
Acute myelogenous leukemia in adolescents and young adults

Ursula Creutzig, MD1, Matthew A. Kutny, MD2, Ronald Barr, MD3, Richard F. Schlenk, MD4, 
and Raul C. Ribeiro, MD5

1Pediatric Hematology/Oncology, Hannover Medical School, Hannover, Germany

2Department of Pediatrics, Division of Hematology/Oncology, University of Alabama at 
Birmingham, Birmingham, AL, USA

3Departments of Pediatrics, Pathology and Medicine, McMaster University, Hamilton, ON, Canada

4National Center for Tumor Diseases (NCT), Heidelberg, Germany

5St. Jude Children’s Research Hospital, Memphis, TN, USA

Abstract

The incidence of acute myelogenous leukemia (AML) increases progressively with age. Favorable 

genetic mutations are most prevalent in children, and unfavorable profiles increase proportionately 

in adolescents and young adults (AYA) and into later adulthood. Survival rates of AYA have 

improved over recent decades to 50–60%, but their accrual to clinical trials remains poor. In 

contrast to AYA with acute lymphoblastic leukemia, the prognostic benefit for AYA with AML 

enrolled in pediatric compared with adult trials is minor and only seen when different protocols 

are used. The distinctive needs of AYA, including intensive psychological services, call for their 

treatment within specialized centers that offer complex supportive care.
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INTRODUCTION

Acute myelogenous leukemia (AML) represents 15%–20% of leukemias in children and 

approximately 33% in adolescents and young adults (AYA). Age is a very strong prognostic 

factor, with prognosis decreasing with increasing age, independent of other risk factors.1 

However, a recent study showed that apart from age, genetic mutations can also be 

significant prognostic factors.2 Over the last 20 years, overall survival (OS) of children with 
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AML has improved considerably (5-year OS 60%–75%).3–7 However, in AYA, defined as 

15–39 years, overall cure rates are only 50%–60%.8–13

A relatively low number of AYA are enrolled in adult cooperative group trials or pediatric 

trials. Treatment protocols for children and adults often differ, and studies on appropriate 

therapy specifically for AYA are limited.14,15 In this review, we describe biological features, 

treatment modalities, and outcomes of AYA with AML.

INCIDENCE

Data from the United States Surveillance, Epidemiology, and End Results (SEER) program 

for 2000–201416 and the German Childhood Cancer Registry (GCCR 2014)17 suggest that 

epidemiologic and survival patterns of AYA with cancer vary because of lower patient 

numbers or differences in race/ethnicity and socioeconomic constructs in different countries.
18–20

In the US, 5% of all invasive cancers affecting AYA are leukemias, with 40% of them being 

AML.21 The proportion of AML with respect to all leukemias is higher in AYA than 

children (16%) or older patients (31%). Fig. 1 shows AML incidence by age and gender in 

all age groups, and is amplified in the inset for patients younger than 40 years. AML rates 

are higher in the first years of life and decrease subsequently (nadir at approximately 9 

years), followed by a slow increase during adolescence and young adulthood. Fig. 2 gives 

age-specific, population-based incidences of AML by cytogenetic subtype below 50 years of 

age, using data extrapolated from 1991 patients diagnosed from 1998 to 2012 in Germany. 

These incidences are similar to those reported in SEER data for the total patient group (Fig. 

1).22 There were little or no differences by gender for patients aged 2–40 years. Therefore, 

with advancing age, AML incidence increases within the total spectrum of acute leukemias, 

resulting in inversion of the incidence of acute lymphoblastic leukemia (ALL) and AML in 

late adolescence. The incidence of AML, unlike that of ALL, is similar in white and black 

children of all age groups.16

The high incidence of AML in older age groups (especially >60 years) correlates with 

prolonged exposure to environmental carcinogens and accumulation of mutations from 

genetic error events in cell division.23,24 The incidence of acute promyelocytic leukemia 

[APL, t(15;17)/PML-RARA, World Health Organization 2008 classification] and AML with 

NPM1 mutations appears constant with respect to age after the first decade.25,26 According 

to SEER data16 the proportion of APL is highest (20%–25%) among AML subtypes in AYA 

(Fig. 3). In general, APL incidence is higher (20%–24% of AML diagnoses) in certain 

ethnic populations (e.g., Italian and Latin American) than others (5%–8%). APL incidence is 

also higher in Asian populations.27 These findings suggest a genetic predisposition for APL 

and/or exposure to specific environmental factors.28

AML is often a second malignancy in AYA receiving intensive chemotherapy and 

radiotherapy. The cumulative incidence of treatment-related AML is approximately 0.6% in 

children treated for ALL or solid tumors and 3.3%–10% for adults treated for different types 

of solid tumors.29–31
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SURVIVAL TRENDS

Since the late 1970s, the 5-year AML-specific survival rate has doubled for all age groups. 

Also, the rate of improvement in the 5-year AML-specific survival rate is similar for 

children, AYA, and older adults (Fig. 4).16,32

Population-based estimates of the 5-year survival for AYA in the US increased from 18.6% 

during 1975–1984 to 56.3% during 2003–2010.16 These estimates were similar to those for 

AML patients in England: the 5-year relative survival in AYA aged 15–24 years increased 

from 7% to 53% during 1971–2006.33 Current 5-year survival rates for children and 

adolescents enrolled in clinical trials (which tend to be higher because trials may exclude 

patients with unfavorable features or those from small hospitals) are 60%–75%.34 Patients 

younger than 18 years enrolled in AML Berlin–Frankfurt–Münster (BFM) trials showed 

progressive improvement in 5-year survival from 49% (AML-BFM 87, 1987–1992) to 60% 

(1993–1998), 65% (1999–2003), and 75% (2004–2010).4,35 Currently, population-based 

studies report survival rates of approximately 50% in young adults.10 Outcomes in all age 

groups have improved over past decades because of intensification of chemotherapy in de 
novo AML and after relapse as well as better supportive care. With intensive induction 

chemotherapy, 80%–90% of young patients achieve complete remission (CR).

Studies focusing on OS of AYA patients are limited. Population-based data from England 

and Wales revealed significant improvement in 5-year OS from 36% (1984–1988) to 46% 

(1989–1994) and 56% (2001–2005) for AML patients aged 15–29 years (although only 

patients aged 15–24 years were included in 2001–2005).36,37 According to SEER data for 

2000–2014, there was a survival gap between children and AYA`s, indicating the decrement 

in survival from age <15 to the AYA age (Fig. 5).16

PREDICTORS OF OUTCOME

According to SEER data for 1973–2012, male patients had a higher risk of mortality, 

especially in the subgroup of AYA aged 20–24 years, than did female patients.38 Race/

ethnicities and socioeconomic variables can also affect the survival of AYA and children.16

Increasing age is an adverse prognostic factor in adults with AML.1,10,39 A comparison of 

AYA (age 16–29 years) with older patients revealed that the AYA age group was associated 

independently with improved CR rate and longer CR duration and trended toward longer 

survival.12 Fig. 5 shows population-based data.16 However, prognostic studies in children 

and adolescents of different ages treated similarly are rare and often conflicting. The 

Children’s Cancer Group (CCG) trial CCG-213 [1986–89] revealed no difference in 

survival.40,41 However in CCG-2891 [1996–2002], patients older than 16 years had event-

free survival (EFS) and OS inferior to those for patients <16 years.42

Recently, a cross-study analysis combining data from CCG-2891, CCG-2941, CCG-2961, 

and Children's Oncology Group (COG) AAML03P1 showed similar survival rates for AYA 

and younger patients with newly diagnosed AML; however, treatment-related mortality 

(TRM) was higher in older patients. The OS for AYA (age 16–20 years, n=238) was 49%

±7% versus 54%±3% for younger patients (n=1602; P=0.058). Relapse rate was 
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significantly lower (30%±7% vs 41%±3%, P=0.002) but TRM was higher (25%±6% vs 12%

±2%, P<0.001) for AYA patients.43 The higher TRM in AYAs was due to high infection 

rates. Similar outcomes for AYA were observed when data were combined from the most 

recent COG trials AAML03P1 and AAML0531, in which gemtuzumab ozogamicin (GO) 

was added to a Medical Research Council (MRC)–based chemotherapy regimen. AYA aged 

16–21 years and younger patients (<16 years) had similar 5-year EFS (44.2% vs 50.2%) and 

5-year OS (60% vs 64.8%), but TRM rates were higher in AYA than younger patients 

(13.3% vs 7.3%, P=0.005). Further, AYA patients who received GO or hematopoietic stem 

cell transplantation (HSCT) had higher TRM rates, which attenuated the survival advantage 

seen among young patients receiving these interventions.44

Similar findings were reported for TRM rates in patients aged 10–21 years in the St. Jude 

Children’s Research Hospital AML protocols (1991–2008).45 Survival rates for Japanese 

patients aged 15–17 years were lower than those for younger patients, mainly due to a higher 

TRM rate after relapse.46

BIOLOGY AND GENETICS

Biological characteristics across the AYA age spectrum have been rarely reported. The 

frequency of cytogenetic subgroups of AML is associated with age. Increasing age is 

associated with a decrease in favorable cytogenetics and an increase in unfavorable 

cytogenetics (Table 1, Fig. 2).22,2947,48

Morphological data for children, adolescents, and young adults (age <30 years, excluding 

APL) in AML-BFM 93/98 (n=869) and AMLCG92 (n=92)1,49 show that, according to the 

French–American–British (FAB) classification for AML, 68% of children younger than 2 

years had FAB subtypes M5 or M7 compared with 18% for older age groups (P<0.0001). 

However, apart from a trend toward increasing M1 and decreasing M7, there were no 

differences in FAB types for children (2–12 years) and AYA (13–30 years). Fig. 3 shows the 

proportion of all AML subtypes according to age by International Classification of Diseases 

in Oncology ICD-O3 subtype.16

The relationship between age and genetics from birth to 100 years of age was analyzed in 

5564 patients with de novo AML diagnosed from 1998 to 2012.22 Frequencies of 

cytogenetic subgroups were age dependent. In general, favorable subtypes [t(8;21), inv(16)/

t(16;16), t(15;17)] decreased from 33% in the pediatric age group (2 years to <18 years) to 

less than 5% in the oldest group (>70 years, P<0.0001). Interestingly, t(8;21) was less 

frequent in young adults (21–30 years) than in younger (2–21 years) patients. The frequency 

of unfavorable cytogenetics [−7/del(7), −5/del(5q) or 5p, inv(3)/t(3;3), t(6;9), complex 

karyotype, 12p, 17p, and 11q23/MLL aberrations excluding t(9;11)] was 44% in infants (<2 

years), 25% in children and young adults, and up to 42% in patients older than 85 years 

(P=0.01). This difference was even more significant for patients with complex karyotypes 

(P<0.0001). Interestingly, the frequency of 11q23 abnormalities decreased from infants to 

older patients (Table 1 and Fig. 2).
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COG trials AAML03P1 and AAML0531 compared genetic characteristics of AYA (16–21 

years) with children younger than 16 years. AYA patients were more likely to have normal 

cytogenetics (36.5% vs 20.5%, P<0.001) and the unfavorable genetic finding of FLT3/ITD 

(20% vs 14.3%, P=0.047) than younger children. AYA patients were also more likely to have 

favorable prognostic markers such as CEBPA mutations (9.4% vs 4.8%, P=0.012) and 

NPM1 mutations (12.8% vs 6%, P=0.001).44 The frequency of 11q23/MLL rearrangements 

was lower in AYA than in younger children (11.5% vs 23.3%, P≤0.001), which is consistent 

with results from AML-BFM studies.

Comprehensive comparison of AML molecular profiles across groups has shown marked 

differences in mutated genes, structural variants, and DNA methylation patterns that 

distinguish AML in infants, children, adolescents, and adults.48 Although mutational burden 

increased with age, mutation rates of pediatric and young adult AML patients are similar to 

those of adult AML patients. However, the landscape of somatic variants is markedly 

different. For example, alterations in RAS, KIT and FLT3, including pediatric-specific 

activating FLT3 mutations, are more common in children than adults. There is higher 

prevalence of small sequence variants in older patients, whereas recurrent structural 

alterations, fusions, and focal copy number aberrations are more common in younger 

patients. Because of the overlap of genetic abnormalities associated with prognosis among 

these age-defined groups, testing for these alterations is essential for the management of 

newly diagnosed patients with AML in any age group.48

TREATMENT AND MANAGEMENT

Treatment regimens for AML are often but not always similar for children, adolescents, and 

adults. They start generally with intensive induction courses of cytarabine and anthracyclines 

at dosages adequate to achieve remission, followed by post-remission phases, which have in 

recent years also included maintenance therapy with novel agents (e.g., tyrosine kinase 

inhibitors) to destroy residual blasts in the bone marrow or other sites. Induction therapy as 

well as the duration and optimal strategy for post-remission therapy is under continuous re-

assessment as standards change over time. In general, intensive post-remission 

chemotherapy cycles (consolidation and/or intensification courses) include one or more 

courses of high-dose cytarabine (depending on the molecular subset of the disease in adults). 

These courses are co-administered with central nervous system (CNS) prophylaxis and may 

be followed by a less intensive maintenance chemotherapy or, in treatments under current 

evaluation, by specific inhibitors. Allogeneic HSCT may be included as another form of 

intensification, and indications and rates vary by country, study group, and provider 

(pediatric vs adult).34,50 Majhail et al. analyzed data from the Center for International Blood 

and Marrow Transplant Research for allogeneic HSCT in patients categorized as children 

(<15 years, n=900), AYA (15–40 years, N=2708), or older adults (>40 years, N=2728).51 

Outcomes for AYA receiving HSCT improved over the 3 studied time periods (1980–1988, 

1989–1997, and 1998–2005), and this improvement was similar to that in children and older 

adults. The OS for AYA was inferior to that for children and superior to that for older adults 

during each time period. During 1998–2005, the 5-year survival for AYA was 43% 

compared with 64% for children and 31% for older adults. TRM decreased over the time 
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periods and was a major contributor to improved survival; however, the TRM rate in AYA 

was twice that in children.

Until recently, except for APL, no definitive specific treatment interventions were used for 

other AML subgroups. Genotype-specific treatment with the differentiating agent all-trans-

retinoic acid (ATRA) for APL patients, which induces cell differentiation and maturation 

instead of cell destruction,28,52 was proof of concept that non-cytotoxic chemotherapy has a 

role in AML treatment.28,52 Recently, the combination of ATRA and arsenic trioxide has 

shown high efficacy and reduced hematologic toxicity in adults with low- or intermediate-

risk APL.53 Clinical trials are currently under development in Europe and North America to 

study this regimen in adolescents and children with APL. The Food and Drug 

Administration has approved several compounds for specific adult AML subgroups.54,55

Patients require acute management and supportive care during all treatment phases, 

especially the first few days to weeks of intensive induction therapy. As noted, TRM rates 

are higher in AYA than in younger children receiving chemotherapy or HSCT, but AYA can 

usually tolerate more intensive regimens than elderly adults.56 With recent improvements in 

results of AML treatment, the balance between treatment intensity and toxicity and their 

interrelation with the disease’s genetic background has become increasingly important, and 

trials need to use risk- and genotype-adapted therapy.

Compared with children, adolescents have more anticipatory vomiting. Compliance during 

intensive treatment phases is similar between AYA and children and older patients, as most 

or all chemotherapy is administered at the hospital. In countries such as Germany that use 

maintenance therapy for AML, compliance of AYA to maintenance therapy may be lower, 

similar to lower adherence to oral chemotherapy in adolescents with ALL.57

Psychosocial care is the most difficult aspect of managing adolescents. The needs of 

adolescents differ from those of young children and are accompanied by typical concerns 

such as need for autonomy and independence, social development, sexual maturation, 

education, and employment.58 These problems are similar to those of AYA with other types 

of cancer. Recently, results of the European Society for Medical Oncology/European Society 

for Paediatric Oncology survey showed an important neglect and inequity of AYA cancer 

care across Europe and suggested that education and research be focused on improving 

cancer care for AYA.59 In the US, young adults are the most uninsured and under-insured 

age group. Nearly half of all 15- to 19-year-olds lose the healthcare insurance provided by 

parents and do not acquire adequate coverage thereafter.60

PARTICIPATION IN CLINICAL TRIALS

In the US, participation rates in cancer trials have been strikingly lower in AYA (15–34 

years) than younger or older patients.60 This trend remained in recent analyses (1997–2005; 

up to 45% in 5- to 10-year-old children vs 14% in adolescents, and <5% in older AYA) and 

was mainly because these patients were not referred to institutions undertaking the clinical 

trials.61 In Europe, participation rates are higher in AYA with leukemias, as they are 

generally included in national trials (e.g., >90% in the British MRC trials or German AML 
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trials).26,62,63 As most clinical trials in adults do not report results separately for AYA and 

older adults, limited data are available for comparisons across age groups.

TREATMENT IN PEDIATRIC VERSUS ADULT TRIALS

Treatment schedules and dosing in the German AML-BFM 93/98 trials for children and 

adolescents (n=891) and AMLCG92/99 and AMLSG HD93/98A trials for adults were 

similar during induction and consolidation.64–67 In adult studies 290 patients were 16–30 

years old. EFS and OS were comparable in overlapping age groups (>15 to <21 years) in all 

trials. However, treatment results were most favorable in children. CR rates decreased by age 

(2–12 years, 89%; 13 to <21 years, 82%; 21–30 years, 72%), and long-term treatment results 

were most favorable among children aged 2–12 years (5-year EFS 53%±2%), slightly 

inferior in adolescents (45%±3%, P=0.03), and unfavorable in young adults (28%±3%, 

P=0.0001). If patients with low-risk cytogenetics [t(8;21), inv16, and t(15;17)] were 

excluded, results were poorer in adolescents (EFS 39%±5%) and young adults (EFS 25%

±6%) than in children aged 2–12 years (EFS 52%±4%).1

Similar to the German studies, a recent study from the Nordic Society of Pediatric 

Haematology and Oncology found no difference in outcomes for AML patients aged 10–30 

years treated during 1993–2009 on pediatric versus adult protocols.68

A retrospective study compared 281 adolescents (16–21 years) in the pediatric cooperative 

CCG and COG trials (1986–2008) with 149 patients in the same age group in the adult 

cooperative Cancer and Leukemia Group B (CALGB) and Southwest Oncology Group 

(SWOG) frontline AML trials (1986–2008). Patient characteristics were similar, but age was 

a confounding variable (median, COG 17.2 vs CALGB 20.1 and SWOG 19.8 years, 

P<0.001). The 10-year survival rate for patients treated in CCG or COG trials was 45%±6% 

versus 34%±7% for those in adult trials (P=0.026).14 Note that intensity of the pediatric 

schedule was usually higher (including intensively timed induction) than of the adult 

regimen, but treatment-related mortality was also higher for patients in the COG than in the 

adult trials.

Several authors support that the prognosis for adolescents with ALL may be improved by 

introducing pediatric trials that consider prognostic biological features.69 However, 

differences in outcomes of patients treated in pediatric versus adult trials are more 

pronounced for adolescent ALL patients than for AML patients14,69,70 even when 

chemotherapy intensity is generally higher in pediatric AML protocols than adult protocols 

and HSCT is given more restrictively (risk adapted) than for adults. AYA-specific 

approaches can be influenced further by referring these patients to centers experienced in 

managing leukemia or centers participating in clinical trials for children or adults.20,71 

Cooperation between pediatric and adult study groups is of utmost importance. AYA patients 

need to be enrolled in clinical trials, and cross-study analyses comparing strategies for 

pediatric and adult patients are required.
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LATE EFFECTS

Late effects in childhood and adolescent survivors of AML can affect their quality of life 

significantly. Long-term sequelae of treatment include impaired intellectual and 

psychomotor functioning, neuroendocrine abnormalities, impaired reproductive capacity, 

and second malignancies.72 However, most late effects, especially side effects of CNS 

irradiation (e.g., neurocognitive deficits, growth hormone deficiency, and secondary CNS 

tumor), affect the younger age group. Anthracycline-related late cardiotoxicity occurs at 

lower cumulative doses (<300 mg/m2) in patients younger than 18 years than those 18 years 

or older.73,74

The risk of endocrine dysfunction is relatively low in AML patients receiving standard 

chemotherapy only (without alkylating agents). However, those receiving HSCT are at 

increased risk of endocrine dysfunction.72,75 In contrast to growth impairment that can occur 

in children after busulfan/cyclophosphamide or cyclophosphamide/total body irradiation 

(TBI) conditioning regimens, gonadal toxicity occurs in all age groups, mainly as gonadal 

dysfunction, but it is relatively low with modern conventional therapy.72 Gonadal toxicity 

may lead to abnormal pubertal development, infertility, and sexual dysfunction, and require 

long-term hormone substitution. In adult women high doses of alkylating agents and TBI 

increase the risk of ovarian failure, and the probability of restoring ovarian function 

decreases by a factor of 0.8 per year of age.76 Addition of busulfan to cyclophosphamide 

causes permanent ovarian failure in nearly all females. In males cytotoxic chemotherapy and 

TBI can damage the germinal epithelium of the testis, and most males of all age groups can 

have permanent infertility.76

Studies on second malignancies in AYA after AML treatment are scarce. In AML-BFM 

patients diagnosed from 1993 to 2010, 10-year cumulative incidence of secondary 

malignancies was 1.5% (standard error 0.3%). Most of these patients received only 

chemotherapy. After HSCT the risk of second malignancies is higher for any disease 

(standard incidence ratio 6.7–11.6 compared with patients given chemotherapy only).77,78

Finally, long-term consequences of treatment in children and adolescents with leukemia and 

lymphoma include more symptoms of depression and somatic distress than in sibling 

controls.72 A systematic literature review on health-related quality of life in AML patients 

aged >18 years identified fatigue as the most problematic symptom domain.79

CONCLUSIONS

AML incidence increases with age, such that the incidence in AYA lies between that of 

children and older adults. Biological factors vary by age, but biological characteristics of 

AML in AYA are more similar to those of children than of older adults. Outcomes have 

improved for all age groups during the last 30 years due to superior treatment strategies for 

newly diagnosed and relapsed AML as well as improvements in supportive care and 

prophylaxis of bacterial and fungal infections. However, children tend to have better survival 

than AYA, which might in part be related to treatment intensity or enrollment in pediatric 

trials. As AYA show less tolerance to intensive chemotherapy or HSCT than do children, 
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improving supportive care remains an important objective. Chemotherapy could be 

optimized for AYA by considering the pediatric and adult experience. Further research 

should be directed toward biologically based and not age-specific trials, which require better 

cooperation between pediatric and adult study groups and cross-study analyses comparing 

pediatric and adult strategies.
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FIGURE 1. 
Incidence of AML by gender and single year of age at diagnosis during 2000–2014, U.S. 

SEER18. Inset depicts age less than 40 years, including AYA range of 15 to 39 years.16
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FIGURE 2. 
Age-specific population-based incidences of cytogenetic subtypes in AML below 50 years 

of age. Absolute incidences of various cytogenetic subgroups in AML from a German 

population are shown. The y-axis shows absolute incidence per 100,000 individuals with the 

respective cytogenetic subgroups according to age. Different age groups are shown on the x-

axis. Dotted lines indicate the logarithmic scale. Modified from Creutzig et al. 201622
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FIGURE 3. 
Proportion of all AML by International Classification of Diseases in Oncology ICD-O3 

subtype (SEER 2000–2014).16
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FIGURE 4. 
Temporal trends in five-year AML-specific survival, U.S. SEER9, 1975–2010, by 8-year 

intervals and age.
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FIGURE 5. 
AML-specific survival during 2000–2014, U.S. SEER18, Age <40 years by 5-year age 

Intervals. The survival gap identifies the decrement in survival from age <15 to the AYA age 

range.16
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