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General discussion and future perspectives

EPIDEMIOLOGY OF PEDIATRIC ACUTE MYELOID LEUKEMIA

In the first part of this thesis, the epidemiology of pediatric acute myeloid leukemia (AML) 
in the Netherlands is elaborated. Despite the obvious relevance for clinical purposes, 
research, and health-care policy making, a complete population-based overview of 
incidence rates with corresponding survival and subgroup analyses for Dutch pediatric 
AML patients over the past decades was not publically available. We showed that the 
overall survival (OS) of pediatric AML patients has significantly improved over the past 
decades and still continues to improve. The current probability of OS (pOS) exceeds 
70%, in line with other developed countries.1,2 The incidence of pediatric AML seems to 
increase somewhat, especially in the age group 1-4 years (chapter 2). A similar increase 
was reported by the American Cancer Society.3 Although a clear explanation is lacking, 
a likely hypothesis involves a combination of increased awareness, increased availability 
of health care, and improved diagnostics. However, the exact etiology of AML and the 
potential role of environmental factors contributing to the development of the disease 
still remain largely unknown. Such factors are difficult to study, but during the last 
decades adverse changes in environmental factors may have contributed to the slightly 
increased incidence of pediatric AML in the Netherlands and other countries. 

Both leukemia-related mortality and treatment-related mortality (TRM) decreased in 
the past decades. Patients who died in the first weeks of treatment (<day 42), the early 
death (ED) rate, decreased to 4% in the latest completed Dutch protocol, DB01 (chapter 
3). This is in line with numbers reported by others.4-8 Slats et al.9 reported an increase 
in chemotherapy-related mortality (CRM) in older Dutch protocols, but fortunately this 
did not sustain in the latter three protocols. The reported percentages of TRM for the 
DCOG protocols are similar to those reported by other study groups in overlapping time 
periods.4-8 Overall improvement may have resulted from better supportive care regimen 
and more knowledge of inflicted toxicity, but possibly also due to reduction of treatment 
intensity in good-risk patients. However, during the last protocols, Dutch ED and TRM 
rates were relatively stable. Although absence of statistically significant differences 
between the recent protocols may have resulted from a lack of statistical power, stasis 
of further improvement might also be real; therefore much remains to be done in this 
regard. Overweight and underweight have both been associated with higher risk on 
severe toxicity and TRM.10-12 Malnutrition is associated with lower socioeconomic status, 
a delay in diagnosis and advanced disease10,13 and it is hypothesized that malnutrition 
reduces absorption, decreases drug-protein binding, and impedes oxidative and other 
metabolic reactions, resulting in lower efficacy and augmenting toxicity.10 In our study, 
severe underweight (based on SDS BMI) was associated with more ED, but this should 
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be interpreted with caution because of the limited number of patients/events. The 
effect of nutritional status on prognosis in pediatric AML is probably more complex and 
involves many more aspects than BMI alone14.
The most important causes of TRM during initial treatment include infection- and 
allogenic hematopoietic SCT (allo-HSCT)-related complications (chapter 3). To date, 
most study groups have limited the indication for allo-HSCT in first complete remission 
(CR1) to high-risk patients. In the current Dutch protocol, i.e., NOPHO-DBH AML-2012 
protocol (ClinicalTrials.gov; NCT01828489), patients with a poor treatment response or 
patients harboring an internal duplication of the FLT3 gene (FLT3-ITD) and concurrent 
wild-type NPM1, are considered high-risk and allocated to upfront allo-HSCT after three 
courses of chemotherapy. Although the anti-leukemic effect of allo-HSCT has been 
established in multiple studies, efficacy needs to be balanced against transplantation-
related mortality and morbidity.15-18 Although methods have improved over time, the 
risks of severe toxicity following SCT on both the short and long-term remain high.15,19 
An increase of patients treated with HSCT in CR1 will therefore probably result in an 
increase in TRM again. We preliminary evaluated a small subset of Dutch patients (n=38) 
treated in the first two years of the current protocol and, indeed, observed an increase in 
TRM (5.7%; data not shown in this thesis). However, this was unadjusted for competing 
events and at the moment not statistically significantly different from the previous three 
protocols. All of these patients died as a result from HSCT-related complications, which 
suggest a very low CRM rate. Given the fact that this study is ongoing, any conclusions 
in respect of these finding are too preliminary. 
Future trials should focus on identifying novel risk factors for TRM, as well as on how 
to maintain or preferably further improve these numbers, at the same time warranting 
effectiveness. In this, optimizing SCT regimens, nutritional support, and infection 
control are probably key issues.

Unfortunately, despite the great improvements in OS, event-free survival (EFS) remained 
disappointing over the years. The probability of EFS (pEFS) in Dutch patients did not 
exceed 50% in any of the recent protocols (chapter 2), roughly meaning that patients 
continue to relapse although they are better salvageable afterwards. Future studies 
should thus not only focus on how to improve OS, but also on how to lower the relapse 
rate, as relapse therapy is often very toxic and associated with TRM, impaired quality of 
life, and late effects.
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CYTOGENETICS AND RISK STRATIFICATION

Risk-group stratification followed by risk-based treatment is carried out by most 
international pediatric AML groups. Defining parameters include cytogenetics, a few 
molecular aberrations and treatment response, based on morphological response and 
minimal residual disease (MRD). As shown in chapter 12, large variations with regard 
to cytogenetic and molecular-based risk stratification exist among international study 
groups. Most study groups have very profound risk stratification with many high-
risk aberrations leading to intensive treatment, usually including (upfront) allo-HSCT. 
Treatment reduction –if any– is limited to very good responding forms of core-binding 
factor AML and specific forms of myeloid leukemia, like acute promyelocytic leukemia 
or myeloid leukemia of Down Syndrome.

Core-binding factor (CBF) AML 
CBF-AML, which includes inv(16)(p13.1q22)/t(16;16)(p13.1;q22)/CBFB-MYH11 
[inv(16)/t(16;16)] and t(8;21)(q22;q22)/RUNX1-RUNX1T1 [t(8;21)] aberrations, is 
associated with relatively favorable outcome and often results in allocation to less 
intensive treatment.20-23 Despite their common classification as CBF-AML, inv(16)/t(16;16) 
and t(8;21) are recognized as clinically distinct entities with different outcomes.24 
Aberrations inv(16) and t(16;16) both result in fusion of the CBFβ subunit and the 
myosin-11 heavy chain gene (MYH11) and are thought to be biologically and clinically 
similar.25,26 However, CBFβ-MYH11 fusion transcripts are heterogeneous and may subtly 
vary in biological activity.27,28 Pediatric studies on t(16;16)-AML were previously not 
available. We confirmed t(16;16) as a favorable-risk entity, with characteristics and 
outcomes similar to those reported for patients of cohorts mainly based on inv(16) 
patients21,22 (chapter 5). Although the 5-year pOS was excellent with almost 90% in our 
cohort, three of the five deceased patients died from toxic complications in CR1, of 
whom two had been transplanted in CR1. Given the low relapse rate in this subgroup, 
the high risk of HSCT-related morbidity and mortality and the high salvage rate after 
relapse29, we argue that these patients may not be allocated to treatment with HSCT in 
CR1, and may even need less intensive chemotherapy. In the current treatment protocol 
in the Netherlands, pediatric t(16;16)-AML patients are indeed classified together with 
inv(16) as favorable-risk and receive four instead of five courses of chemotherapy.

Prior to the implementation of the WHO classification based on cytogenetic and molecular 
aberrations, some morphological aspects contributed to favorable-risk stratification. 
For example, the presence of eosinophilia morphology in the French-American-British 
(FAB) classification type M4 (M4eo) has been associated with favorable outcome.30 
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AML-M4eo is associated with the presence of inv(16)31 and in adults the presence of 
both eosinophilia and inv(16) was shown to convey superior outcome compared with 
patients with M4eo without inv(16) or inv(16) alone.32 We could not confirm these 
results, but our subgroup numbers were small. The most important prognostic factor in 
our cohort was the presence of inv(16) itself (chapter 4).33 Although it seems reasonable 
to consider pediatric AML-M4eo patients favorable-risk patients compared with other 
FAB-types when cytogenetic information is lacking or unavailable30,34, we propose that 
an effort should always be made to use a combination of morphologic, immunologic, 
cytogenetic and molecular biologic classification techniques in order to accurately 
stratify patients. Even in resource-limited countries flow, less advanced molecular 
techniques, like FISH or simple PCR, and/or karyotype assessment should be feasible. 
Unfortunately, costs may be an issue for parents.30,33

Whereas t(8;21) is acknowledged as a favorable entity by all study groups, we showed 
in the largest internationally available cohort that further risk stratification within the 
subgroup of pediatric t(8;21)-AML may be necessary (chapter 6). We demonstrated 
that gain of chromosome 4 (+4) is associated with inferior outcome.35 This is 
consistent with previous findings in adults, in whom +4 has been reported as a rare 
sole karyotypic aberration, associated with distinctive morphologic features, specific 
phenotypic findings36, and clinical features resulting in relatively low CR rates and poor 
prognosis.37 Although our study was hampered by its retrospective design and lack 
of additional biological studies, our results do suggest the same for children. Other 
pediatric AML study groups should evaluate this subgroup in order to validate our 
results, ideally prospectively. If these patients indeed have distinct characteristics and 
poorer prognosis, adaptation of risk stratification for t(8;21)-patients and subsequent 
treatment allocation is necessary. Furthermore, we showed that additional deletion 
of chromosome 9q ([del(9q] is associated with more frequent refractory disease, but 
this did not result in a lower pOS.35 These patients should be monitored carefully 
during induction therapy. Another important finding of our study included the lack of 
prognostic impact of cKIT mutations.35 Because of previous conflicting studies reporting 
both inferior38-40 and similar outcomes41-44, this used to be a subject of debate for many 
years. Although we were not able to study etiological explanations for the differences 
between our results and the inferior outcome for patients with cKIT mutations reported 
by others38-40, we hypothesize that some form of ethnic/genetic susceptibility occurs in 
specific subgroups. Alternatively, the effect of cKIT mutations may have diminished due 
to treatment-related improvements. In our study, patients with cKIT mutations received 
significantly more cytarabine. We could not confirm this statistically, but it is possible 
that this resulted in similar outcome for mutated patients compared with patients with 
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wild-type cKIT. Nonetheless, despite the lack of survival disadvantage for patients with 
these mutations, in-vitro sensitivity profiles suggest that patients with mutations may 
still benefit from treatment with tyrosine kinase inhibitors.45 Lastly, we showed that 
patients with t(8;21) seem to benefit from high doses of etoposide and anthracyclines 
during induction therapy.35 When considering overall treatment, cumulative doses of 
etoposide >1500mg/m2 and cytarabine >30g/m2 were associated with a better pEFS 
and lower relapse rates. To our knowledge, this is the first study to report an association 
between the cumulative dose of etoposide and improved outcome in children with 
t(8;21)-AML, although a beneficial effect of etoposide has previously been reported 
for other AML subgroups.46 Contrary, the effect in our cohort might be explained by 
synergistic effects of combination therapy, but we could not confirm this after testing 
for interaction terms. In our current protocol all patients receive etoposide monotherapy 
for the first five days of induction. In absence of availability of randomized trials on this 
matter, a subgroup analyses of t(8;21)-patients would be interesting.

Cytogenetics at time of relapse
Numerous studies have confirmed the importance of cytogenetic characterization as an 
independent prognostic factor in patients with de novo AML.20-22,47-51 However strikingly, 
little was known about the prognostic significance of cytogenetics and cytogenetic 
changes at the time of relapse in pediatric AML. We showed that the cytogenetic 
profile at time of relapse is important (chapter 7). Patients with CBF abnormalities at 
time of relapse have significantly better outcomes than others.52,53 This is in line with 
their favorable prognosis at time of diagnosis.21,22 In contrast to the relatively favorable 
prognosis of t(9;11)(p21.3;q23.3) [t(9;11)] at initial diagnosis22,51,54, patients with t(9;11) 
at relapse demonstrated poor outcomes. Furthermore, in contrast to reported high 
relapse rates and poor outcomes for patients with t(6;9)(p23;q34) [t(6;9)] at initial 
diagnosis23,55, we found relatively good outcomes for patients with this aberration at 
relapse. It should, however, be noted that patient numbers were small. Also, all patients 
harbored the translocation from initial diagnosis onwards and we were not informed 
on associated additional molecular aberrations, like FLT3-ITD. From previous studies it is 
known that patients with t(6;9) may benefit from (early) treatment with (allo-)HSCT.55-57 
Since the patients in our study all received HSCT after relapse, this might explain the 
good outcome in our cohort. Future studies should prospectively validate whether 
these patients indeed benefit from treatment with HSCT in CR1. In all, this study showed 
the prognostic relevance and the continuing importance of cytogenetic aberrations 
and their utility in risk-group stratification in pediatric relapsed AML. Unfortunately we 
were insufficiently informed on additional molecular aberrations at time of relapse and 
therefore could not reliably study clonal evolution. In previous reports, the presence 
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or gain of type I/II mutations at relapse has been associated with a shorter time to 
relapse, whereas loss of type I/II mutations has been associated with an increased time 
to relapse.58 Especially FLT3-ITD and WT1 mutations at relapse have been reported to be 
associated with poor outcome.59 

Limitations of cytogenetic studies
Our cytogenetic studies showed that there is room for improvement in respect to 
risk stratification at time of both initial diagnosis and relapse. However, an important 
limitation of these kind of studies is that cytogenetic reports are of limited value 
in offering biological explanations, and do not enable to study clonal evolution or 
-selection thoroughly. Because most projects in this thesis involved retrospective 
cohort studies, they all faced similar limitations. Due to the large number of subgroups, 
patient numbers often turned out to be (too) small, which hampers interpretation and 
solid conclusions. In order to collect a sufficient number of patients, time periods often 
covered many years. Over those years, many adaptations of treatment and supportive 
care regimen may have influenced outcomes, which is difficult to take into account. 
Moreover, missing data is a significant problem. Especially the lack of information on 
molecular aberrations, which can be very important confounders, further complicates 
interpretation of our findings. Future studies using novel techniques including next-
generation sequencing are needed to explore all biological mechanisms of mutational 
changes and their prognostic impact for developing the best tailored treatments for 
patients.

SUPPORTIVE CARE AND INFECTION PREVENTION

With increasing survival rates due to intensified treatment, the importance of evidence-
based supportive care guidelines emerges. In chapter 10 we showed that, despite a long 
history of international collaboration, many differences in anti-infective measures still 
exist between international study groups, but also between individual hospitals within 
a national study group. Although AML-specific recommendations are available, many of 
them are based on poor- or moderate-quality evidence.60 Whereas the use of antibiotic 
prophylaxis in adults is generally recommended61, results of pediatric trials are conflicting 
and the development of evidence-based guidelines is hampered by the lack of large, 
prospective, randomized trials. The use of prophylactic fluoroquinolones is supported 
by a small number of pediatric studies, but is mainly based on recommendations in 
adults.62-65 Fluoroquinolones seem to reduce the number of infectious episodes, but 
do not necessarily impact infection-related mortality in children62-64, whereas potential 
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risks include increased resistance and an increase in both Gram-positive infections and 
fungal infections66. A recent randomized trial by the Childhood Oncology Group (COG) 
showed less bloodstream infections and less febrile neutropenia with levofloxacin 
prophylaxis in children with acute leukemia compared with the control group. However, 
infections with Viridans Group Streptococci (VGS) were still frequent and severe.67 
Prophylaxis against Gram-positive species additional to Gram-negative prophylaxis 
has been associated with fewer bacteremia episodes68, but effective combinations with 
vancomycin i.v.62,69,70 are considered invasive and are complicated by the need for serum 
level monitoring, side effects, and the risk of vancomycin-resistant strains. Teicoplanin 
i.v. on alternating days seems an effective and safe prophylactic alternative71, but 
prospective validation is missing. In order to validate these results, we designed an 
international, randomized clinical trial (study synopsis is presented in chapter 11). If 
teicoplanin proves to be effective in preventing Gram-positive infections, especially 
VGS, and reducing treatment-related toxicity, with little adverse effects, the findings of 
this study may result in new international evidence-based guidelines on the systematic 
use of antibiotic prophylaxis. Results from another randomized trial by the Childhood 
Oncology Group (COG) antifungal prophylaxis are currently pending. These studies will 
also contribute to more evidence-based anti-infective guidelines in the future.

LATE EFFECTS IN SURVIVORS

Although this thesis focused on toxicity during treatment rather than long-term effects, 
AML treatment is also associated with impaired physical and psychological health at 
an older age, even years after the onset of treatment. Up to half of the childhood AML 
survivors report a chronic medical condition in adulthood and they are at increased risk 
for severe or even life-threatening chronic medical conditions.72 Important late effects 
include growth abnormalities, neurocognitive abnormalities, endocrine abnormalities, 
cataract, cardiac abnormalities, (transfusion-acquired) hepatitis, and secondary 
malignancies. Most AML survivors treated with chemotherapy have a normal pubertal 
development and fertility, however, lower anti-müllerian hormone levels, as an indicator 
for impaired ovarian function, have been detected in 10-15% of female survivors.73

Important risk factors for many late effects include allo-HSCT and total body or cranial 
irradiation.74 Nowadays, irradiation is no longer indicated during initial treatment, but 
some transplantation centers still use total body irradiation as part of the conditioning 
regimen. Furthermore, high doses of anthracyclines are associated with (late) cardio-
toxicity. The use of liposomal forms of anthracyclines (chapter 8)75,76 combined with longer 
infusion times77 may reduce acute and/or late cardiotoxicity. Also, cardioprotectant 
agents like dexrazoxane may further reduce cardiac complications78,79 and should 
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be considered during pediatric AML treatment, especially when liposomal forms of 
anthracyclines are unavailable and/or when high cumulative dosages of anthracyclines 
will be achieved.

With increasing pOS, the interest in childhood cancer survivor research has grown 
substantially. Comprehensive long-term follow-up is yet often lacking, but combined 
efforts of both the pediatric and adult departments aim to conduct large, prospective 
trials with long-term follow-up studying these long-term effects in childhood AML 
survivors.

AML IN LOW AND MIDDLE-INCOME COUNTRIES

This thesis did not specifically focus on the treatment of AML in low- and middle-
income countries (LMIC), but several elements may be used to improve treatment and 
survival of AML patients especially in these countries. Chemotherapeutic agents like 
anthracyclines and cytarabine are usually available, but supportive care, like blood 
transfusion products and antibiotics, are often lacking or inadequate.80,81 Unfortunately, 
high-risk AML patients seldom stand a chance in LMIC. However, simple risk stratification 
might result in the identification of a small subset of AML patients with favorable-
risk features, who require less intensive therapy for cure. When advanced molecular 
techniques are not available, simple cytomorphology and flow may help to identify 
patients with favorable prognosis (e.g., AML-M4eo). Moreover, FISH or simple PCR and/
or the assessment of karyotype for the presence of inv(16)/t(16;16) or t(8;21) should be 
feasible as well.30,33 International collaborations are needed to improve care for these 
and other patients with cancer in LMIC. Fortunately many pediatric AML study groups, 
including the DCOG, are involved in outreach projects.

PERSPECTIVES

The complicated genomic landscape of AML and accompanying options for targeted 
therapy emerges an increasing number of research questions. In order to address these 
questions in -sometimes very small- subsets of patients, international collaboration is 
of indisputable importance. The greatest challenges still involve questions on how to 
optimize treatment strategies that will improve (event-free) survival, but will decrease 
toxicity and treatment-related impaired quality of life. Based on both our findings and 
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literature showing that patients classified as favorable-risk continue to relapse, whereas 
other patients die in CR1 due to toxicity, current risk stratification for pediatric AML 
should be reevaluated and further improved. 

Risk stratification and risk-adapted treatment
Despite major efforts to decipher the genomic landscape of pediatric AML and its 
targetable pathways, current risk-group stratification based on biology of the AML-
cells still mainly relies on chromosomal aberrations and a limited number of molecular 
aberrations at diagnosis. Whereas cytogenetics and molecular aberrations are used 
together with treatment response by most study groups, other groups mainly rely on 
treatment response and MRD. In adults, MRD status has been reported to be a better 
predictor of relapse than presence of cooperating adverse mutations, like FLT3-ITD, 
in standard-risk AML.82,83 However, whether the prognostic impact of cytogenetic and 
molecular abnormalities can be overruled by MRD monitoring is essentially unknown 
for pediatric patients. Current flow technologies allow for the detection of MRD at a 
sensitivity of at least 0.1% in over 90% of the patients. Multiple study groups have proven 
the predictive value of flow-MRD with respect to relapse and subsequent outcome84-88 
and although MRD techniques have improved over the years, interpretation of 
results is still hampered by oligoclonality, regenerating normal blasts, and changes of 
immunophenotype of the AML-cells. Moreover, a limited number of reports at scientific 
meetings suggest that some genetic alterations maintain their adverse prognostic 
value despite MRD-negativity. Thus it is of imminent importance that pediatric studies 
evaluate the need for ongoing –complicated– risk stratification in relation to MRD. 
Several molecular markers are studied for their usefulness in respect of treatment 
response monitoring and MRD. Unfortunately, markers show different relapse kinetics 
and require different monitoring schedules.89 Some fusion transcripts (e.g., AML1-
ETO, CBFβ-MYH11) seem less reliable and can be persistently detected in flow-MRD 
negative patients in continued CR, whereas others (e.g., some KMTA fusion transcripts) 
accurately predict an emerging relapse.90 Several AML research groups currently study 
the prognostic value of routine peripheral blood monitoring with PCR in patients with 
specific targets during follow-up. Finally, the leukemic stem cell burden at diagnosis has 
recently been reported as a potential marker to identify young AML patients at risk of 
treatment failure and will be studied in future protocols, together with the dynamics of 
leukemic stem cell burden during treatment.

Based on the findings presented in this thesis and meetings with members of other 
international pediatric AML study groups, current risk stratification in the NOPHO-
DBH AML-2012 protocol in the Netherlands, based only on treatment response, MRD, 

136788-klein-layout.indd   331136788-klein-layout.indd   331 10/03/2020   10:5110/03/2020   10:51



332

Chapter 13

and FLT3/NPM1 status, seems too scanty. We suggest that optimal risk stratification is 
more complicated and, in absence of knowledge on the absolute predictive value of 
MRD in adverse cytogenetic and molecular subgroups, it should include several other 
cytogenetic aberrations (see Table 13.1). 

Table 13.1 | Proposed cytogenetic and molecular-based risk stratification for the next AML protocol in the 
Netherlands

Favorable risk inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/CBFB-MYH11 without FLT3-ITDhigh*

t(8;21)(q22;q22.1)/RUNX1-RUNX1T1 without FLT3-ITDhigh *

t(1;11)(q21;q23)/KMT2A-MLLT11

NPM1 mutation without FLT3-ITDhigh*

CEBPα biallelic mutation

Intermediate risk t(8;21)(q22;q22.1) +4

t(8;21)(q22;q22.1)/RUNX1-RUNX1T1 with FLT3-ITDhigh*

inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/CBFB-MYH11 with FLT3-ITDhigh*

t(9;11)(p21.3;q23.3)/MLLT3-KMT2A

NPM1 mutation with FLT3-ITDhigh*

CN-AML and other abnormalities not classified as favorable or adverse risk

Adverse risk inv(3)(q21q26.2) or t(3;3)(q21;q26.2)/GATA2, MECOM

t(4;11)(q21;q23)/KMT2A-MLLT2

t(5;11)(q35;p15.5)/NUP98-NSD1

t(6;11)(q27;q23)/KMT2A-MLLT4

t(10;11)(p12;q23)/KMT2A-MLLT10

-5 or del(5q)

t(6;9)(p23;q34)/DEK-NUP214

t(7;12)(q36;p13.2)/MNX1-ETV6

-7

t(9;22)(q34;q11.2)/BCR-ABL1

12p abnormalities

inv(16)(p13.3q24.3)/CBFA2T3-GLIS2

Complex or monosomal karyotype†

FLT3-ITDhigh without concurrent NPM1 mutation

NUP98/NSD1 in CN-AML

WT1 mutation

* FLT3high: high allelic ratio, >0.4
† Complex karyotype defined as ≥3 unrelated chromosome abnormalities in the absence of 1 of the WHO-designated recurring 
translocations or inversions. Monosomal karyotype defined as either loss of at least two autosomes or one autosome and at 
least one structural abnormality excluding marker and ring chromosomes; favorable cytogenetics excluded.93,94
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After further validation, other recently reported potential adverse aberrations, like 
t(16;21)(p11;q22)/FUS-ERG91 or novel adverse molecular aberrations may be added to the 
adverse group in the future. Lastly, a monosomal karyotype has been reported to confer 
a better indicator of a poor prognosis than complex karyotype in adult studies and a 
limited number of pediatric studies.92-96 However, conflicting results have been reported 
as well.97 Whether monosomal karyotype should fully replace the conventionally used 
complex karyotype as adverse-risk group should be elaborated in future studies. 

The current protocol provides the perfect opportunity to evaluate the predictive value 
of MRD in respect of adverse cytogenetic and molecular aberrations used for risk 
stratification by other international groups (see chapter 12). If such analyses confirm 
that some alterations retain their poor outcome, irrespective of MRD, these subgroup 
of patients should be classified as high-risk in future protocols. Figure 13.1 shows a 
potential flow chart for the next NOPHO-DBH AML protocol including both cytogenetic 
and molecular risk factors, as well as MRD. 

Diagnosis

Favorable genetics

Good risk Poor riskStandard risk

MRDI <0.1% MRDI  0.1-4.9%

MRDII  <0.1% MRDII 0.1-4.9%

Non-favorable/non-adverse 
genetics

MRDI <0.1% MRDI  0.1-4.9%

MRDII <0.1% MRDII 0.1-4.9%

Adverse genetics

MRDII <0.1-4.9%

Induction I*

Induction II**

MRDI <0.1% MRDI  0.1-4.9%

Figure 13.1 | Proposed flow chart for risk-group stratification in the next pediatric AML protocol
* Patients with MRD ≥5% after Induction I and any patients with rising MRD levels of >0.1% after Induction II should be 
considered poor risk.
** All patients with MRD ≥5% after induction II should be considered as having refractory disease.
NOTE. This flow chart is a preliminary proposal and subject to changes based on findings from the NOPHO-DBH AML-2012 
and other studies. See Table 13.1 for cytogenetic and molecular risk groups.
Abbreviations: MRDI, minimal residual disease (based on flow) after induction I; MRDII, minimal residual disease (based on 
flow) after induction II.
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Aside from studies with respect to optimal chemotherapeutic regimens, patients who 
benefit the most from HSCT in CR1, i.e., those who respond poorly to chemotherapy 
alone and/or are poorly salvageable after relapse, should be identified. The balance 
between HSCT efficacy and inflicted morbidity or even mortality is cumbersome; 
therefore we suggest that allocation of HSCT to patients with high-risk features should 
be performed in the setting of clinical trials, rather than allocating HSCT to all high-risk 
patients by definition. Contrary, patients with favorable prognosis should be protected 
against too intensive treatment that might lead to severe toxicity or even toxic death. 
Protocols that attempt to reduce the intensity in favorable risk patients are currently 
being conducted by several study groups, including the NOPHOP-DBH consortium, 
now also joined by Israel, Portugal and Spain.

For relapsed patients, risk stratification may be implemented in future protocols as 
well, including CBF abnormalities as a favorable-risk group and patients with other 
aberrations and/or high MRD levels after reinduction as poor-risk. However, studies 
validating our findings in chapter 7 and at the same time including the most important 
molecular aberrations at time of relapse are necessary prior to unfounded treatment 
adaptations. Relapsed patients should continue to receive intensive reinduction therapy 
followed by allo-HSCT. However, optimal risk-based reinduction therapy and whether 
or not this should be combined with targeted agents should be studied thoroughly in 
these patients.

Novel therapies
We need to explore how we can use novel techniques like whole genome sequencing 
(WGS) for clinical purposes in the future. Forthcoming individualized targeted therapy 
is of great interest and explored increasingly in clinical trials. In children, recurrent 
structural alterations and age-specific mutational interactions are of interest in light of 
age-tailored targeted therapies.98 Unfortunately, so far truly targeted therapy is limited to 
a minority of the patients, because only a subset of the patients harbors drugable targets 
in their AML cells. However, in the near future the effectiveness of targeted agents, for 
example the FLT3 inhibitor quizartinib99 or midostaurin -very promising in adults100,101-, 
and more recent FLT3-inhibitors should be studied in children. Aside from targeted 
therapy, monoclonal antibody-mediated treatment and immunotherapy with specific 
monoclonal antibodies like GO, SGN33A or AMG 330, anti-CD38 or BITE antibodies are 
of great interest, as well as the use of Chimeric Antigen Receptor-modified T (CAR-T) 
cells that target CD33, CD123 and anti-Lewis-Y.2,102 Most forms of immunotherapy 
enable treatment of large groups of patients, rather than multiple targeted therapies in 
distinct/small subgroups. However, to date insufficient knowledge about the long-term 
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effects of immunotherapy is available, and for many therapies efficacy and safety has 
to be studied first. Moreover, knowledge on the effect of immunomodulating therapy 
administered to a growing and developing child is of eminent importance. 

Infection prophylaxis
Based on previous studies, prophylactic fluoroquinolones may be beneficial for pediatric 
AML patients66,67, but disadvantages should be weighed against the effectiveness. Also, 
additional prophylaxis against VGS might be indispensable. Both the randomized trial 
on teicoplanin prophylaxis by the NOPHO-DBH study group (chapter 11) and the current 
pending randomized trials by others will contribute to highly needed evidence-based 
anti-infective guidelines in the future. Meanwhile, the recently updated guidelines by 
Lehrnbecher et al.60 are the best available. Unfortunately, these guidelines focus more 
on how to handle febrile neutropenia, rather than infection prophylaxis and these 
guidelines give quite some room for interpretation or site-specific choices. Nonetheless, 
international study groups should attempt to comply with these guidelines as much as 
possible.

CONCLUSION

As stated above and throughout this thesis, individualized targeted approaches are 
of great interest and may completely change the risk-group based pediatric AML 
treatment as we know it. While the DCOG and international cooperative study groups 
should address this and all of the important research questions discussed above, many 
clinical challenges in every-day care for pediatric AML patients are addressed by the 
clinicians on the ward (chapter 12). Knowledge of AML biology, treatment options, 
treatment effects, potential (life-threatening) risks of the therapy administered, and 
adequate supportive care is vital for all those who work in the field of pediatric AML. 
All of the new technological developments, increased knowledge of the biology of 
the disease and novel therapeutic options exploited by the large number of dedicated 
researchers and clinicians in the field, give cause for optimism to attain the ultimate goal 
to cure every child with AML with minimal toxicity and an optimal quality of life, both 
during treatment and follow-up. 
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