implemented. Case
report forms were designed to capture dosing information for all subjects, to allow assessment
of whether subjects and their care providers complied with the assigned treatment strategy.

Accrual
Accrual to A5146 occurred over an extended period of time, from October 2002 until June
2006 (Figure 4). There were a number of factors that contributed to the initial slow accrual,
primarily restrictive entry criteria and lack of site familiarity with TDM. The initial protocol
version had specified that subjects be failing their second, third, or fourth PI-containing
regimen to be eligible for A5146. Because this strict requirement reduced screening efficiency,
the entry criteria were then liberalized with a revised protocol on October 29, 2003, which
allowed subjects who had failed at least one PI-containing regimen to enter the study. After
liberalization of the entry criteria, and as the site investigators and personnel became more
familiar with the protocol, there was a significant upsurge in accrual, with 77% of the step 2
accrual occurring after February 2004.

Response to Changes in Clinical Practice
In part because of the extended duration of enrollment, the A5146 team was faced with the
need to adapt to a number of changes in clinical practice. Most significant was the incorporation
of two new FDA-approved PIs: atazanavir (allowed after 6/2/04) and tipranavir (allowed after
1/7/05). This process required the development, validation, and regulatory approval of an assay
for each new PI; the formulation of a reference IQ, which was based on presented and published
data, as well as communications with the appropriate pharmaceutical companies; the
development of PI dosing algorithms; and revisions to the monitoring and management of
toxicities.
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The protocol team also dealt with the incorporation of new PI formulations, including fos-
amprenavir, the saquinavir (Invirase) tablet, and the lopinavir/ritonavir (Kaletra) tablet; and
the discontinuation of the amprenavir (Agenerase®) capsule in December 2005. New
formulations did not require new reference IQs or trough concentration assays, but did require
changes in dose escalation schemes and case report forms.

Discussion
There were a number of factors that complicated the design and execution of this prospective,
randomized, IQ-based TDM trial. Because of the need to obtain accurate trough concentrations
and reliable resistance testing, and the desire to maximize the proportion of study subjects
requiring an intervention, this trial was designed to have a lead-in phase (Step 1) in which a
new regimen was initiated, a trough concentration was obtained after allowing sufficient time
to achieve steady-state concentrations, and a NIQ was generated using the trough concentration
and the screening resistance test obtained on the prior failing regimen. This trial was unusual
in that the intervention, and therefore randomization, occurred approximately four weeks after
study entry. Since accrual goals were based on the number of subjects in the three Step 2 arms,
accrual into both Steps 1 and 2 was monitored. Because the TDM-prompted randomized
intervention occurred at approximately four weeks after study entry, the primary endpoint was
timed relative to randomization, rather than study entry.

One important consequence of this study design is that all subjects and their health care
providers received information on PI trough concentration and NIQ before randomization. This
information was necessary to ensure eligibility for randomization and correct implementation
of the different treatment strategies, but could have encouraged dose escalation by providers
of patients assigned to the SOC arm. We implemented careful monitoring of dosing records to
assess how often, if at all, deviations from the assigned treatment strategy occurred in each
randomized arm, and did not distribute dose escalation algorithms to the clinical sites. In
addition, information on drug exposure at week 2 could potentially have influenced a patient's
adherence to their treatment regimen, further confounding the ability to detect an impact of
TDM; for this reason, adherence was monitored at the time of each trough concentration
sample. The inclusion of an “open-label” phase of the trial in which all subjects could receive
TDM and dose escalation provided incentive for subjects randomized to the SOC arm to
continue study follow-up through the primary study endpoint.

A second consequence of the study design was that the four week time interval needed to
establish steady-state concentrations and measure trough concentrations could have reduced a
positive impact of the TDM strategy on virologic responses to the new regimen. Although this
time interval could potentially be shortened by further reducing the turn-around time of the
NIQ report, one would still need a ten to 14 day period to allow steady-state concentrations to
be achieved.

A potential limitation to the way TDM was implemented in this study was the avoidance of
dose escalations in patients experiencing toxicities. We believe that this is the most prudent
approach, pending further information on the associations between PI trough concentrations
and toxicities. If toxicities were identified that were clearly not associated with PI
concentrations, this information would increase the number of patients that could potentially
benefit from TDM.

The most significant problem identified in implementing this trial was the need to integrate a
number of different types of data from different sources, including resistance testing, trough
PI concentrations, toxicities, adherence, randomization assignment, and dosing
recommendations. These pieces of data needed to be integrated in real-time to impact on patient
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management, and therefore, the traditional approaches to data entry and management were
often not sufficient for the needs of this protocol. Two other critical requirements for
implementation were the identification of a CLIA-certified TDM laboratory providing accurate
PI concentrations, and education of clinical site personnel regarding implementation of TDM
and PI dose escalation.

Addressing the problem of integrating different sources of data in real-time required a number
of interdisciplinary collaborations among the study chairs, statisticians, pharmacologists, the
SDMC, site personnel, pharmacology laboratory personnel, and pharmaceutical companies;
as well as new approaches to tracking patients and patient data. The difficulties inherent in
rapidly linking clinical information and decision-making with the SDMC and study database
resulted in the protocol team monitoring aspects of patient management more closely than
would ordinarily occur in a phase II clinical trial. Adapting clinical trials database management
and structure to allow incorporation of clinical recommendations into randomization schemes
would greatly simplify the execution of a trial such as this, in which dosing recommendations
for drugs not provided by study were linked to randomization assignment. This issue is
important for any trial in which strategies, rather than new antiretroviral agents, are studied
using drugs prescribed through clinical practice.

A final critical component of implementing this trial was our intensive efforts to educate site
personnel regarding the underlying pharmacokinetic principles of the requirements for
obtaining reliable PI trough concentrations, as well as providing assistance in designing
practical solutions for implementing TDM at individual sites. These educational interventions
were instrumental in increasing the interest, enthusiasm, and ability of sites to accrue into this
study and accurately implement the strategy being studied.

This trial has now completed follow-up, and analysis of the outcome of this TDM intervention
is currently in progress. Independent of the outcome of this study, the critical components of
the design and implementation of this real-time TDM strategy trial that are summarized here,
should facilitate the design and conduct of future studies evaluating TDM interventions in HIV-
infected patients.
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Figure 1. Study design of A5146
The four phases of A5146 (screening, Steps 1, 2, and 3) are illustrated schematically. During
the process of screening for study eligibility, a resistance test was obtained on the failing
antiretroviral regimen, and used to design a new regimen. During Step 1, the new salvage
antiretroviral regimen was begun at entry, and a PI trough sample was obtained 2 weeks later.
The NIQ was calculated as outlined in the text, using the screening fold-change in IC50 for the
PI(s) in the A5146 antiretroviral regimen and the week 2 trough PI concentration measured in
patient plasma. Entry into Step 2 was dependent on the value of the NIQ. If it was ≤ 1, the
subject was randomized to the TDM or SOC arms. If the NIQ was > 1, the subject entered Step
2 on the observational arm or discontinued study, if the accrual goal of the observational arm
had been met. Subjects who developed virologic failure at or after 20 weeks post-randomization
in any of the 3 arms of Step 2 could enter Step 3 to receive a repeat resistance test and TDM
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followed by dose escalation on a new salvage regimen. Maximum follow-up on study was 48
weeks after Step 1 entry.
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Figure 2. Calculation of the Normalized Inhibitory Quotient (NIQ)
The method for calculating an NIQ is illustrated. The NIQ is the ratio of the patient's IQ to a
reference IQ, which was obtained from a population of patients that was expected to achieve
virologic success (180 in this example). The patient's IQ is the ratio of the week 2 plasma trough
concentration of the PI being taken (in this case, saquinavir) and the fold-change in IC50 for
the same PI obtained at the screening visit. In this example, the NIQ is greater than one, and
the study patient would either enter the Observational arm, or discontinue the study. SQV,
saquinavir; FC IC50, fold-change in the 50% inhibitory quotient for the patient's virus; CCO1,
1st clinical cutoff (threshold below which one would expect maximal virologic response);
CCO2, 2nd clinical cutoff (threshold above which one would expect little or no virologic
response). If the fold-change in IC50 is between CCO1 and CCO2, a reduced, but detectable
virologic response would be expected). For protease inhibitors that have only a single cutoff
(such as atazanavir and tipranavir in this specific example), this represents a biological cutoff
for resistance, rather than a clinical cutoff.
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Figure 3. Real-time communications required for Step 2 entry
The diagram illustrates the real-time interdisciplinary communications that were needed before
a study subject could enter Step 2. Dotted arrows represent communications that occurred
during screening; solid arrows represent those that occurred at or near the week 2 visit; and
double-lined arrows represent communications that occurred at or near the time of
randomization, for those subjects with an NIQ ≤ 1. SDMC, Statistical and Data Management
Center; UB PSL, University of Buffalo pharmacology support laboratory.
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Figure 4. A5146 accrual
The graph illustrates the accrual, by month, of study subjects into A5146. X-axis, month of
accrual; Y-axis, number of study subjects. Gray bars, Step 1 accrual; black bars, Step 2 accrual.
Arrow points to the month in which the revised protocol with liberalized entry criteria was
released to the sites. The lag in time to increased rates of accrual was due in large part to the
time needed for each site to obtain IRB approval.
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