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Genetic abnormalities are the hall-
mark of cancer. Different mecha-
nisms lead to different types of

genetic alterations. These mechanisms
might occur at different frequencies over
lifetime.1-6 To test this hypothesis we ana-
lyzed 2555 AML patients with respect to
genetic abnormalities. AML is considered
an interesting model disease as it is hetero-
geneous with respect to cytogenetics and
molecular genetics. From the cytogenetic
aspect AML can be divided into several
major groups: (i) AML with a normal kary-
otype, which is observed in 40-45% of
cases; (ii) AML with a primary balanced
translocation, which occurrs in 20-25% of
cases; (iii) AML with an unbalanced karyo-
type without a primary (known) balanced
abnormality characterized by gains or loss-
es of rather large regions of the genome:
this pattern is detected in 35-40% of all
patients.7,8 Approximately 50% of patients
in the last group have a complex aberrant
karyotype, defined by ≥3 clonal abnormali-
ties (excluding those with recurrent bal-

anced rearrangements).7-10 

From a clinical point of view AML can
be subdivided into three major categories
according to cytogenetics; one group asso-
ciated with a favorable prognosis, one
with an intermediate prognosis, and one
with an unfavorable prognosis.7,8,11,12 A nor-
mal karyotype is associated with an inter-
mediate prognosis.7,13 Some balanced
translocations (PML-RARA, AML1-ETO,
and CBFB-MYH11) predict a favorable
outcome.7,13 11q23 rearrangements are also
balanced translocations, but are associated
with an unfavorable prognosis.14 Of all
AML subtypes, complex aberrant kary-
otypes are associated with the most unfa-
vorable prognosis.15 

In addition, a variety of recurrent molec-
ular markers have been described in AML.
Mutations of the FLT3 receptor tyrosine
kinase can occur in the juxtamembrane
domain (FLT3-length mutations; FLT3-
LM) or in the protein tyrosine kinase
domain (FLT3-TKD)16-20 and represent the
most frequent genetic alteration in AML.
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Background and Objectives. It is well known that the different cytogenetic subgroups
of acute myeloid leukemia (AML) show different age-specific frequencies. For example,
balanced translocations tend to be found in younger patients while complex aberrant
karyotypes are usually found in elderly patients with AML. However, detailed data on
the population-based age-dependent incidences of distinct cytogenetic subtypes as
well as of molecular mutations are lacking. 

Design and Methods. We evaluated the population-based age-specific incidences of
different cytogenetic subgroups in 2555 patients with AML between 21 and 70 years
of age. We also investigated the association of specific molecular markers (FLT3-M,
FLT3-  TKD, MLL-PTD, NRAS, CEPBA, KITD816).

Results. The incidence of balanced translocations was rather constant over lifetime. In
contrast, the incidence of unbalanced aberrations and especially complex aberrant
karyotypes increased sharply with age. There were also different age-specific inci-
dences of some recurrent molecular mutations.    

Interpretation and Conclusions. These results are suggestive of different mechanisms
in the pathogenesis of AML. 
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FLT3 length mutations occur in 20-25% of all cases in
adult AML and in 40% of cases with normal kary-
otype.16-22 In contrast, the incidence in childhood
AML is only 11%.23 FLT3-TKD mutations are detect-
ed in 6-8%.18,19 MLL-PTD are observed in 6.5% of
AML patients.24 Further mutations as KITD816, a
mutation in the KIT receptor tyrosine kinase, have
been described in AML25-27 and the mutations of the
transcription factor CEPBA have been detected in 11-
15% of all AML cases with a normal karyotype.28-30

Mutations of the NRAS proto-oncogene occur in
10% and are most frequently found in codons 12, 13
and 61.31,32 Mutations of nucleophosmin (NPM), a
nucleocytoplasmic shuttling protein localized in the
nucleolus, which regulates the ARF-p53-tumor sup-
pressor pathway, are found in 35% of all patients
with de novo AML.33

While FLT3 length mutations16,18,20,34 and MLL-
PTD24,35 are associated with an unfavorable prognosis,
CEPBA mutations represent a favorable molecular
prognostic factor.28,36 The prognostic implications of
RAS mutations are still under discussion.32,34

It is well known that patients with balanced
translocations tend to be younger while complex
aberrant karyotypes are usually found in elderly
patients with AML. Most studies on this aspect have
analyzed the relative frequency of cytogenetic sub-
types in different age decades or the proportions of
cytogenetic subgroups within age decades. Detailed
data on population-based age-dependent incidences
of distinct cytogenetic subtypes and of molecular
mutations are lacking. The mechanisms leading to
balanced aberrations and to complex aberrant kary-
otypes are probably different from each other and
might depend on age-associated factors. Indeed, we
found an association between different cytogenetic
mechanisms and age at onset of AML.9 Based on
those results, in the present study we further evaluat-
ed the association of different cytogenetic subgroups
with age in 2555 AML patients. We also investigated
the association of specific molecular markers (FLT3-
LM, FLT3-TKD, MLL-PTD, NRAS, CEPBA,
KITD816) with age. We evaluated the relative fre-
quencies and the relative proportions of the cytoge-
netic subtypes and the absolute incidence of distinct
karytoype abnormalities with respect to different
cytogenetic mechanisms over adult lifetime.

Design and Methods 

Patients 
Within a 4-year period from January 1999 to

January 2003 blood or bone marrow samples from
3734 consecutive patients with AML at diagnosis
were analyzed by standard cytogenetics. All cases

had a diagnosis of AML proven cytomorphologically
and/or immunophenotypically according to the
French-American-British (FAB) classification.37

Only cases with de novo or secondary AML after a
myelodysplastic syndrome were included in this
study; 231 cases with therapy-related AML were
excluded. Our laboratory focuses mainly on adult
patients. As cytogenetic analyses are not always
requested for elderly patients, we excluded 948
patients <21 years or >70 years of age resulting in a
cohort of 2555 cases for this study. The age distribu-
tion of this cohort corresponded with that of a stan-
dard cohort based on the comparison with the SEER
project for patients with AML between 21 and 70
years of age (SEER Cancer Statistics Review, 1975-2001,
http://seer.cancer.gov/csr/1975-2001/). 

Cytogenetic analyses and polymerase chain reaction 
Cytogenetic analyses were performed in all 2555

cases according to standard protocols.38 The defini-
tion of a cytogenetic clone followed the International
System for Human Cytogenetic Nomenclature
(Mitelman, ISCN, Guidelines for Cancer Cyto-
genetics, Karger, Basel, 1995). Cases with ≥3 clonal
aberrations without a known balanced chromosomal
rearrangement were defined as complex aberrant
karyotypes. The cases included in the evaluation
were categorized into the following subgroups: nor-
mal karyotype, balanced translocations, unbalanced
not complex aberrant karyotype, or complex aber-
rant karyotypes. 

We further analyzed the mutations status of molec-
ular markers: FLT3-LM (n=1799), FLT3-TKD
(n=1565), MLL-PTD (n=1881), NRAS (n=2029),
KITD816 (n=1379), and CEPBA (n=295). Polymerase
chain reactions were performed as described previ-
ously.17,24

Statistics
Patients were divided into five age groups (age

group 1: 21-30 years; age group 2: 31-40 years, age
group 3: 41-50 years, age group 4: 51-60 years, age
group 5: 61-70 years). The age-specific incidences
were calculated on the basis of the distribution of the
general population of Germany in 1998 (Statistisches
Bundesamt, Fachserie 12 Reihe 4, Bonn, Germany,
1998). We then calculated the incidence of cytogenet-
ic subtypes in the different age groups. Differences in
incidences between age cohorts were analyzed by
the c2 test. 

Results 

Cytogenetic results 
Of the 2555 patients evaluated, 1220 (47.7%) had a
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normal karyotype (Table 1). Balanced translocations
were observed in 549/2555 cases (21.5%). This
cohort comprised 106 cases with t(8;21), 136 cases
with t(15;17), 102 cases with inv(16), 81 cases with
11q23 rearrangements, and 124 cases with other rare
balanced translocations, e.g. t(6;9)(p23;q34), t(3;3)
(q21;q26), or inv(3)(q21q26) or other balanced rear-
rangements.  The cohort with MLL rearrangements
was heterogenous. The largest subgroups were
t(9;11) with MLL-AF9 including 24 patients, t(10;11)
with MLL-AF10 including 14 patients, and t(6;11)
with ML-AF6 including 10 patients. 

The cohort of 276 patients (10.8%) with unbal-
anced but non-complex aberrations comprised cases
with single trisomies (n=188), single monosomies of
chromosome 7 or deletions of 7q as the sole abnor-
mality  (n=49), deletions of 5q alone (n=31), and
other single monosomies (n=8). Of the total 2555
cases 330 (12.9%) had a complex aberrant karyotype
and 180 cases (7.6%) had single structural aberrations

or a combination of different cytogenetic abnormali-
ties and were therefore excluded from further evalu-
ation. 

Proportions of the five age groups within the
different cytogenetic subgroups

We compared the distribution of age of our
patients with the SEER data (SEER Cancer Statistics
Review, 1975-2001, http://seer.cancer.gov/csr/1975-
2001/) and were able to demonstrate that the age dis-
tribution of our cohort was representative for a stan-
dard cohort. 

We first analyzed the proportion of the five age

Table 1. Cytogenetic results in 2555 patients with AML. 

Cytogenetic subtype n % of all patients 

Normal karyotype 1220 47.7
Balanced translocations 549 21.5
Complex aberrant karyotype 330 12.9
Unbalanced aberrations* 276 10.8
Other aberrations° 180 7.0

All patients 2555 100.0

*Trisomies, monosomy 7 and deletions of 7q, other monosomies, and deletions of
5q; °combination of different cytogenetic mechanisms or structural deletions. 

Table 2. Proportions of different age groups within the different cytogenetic subgroups. 

Cytogenetic subgroups n Age group 1 Age group 2 Age group 3 Age group 4 Age group 5 All age groups 
(%) (%) (%) (%) (%) (%)

t(8;21) 106 11.3 20.8 23.6 25.5 18.9 100.0
inv(16) 102 14.7 26.5 17.6 17.6 23.5 100.0
t(15;17) 136 15.4 20.6 19.9 20.6 23.5 100.0
11q23 rearrangements 181 12.3 27.2 28.4 17.3 14.8 100.0
Other balanced  translocations 124 12.1 16.1 18.5 21.0 32.3 100.0
Balanced translocations 549 13.3 21.7 21.1 20.6 23.3 100.0

Normal karyotype 1220 5.2 11.8 17.2 25.1 40.7 100.0

Trisomies 188 4.8 4.8 8.5 29.3 52.7 100.0
–7/del(7q) 49 8.2 6.1 12.2 26.5 46.9 100.0
del(5q) 31 0.0 3.2 3.2 35.5 58.1 100.0
Other monosomies 8 12.5 12.5 12.5 25.0 37.5 100.0
Unbalanced aberrations 276 5.1 5.1 8.7 29.3 51.8 100.0

Complex aberrant 330 2.4 5.8 10.6 28.5 52.7 100.0

Other aberrations 180 0,0 6,1 18,9 22,2 51,1 100.0

Total 2555 6.3 12.0 16.4 24.8 40.5 100.0

(Age group 1: 21-30 years; 2: 31-40 years, 3: 41-50 years, 4: 51-60 years, 5: 61-70 years).

Figure 1. Porportions of age groups  in different cytogenetic sub-
types in AML. The distribution of different age groups in the cyto-
genetic subtypes with normal karyotype, balanced aberrations
and unbalanced aberrations including complex aberrant kary-
otypes is illustrated. The y-axis shows the percentage of cases of
the respective age groups found in the specific cytogenetic
groups. The different cytogenetic groups are shown on the x-axis.
(age group 1: 21-30 years; 2: 31-40 years, 3: 41-50 years, 4: 51-
60 years, 5: 61-70 years).
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groups within the different cytogenetic subgroups
(Table 2, Figure 1). Within the cohort of AML with
balanced translocations the proportions of the differ-
ent age groups were rather constant. 

AML patients with a normal karyotype were more
frequently older. While only 5.2% of all cases with a
normal karyotype were aged 21-30 years, 40.7% were
aged 61-70 years. However, the most dramatic changes
with age were detected in AML with unbalanced aber-
rations (5.1% to 51.8%), and in AML with complex
aberrant karyotype in particular. In the latter cohort
only 2.4% were aged 21-30 years but 52.7% were 60
years and older (p<0.0001).

Relative proportions of the different cytogenetic
subtypes within the five age groups  

The relative proportions of cytogenetic subgroups
within the different age decades were also analyzed
(Table 3, Figure 2). The proportion of cases with bal-
anced translocations decreased from 45.3% to 12.4%
from age group 1 to age group 5. Decreasing propor-
tions with higher age were observed in all cytogenet-
ic subgroups: t(8;21): from 7.5% to 1.9%;  inv(16):
from 9.3% to 2.3%;  t(15;17): from 13.0% to 3.1%;
11q23 rearrangements: from 9.3% to 3.9%;  other
balanced translocations: from 6.2% to 1.2%
(p<0.0001 for all). 

Table 3. Proportions of the different cytogenetic subtypes in each age group. 

Cytogenetic subgroups n age group 1 age group 2 age group 3 age group 4 age group 5

t(8;21) 106 12 (7.5%) 22 (7.2%) 27 (6.0%) 27 (4.3%) 20 (1.9%)
inv(16) 102 15 (9.3%) 27 (8.8%) 18 (4.3%) 18 (2.8%) 24 (2.3%)
t(15;17) 136 21 (13.0) 28 (9.1%) 27 (6.4%) 28 (4.4%) 32 (3.1%)
11q23 rearrangements 181 10 (9.3%) 22 (6.5%) 23 (5.5%) 14 (4.1%) 12 (3.9%)
Other balanced  translocations 124 15 (6.2%) 20 (7.2%) 23 (5.5%) 26 (2.2%) 40 (1.2%)
Balanced translocations 549 73 (45.3%) 119 (38.8%) 116 (27.7%) 113 (17.8%) 120 (12.4%)

Normal karyotype 1220 63 (39.1%) 144 (46.9%) 210 (50.1%) 306 (48.3%) 497 (48.1%)

Trisomies 188 9 (5.6%) 9 (2.9%) 16 (3.8%) 55 (68.7%) 99 (9.6%)
-7/del(7q) 49 4 (2.5%) 3 (1.0%) 6 (1.4%) 13 (2.1%) 23 (2.2%)
del(5q) 31 0 (0.0%) 1 (0.3%) 1 (0.2%) 11 (1.7%) 18 (1.7%)
Other monosomies 8 1 (0.6%) 1 (0.3%) 1 (0.2%) 2 (0.3%) 3 (0.3%)
Unbalanced aberrations 276 14 (8.7%) 14 (4.6%) 24 (5.7%) 81 (12.8%) 143 (13.8%)

Complex aberrant 330 8 (5.0%) 19 (6.2%) 35 (8.4%) 94 (14.8%) 174 (16.8%)

Other aberrations 180 3 (1.9%) 11 (3.6%) 34 (8.1%) 40 (6.3%) 92 (8.9%)

Total 2555 161 (100.0%) 307 (100.0%) 419 (100.0%) 634 (100.0%) 1034 (100.0%)

(Age group 1: 21-30 years; 2: 31-40 years, 3: 41-50 years, 4: 51-60 years, 5: 61-70 years).

Figure 2. Proportions of cytogenetic
subtypes in the different AML age
groups. The percentages of the different
cytogenetic subgroups within a certain
age group are shown on the y-axis. The
different age groups are shown on the
x-axis, (age group 1: 21-30 years; 2: 31-
40 years, 3: 41-50 years, 4: 51-60
years, 5: 61-70 years).
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The proportion of patients with a normal kary-

otype increased from 39.1% to 48.1% (p<0.0001)
from age groups 1 to 5. The proportions of patients
with unbalanced aberrations and with complex aber-
rant karyotype increased from 8.7% to 13.8% and
from 5.0% to 16.8%, respectively (p<0.0001). Again,
this profile was also found within the subgroups
with trisomies, monosomy 7, and deletions of 7q and
in the subgroups with deletions of 5q, and with other
monosomies. 

Population-based incidences of the cytogenetic
subtypes in AML 

Due to the increasing incidence of AML with high-
er age and due to the decreasing number of persons
at risk with higher age we defined the population-
based absolute incidence of AML with different cyto-
genetic abnormalities. The age-specific incidences of
the cytogenetic groups and of the molecular markers
were calculated on the basis of the age distribution of
the general population of Germany in 1998
(Statististisches  Bundesamt, Fachserie 12, Reihe 4, Bonn,
Germany, 1998). The absolute incidence of cytogenet-
ic abnormalities increased with higher age (Figure 3).
The cohort with balanced translocations (n=549)
showed the smallest increase. It was only 2.0-fold
between age groups 1 and 5 (from 0.6 per 100,000 to
1.2 per 100,000). Within this group the smallest
change was observed in the cohort with t(15;17)
(n=136) with a nearly constant incidence between 21
and 70 years of age. The increase of incidence was
only 1.3-fold from 0.15 per 100,000 to 0.20 per
100,000 inhabitants. It was 1.8-fold in both cohorts
with 11q23 rearrangements (n=81) and with inv(16)
(n=102), 1.9-fold in the cohort with t(8;21) (n=106),
and 3.0-fold in the cohort with other balanced
translocations (n=124) (Table 4). 

In the cohort with normal karyotype (n=1132) the
increase of incidence was linear and increased 8.9-
fold from 0.5 per 100,000 in age group 1 to 4.1 per

Figure 3. Population-based incidences of the cytogenetic subtypes
in AML. The absolute incidence of the different cytogenetic sub-
groups in AML on the basis of German population data is shown.
The y-axis shows the absolute incidence of the respective cytogenet-
ic subgroups in the different age groups. The different age groups
are shown on the x-axis. (age group 1: 21-30 years; 2: 31-40 years,
3: 41-50 years, 4: 51-60 years, 5: 61-70 years).

Table 4. Absolute incidences of the different cytogenetic subtypes per 100,000 inhabitants in different age groups. 

Cytogenetic subgroups n Age group 1 Age group 2 Age group 3 Age group 4 Age group 5 Ratio of 
incidence**

t(8;21) 106 0.09 0.12 0.16 0.19 0.17 1.9 fold
inv(16) 102 0.11 0.14 0.12 0.13 0.20 1.8 fold
t(15;17) 136 0.15 0.15 0.18 0.18 0.20 1.3 fold
11q23 rearrangements 181 0.07 0.14 0.19 0.18 0.13 1.8 fold
Other balanced  translocations 124 0.11 0.11 0.15 0.19 0.33 3.0 fold
Balanced translocations 549 0.61 0.78 0.95 0.99 1.19 2.0 fold

Normal karyotype 1220 0.46 0.77 1.36 2.21 4.10 8.9 fold

Trisomies 188 0.07 0.05 0.10 0.40 0.82 12.4 fold
-7 / del(7q) 49 0.03 0.02 0.04 0.09 0.19 6.5 fold
del(5q) 31 0 0.005 0.007 0.08 0.49 91.3 fold***
Other monosomies 8 0.10 0.07 0.16 0.59 1.18 11.6 fold
Unbalanced aberrations 276 0.06 0.10 0.23 0.68 1.44 11.6 fold

Complex aberrant 330 0.0 0.03 0.08 0.07 0.24 24.6 -fold***

Other aberrations 180 1.78 2.92 4.77 4.77 8.67 4.9-fold

Total 2555 1.25 1.75 2.84 4.70 8.43 6.7-fold

Age group 1: 21-30 years; 2: 31-40 years, 3: 41-50 years, 4: 51-60 years, 5: 61-70 years. **ratio of the incidence of age group 1/group 5: ***ratio of the incidence of age
group 2/group 5.
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100,000 in age group 5. In the cohort with complex
aberrant karyotype (n=330) and in the cohort with
other unbalanced aberrations (n=276) the incidences
increased dramatically with higher age. In the cohort
with unbalanced aberrations the increase was 11.6-
fold from 0.1 per 100,000 in age group 1 to 1.8 per
100,000 in age group 5. Considering cohorts 3 to 5,
the sharpness of increase was similar to that of cases
with complex aberrant karyotypes. In the cohort
with complex aberrant karyotype the increase was
24.6-fold, from 0.06 per 100,000 in age group 1 to
1.44 per 100,000 in age group 5 (Table 4). 

The comparison of the different unbalanced aber-
rations showed a 6.5-fold increase in the cohort with
monosomy 7 and deletions of 7q (n=49). The cohort
with trisomies (n=188) showed a 12.4-fold increase.
The subgroup with single deletions of 5q (n=31)
showed the steepest increase (91.3-fold) from 0.0005
per 100,000 to 48.6 per 100,000 from age group 2 to
age group 5. 

Absolute incidences of complex typical and complex
untypical karyotypes

We separated the patients with complex aberrant
karyotypes (n=330) into those with complex typical
karyotypes (n=263) and those with complex untypi-
cal karyotypes (n=67). Complex typical karyotype
was defined as showing a deletion of at least one of
the following genomic regions: 5q, 7q or 17p, in addi-
tion to at least one further of the following leasions:
loss of 5q, 7q, 17, 12p, 16q, 18q or gain of 1p, 8q, 11q,
or 21q; a complex untypical karyotype was defined
by not fulfilling the definition of typical.39

The absolute incidence of complex typical kary-
otypes showed a steeper 39.6-fold increase from
0.0292 per 100,000 to 1.16 per 100,000 than that of
complex untypical karyotypes (from 0.0292 per
100,000 to 0.281 per 100,000; 9.6-fold). 

Incidence of molecular markers in the different age
groups

Table 5 shows the incidence of the molecular
markers. The most frequent molecular lesion was

represented by FLT3-LM (416/1799; 23.1%). CEPBA
mutations occurred in 17.6% (52/295), NRAS muta-
tions in 10.4% (212/2029). FLT3-TKD were identified
in 6.5% of all patients (101/1565), MLL-PTD in 5.8%
(110/1881) and KITD816 in 1.7% (24/1379). The
absolute population-based incidences for all analyzed
molecular markers increased from age group 1 to 5. 

The smallest increase was observed in the cohorts
with KITD816 (2.3-fold) and CEPBA (2.9-fold). In the
cohort with FLT3-LM the incidence was constant
over the decades (FLT3-LM: 4.7-fold). 

The highest increases were observed in the cohort
with FLT3-TKD mutations (29.4-fold), in the cohort
with NRAS (19.7-fold), and in the cohort with MLL-
PTD (17.8-fold), (age group 1: 0.3 per 100,000; age
group 5: 73 per 100,000) (Figure 4, Table 6). 

Table 5. Frequency of FLT3-LM, FLT3-TKD, MLL-PTD, NRAS,
KITD816, and CEPBA.

Molecular marker n %

FLT3-LM 416/1799 23.1
FLT3-TKD 101/1565 6.5
MLL-PTD 110/1881 5.8
NRAS 212/2029 10.4
KITD816 24/1379 1.7
CEPBA 52/295 17.6

Figure 4. Population-based incidences of the molecular markers
FLT3-LM, FLT3-TKD, MLL-PTD and NRAS in the different age groups.
The absolute incidence of the different molecular markers in AML
on the basis of German population data is shown. The y-axis
shows the absolute incidence of the respective molecular marker
in the specific age group. The different age groups are shown on
the x-axis (age group 1: 21-30 years; 2: 31-40 years, 3: 41-50
years, 4: 51-60 years, 5: 61-70 years).

Table 6. Absolute incidences of FLT3-LM, FLT3-TKD, MLL-PTD,
NRAS, KITD816, and CEPBA per 100,000 inhabitants in the differ-
ent age groups.

Age group 1 2 3 4 5 Ratio of
incidence** 

FLT3-LM (n=416) 0.35 0.47 0.71 1.15 1.64 4.7 fold 
FLT3-TKD (n=101) 0.02 0.14 0.27 0.33 0.73 29.4 fold 
MLL-PTD (n=110) 0.04 0.05 0.12 0.25 0.74 17.8 fold
NRAS (n=212) 0.04 0.04 0.28 0.39 0.82 19.7 fold
KITD816 (n=24) 0.04 0.03 0.09 0.07 0.10 2.3 fold
CEPBA (n=52) 0.44 0.46 0.62 0.38 0.13 2.9 fold

Age group 1: 21-30 years; 2: 31-40 years, 3: 41-50 years, 4: 51-60 years, 5: 61-70
years; **ratio of the incidence of age group 1/group 5.
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Discussion

The overall incidence of AML is 2.4 cases per 100,000
inhabitants per year in the USA40 and rises from 0.8 in
the first decade of life to >15 per 100,000 by the age of
75 years old.41 Indeed, 6.1% of all AML cases occur in
the first decade, whereas 33% of all cases are found in
patients over 75 years of age (SEER Cancer Statistics
Review, 1975-2001, http://seer.cancer.gov/csr/1975-2001/).
In our study the incidence of AML increased constant-
ly from 2.5 per 100,000 in age group 1 (21-30 years) to
8.7 per 100,000 in age group 5 (61-70 years). This was
comparable with the SEER data from the USA. There
the absolute incidence of AML increased from 1.2 per
100,000 inhabitants in the age group 20-24 years to 10.9
in the age group 60-64 years (SEER Cancer Statistics
Review, 1975-2001, http://seer.cancer.gov/csr/1975-2001/).
The distribution of patients with AML and balanced
aberrations is relatively even over all age groups.
Moorman et al. found 23% of all patients with this
subtype were aged 20-30 years old and 17% were
aged 70-80 years.13

The proportion of patients with balanced translo-
cations in relation to all cases in a certain age group
decreases with higher age. In a study by Mauritzson
et al. the percentage of AML patients with balanced
translocations decreased from 21% in the age group
20-49 years to 4% in the age group >75 years.42 In a
study by Preiss et al. the frequencies of the subgroups
with t(8;21), t(15;17), inv(16), and 11q23 rearrange-
ments were between 4.2%-8.3% in the age group
15-34 years and between only 0.9% and 2.6% in eld-
erly patients.43 The median age of patients with acute
promyelocytic leukemia was 42 years in contrast to
the median age of 63 years for AML in general in the
study by Mauritzson et al.,42 and 49 years in contrast
to 67 years in all patients in the study by Preiss et al.43

In contrast, unbalanced aberrations occur at a high-
er relative frequency with increasing age.9,13 The
sharpest increase was reported in the subgroup with
5q deletions.42 Our results with respect to the relative
frequency of cytogenetic subtypes confirm these
results. 

While it is well known that younger adults with
AML more frequently have balanced aberrations and
elderly patients more frequently have unbalanced
abnormalities, large studies focusing on the popula-
tion-based incidence of specific karyotype abnormal-
ities are lacking. We evaluated the population-based
age-specific incidences of the different cytogenetic
subgroups in 2555 patients with de novo AML and
secondary AML following myelodydsplastic syn-
dromes. Patients with therapy-related AML were not
included because of the influence of the drug regimen
applied for the primary tumor on the type of genetic

abnormality. Furthermore, the age at diagnosis is
influenced by different latency periods after differ-
ents drugs and by the age distribution of the primary
tumors.

The data from this study clearly indicate that the
age-dependent increase in incidence of AML substan-
tially differs between cases with balanced, normal
karyotypes, and unbalanced karyotype and suggest
that mechanisms of leukemogenesis are different and
more or less age-dependent. 

The results of our study and of others10,13,42,44 illus-
trate two different age profiles in AML from the
cytogenetic point of view. The first one is character-
ized by a rather constant incidence over lifetime and
is represented by balanced translocations. In contrast,
unbalanced aberrations and especially complex aber-
rant karyotype show a sharp increase of incidence in
older age. This is suggestive of different mechanisms
in the underlying pathogenesis of AML. 

It was also demonstrated that the absolute inci-
dence of complex typical karyotypes increases more
sharply than that of complex untypical karyoypes.
Thus, different mechanisms can be hypothesized for
these subtypes too. 

Balanced aberrations comprise translocations and
inversions.3,12,45 At least a proportion of, if not all, bal-
anced translocations of pediatric leukemias already
develop in the prenatal period. This was demonstrated
by the observation of twins developing acute
leukemias with reciprocal gene fusions, e.g. c-ALL
with TEL-AML1, after a latency of up to 14 years.2,46-48

The retrospective polymerase chain reaction analy-
ses of Guthrie cards of children with AML with
t(8;21), t(15;17), and inv(16), who had developed
leukemia with a latency of up to 12 years led to the
detection of clonotypic sequences of the respective
gene fusions AML1-ETO, PML-RARA, and CBFB-
MYH11.48,49

On the other hand, unbalanced aberrations lead to
genomic imbalances and may occur due to a variety
of mechanisms, such as sister chromatid exchange of
ring chromosomes,50 unbalanced distribution of the
chromsomes to the daughter cells,51 or incorrect
repair of DNA double strand breaks.52 These genetic
alterations seem to occur more frequently in aging
cells as aging cells are more likely to acquire such
abnormalities due to shortening of telomeres and less
efficient DNA repair capacity. 

The different biological background of AML with
balanced translocations or with complex aberrant
karyotypes is also reflected in the number of clonal
aberrations found in both subtypes: AML with a
complex aberrant karyotype is characterized by a
median number of 10 chromosomal abnormalities
(range 3-30).39 In contrast, the median number of
clonal changes in the cohort with balanced transloca-
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tions in this study was only one (range 1-11). This
can be compared to non-hematologic entities: some
tumors occurring in neonates and children, such as
retinoblastoma, require only two mutations, where-
as tumors of elderly patients, such as carcinoma of
the prostate, are thought to require 12 mutations.4,6

The transformation from adenoma to carcinoma of
the colon is accompanied by the acquisition of
increasing numbers of genetic alterations.53 In con-
trast, in AML with balanced translocations two
genetic events could be sufficient for leukemogene-
sis. This finding is in keeping with the hypothesis
model that at least two hits from different types of
mutation are needed to induce AML. Type I muta-
tions encode tyrosine kinases and increase prolifera-
tion. Type II mutations encode transcription factors
and block differentiation.21

We also found different age profiles for molecular
markers. The incidence of CEPBA and KITD816 was
nearly constant between different age groups. A lin-
ear increase, comparable to that for all AML or for
AML with a normal karyotype, was found for FLT3-
LM. In contrast, a sharp increase comparable to that
for complex aberrant karyotype was found in  FLT3-
TKD, MLL-PTD, and NRAS. Libura et al. discussed
similar molecular pathways in the pathogenesis of
FLT3 and MLL mutations.54 The age-specific distribu-
tion of the molecular markers might be due not only

to different mutational mechanisms in dependance on
age but also to age-specific changes in hematopoiesis
and to changes in the available pools of hematopoiet-
ic precursors as targets for leukemogenesis. 

Our results with respect to FLT3-LM correspond to
those of Thiede et al. who found a constant frequen-
cy independent of age.18 Neubauer et al. were also not
able to define an influence of age on the frequency of
RAS mutations in AML.32 Döhner et al. did not find a
correlation between the frequency of MLL-PTD and
age, but focused only on patients up to 60 years.35 In
our study the incidence of MLL-PTD increased in
relation to age from 0.04 per 100,000 in age group 1
to 0.74 per 100,000 in age group 5. 

In conclusion, the different age profiles of the cyto-
genetic subtypes and of the recurrent molecular
markers indicate different mechanisms of the patho-
genesis of AML and point to the need to develop dif-
ferent targeted therapeutic strategies for the different
subtypes.  

UB: principal investigator, WK, SS, TH and CS contribution to
conducting the work and interpreting results, WH: contribution to
interpreting results. All authors contributed to the design of the
study and the revision of the manuscript. Primary responsibility for
the publication and for each table and figure: UB. The authors
declare that they have no potential conflicts of interest. The authors
also thank more than 300 physicians for their confidence in our
laboratory, for having sent us samples, and for having provided us
with information on the clinical courses of their patients.

Manuscript received April 27, 2005. Accepted August 27, 2005. 

References
1. De Pinho R. The age of cancer. Nature

2000;408:248-54.
2. Greaves M. Molecular genetics, natural

history and the demise of childhood
leukaemia. European Journal of Cancer
1999;35:173-85.

3. Johansson B MFMF. Primary vs. sec-
ondary neoplasia-associated chromo-
somal abnormalities-balanced rearran-
gements vs. genomic imbalances?
Genes Chromosomes Cancer 1996;16:
155-63.

4. Knudson AG. Two genetic hits (more
or less) to cancer. Nature Rev Cancer
2001;1:157-62.

5. Lengauer C KKVB. Genetic instabilities
in human cancers. Nature  1998;396:
643-9.

6. Renan MJ. How many mutations are
required for tumorigenesis - implica-
tions from human cancer data. Mol
Carcinogenes 1993; 7:139-46.

7. Grimwade D, Walker H, Oliver F,
Wheatley K, Harrison C, Harrison G, et
al. The importance of diagnostic cyto-
genetics on outcome in AML: analysis
of 1,612 patients entered into the MRC
AML 10 trial. Blood 1998;92:2322-33.

8. Schoch C, Haferlach T. Cytogenetics in
acute myeloid leukemia. Current
Oncology Reports 2002;4:390-7.

9. Schoch C, Kern W, Krawitz P, Dugas

M, Schnittger S, Haferlach T, et al.
Dependence of age-specific incidence
of acute myeloid leukemia on karyo-
type. Blood 2001;98:3500.

10. Swansbury GJ, Lawler SD, Alimena G.
Long-term survival in acute myeloge-
nous leukemia: a second follow-up of
the Fourth International Workshop on
Chromosomes in Leukemia. Cancer
Genet Cytogenet 1994 1994;73:1-7.

11. Bloomfield CD, Herzig GP, Caligiuri
MA. Introduction: acute leukemia:
recent advances. Semin Oncol 1997;
24:1-2.

12. Mrozek K, Heinonen K, dela Chapelle
A, Bloomfield CD. Clinical significance
of cytogenetics in acute myeloid
leukemia. Semin Oncol 1997;24:17-31.

13. Moorman AV, Roman E, Willett EV,
Dovey GJ, Cartwright RA, Morgan GJ.
Karyotype and age in acute myeloid
leukemia. Are they linked? Cancer
Genet Cytogenet 2001; 126:155-161.

14. Schoch C, Schnittger S, Klaus M, Kern
W, Hiddemann W, Haferlach T. AML
with 11q23/MLL abnormalities as
defined by the WHO classification:
incidence, partner chromosomes, FAB
subtype, age distribution, and prognos-
tic impact in an unselected series of
1897 cytogenetically analyzed AML
cases. Blood 2003;102:2395-402.

15. Schoch C, Haferlach T, Haase D,
Fonatsch C, Loffler H, Schlegelberger B,
et al. Patients with de novo acute

myeloid leukaemia and complex kary-
otype aberrations show a poor progno-
sis despite intensive treatment: a study
of 90 patients. Br J Haematol 2001;
112:118-26.

16. Kottaridis PD, Gale RE, Langabeer SE,
Frew ME, Bowen DT, Linch DC.
Studies of FLT3 mutations in paired
presentation and relapse samples from
patients with acute myeloid leukemia:
implications for the role of FLT3 muta-
tions in leukemogenesis, minimal
residual disease detection, and possible
therapy with FLT3 inhibitors. Blood
2002;100:2393-8.

17. Schnittger S, Schoch C, Dugas M, Kern
W, Staib P, Wuchter C, et al. Analysis of
FLT3 length mutations in 1003 patients
with acute myeloid leukemia: correla-
tion to cytogenetics, FAB subtype, and
prognosis in the AMLCG study and
usefulness as a marker for the detection
of minimal residual disease. Blood
2002;100:59-66.

18. Thiede C, Steudel C, Mohr B, Schaich
M, Schakel U, Platzbecker U, et al.
Analysis of FLT3-activating mutations
in 979 patients with acute myeloge-
nous leukemia: association with FAB
subtypes and identification of sub-
groups with poor prognosis. Blood
2002;99:4326-35.

19. Yamamoto Y, Kiyoi H, Nakano Y,
Suzuki R, Kodera Y, Miyawaki S, et al.
Activating mutation of D835 within



U. Bacher et al.

| 1510 | haematologica/the hematology journal | 2005; 90(11)

the activation loop of FLT3 in human
hematologic malignancies. Blood
2001; 97:2434-9.

20. Yokota S, Kiyoi H, Nakao M, Iwai T,
Misawa S, Okuda T, et al. Internal tan-
dem duplication of the FLT3 gene is
preferentially seen in acute myeloid
leukemia and myelodysplastic syn-
drome among various hematological
malignancies. A study on a large series
of patients and cell lines. Leukemia
1997;11:1605-9.

21. Gilliland DG, Griffin JD. The roles of
FLT3 in hematopoiesis and leukemia.
Blood 2002;100:1532-42.

22. Schnittger S, Schoch C, Kern W,
Hiddemann W, Haferlach T. FLT3
length mutations as marker for follow-
up studies in acute myeloid leukaemia.
Acta Haematologica 2004;112:68-78.

23. Zwaan CM, Meshinchi S, Radich JP,
Veerman AJP, Huismans DR, Munske
L, et al. FLT3 internal tandem duplica-
tion in 234 children with acute
myeloid leukemia: prognostic signifi-
cance and relation to cellular drug
resistance. Blood 2003;102:2387-94.

24. Schnittger S, Kinkelin U, Schoch C,
Heinecke A, Haase D, Haferlach T, et
al. Screening for MLL tandem duplica-
tion in 387 unselected patients with
AML identify a prognostically unfa-
vorable subset of AML. Leukemia
2000; 14:796-804.

25. Beghini A, Larizza L, Cairoli R, Morra
E. c-kit activating mutations and mast
cell proliferation in human leukemia.
Blood 1998;92:701-2.

26. Longley BJ, Reguera MJ, Ma YS.
Classes of c-KIT activating mutations:
proposed mechanisms of action and
implications for disease classification
and therapy. Leuk Res 2001; 25:571-6.

27. Ning ZQ, Li J, Arceci RJ. Activating
mutations of c-kit at codon 816 confer
drug resistance in human leukemia
cells. Leuk Lymphoma 2001; 41:513-
22.

28. Frohling S, Schlenk RE, Stolze I, Bihl-
mayr J, Benner A, Kreitmeier S, et al.
CEBPA mutations in younger adults
with acute myeloid leukemia and nor-
mal cytogenetics: prognostic relevance
and analysis of cooperating mutations.
J Clin Oncol 2004;22:624-33.

29. Leroy H, Roumier C, Huyghe P, Biggio
V, Fenaux P, Preudhomme C. CEBPA
point mutations in hematological ma-
lignancies. Leukemia 2005;19:329-34.

30. Pabst T, Mueller BU, Zhang P, Radom-
ska HS, Narravula S, Schnittger S, et al.
Dominant-negative mutations of
CEBPA, encoding CCAAT/enhancer
binding protein-a (C/EBPa), in acute
myeloid leukemia. Nature Genetics
2001;27:263-70.

31. Janssen JW. RAS gene mutations in
acute and chronic myelocytic leu-
kemias, chronic myeloproliferative

disorders, and myelodysplastic syn-
dromes. Proc Natl Acad Sci USA 1987;
84:9228-332.

32. Neubauer A, Dodge RK, George SL,
Davey FR, Silver RT, Schiffer CA, et al.
Prognostic importance of mutations in
the Ras protooncogenes in de novo
acute myeloid leukemia. Blood 1994;
83:1603-11.

33. Falini B, Mecucci C, Tiacci E, Alcalay
M, Rosati R, Pasqualucci L, et al.
Cytoplasmic nucleophosmin in acute
myelogenous leukemia with a normal
karyotype. N Engl J Med 2005; 352:
254-66.

34. Kiyoi H, Naoe T, Nakano Y, Yokota S,
Minami S, Miyawaki S, et al. Pro-
gnostic implication of FLT3 and N-
RAS gene mutations in acute myeloid
leukemia. Blood 1999;93:3074-80.

35. Dohner K, Tobis K, Ulrich R, Frohling
S, Benner A, Schlenk RF, et al. Pro-
gnostic significance of partial tandem
duplications of the MLL gene in adult
patients 16 to 60 years old with acute
myeloid leukemia and normal cytoge-
netics: a study of the acute myeloid
leukemia study group Ulm. J Clin
Oncol 2002;20:3254-61.

36. Preudhomme C, Grardel N, Huyghe P,
Roumier C, Lai JL, Debotton S, et al.
Evaluation of minimal residual disease
(MRD) by competitive quantitative
PCR using IgH/TCR rearrangements
has prognostic value in adult acute
lymphoblastic-leukemia (ALL): a sin-
gle center study. Blood 2001;98:315A.

37. Bennett JM, Catovsky D, Daniel MT,
Flandrin G, Galton DA, Gralnick HR,
et al. Proposals for the classification of
the acute leukaemias. French-Amer-
ican-British (FAB) co-operative group.
Br J Haematol 1976;33:451-8.

38. Schoch C, Schnittger S, Bursch S,
Gerstner D, Hochhaus A, Berger U, et
al. Comparison of chromosome band-
ing analysis, interphase- and hyperme-
taphase-FISH, qualitative and quanti-
tative PCR for diagnosis and for fol-
low-up in chronic myeloid leukemia: a
study on 350 cases. Leukemia 2002;
16:53-9.

39. Schoch C, Kern W, Kohlmann A,
Hiddemann W, Schnittger S, Haferlach
T. Acute myeloid leukemia with a
complex aberrant karyotype is a dis-
tinct biological entity characterized by
genomic imbalances and a specific
gene expression profile. Genes
Chromosomes Cancer 2005;43:227-
38.

40. Lowenberg B, Downing JR, Burnett A.
Medical progress. Acute myeloid
leukemia. N Engl J Med 1999;341:
1051-62.

41. Head DR. Revised classification of
acute myeloid leukemia. Leukemia
1996;10:1826-31.

42. Mauritzson N, Johansson B, Albin M,

Billstrom R, Ahlgren T, Mikoczy Z, et
al. A single-center population-based
consecutive series of 1500 cytogeneti-
cally investigated adult hematological
malignancies: karyotypic features in
relation to morphology, age and gen-
der. Eur J Haematol 1999;62:95-102.

43. Preiss BS, Kerndrup GB, Schmidt KG,
Sorensen AG, Clausen NAT, Gadeberg
OV, et al. Cytogenetic findings in adult
de novo acute myeloid leukaemia. A
population-based study of 303/337
patients. Br J Haematol 2003;123:219-
34.

44. Vickers M, Jackson G, Taylor P. The
incidence of acute promyelocytic
leukemia appears constant over most
of a human lifespan, implying only
one rate limiting mutation. Leukemia
2000;14:722-6.

45. Dutrillaux B. Chromosome and gene
alterations in human cancers in rela-
tion to aging. Chromosomes Today
2000; 13:207-13.

46. Ford AM, Bennett CA, Price CM,
Bruin MC,Van Wering ER, Greaves M.
Fetal origins of the TEL-AML1 fusion
gene in identical twins with leukemia.
Proc Natl Acad Sci USA 1998; 59:4584-
8.

47. Greaves MF. Aetiology of acute
leukaemia. Lancet 1997;349:344-9.

48. Wiemels JL, Xiao ZJ, Buffler PA, Maia
AT, Ma XM, Dicks BM, et al. In utero
origin of t(8;21) AML1-ETO transloca-
tions in childhood acute myeloid
leukemia. Blood 2002;99:3801-5.

49. Mchale CM, Wiemels JL, Zhang LP,
Ma XM, Buffler PA, Feusner J, et al.
Prenatal origin of childhood acute
myeloid leukemias harboring chromo-
somal rearrangements t(15;17) and
inv(16). Blood 2003;101:4640-1.

50. Gisselsson D, Pettersson L, Hoglund
M, Heidenblad M, Gorunova L, Wie-
gant J, et al. Chromosomal breakage-
fusion-bridge events cause genetic
intratumor heterogeneity. Proc Natl
Acad Sci USA 2004;97:5357-62.

51. Nicklas RB. How cells get the right
chromosomes. Science 1997;275:632-
7.

52. Obe G, Pfeiffer P, Savage JR, Johannes
C, Goedecke W, Jeppesen P, et al.
Chromosomal aberrations: formation,
identification and distribution. Mut
Res 2002;504:17-36.

53. Vogelstein B, Fearon ER, Hamilton SR,
Kern SE, Preisinger AC, Leppert M, et
al. Genetic alterations during colorec-
tal-tumor development. N Engl J Med
1988;319:525-32.

54. Libura M, Asnafi V, Tu A, Delabesse E,
Tigaud I, Cymbalista F, et al. FLT3 and
MLL intragenic abnormalities in AML
reflect a common category of genotox-
ic stress. Blood 2003;102:2198-204.




