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Summary

Minimal residual disease has displaced almost every other prognostic variable in acute lymphoblastic leukaemia, but the timing that works for B-cell disease does
not transfer to T-lineage disease. T-cell blasts clear more slowly, and an early measurement that would condemn a B-cell patient turns out to carry no information
at all in T-ALL provided the later measurement is clear.

Objectives: To review the published evidence on minimal residual disease as an early response measure in T-cell acute lymphoblastic leukaemia, with attention
to adolescents: which timepoints carry prognostic weight, how the kinetics differ from B-cell disease, how the available assays compare, and what the
measurement has been used to change.

Material and Methods: Narrative review of cooperative group trials, methodological comparisons and response-adapted randomised studies indexed in PubMed
and the major haematology journals. Studies were eligible if they reported the prognostic value of minimal residual disease in a defined acute lymphoblastic
leukaemia population, compared assay platforms, or tested treatment modification on the basis of residual disease. No new patient data were generated and no
patients were recruited; every estimate quoted is one published by the original investigators.

Results: Among 464 patients with T-ALL stretified within a large international trial, 16 per cent were residual disease negative at both timepoints, 63 per cent
intermediate and 21 per cent had 10-3 or more at day 78. Their seven-year event-free survival was 91.1, 80.6 and 49.8 per cent respectively (p < 0.001). Only 16
per cent of T-ALL patients cleared at the first timepoint against 42 per cent of 3,184 patients with B-cell precursor disease. Criticaly, the 32 per cent of T-ALL
patients who became negative only at the second timepoint did equally well, indicating that early residual disease level is irrelevant provided the later
measurement is clear. Residual disease at or above 10-3 at day 78 was the single most important predictor of relapse. At day 29, hazard ratios for relapse were
3.55 by flow cytometry and 5.6 by polymerase chain reaction.

Conclusion: In T-ALL the informative timepoint is late rather than early, which inverts the logic applied in B-cell disease. Applying B-cell timing to T-lineage
patients would misclassify roughly athird of them as high risk when their outcome is excellent.

Abbreviations: ALL — Acute Lymphoblastic Leukaemia, T-ALL — T-Cell Acute Lymphoblastic Leukaemia, BCP-ALL — B-Cell Precursor ALL, MRD —
Minimal Residual Disease, TP1 — Time Point 1, TP2 — Time Point 2, FCM — Flow Cytometry, RQ-PCR — Real-Time Quantitative Polymerase Chain Reaction,
1g/TCR — Immunoglobulin and T-Cell Receptor, ETP — Early T-Cell Precursor, EFS — Event-Free Survival, HSCT — Haematopoietic Stem Cell Transplantation,
AYA — Adolescent and Y oung Adult.
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Introduction

T-cell acute lymphoblastic leukaemia accounts for roughly 15 per cent of new diagnoses and is biologically distinct from the B-cell precursor
disease that dominates the literature [1,2]. Outcomes have converged with refined treatment, but the clinical variables used to stratify B-cell
disease do not carry the same prognostic weight in T-lineage patients[1,3].
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Adolescents occupy a particular position within this. T-lineage
disease is proportionaly commoner in older children and young
adults than in infants [4,5], and the adolescent age band is where
paediatric and adult protocols meet, with well-documented
differences in outcome depending on which is applied [6,7].
Treatment-related mortality rather than relapse drives much of the
adolescent disadvantage [8].

Minimal residual disease measurement was introduced into risk
dtratification through a large international trial that quantified
residua leukaemia by polymerase chain reaction against
immunoglobulin and T-cell receptor gene rearrangements at two
defined timepoints [9,10]. In B-cell precursor disease the result
reordered the entire prognostic hierarchy, displacing age, white cell
count and cytogenetics[10].

Whether the same framework applies to T-lineage disease is the
question this review addresses. The answer turns out to depend less
on whether residual disease matters, which it plainly does, than on
when it is measured.

Material and M ethods

Search strategy: PubMed and the archives of the major
haematology and paediatric oncology journals were searched for
studies of minimal residual disease in T-lineage acute lymphoblastic
leukaemia. Search terms combined T-cell acute lymphoblastic
leukaemia with minima residual disease, measurable residual
disease, flow cytometry, Ig/TCR, risk stratification, AIEOP-BFM,
adolescent and young adult. Reference lists of retrieved trials and
methodological reviews were screened by hand.

Eligibility: Studies were included if they reported the prognostic
value of minimal residual disease in a defined acute lymphoblastic
leukaemia population, compared measurement platforms, or tested
treatment modification based on residual disease. Studies in B-cell
precursor disease are cited where they provide the comparator or
established the method, and are identified as such throughout.

Data extraction and handling: Design, cohort size, lineage,
assay, timepoint and threshold, and reported survival estimates were
extracted as published. Timepoint and threshold are stated alongside
every figure, because in this field a residual disease result has no
meaning without both. No pooling or re-analysis was performed and
no patient-level data were obtained. Figures 1 to 4 and Tables1to 3
reproduce published values only. This is a narrative synthesis and
was not registered as a systematic review.

Results

Residual disease stratifies T-ALL powerfully: Within a large
international trial, 464 patients with T-ALL were assigned to risk
groups using two polymerase chain reaction measurements: standard
risk if negative at both day 33 and day 78 with at least two sensitive

markers, high risk if 10-3 or more at day 78, and intermediate risk
otherwise. Sixteen per cent were standard risk, 63 per cent
intermediate and 21 per cent high risk (Figure 2) [11].

Seven-year event-free survival was 91.1 per cent (SE 3.5) in the
standard risk group, 80.6 per cent (SE 2.3) in the intermediate group
and 49.8 per cent (SE 5.1) in the high risk group, with p < 0.001
across groups (Figure 1) [11]. A spread of more than forty
percentage points between the extremes places residual disease well
ahead of any clinical variable available at diagnosis in this disease
[1,11].
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Figure 1: Seven-year event-free survival by minimal residual disease risk group
in 464 patientswith T-ALL [11]
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Figure 2: Distribution of the same 464 patients across the three residual disease
risk groups[11]

The kinetics differ from B-cell disease: The comparison that
matters is with the B-cell precursor population stratified by the same
criteria in the same trial. Among 3,184 such patients, 42 per cent
were residual disease negative at day 33 and classified standard risk,
with five-year event-free survival of 92.3 per cent, while 52 per cent
were intermediate risk with event-free survival of 77.6 per cent [10].
In T-ALL only 16 per cent cleared at the equivalent point (Figure 3)
[11].

T-lineage blasts therefore regress more slowly, and the observed
difference in early clearance reflects that rather than a difference in
chemosensitivity [1,11]. Applying the B-cell interpretation to a
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T-lineage patient would classify a large share of them as poor
responders on the strength of a measurement that has not yet become
informative.

T-ALL CLEARS MORE SLOWLY THAN B-CELL DISEASE
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Figure 3: Proportion clearing residual disease at the first timepoint, T-ALL
against B-cell precursor disease [10,11]
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Table 1: Principal studies reviewed, with lineage and the finding as reported by
the original investigators

The finding that inverts the logic: The most consequentia result
concerns the patients who cleared late. Thirty-two per cent of the
T-ALL cohort became residual disease negative only at the second
timepoint, and their outcome was excellent. The investigators
concluded that early residual disease levels were irrelevant provided
the day 78 measurement was negative, a condition met by 48 per
cent of all patients [11].

This is the opposite of the B-cell finding, where negativity at the
first timepoint identifies the best-prognosis group and later clearance
carries a penalty [10]. In T-ALL the day 78 result subsumes the day
33 result entirely. Residual disease at or above 103 at day 78 was
described as the single most important predictive factor for relapsein
childhood T-ALL [11].

3

An uncomfortable corollary accompanies it. Using residua

disease to assign risk group and treatment did not abolish its
prognostic value: patients with high levels at day 78 still did poorly
at around 50 per cent event-free survival despite receiving intensified
high-risk therapy and transplantation [11]. The measurement
identifies the patients who need more, and what is currently available
as more does not fully rescue them.
How the assays compare: Two platforms are in routine use.
Polymerase chain reaction against immunoglobulin and T-cell
receptor rearrangements is the method on which the stratification
above was built [9], while flow cytometry offers a faster and more
widely available alternative. Direct comparison at day 29 gave a
hazard ratio for relapse of 3.55 (95% CI 1.4-9.0, p = 0.008) for flow
cytometric residual disease at or above 103, against 5.6 (95% CI
2.0-16, p = 0.001) for the polymerase chain reaction measure at the
same threshold (Figure 4) [13].

Both identify risk and the confidence intervals overlap
substantially, so the practical difference is smaller than the point
estimates suggest [13]. Flow cytometric and morphologica
assessment of remission have also been compared directly, with flow
cytometry detecting disease that morphology misses [17].
Single-centre experience applying both day 15 and day 33 flow
measurements found the day 33 result independently predictive of
event-free and overall survival [18].

BOTH ASSAYS IDENTIFY RISK AT DAY 29
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15+
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MRD = 103

Figure 4: Hazard ratio for relapse at day 29 by assay platform at the same
threshold [13]

Feature T-cell ALL B-cell precursor ALL

Clear at first timepoint | 16% 42%[10,11]

Decisive timepoint Day 78 Day 33[10,11]

Early result if late result Irelevant Retains prognostic weight
clear [10,11]

EFSin highest risk 29.8% Comparable but smaller group
group [10,11]

Table 2: How residual disease behaves differently in the two lineages
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What the measurement has been used to change: Residual disease
is not only prognostic but actionable, and randomised evidence exists
in both directions. Treatment reduction was tested in children and
young adults with residua disease-defined low-risk disease and
proved safe [14], while augmented post-remission therapy was tested
in a residual disease-defined high-risk subgroup drawn from
clinically standard and intermediate risk patients [15]. A nationa
protocol subsequently combined both directions, reducing therapy
for good responders and intensifying it for poor ones [16].

Earlier work had established that augmenting therapy improves

outcome in paediatric high-risk disease [19], and residud
disease-guided therapy is now standard across contemporary
protocols [20]. The principle has been extended to other populations,
including infants, where residual disease carries prognostic weight
within the KMT2A-rearranged group [21,22].
What residual disease does not capture: A single quantitative
result compresses a good dea of biology. Early T-cell precursor
disease, defined by an immunophenotype closer to haematopoietic
stem cells than to committed thymocytes, was initialy reported as
very high risk and has since been shown to do considerably better
under contemporary protocols where residual disease guides therapy
[1,12]. The phenotype and the response measure therefore carry
overlapping rather than independent information.

Nor does the measurement identify why a patient is clearing
dowly. Two children with identical day 33 levels may differ in
whether the residual population is chemoresistant or ssimply large at
baseline, and only the later timepoint distinguishes them [11]. Thisis
the practical reason the T-lineage schedule works: it substitutes a
second observation for a mechanistic explanation that is not
available at the bedside.

Sequencing-based measurement offers greater sensitivity than
either established platform and can track multiple clonal
rearrangements simultaneously, which matters in T-lineage disease
where clonal evolution of T-cell receptor rearrangements can cause
false negatives with a single-marker assay [9,20]. It was not used in
the trials that defined the current thresholds, so whether a more
sensitive assay would move the informative timepoint earlier
remains open.

Sample quality is the practical limit on al of them. Residual
disease is measured on a marrow aspirate, and a haemodiluted
sample underestimates the burden regardliess of platform. Where the
first pull is not used, or where the marrow is hypocdlular after
induction, a negative result may reflect the sample rather than the
patient [9,17].

Annals of Leukemia Research
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Assay Typl_c_al_ Practical considerations
sensitivity
Fast and widely available; requires
4
Flow cytometry 1o fresh sample and expertise [13,17]
Ig/TCR polymerase | 104to Basis of current stratification; needs
chain reaction 10 patient-specific markers [9,11]
Next-generation 106 Tracks multiple clones; not used in
sequencing defining trials[20]
Misses disease detected by flow
2
Morphology 10 cytometry [17]

Table 3: Platforms available for residual disease measurement and their practical
characteristics

The group the measurement cannot yet help: Roughly a fifth of
T-lineage patients carry 103 or more at day 78, and their event-free
survival of 49.8 per cent was achieved despite assignment to
intensified high-risk therapy including transplantation [11].
Identifying them earlier would not obviously help, because the
problem is not detection but the absence of an effective aternative.

This is where novel agents enter. Nelarabine and related purine
analogues were developed specifically for T-lineage disease and
have been positioned for patients identified as poor responders by
residual disease [1,11]. Whether adding them converts the high-risk
group's outcome is the question the current generation of trials was
designed to answer, and it is the clearest example of a response
measure driving drug development rather than merely describing
prognosis [12,25].

Discussion

The central finding is a timing effect rather than a magnitude effect.
Residual disease predicts outcomein T-ALL at least as powerfully as
in B-cell disease, with seven-year event-free survival spanning 91.1
to 49.8 per cent across risk groups [11]. What differs is which
measurement carries the information: in B-cell disease the day 33
result is decisive [10], in T-lineage disease it is superseded entirely
by the day 78 result [11].

The practical consequence is specific. A T-lineage adolescent
with detectable disease at day 33 who clears by day 78 has an
excellent prognosis, and that describes 32 per cent of the cohort [11].
Treating such a patient as a poor responder on the strength of the
early measurement would intensify therapy in roughly a third of
T-ALL patients without benefit, in an age group where
treatment-related mortality already contributes disproportionately to
poor outcome [8].

Why the late timepoint carriesthe signal

The mechanistic reading is that T-lineage blasts regress more slowly
under the same induction, so a day 33 measurement samples a
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population still in the process of clearing rather than one that has
failed to clear [1,11]. The measurement is not wrong; it is taken
before the biology has resolved.

That framing suggests the lineage-specific timepoint matters more
than the lineage-specific threshold, and the published stratification
supports it, since the same 102 cutoff was applied to both lineages
with different timing [10,11]. It also implies that any new agent
accelerating early clearance would need its effect measured at the
later timepoint to be visible.

Adolescents specifically

The cohorts underlying these findings are paediatric, extending into
adolescence rather than focusing on it [10,11]. That matters because
adolescents treated on adult rather than paediatric-inspired protocols
do worse [6,7,23], and because their excess mortality is driven by
toxicity rather than relapse [8,24].

Residual disease-guided de-escalation is therefore of particular
value in this age band, since avoiding unnecessary intensification
addresses the dominant cause of death directly [14,16]. The
randomised reduction trials included young adults and found the
approach safe [14], which is the evidence most directly applicable to
adolescents with T-lineage disease.

Study limitations

The limitations belong to the underlying literature. The principal
T-ALL analysis is a subgroup of a trial designed around B-cell
disease, and 464 patients is a modest number for a three-way
stratification with further subsets [11]. Assay comparisons are drawn
from cohorts using differing timepoints, so the flow cytometry and
polymerase chain reaction hazard ratios quoted are not from an
identical design [13,17,18]. Adolescents are included within
paediatric cohorts rather than analysed separately, so age-specific
estimates are inferred [10,11]. Treatment was assigned on the basis
of the measurement being evaluated, which complicates
interpretation of the high-risk group's outcome [11]. And newer
seguencing-based methods achieve greater sensitivity than either
established platform but were not used in the trials that defined the
current thresholds [20].

Two gaps deserve naming. No trial has compared residua disease
timepoints prospectively within T-lineage disease, so the primacy of
day 78 rests on retrospective analysis of a fixed schedule [11]. And
no study reviewed here reports whether the high-risk group's
persistent 50 per cent event-free survival can be improved by any
currently available intensification, which is the question their
outcome raises most directly [11].

Conclusion
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Minimal residual disease dtratifies T-cell acute lymphoblastic
leukaemia into groups with seven-year event-free survival of 91.1,
80.6 and 49.8 per cent, a spread wider than any clinical variable
available at diagnosis provides. But the timing that works in B-cell
disease does not transfer. Only 16 per cent of T-lineage patients clear
at thefirst timepoint against 42 per cent of B-cell patients, and the 32
per cent who clear only at the second timepoint do as well as those
who cleared early. The day 78 measurement subsumes the day 33
measurement entirely, which means applying B-cell timing would
misclassify roughly a third of T-lineage adolescents as poor
responders and intensify their treatment without benefit. In an age
group where toxicity rather than relapse drives excess mortality, that
distinction is not academic.

Two questions follow. The first is whether a more sensitive
sequencing-based assay would move the informative timepoint
earlier, which would matter because a decision available at day 33 is
worth more than the same decision at day 78 [20]. The second
concerns the fifth of patients who remain positive at day 78 and
reach only 49.8 per cent event-free survival despite intensified
therapy and transplantation [11]. For them the measurement works
and the treatment does not, and no amount of refinement in the assay
addresses that.
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