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Abstract

Background: Acute lymphoblastic leukemia (ALL) is the most com-
mon pediatric malignancy with an incidence of 30% of pediatric can-
cers across the world and 34% amongst Saudi children with cancers.
Minimal residual disease (MRD) is considered the most important
independent predictor in determining the risk of relapse and long-
term outcomes in ALL patients and plays a pivotal role in guiding
risk-adapted therapies. The aim of this research was to study the role
of MRD on survival benefits in our patient population.

Methods: We reviewed medical records of 108 pediatric (age < 14
years) ALL patients treated between January 2016 and December
2018 at our center to assess if MRD and other associated risk factors
affect the outcome of patients at post-induction and post-consolida-
tion phases of the treatment protocols.

Results: The median follow-up time in our cohort of patients was
75.6 months (95% confidence interval: 71.3 - 79.8 months). With a
mortality rate of 10.2% (11 deaths out of 108 cases), overall survival
(OS) of the whole cohort was 89.243.1%. OS was significantly low-
er in post-induction MRD-positive cases than in MRD-negative cas-
es (74.2+8.6% vs. 94.7£2.6%, P = 0.0006). It was worse among those
patients who underwent consolidation therapy and had positive
post-consolidation MRD. Event-free survival (EFS) was also sig-
nificantly poor in post-induction MRD-positive cases (61.1£10.2%
vs. 92.1£3.1%, P = 0.001). Twenty-seven patients who received
consolidation therapy had the poorest EFS (P = 0.031). Amongst
all the factors, including age at diagnosis, gender, white blood cell
count, central nervous system status, risk group or cytogenetics,
only post-induction MRD positivity was found to be significantly
associated with OS.
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Conclusion: Post-induction MRD is one of the most important factors
affecting the patient’s outcome. Post-induction MRD-positive patients
fared better after receiving consolidation therapy. No significant asso-
ciation was found between post-induction MRD and other risk factors.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most common
pediatric malignancy with an incidence of 30% of pediatric
cancers across the world and 34% amongst Saudi children with
cancers [1, 2]. Pediatric ALL has an overall favorable progno-
sis, which is mainly attributed to the recent advancement in
diagnosis and treatment. Over the last few decades, the incor-
poration of minimal residual disease (MRD) in the ALL treat-
ment has played a significant role in predicting the patient’s
response, risk stratification and tailoring the treatment [3, 4].
An essential part of ALL therapy is to monitor the response to
treatment by periodic examination of bone marrow aspirates.
Due to the similarities in morphology of leukemic cells and
the normal lymphohematopoietic progenitors, it becomes dif-
ficult to ascertain the degree of leukemia in the bone marrow
aspirates, leading some patients to still harbor significant leu-
kemia and yet receive a less intensive post-remission therapy,
or to treatment intensifications and toxicities for patients due
to an erroneous overestimation of the disease [5]. Accordingly,
there has been a considerable effort to develop methods, which
could identify the degree of residual leukemia in patients con-
sidered to be in morphologic remission, by measuring MRD.
MRD detection in ALL was first used in 1980s by using
immunofluorescence microscope [6]. In 1990s, the prognostic
value and clinical significance of MRD in ALL was investi-
gated in various centers across Europe and the United States
[7]. Since MRD assessments are time-point specific, their role
in the prognosis of very high-risk B-cell ALL patients is ex-
tremely critical. Patients who fail to achieve end of induction
MRD clearance tend to have poor outcomes [3, 8]. Conversely,
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patients who achieve very early MRD clearance fare well [9].
Various studies have established a causal relationship between
MRD and risk of relapse, signifying its prognostic value [10,
11]. The use of MRD assessments in pediatric ALL is rela-
tively new in Saudi Arabia and hence there is a dearth of data.
The primary objective of this review was to study the impact
of MRD assessments on our patients following induction and
consolidation and the association of other factors, which could
play a role in determining their outcome.

Materials and Methods

Study design

This retrospective analysis was carried out on 108 pediatric non-
infantile patients (age at diagnosis < 14 years) who were diag-
nosed with and treated for pre-B ALL at our institution. The time
fame for the patients’ enrollment into the study was from Janu-
ary 2016 to December 2018. Data on clinical characteristics,
hematopoietic profile, risk stratification, treatment and outcome
were collected from the patients’ electronic medical records
and prospectively maintained institutional research databases.
Primary measure was to review the outcome of all patients in
the cohort in terms of disease status with reference to MRD (>
0.01%) after completing the induction chemotherapy. Second-
ary measure was to review the outcome of post-induction MRD-
positive patients after completing the consolidation treatment as
well as the role of any associated risk factors in determining
the patient’s outcome. Being a retrospective research study, a
waiver of parental informed consent was obtained from the In-
stitutional Review Board (IRB) of the hospital.

End point definitions

MRD positivity was taken as more than 0.01% using eight-
color flow cytometry (FCM). Relapse of primary disease and
death from any cause was taken as an event.

Treatment protocols

Based on risk stratification, two Children’s Oncology Group
(COQG) protocols were used in treating our patients. The stand-
ard risk protocol (AALL0331) is a three-drug protocol consist-
ing of vincristine and asparaginase with steroids. The high risk
is a four-drug protocol (AALL0232), comprising vincristine,
asparaginase and daunorubicin with steroids. For refractory
and relapsed group of patients, salvage therapy in the form
of clofarabine, etoposide, cyclophosphamide and intrathecal
chemotherapy was used.

Cytogenetics

Cytogenetics played a pivotal role in assigning the risk groups
of our cohort. For the favorable group, patients who had either/

or hyperdiploidy, ETV6-RUNXI, NUMTI1 rearrangement,
translocation (1;19); TCF3-PBX1 and translocation (5;14)
IGH/IL3 were considered. Unfavorable cytogenetics were rep-
resented by iAMP21, KMT2A, MLL gene rearrangement, hy-
podiploidy (n < 44 chromosomes and/or a DNA index < 0.81)
and translocation BCR-ABL.

Statistical analysis

All continuous data are presented as median with minimum
and maximum points. Independent-samples Mann-Whitney
U test was used to test the significance of difference among
the continuous variables. Chi-square test or Fisher’s exact test
was employed to test the significance of association between
categorical variables. Kaplan-Meier curves were drawn for
survival analyses. IBM-SPSS for Windows (version 20.0) was
used for statistical analysis of the data. A P-value less than 0.05
was considered as significant.

Ethical considerations

The proposal of this research study was submitted to the IRB
before initiation and was approved by the Research Advisory
Committee through established procedures via approval num-
ber 2221184.

Ethical compliance with human/animal study

This study was conducted in compliance with the ethical
standards of the responsible institution on human subjects as
well as with the Helsinki Declaration.

Results

Almost half of the patients were male (n =52, 48.1%) and medi-
an age of the group at diagnosis was 4.3 years (range, 1.1 - 13.9
years). Details on characteristics are provided in Table 1. Major-
ity of the patients were under 10 years of age at diagnosis (n =
91, 84.3%), with white blood cell (WBC) at presentation less
than 50 x 10°/L (n =91, 84.3%) and had central nervous system
(CNS)-1 status (n =91, 84.3%). Disease was of high risk as per
National Cancer Institute (NCI) risk stratification in 42 (38.9%).
A variety of treatment protocols were employed for the first-
line treatment with AALLO0331 being the most commonly used
(n = 64, 9.3%). Family history of cancer was positive in eight
(7.4%) cases, three (37.5%) had documented leukemia and the
remaining five (62.5%) were listed as non-hematolymphoid ma-
lignancy; one family had a history of colon cancer and for the re-
maining exact diagnosis was not available. Whereas one (0.9%)
patient had global developmental delay. Three (2.8%) patients
had Down’s syndrome and sickle cell anemia and mitochondrial
disease were recorded in one (0.9%) each. CNS symptoms were
positive in six patients (5.6%). BCR/ABL was positive in eight
cases (8%, out of 100 done), TEL/AML fusion gene in 60 (60%,
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Table 1. Clinical Characteristics of the Patients

Parameters of interest

At induction (n = 108)

Post-consolidation (n = 27)

Gender
Male 52 (48.1%)
Female 56 (51.9%)

13 (48.1%)
14 (51.9%)

Age at diagnosis (years), median (range) 4.3(1.1-13.9) 4.0(1.5-13.9)
<10 years 91 (84.3%) 22 (81.5%)
> 10 years 17 (15.7%) 5 (18.5%)
WBC at presentation (x 10%/L) 11.6 (1.0 - 395.8) 16 (1.1 -395.8)
<50 x 10°/L 88 (81.5%) 20 (74.1%)
50 - 100 x 10°/L 10 (9.3%) 3 (11.1%)
> 100 x 10°/L 10 (9.3%) 4 (14.8%)
CNS status
CNS-1 91 (84.3%) 24 (88.9%)
CNS-2 13 (12.0%) 2 (7.4%)
CNS-3 4 (3.7%) 1 (3.7%)
Risk stratification
Standard risk 66 (61.1%) 14 (51.9%)
High risk 42 (38.9%) 13 (48.1%)
Treatment protocols
AALL0232 44 (40.7%) 14 (51.9%)
AALLO0331 64 (59.3%) 13 (48.1%)
Testicular disease (+) 1(1.9%) None
Molecular/cytogenetic
Favorable 92/100 (92.0%) 23 (85.2%)
Unfavorable 8/100 (8.0%) 4 (14.8%)

CNS: central nervous system; WBC: white blood cell.

out of 100 done) and MLL gene rearrangement in three (3%,
out of 100 done). Cytogenetic studies were unfavorable in eight
cases (8%, out of 100 done).

Post-induction MRD was found to be positive in 30 cases
(27.8%). It was not significantly associated with any of the age
at diagnosis, gender, WBC, CNS status, risk group or cytoge-
netics (Table 2). Twenty-seven (90.0%) of these 30 cases with
positive MRD completed consolidation phase with 23 (85.2%)
receiving high-risk protocol, two (7.4%) very high-risk proto-
col and the remaining two (7.4%) got salvage chemotherapy
consisting of clofarabine, etoposide, cyclophosphamide and
intrathecal chemotherapy. Post-consolidation MRD was posi-
tive in seven (25.9%) of these 27 cases. It was also not found
to be significantly associated with age at diagnosis, gender,
WBC, CNS status, risk group or cytogenetics (Table 3). Re-
lapse rate in the sub-group of 27 cases was 22.2% (n = 6); two
(33.3%) were from MRD-positive and remaining four (66.7%)
from MRD-negative group of cases (Fig. 1). In four post-in-
duction MRD-negative cases, median time to relapse from di-
agnosis was 16.1 months. Median time to relapse from diagno-
sis in post-consolidation MRD-positive cases was 9.8 months
compared to 51.4 months in post-consolidation MRD-negative

cases (P = 0.133, Table 4). Cumulative incidence of relapse
(CIR) at 5 years from diagnosis was 7.9% for the whole cohort.
In post-induction MRD-positive cases, it was 14.9% compared
to 5.4% in their counterparts. Testicular disease was found in
only one patient, who was diagnosed at the age of 8.4 years,
CNS-1 and high risk. He had negative post-induction MRD
and was alive in continued remission without any relapse of
primary disease with a follow-up of 6.4 years since diagnosis.

In univariate analysis, post-induction MRD positivity was
found to be significantly associated with relapse of the disease
(odds ratio: 4.6, 95% confidence interval (CI): 1.2 - 17.8, P =
0.026) and mortality (odds ratio: 5.6, 95% CI: 1.5 - 21.0, P =
0.010).

Median follow-up time in our cohort of patients was 75.6
months (95% CI: 71.3 - 79.8 months). With a mortality rate of
10.2% (11 deaths out of 108 cases), overall survival (OS) of
the whole cohort was 89.2+3.1%. OS was significantly poor
in post-induction MRD-positive cases than in MRD-negative
cases (74.2+8.6% vs. 94.7£2.6%, P = 0.006, Table 5, Fig.
2). It was inferior among those patients who underwent con-
solidation therapy and had positive post-consolidation MRD
(42.9+18.7% vs. 82.249.4%, P = 0.014, Fig. 3). Event-free
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Table 2. Post-Induction MRD With Clinical and Biological Risk Factors (n = 108)

Parameters of interest MRD (-) MRD (+) Total P-value

Gender 0.527
Male 36 (46.2%) 16 (53.3%) 52 (48.1%)
Female 42 (53.8%) 14 (46.7%) 56 (51.9%)

Age at diagnosis (years), median (range) 4.3(1.1-13.3) 4.0(1.5-13.9) 43(1.1-13.9) 0.959
<10 years 66 (84.6%) 25 (83.3%) 91 (84.3%) 1.000
> 10 years 12 (15.4%) 5 (16.7%) 17 (15.7%)

WBC at presentation (x 10%/L) 10.6 (1.0 - 200.0) 14.4 (1.0 - 395.8) 11.6 (1.0 - 395.8) 0.387
<50 x 10°L 65 (83.3%) 23 (76.7%) 88 (81.5%) 0.607
50 - 100 x 10°/L 7 (9.0%) 3 (10.0%) 10 (9.3%)
> 100 x 10°/L 6 (7.7%) 4 (13.3%) 10 (9.3%)

CNS status 0.721
CNS-1 64 (82.1%) 27 (90.0%) 91 (84.3%)
CNS-2 11 (14.1%) 2 (6.7%) 13 (12.0%)
CNS-3 3 (3.8%) 1(3.3%) 4 (3.7%)

Risk stratification 0.660
Standard risk 49 (62.8%) 17 (56.7%) 66 (61.1%)
High risk 29 (37.2%) 13 (43.3%) 42 (38.9%)

Treatment protocols 0.514
AALL0232 30 (38.5%) 14 (46.7%) 44 (40.7%)
AALLO0331 48 (61.5%) 16 (53.3%) 64 (59.3%)

Molecular/cytogenetic studies 0.236
Favorable 66 (94.3%) 26 (86.7%) 92 (92.0%)
Unfavorable 4 (5.7%) 4 (13.3%) 8 (8.0%)

CNS: central nervous system; MRD: minimal residual disease; WBC: white blood cell.

survival (EFS) was also significantly poor in post-induction
MRD-positive cases (61.1£10.2% vs. 92.1+3.1%, P = 0.001,
Table 5). The same was also true for those 27 cases who re-
ceived consolidation therapy (P = 0.031, Table 5, Figs. 4 and
5). In a multivariable setting while controlling for gender and
risk group, post-induction MRD positivity only was found to
be significantly associated with OS (hazard ratio: 5.2, 95% CI:
1.5 - 18.0, P =0.009). Small sample size for the sub-group of
27 patients who received post-consolidation therapy precluded
the multivariable analysis.

Discussion

The treatment of ALL in children has made huge strides during
the last few decades, inducing a complete remission, based on
cytomorphological criteria, in almost 95-98% patients. How-
ever, about 25-30% of these patients do relapse, suggesting that
leukemia was not completely eradicated and hence questioning
the reliability of cytomorphological criteria for adequate assess-
ment of the remission [12]. Therefore, more sensitive techniques
are needed to confirm the treatment efficacy and to enhance risk
stratification of the treatment protocols. Identification of MRD

in ALL patients, following chemotherapy, has emerged as one of
the most important tools for guiding the prognosis and treatment
choices [13]. The two most significant and reliable methods
used in clinical practice to assess MRD in ALL are FCM analy-
sis of leukemia-associated immunophenotypes and polymerase
chain reaction (PCR) amplification of antigen-receptor gene
rearrangements [14]. MRD has been shown to be particularly
prognostic during the early phases of treatment, such as dur-
ing or after induction and early in consolidation, which helps in
risk stratification and shaping the appropriate treatment [15]. In
addition to MRD, there are additional factors which have been
known to influence the outcome of ALL pediatric patients, such
as age and leukocyte count at diagnosis [16]. There have been
a few studies claiming that the MRD is prognostically superior
even after adjusting for those risk factors [17], although the data
are too scarce to fully establish a relationship between MRD and
other risk factors in predicting the outcome.

The use of MRD in predicting the outcome of pediatric
ALL in Saudi Arabia is relatively new and hence there is a
dearth of data on it. We did not observe any significant differ-
ence in the MRD between patients belonging to standard or
high-risk groups for our patient population. Our post-induction
MRD-negative patients fared well with an excellent OS and
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Table 3. Post-Consolidation MRD With Clinical and Biological Risk Factors (n = 27)

Parameters of interest MRD (-) MRD (+) Total P-value
Gender 0.209
Male 8 (40.0%) 5(71.4%) 13 (48.1%)
Female 12 (60.0%) 2 (28.6%) 14 (51.9%)
Age at diagnosis (years), median (range) 39(1.5-13.9) 4.0 (2.1-11.0) 4.0 (1.5-13.9) 0.766
<10 years 16 (80.0%) 6 (85.7%) 22 (81.5%) 1.000
> 10 years 4 (20.0%) 1 (14.3%) 5 (18.5%)
WBC at presentation (x 10%/L) 12.6 (1.1 - 331.3) 43.9 (3.0-395.8) 16.0 (1.1 -395.8) 0.179
<50 x 10°/L 16 (80.0%) 4 (57.1%) 20 (74.1%) 0.195
50 - 100 x 10%/L 1 (5.0%) 2 (28.6%) 3 (11.1%)
> 100 x 10°/L 3 (15.0%) 1 (14.3%) 4 (14.8%)
CNS status 0.156
CNS-1 19 (95.0%) 5 (71.4%) 24 (88.9%)
CNS-2 1 (5.0%) 1 (14.3%) 2 (7.4%)
CNS-3 None 1 (14.3%) 1 (3.7%)
Risk stratification 0.678
Standard risk 11 (55.0%) 3 (42.9%) 14 (51.9%)
High risk 9 (45.0%) 4 (57.1%) 13 (48.1%)
Treatment protocols 0.385
AALL0232 9 (45.0%) 5(71.4%) 14 (51.9%)
AALLO0331 11 (55.0%) 2 (28.6%) 13 (48.1%)
Post-induction treatment protocols 0.269
High risk 18 (90.0%) 5 (71.4%) 23 (85.2%)
Very high risk 1 (5.0%) 1 (14.3%) 2 (7.4%)
Salvage therapy 1 (5.0%) 1 (14.3%) 2 (7.4%)
Molecular/cytogenetic studies 1.000
Favorable 17 (85.0%) 6 (85.7%) 23 (85.2%)
Unfavorable 3 (15.0%) 1 (14.3%) 4 (14.8%)

CNS: central nervous system; MRD: minimal residual disease; WBC: white blood cell.

Enrolled =108

Post Induction MRD (-ve) Post Induction MRD (+ve)
78 (72.2%) 30 (27.8%)

|
Received Consolidation
27 (90.0%)
[

I ]
Post Consolidation MRD (-ve) Post Consolidation MRD (+ve)
20 (74.1%) 7(25.9%)

!—;\ | [ \

Relapse (-ve) Relapse (+ve) Relapse (-ve) Relapse (+ve) Relapse (-ve) Relapse (+ve)
74 (94.9%) 4(5.1%) 16 (80.0%) 4 (20.0%) 5(71.4%) 2(28.6%)
Alive, On follow-up Expired Alive, On follow-up Expired Lost to Follow-up Alive, On follow-up Expired Expired
72 (97%) 2 (3%) 2 (50%) 2 (50%) 3(10.0%) 3 (60%) 2 (40%) 2 (100%)
[ \ [ \
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14 (88%) 2(12%) 3 (75%) 1(25%)

Figure 1. Snapshot of patient flow.
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Table 4. Time and Site of Relapse

Chronology of relapse

n (%) Time to relapse (months from diagnosis)

Post-induction MRD (-)
Bone marrow
Bone marrow + CNS
CNS

Post-induction MRD (+)

16.1 (4.7 - 45.1)
2/78 (2.6%)
1/78 (1.3%)
1/78 (1.3%)

Post-consolidation MRD (-) 51.4 (15.3-76.3)
Bone marrow 3/20 (15.0%)
Bone marrow + CNS 1/20 (5.0%)

Post-consolidation MRD (+) 9.8(7.7-11.9)
Bone marrow 1/7 (14.3%)
CNS 1/7 (14.3%)

CNS: central nervous system; MRD: minimal residual disease.

Table 5. Overall and Event-Free Survival

Post-induction Post-consolidation
Total Total
MRD (-) MRD (+) (n=108) P-value MRD (-) MRD (+) (n=27) P-value
(n=178) (n=30) (n =20) mn=7)
Mortality rate 4 (5.1%) 7 (23.3%) 11 (10.2%) - 3 (15.0%) 4 (57.1%) 7 (25.9%) -
Overall survival 94.7+2.6% 74.2+8.6% 89.2+3.1% 0.006 82.2+9.4% 42.9+18.7%  72.2+9.0% 0.014
Event-free survival 92.1£3.1% 61.1£10.2% 83.5+3.9% 0.001 65.5£11.9%  42.9+18.7%  58.3+10.6% 0.031

MRD: minimal residual disease.

Cumulative Survival

1405 MRD (-ve)
+ +—HHHH - HH—H—
08 MRD (+ve)
0.6+
0.4
0.2+
P=0.006

0.0

T T T T T T T T T T T

0 12 24 36 48 60 72 84 96 108 120

Overall Survival (months from diagnosis)

Figure 2. Overall survival by post-induction MRD. MRD: minimal residual disease.
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Figure 3. Overall survival by post-consolidation MRD. MRD: minimal residual disease.
EFS rate compared to the MRD-positive patients (Figs. 1, 2 Patients who were MRD-positive at the end of consoli-
and 4). A Nordic study by Nyvold et al on 104 patients pro- dation therapy had the worse prognosis, with a poor OS and
duced the similar results [18]. EFS rate (Figs. 1, 3 and 5) which is in concordance with a COG
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Figure 4. Event-free survival by post-induction MRD. MRD: minimal residual disease.
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Figure 5. Event-free survival by post-consolidation MRD. MRD: minimal residual disease.

study where they found that a post-consolidation MRD-positive
disease was associated with a 5-year EFS of 43% [19]. MRD
following induction and consolidation has a significant impact
on shaping the treatment plan and on the subsequent outcome.
A Dutch study by van Binsbergen et al, on high-risk ALL pa-
tients (no complete remission, MRD > 1073 after consolidation)
who received one induction and consolidation followed by
three high-risk chemotherapy blocks, followed by either stem
cell transplantation or further chemotherapy, found that patients
with either negative MRD levels or low-positive MRD during
high-risk chemotherapy had a significantly lower 5-year CIR
of 2.2% compared with the one with high-positive MRD lev-
els (CIR of 15.4%) [20]. An Italian study observed that patients
who tested high-positive, low-positive, or negative, had CIR of
83.3%, 34.8%, and 8.6% respectively. About two-thirds of these
positive cases were identified within 4 months after induction-
consolidation phases, endorsing the significance of MRD fol-
lowing induction and consolidation [21].

Another important feature of post-induction and consoli-
dation MRD is its impact on the cost effectiveness of the treat-
ment in ALL patients. A Canadian study concluded that MRD
testing in newly diagnosed ALL patients decreased the burden
on the health care system, by guiding towards risk-directed
therapies [22].

Conclusion

The role of MRD diagnostics and its applications are yet to
be established in Saudi Arabia. In our cohort of patients, post-

induction MRD-positive patients fared better after receiving
consolidation therapy. There were no significant associations
found between post-induction MRD and other risk factors.
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