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Abstract

There are heterogeneous approaches to cranial irradiation therapy (CRT) for T-lineage acute
lymphoblastic leukemia (T-ALL). We performed a systematic review of studies that specified a
radiation strategy and reported survival for pediatric T-ALL. Our analysis included 62
publications reporting 78 treatment groups (patient n=5844). The average event-free survival
(EFS) was higher by 6% per 5 years (p<0.001). Adjusting for year, EFS differed by radiation
strategy. Compared to the reference group (CRT for all) which had a year-adjusted EFS of 65%
(95% confidence interval, Cl: 61% to 69%) the adjusted EFS was significantly worse (rate
difference (RD) = -9%, 95% CI: -15% to -2%) among studies that used a risk-directed approach to
CRT (p=0.004). The adjusted EFS for the other strategies were not significantly different
compared to the reference group: CRT for central nervous system positive patients only (RD =
-3%, 95% ClI: -14% to 7%, p=0.49); CRT omitted for all patients (RD = 5%, 95% CI: -4% to 15%,
p=0.33). CRT may not be necessary with current chemotherapy for T-ALL. These associations,
however, are susceptible to bias and caution should be applied in drawing definitive conclusions
on the comparative effectiveness of alternative CRT strategies.
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Introduction

Methods

With modern treatment, survival outcomes for children with T-ALL are nearly equivalent to
those of all but the lowest risk B-lineage ALL patients [1-4]. These excellent survival
outcomes have been documented primarily in single arm cooperative group studies that have
evaluated chemotherapy in combination with various cranial radiation therapy (CRT)
strategies. There has been a trend to reduce the use of CRT for pediatric T-ALL patients as
the intensity of systemic and intrathecal (IT) chemotherapy has increased over the last two
decades. Reducing the use of CRT in pediatric T-ALL is desirable in order to limit the late
effects of CRT such as secondary malignancies, endocrine abnormalities and cognitive
impairment [5]. However, modifications in treatment for pediatric T-ALL patients should be
carefully considered given that T-ALL patients have an inferior survival after relapse
compared to those with B-ALL [6].

Currently, approaches to the use of CRT for pediatric T-ALL are variable, with some
cooperative groups administering CRT to all T-cell patients, some omitting CRT in all
patients, and some using a risk-stratified approach [3, 7-12]. We hypothesized that there was
limited comparative evidence on the effectiveness and safety of various prophylactic and
therapeutic CRT strategies in pediatric T-ALL in the context of current treatment. We
sought to explore the evidentiary basis for the movement to reduce the administration of
CRT for pediatric T-ALL by means of a methodologically rigorous synthesis of the totality
of the available evidence, based on which we draw principled conclusions.

Here, we report a systematic review and meta-analysis of survival data from prospective and
retrospective cohort studies in children and adolescents with T-ALL who were treated with
one of four prophylactic or therapeutic CRT strategies: (a) CRT for all patients (studies that
administered CRT to 290% of patients (prophylactic strategy)); (b) risk-directed CRT
(studies that administered CRT to a subset of patients based on clinical characteristics such
as age and white blood cell count (WBC) at diagnosis (prophylactic strategy for a subset of
patients)); (c) CRT for patients with involvement of the CNS with leukemia (CNS positive)
at diagnosis only (therapeutic strategy); and (d) CRT omitted for all patients. Our primary
aim was to determine if there was an association between a CRT strategy and superior
survival in the context of current systemic and intrathecal chemotherapy.

A protocol was developed prior to the conduct of the systematic review and submitted to
PROSPERO [13]. When applicable, we followed the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) statement for reporting our results [14].

Literature search

We searched MEDLINE for studies published from inception to December 15, 2013 that
reported studies describing central nervous system (CNS) directed therapy comprised of
chemotherapy and/or radiation therapy for T-ALL using free-text and MESH terms (e.g.,
“acute lymphoblastic leukemia,” “drug therapy”, “radiotherapy”) [13]. After three
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investigators (MK, TAT, SKP) piloted the abstract screening on a subset of 100 studies; one
investigator (MK) screened the titles and abstracts of studies returned by the search. We did
not set any language restrictions in searches or during abstract screening. We excluded non-
English language publications at the full-text screening stage because of resource
constraints.

Eligibility criteria and study selection

One investigator (MK) reviewed full-text articles to determine if studies met eligibility
criteria. To be eligible for inclusion studies needed to have included at least 10 participants
with T-ALL who were younger than 22 years of age at presentation and had to have reported
the primary outcome for this review, 5-year event-free survival (EFS) specifically for those
with T-ALL. However given that relapse is infrequent after three years in T-ALL patients,
we also included one study that reported 3-year EFS for three cohorts [15] and explored the
effect of including these few additional studies with shorter follow-up in a sensitivity
analysis. When reviewing studies for eligibility, we considered randomized studies that
either: (a) compared CNS-directed therapies while treating with an identical systemic
chemotherapy “backbone” or (b) compared different systemic chemotherapy strategies while
treating with an identical CNS prophylactic strategy and considered prospective and
retrospective cohort studies (comparative or single-group) [16]. Overall survival (OS) and
reports of the site of relapse (CNS only, bone marrow only, or combined CNS and bone
marrow) were secondary outcomes of interest. We accepted the outcome definitions
employed in the included studies.

Studies were categorized on the basis of their CRT strategy into the following a priori
defined categories that included both prophylactic and therapeutic CRT strategies: (a) CRT
for all patients (studies that administered CRT to =90% of patients (prophylactic strategy));
(b) risk-directed CRT (studies that administered CRT to a subset of patients based on
clinical characteristics such as age and white blood cell count (WBC) at diagnosis
(prophylactic strategy for a subset of patients)); (c) CRT for patients with involvement of the
CNS with leukemia (CNS positive) at diagnosis only (therapeutic strategy); and (d) CRT
omitted for all patients.

When results for a cohort of subjects were reported in multiple publications the “primary”
publication from the study was identified as the first publication reporting EFS for the
cohort and was used as the primary source for extraction of data. When details regarding the
treatments received or EFS statistics were incomplete in the “primary” publication, review
articles or subsequent follow-up articles were used to obtain the missing data. For 20 cohorts
we identified multiple publications reporting results on the same patient population (some
publications reported on multiple cohorts) [4, 17-20]. In all but two cases the reported data
relevant to our analysis were identical. In the two cases, we used data from the primary
publication in main analyses, and conducted sensitivity analyses with data from follow-up
publications [17, 21, 22].
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Data collection and extraction

Two investigators (MK and MG) extracted data and verified the other's extracted
information; discrepancies were resolved by consensus involving a third investigator (1JD).
We extracted the following information from each eligible study: eligibility criteria; number
of patients; CRT strategy (including dose and timing); intrathecal (IT) chemotherapy
administered (methotrexate alone vs. double or triple IT therapy) and number of doses;
steroids administered; cumulative dose of high-dose methotrexate (sum of all doses =1
gram/m2), asparaginase, and anthracyclines; definition of EFS (as we expected
heterogeneity in the definition of EFS among the various studies); median follow-up; and
outcomes (5-year EFS, 5-year OS, and sites of relapse, with their corresponding standard
errors). Baseline demographic and clinical characteristics such as median age, proportion of
males, and WBC count at baseline were recorded. However, since these characteristics were
rarely provided specifically for the subset of T-ALL patients (as opposed to the entire cohort
of ALL patients) these characteristics were not included in the analysis.

Statistical analysis

We obtained summary 5-year EFS and OS probabilities using an inverse variance random
effects model for the corresponding Kaplan-Meier estimates [23]. We assessed between
study heterogeneity using Cochran's Q statistic [24] and the 12 index [25]. The p-value of the
Q-statistic was considered statistically significant at Po<0.1. 12 represents the proportion of
between-study heterogeneity that is beyond chance and takes values from 0 to 100%. We
conducted subgroup analyses and univariable random effects meta-regressions to explore
associations between EFS and the following a priori selected study-level factors: CRT
strategy; IT chemotherapy; maximum number of IT chemotherapy doses; use of high-dose
methotrexate (dose = 1 gram/m?2), intensive asparaginase (categorically defined as = 400,000
IU/m?2 or administration of PEG-asparaginase), high cumulative dose of anthracyclines
(daunorubicin plus doxorubicin total 2300 mg/m?); induction steroid; EFS definition; the
year enrollment started for the study; and cumulative dose of asparaginase, high dose
methotrexate, and anthracyclines. The meta-regressions generated rate differences in EFS
for different levels of categorical variables and for changes in continuous variables. All
meta-regression analyses were repeated after adding “year enrollment began” as a covariate,
to account for trends over time. A multivariable meta-regression was performed for the
primary analysis, the association of CRT strategy with EFS. We performed several
sensitivity analyses to assess the robustness of our findings (Methods and Results
Supplement).

Assessment of study validity / quality assessment

In lieu of a scale to assign quality scores to the studies, [26] we assessed the following
study-level characteristics, which could help us understand the association between CRT
and EFS: (a) prospective or retrospective study design; (b) whether the definition of EFS
was reported; (c) whether EFS estimates include failures before attainment of remission as
outcome events; (d) whether the median follow-up was reported; and (e) whether relapses
were categorized by site.
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Results

Included studies

The search returned 2452 abstracts, of which 499 were considered potentially relevant and
were reviewed in full text. We found 62 eligible articles (5844 patients with T-ALL enrolled
between 1973 and 2011) describing 78 treatment groups (7 studies reported on more than 1
group; Fig 1, Supplemental Fig 1, Supplemental Table I, & Supplemental references #1-59).
The search did not return any RCTs that specifically reported EFS among T-ALL patients
randomized to treatment with or without CRT. Of the 78 treatment groups, 75 were included
in prospective single-group studies and three were included in retrospective single-group
studies. The Results Supplement and Supplemental Table 11 provide a summary of our
assessment of study quality.

Event-free survival

The overall 5-year EFS rate was 63% (95% CI: 60% to 66%; Fig 2 & Supplemental Fig 1).
There was extensive heterogeneity among the treatment studies (12=82%, Pg<0.001).
Slightly more than half of the groups (n=43, 55%) administered CRT to all T-ALL patients,
(total subject n=2581 (44%)). Twenty-one groups (27%) used a risk-directed approach (total
subject n=2207 (38%)) and seven groups (9%) administered CRT to CNS positive patients
only (total subject n=315 (5%)). Seven groups (9%) omitted CRT completely (total subject
n=741 (13%)). Subgroup and meta-regression analyses demonstrated that studies in the four
CRT strategy groups had similar mean EFS (omnibus p-value for comparison across all
categories= 0.08): CRT for all patients, 63% (95% CI: 59% to 66%); risk-directed CRT,
60% (95% CI: 54% to 66%); CRT for CNS positive patients only, 57% (95% CI: 45% to
70%); and CRT omitted 75% (95% CI: 67% to 82%), (Fig 2 and Table I). Five-year EFS
was higher (absolute rate difference, RD =12%; 95% CI: 1% to 24%; p=0.03) among studies
that omitted CRT for all patients compared to the studies that administered CRT to all
patients (reference group).

This difference in EFS should not be uncritically attributed to the CRT strategies. Figure 3
plots each CRT strategy over enrollment start year; more current studies were more likely to
omit CRT. More recent studies also reported the use of higher cumulative doses of
asparaginase and high-dose methotrexate and the administration of more IT chemotherapy.

EFS was significantly associated with the year study enrollment began (p<0.001); in random
effects meta-regression average EFS was higher by 6% (95% CI: 4% to 9%) per 5 calendar
years (Table I, Fig 4). The following factors were also associated with higher EFS on
univariable analysis: the administration of 10-19 or >20 doses of IT (as compared to <10
doses), the administration of high-dose methotrexate, and intensive asparaginase
administration (Table I, Figs 2 & 4).

After adjusting for enrollment year there remained differences in the same direction in EFS
by CRT strategy (Table I); however, the EFS differences across the four groups became
statistically significant (omnibus p= 0.02). Compared to the reference group (CRT for all)
the adjusted EFS was significantly worse (RD =-9%, 95% CI: -15% to -2%) among studies
that used a risk-directed approach to CRT (p=0.004). The adjusted EFS for the other CRT
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strategies were not significantly different when compared to the reference group: CRT for
CNS positive patients only (RD = -3%, 95% CI: -14% to 7%, p=0.49); CRT omitted for all
patients (RD = 5%, 95% CI: -4% to 15%, p=0.33). Similarly, intensive asparaginase dosing
also remained significantly associated with higher EFS after adjustment for enrollment year
when analyzed as a continuous or categorical variable (p=0.004 and p=0.007, respectively;
Table I). A multivariable meta-regression, which analyzed the association of CRT strategy
with EFS while adjusting for enrollment year and continuous asparaginase dose, showed
qualitatively similar results to the year-adjusted regression; however the difference across
CRT strategies was no longer statistically significant (omnibus p=0.10; Table II).

Our findings were robust to extensive sensitivity analyses (Results Supplement). Results
were also qualitatively similar for the outcome of OS (both in meta-analyses and meta-
regression analyses; Supplemental Figs 2-4 and Supplemental Table I11).

Discussion

Prospective cohort studies of childhood T-ALL have demonstrated excellent outcomes with
varied CRT approaches [3, 7, 8, 11] leading to calls to restrict or completely omit CRT for
all pediatric ALL patients [5]. Two individual patient data meta-analyses have demonstrated
that the administration of CRT does not improve survival for B-lineage ALL patients in the
context of current therapy, however, these meta-analyses provide limited data for which to
draw conclusions on the role of CRT specifically for T-lineage patients [27, 28]. Meanwhile
over the past two decades while there has been a reduction in the frequency of CRT
administration and the dose of CRT administered for T-ALL patients there have been
simultaneous intensifications of systemic chemotherapy and intrathecal chemotherapy. The
intensive administration of high-dose methotrexate[12], asparaginase,[3, 29] and
dexamethasone, [29, 30] have sought to prevent both marrow and CNS relapses making it
difficult to clarify the role of CRT within the context of current systemic and intrathecal
chemotherapy for T-ALL.

We sought to summarize the available evidence for this important and evolving aspect of T-
ALL treatment. Our synthesis of studies spanning almost 30 years found that the evidence
base is comprised entirely of single group noncomparative cohort studies. We found on
average that EFS for T-ALL improved over time. There were also indications that intensive
chemotherapy with asparaginase was associated with improvement in EFS. In multivariable
meta-regression analyses, adjusted for year of treatment and continuous dose of
asparaginase, we found similar EFS among studies that used any of three approaches: CRT
for all patients, CRT for CNS positive patients, or CRT omitted. However, the evidentiary
basis for this conclusion is weak and susceptible to bias. It is well understood that drawing
casual inferences from noncomparative studies is precarious, even if there is a “clear signal”
of improved outcomes [16, 31]. We used state-of-the-science methods (random effects meta-
regression methods) to understand how clear a signal the single arm trials provide, under the
best-case (but implausible) scenario that the comparison is unbiased. We demonstrate that,
even if one were willing to use this body of evidence for making causal claims, no clear
signals exist favoring any particular CRT strategy.
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To definitively determine the association of CRT with survival for T-ALL better research is
needed. A randomized controlled trial (RCT) of CRT for T-ALL could determine the
treatment effect of CRT when applied to a uniform approach to systemic and IT
chemotherapy. Data from our analyses may be a good starting point for sample size
calculations. We found that studies that omitted CRT had mean EFS higher by 5% compared
to those that administered CRT to all participants (this result is from meta-regressions
adjusted for the year enrollment started). If the expected EFS probabilities in a hypothetical
patient population are 75% and 70% among children not receiving and children receiving
CRT, respectively, a RCT would need to enroll 2942 patients (1471 per arm) to attain power
of 85% (for a two-sided alpha of 5%) for detecting the EFS difference between the two
treatments. It is unlikely that such a trial will be done because of the large number of
patients needed, the time and expense required, and because of preferences for treating with
and without CRT among international cooperative groups. A more pragmatic approach is to
conduct a meta-analysis of individual patient data (MIPD). Such a meta-analysis would
allow for better estimating if there is a relapse risk reduction with the administration or
omission of CRT because patient and treatment level characteristics (such as age, sex, WBC
count at diagnosis, cumulative asparaginase, number of intrathecal chemotherapy doses)
could be adjusted for in the analysis. A MIPD could be completed more quickly than an
RCT and offers an opportunity to align the major stakeholders in ALL therapy to address
this important clinical question.

In conclusion, there is insufficient evidence to determine if survival is improved in pediatric
T-ALL by a treatment regimen including or not including CRT. Further, the decision to
administer CRT with initial therapy is complicated by the paucity of comparative data on
cure rates after relapse, especially stratified by site of relapse and by initial CRT strategy.
Treatment strategies for T-ALL should also consider the long-term effects of treatment with
systemic and intrathecal chemotherapy alone or a regimen that also includes CRT.
Comparisons of neurocognitive outcomes among children with ALL treated with systemic
and intrathecal chemotherapy alone compared to those who additionally received 18 Gy of
CRT have demonstrated mild differences in neurocognitive outcomes between the two
groups [32, 33]. Future research on this topic should integrate health-related quality of life
following therapy with or without CRT with survival outcomes, particularly in the context
of the lower doses of CRT (12-18 Gy) used in contemporary treatment protocols.[11, 29]. A
decision analysis could incorporate information on the short and long-term outcomes of
alternative strategies, along with patient/parent preferences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Results of subgroup meta-analyses.
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Subgroup N studies Summary 5yr EFS
NA 78 63 (60, 66)
CRT for all 43 63 (59, 68
risk-directed CRT 21 60 (54, 66
CRT CNS+ 7 57 (45, 70
no CRT 7 75 (67, 82
MTX 39 63 (59, 68
TIT 38 63 (58, 67
0-9 18 52 (45, 59
10-19 34 66 (63, 70
=20 16 70 (62, 77
No HD MTX 24 58 (50, 65
HD MTX 45 66 (62, 69
<400,000 1U/m2 52 60 (57, 64
=400,000 IU/m2 or PEG 15 72 (65, 80
<300 mg/m? 46 64 259, 68;
=300 mg/m? 20 64 (57, 70
prednisone 70 63 (59, 66
dexamethasone 4 65 (47, 83
randomized 3 72 (66, 79
included 57 61 (57, 65
not included 7 75 (63, 86
not reported 14 67 (59, 74
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Evolution of treatment strategies over time.
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Figure 4.
Event-free survival meta-regression plots. The area of the circles represents the weight of

each study in the meta-analysis.
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Table Il
Multivariable meta-regression analysisfor 5-year EFS
CRT strategy N studies?® Adjusted® 5-yr EFS of reference group (95% Cl) and absoluterate Omnibus p-value
differences of comparison subgroups (95% ClI)

CRT for all (reference) 33 64 (59, 68) 0.10

Risk-directed CRT 20 -6 (-14, 1)

CNS + only 7 -2(-13, 10)

No CRT 5 7(-5,19)

a . . . . .
Some studies had missing data for asparaginase dose and were excluded from this analysis.

b . . . .
Adjusted for enrollment start year and asparaginase dose (continuous variable).

CI = confidence interval; CRT = cranial irradiation; EFS = event-free survival.
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