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Summary
Fanconi anaemia (FA), dyskeratosis congenita (DC), Diamond-Blackfan anaemia (DBA), and
Shwachman-Diamond syndrome (SDS) comprise major inherited bone marrow failure syndromes
(IBMFS). Adverse events include severe bone marrow failure (BMF), myelodysplastic syndrome
(MDS), acute myeloid leukaemia (AML), and solid tumours (ST). The natural history of FA is
well characterised; hazard rates in the other syndromes have not yet been quantified. An open
cohort was established at the National Cancer Institute (NCI) in 2002. Patients enrolled prior to
December, 2007 were followed up to December, 2008. Diagnoses were confirmed with standard
tests. Age-associated risks of adverse events were calculated. Most patients in each syndrome
survived to young adulthood. Patients with FA had earlier onset of cancers, need for stem cell
transplant, and death; followed by DC; DBA and SDS were mildest. While FA and DC patients
had markedly increased risks of cancer, AML and MDS, there were no cases of leukaemia in DBA
or SDS patients. The NCI cohort provides the first direct quantitative comparison of timing and
magnitude of cancer risk in the IBMFS. The findings demonstrate that both FA and DC are major
cancer susceptibility syndromes. The IBMFS, historically considered paediatric disorders, have
important management implications for physicians treating adult patients.
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Patients with inherited bone marrow failure syndromes (IBMFS) comprise a substantial
subset of individuals with bone marrow failure (BMF), myelodysplastic syndrome (MDS),
acute myeloid leukaemia (AML), and syndrome-specific solid tumours (ST). While we
cannot currently determine the proportion of all individuals developing these outcomes that
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can be attributed to inherited syndromes, we can, for the first time, directly compare the age
at onset, cumulative incidence, and types of these outcomes in patients with several of the
most common IBMFS. Single-centre cohorts indicated that the majority of patients with
Fanconi Anaemia [FA, Mendelian Inheritance in Man (MIM) 227650] develop early-onset
bone marrow failure, while AML, head and neck squamous cell carcinomas (HNSCC) and
gynaecological SCC increase in frequency with age (Kutler et al, 2003a; Rosenberg et al,
2003, 2007; Tamary et al, 2009). Our recent literature review suggested that patients with
dyskeratosis congenita (DC, MIM 30500, 127550, 224230) are at risk of similar adverse
outcomes as patients with FA, but did not address the hazard rates of these events in DC
(Alter et al, 2009). In contrast, patients with Diamond-Blackfan Anaemia (DBA, MIM
106550), Shwachman-Diamond syndrome (SDS, MIM 260400) and severe congenital
neutropenia (SCN, MIM 202700) are primarily at risk of leukaemia (Rosenberg et al, 2006;
Alter, 2007; Vlachos et al, 2008; Alter et al, 2009), and the age-specific rates of these events
have not been examined.

To better understand the age dependence of the long-term outcomes for patients with an
IBMFS, we established a retrospective/prospective cohort study at the National Cancer
Institute (NCI), the ‘NCI IBMFS Cohort,’ focusing on patients with confirmed diagnoses of
specific IBMFS. This cohort provides the first single centre direct comparison of the major
IBMFS. We now quantify for the first time that patients with FA have the earliest and
highest risks, and also that patients with DC have risks that are nearly as high but which
occur at older ages. In contrast, patients with DBA or SDS may have lower and later risks
than suggested by literature case reports.

Methods
The NCI IBMFS cohort is an open retrospective/prospective cohort, established in January
2002, with approval from the NCI Institutional Review Board. Data reported here include
individuals enrolled prior to December, 2007, with follow-up through to December, 2008.
The protocol, NCI 02-C-0052 [NCT00056121] (http://www.marrowfailure.cancer.gov), was
advertised by mailing to paediatric haematologists/oncologists, medical geneticists, and
IBMFS family support groups. Voluntary enrollment by the family contact (usually a parent
or proband; a proxy was used for deceased patients) began with a telephone interview.
Discussion at a team meeting determined whether the proband met the criteria for the
suspected syndrome or needed further testing. A Family History Questionnaire provided
medical information about relatives. Written informed consent and medical record release
forms were signed. Individual Information Questionnaires (medical history, cancer risk
factors, etc.) were sent to the proband (or proxy) and first-degree relatives. Biannual follow-
up was obtained on all participants. Cancer diagnoses were confirmed by medical record
review. All participants were enrolled in the ‘Field Cohort.’ Those who visited the National
Institutes of Health (NIH) Warren G. Magnuson Clinical Center were reassigned to the
‘Clinic Cohort.’ Families in the Clinic Cohort visited the NIH for 5 d, for thorough review
of medical histories and physical examinations by haematologists and multiple
subspecialists, as well as aetiologically-focused laboratory tests.

Participants were assigned to a specific syndrome according to standard criteria and
confirmed by syndrome-specific tests where available (Alter, 2003). FA was diagnosed by
abnormal chromosome breakage in peripheral blood lymphocytes, using both diepoxybutane
and mitomycin C (Cervenka et al, 1981; Auerbach et al, 1989). Skin fibroblasts were
analysed when lymphocytes were normal but FA remained highly suspect (seeking evidence
for haematopoietic mosaicism) (Alter et al, 2005). FA complementation group analyses
were performed using retroviral correction (Chandra et al, 2005).
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The clinical diagnosis of DC was made in individuals with components of the diagnostic
triad (nail dystrophy, reticular pigmentation, and oral leucoplakia), or those with at least one
other typical physical finding (Vulliamy et al, 2006), in association with marrow failure. We
expanded the inclusion criteria to patients with marrow failure, any of the above physical
parameters, and blood leucocyte subset telomere lengths below the first percentile of
normal-for-age (Alter et al, 2007a). We also classified as ‘DC’ probands and healthy family
members who had pathogenic mutations in known DC genes, such as DKC1, TERC, TERT,
and TINF2, including those with none of the typical physical findings (Savage & Alter,
2009).

The diagnosis of DBA was made in those with macrocytic pure red cell aplasia, and
supported by finding increased red cell adenosine deaminase (Glader & Backer, 1988).
Patients with SDS had neutropenia and exocrine pancreatic insufficiency, confirmed by
detection of sub-normal levels of serum pancreatic trypsinogen and isoamylase (Ip et al,
2002).

All living affected individuals were specifically screened for all of the major IBMFS;
genotyping was performed when possible (Ameziane et al, 2008; Moghrabi et al, 2009).
Affected individuals who had not received a transplant had bone marrow aspirations,
biopsies and cytogenetic studies. Individuals who could not be classified as having a specific
IBMFS were designated as ‘Others.’ Categories of ‘DC-like,’ ‘FA-like,’ and ‘SDS-like’
were used for individuals whose features initially suggested DC, FA, or SDS but who failed
to meet diagnostic criteria. Severe bone marrow failure was defined as impaired
haematopoiesis sufficiently severe to lead to bone marrow transplant (BMT) or death
(Rosenberg et al, 2003); MDS required severe pancytopenia and dyspoietic morphology,
with or without a cytogenetic clone (Alter et al, 2000).

Analyses used Microsoft Excel 11.0 (Microsoft, Redmond, WA, USA), Stata 10.1
(StataCorp, College Station, TX, USA), and MATLAB 2008b software (The MathWorks,
Natick, MA, USA). The Kaplan-Meier product limit estimator was used to calculate
actuarial survival probabilities by age and cumulative incidences in the absence of
competing risks; subjects were censored at death (Kaplan & Meier, 1958). Subgroup
survivals were compared using the log-rank test for equality of survivor functions. Cause-
specific hazards and cumulative incidence curves accounting for competing risks were
calculated as described previously (Rosenberg et al, 2003). The observed number of cancers
was compared with the expected number (O/E ratio), based on general population incidence
data from the Surveillance, Epidemiology, and End Results (SEER) Program, adjusting for
age, sex, race, and birth cohort (Ries et al, 2008). Sex ratios were examined using the
binomial test of comparison with a male:female ratio of 1:1. Statistical tests were 2-sided,
and P-values ≤0·05 were considered significant.

Results
FA, DC, DBA, and SDS were the major rare syndromes in our cohort (Table I); a small
number of patients had thrombocytopenia absent radii (TAR, MIM 274000), SCN, or other
conditions. More than 40% of the affected subjects were seen at the Clinical Center. A total
of 248 affected individuals from 184 families were enrolled through 2007. After extensive
investigation, 42 persons (17%) from 35 families were determined to lack sufficient
evidence for any of the specified syndromes; final classification awaits discovery of new
IBMFS genes. Excesses of females with FA and males with DC were statistically
significant. We accrued 5205 person-years of observation (1384, 1195, 1449 and 274
person-years for FA, DC, DBA, SDS, respectively, and 1 803 for other diagnoses). The
male:female ratio in FA was 0·5:1, and in DC was 2·8:1, both significantly skewed from the
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expectation of 1:1 for a primarily autosomal recessive disorder (FA), or a disorder with a
large component of autosomal dominant and recessive patients (DC). These aberrations may
be due to the relatively small numbers of patients in these categories. Most participants were
non-Hispanic whites. More than 60% of the patients in each group were alive at the time of
analysis; the highest crude death rates were approximately 40% in those with FA and DC.
Leukaemia was documented in patients with FA, DC, and TAR; MDS in FA and DC; and
solid tumours in FA, DC, and DBA. Severe bone marrow failure occurred in 32% of FA and
22% of DC patients, and severe anaemia (leading to transplant or death from complications)
in 6% of DBA. BMT was provided in 30% of the FA and 20% of the DC patients, both prior
to (14 FA, 5 DC patients) and following enrollment (6 FA and 7 DC patients); indications
were severe BMF, leukaemia, or MDS.

Thirty-two (13%) of the affected individuals in the study had died from their syndrome prior
to being enrolled by their proxy. These included primarily siblings in the FA cohort, and
siblings or parents in the DC and DBA cohorts. There were 16 patients with FA, of whom
two had died from AML, five from bone marrow failure, two from MDS, three from cancer
(tongue, brain, vulva) and four following BMT (two for AML, two for bone marrow
failure). Among 11 DC patients, three died from bone marrow failure, three had cancer
(cervical, tongue, and lymphoma), and five died following transplantation (one AML, four
bone marrow failure); three of the 11 had pulmonary fibrosis. Two patients with DBA died
from cancer (lung and colon), one died following transplantation, and one died from
complications of transfusion-related iron overload.

Tumours and leukaemia were reported in patients with FA, DC, and DBA, but not SDS
(Table II), including four cases of AML in FA and two in DC, and 12, five, and three solid
tumours which occurred in patients with FA, DC and DBA, respectively, who had not been
transplanted. The tumours were primarily HNSCC and gynaecological SCC. In addition, one
FA patient developed independent primary SCC of the vulva, tongue, and scalp, starting 13
years after transplantation for marrow failure. Five FA and four DC patients had multiple
cancers, or tumours plus MDS. Twelve of the malignancies in FA were prevalent, three were
incidental, and four of the five who were alive with prevalent cancers at enrollment
progressed or recurred during follow-up. All seven of the cancers in DC were prevalent, two
of these patients were alive at enrollment; one with AML subsequently died following bone
marrow transplantation, and one with HNSCC died from bone marrow failure.

Despite small absolute numbers of cancers, the O/E ratios were extremely high, due to the
very young age at diagnosis for cancers usually seen in older adults (Table II). The O/E (fold
increase) for all sites combined was significantly elevated in FA [39-fold, 95% confidence
interval (CI) 22–63] and DC (11-fold, 95% CI 4–23). The respective O/E for tumours were
37-fold (95% CI 19–65) and eight-fold (95% CI 2–20). The substantially increased HNSCC
and AML risks were of similar magnitude in FA and DC, 831 and 311 in FA versus 1154
and 196 in DC. Elevated O/E ratios, which were unique to FA, included vulvar cancer
(2098-fold) and brain tumours (64-fold). The similar cancer types and elevated O/E ratios in
FA and DC were distinct from those in DBA. The two cases of lung cancer in DBA patients
had a significant O/E (23-fold), but were in people in one family who both smoked, and thus
might have a non-DBA aetiology. MDS had extremely high O/E in FA and DC, at 4910-fold
and 2663-fold, respectively. No MDS, AML, or solid tumours occurred in SDS. In addition,
the crude rate of MDS in DBA was significantly lower than in FA (exact P = 0·003).
Although other comparisons were not significant, the statistical power was limited.

Cause-specific hazards and cumulative incidence curves are shown in Fig 1 for the major
adverse events in the NCI FA and DC cohorts, and for combined data from other FA cohorts
from which we have primary data (Rosenberg et al, 2003, 2007; Tamary et al, 2009). The
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bone marrow failure hazard rate peaked in childhood by age 10 years at c.5% per year in all
FA cohorts, decreased in early adulthood, and then appeared to rise again after 30 years of
age. The marrow failure hazard rate in the NCI DC cohort was constant at c.1% per year
throughout childhood, and then increased dramatically throughout adulthood (with
substantial uncertainty in these point estimates). Despite these differences in age-at–onset,
the cumulative incidence of severe bone marrow failure was c.50% by age 50 years in both
FA and DC.

The hazard rates for AML were very low during childhood in FA and DC, increasing during
teen and early adult years in FA, and at older ages in DC. The cumulative incidences of
AML were c.10% by 50 years of age in both syndromes. The hazard rate for solid tumours
in FA rose slowly initially, and then increased sharply, reaching c.10% by age 40 years; the
hazard rate in DC was similar to FA until age 30 years, with limited follow-up available
thereafter. The cumulative incidence of solid tumours was 20–30% in both syndromes by 50
years of age.

MDS is not a competing risk for bone marrow failure or AML, and was thus analysed
separately (Fig 2). The FA-related MDS annual hazard rate was c.1%. The hazard rate for
MDS appeared to increase more quickly with age in DC versus FA. The cumulative
incidence of MDS in FA was 40% by age 50 years, and around 30% in DC. Despite wide
confidence intervals due to small numbers, these data suggest that the age-specific bone
marrow failure and MDS hazard rates differed between FA and DC, although the cumulative
incidences were similar by 50 years of age (Figs 1 and 2, respectively).

Figure 3 compares the overall, cancer-free, and bone marrow failure-free survival rates
among the four major IBMFS. The median overall survival was 33 years of age in FA, 43 in
DC, 58 in DBA, and not reached in SDS. Despite the relatively small numbers of cases in
these categories, which could have led to these results by chance, the differences were
highly statistically significant (P < 0·001). Cancer developed at a younger age in FA, with
DC older and DBA oldest; the respective medians were 34, 44, and 55 years, also highly
significant (P < 0·001). The time free from severe bone marrow failure was not significantly
different in FA and DC (respective median ages of 33 and 45 years, P = 0·08), and
significantly shorter than in DBA or SDS (P < 0·001). Patients with FA had the earliest
onset of all the major complications, followed by DC, while DBA and SDS developed
adverse events at relatively older ages.

Our cohort provides the first age-specific correlations between specific genotypes and
outcomes, as shown in Table III and Fig 4. The two patients with BRCA2 (FANCD1) had
very short survival (Alter et al, 2007b), while those with FANCA survived the longest
(median c.40 years); FANCC and Other/unknown c.30 years (P < 0·01). Cancer was
diagnosed at very young ages in BRCA2 (FANCD1); FANCC and Other/unknown had
median ages of c.30 years, while the median for FANCA was >40 years (P < 0·001 for
FANCA vs. FANCC). The age at development of severe bone marrow failure was slightly
earlier in those with FANCC than FANCA. These genotype/outcome associations in FA are
similar to those reported previously from the International Fanconi Anaemia Registry
(IFAR) (Kutler et al, 2003b).

For DC, the Unknown and DKC1 genotypes had the shortest overall survival (median ages
25 and 30 years) compared with TERT and TINF2 (c.45 years), and TERC (>50 years); these
trends were significant (P < 0·05). Cancer developed at an older age in those with TERC and
TINF2 mutations (P < 0·01), although the numbers in each genotype were small. Bone
marrow failure appeared earliest in those with Unknown or DKC1 mutations, followed by
mutated TINF2, TERT, and TERC (P < 0·001).
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Discussion
The NCI IBMFS cohort provides the first quantitative and age-specific comparison of
survival and risks of severe bone marrow failure and cancer in the major IBMFS. Our data
are strongest for FA and DC. In this study, we noted both surprising similarities and
differences. In FA, the highest risks were for MDS, and squamous cell cancers of the
oesophagus, vulva and head/neck, followed by AML; in DC, the most frequent adverse
events – MDS, HNSCC, and AML – overlapped with those for FA. Although FA was
unique in displaying an early childhood peak in the hazard rate of severe bone marrow
failure, the corresponding cumulative incidences climbed to around 50% by 50 years of age
in both FA and DC. Similarly, in both syndromes, the cumulative incidence reached 20–
30% for solid tumours (age 50 years), and 10% for AML (age 30–40 years). In contrast, we
did not observe AML in either DBA or SDS. In DBA, the O/E ratio for AML was zero (95%
CI, 0 to 181). Our 63 DBA patients permitted detection of an O/E ratio >7, suggesting that
the rate of AML is significantly lower in DBA than in FA, and also lower than might be
inferred from DBA case reports (Vlachos et al, 2008). The lack of AML in our small SDS
cohort may be due to insufficient statistical power, because cases have been reported in
another SDS cohort (Rosenberg et al, 2006).

The experience of DC patients enrolled in our study is striking in suggesting that DC closely
resembles FA in both the rates and types of severe adverse events. While the statistical
uncertainties in the FA and DC point estimates were similarly large, due to the
comparatively small numbers of patients and events, the qualitative results are statistically
significant and clinically important. Our prospective data, together with our synthesis of
DC-related cancers reported in literature cases (Alter et al, 2009), strongly suggest that FA
and DC have very similar – albeit temporally different – neoplastic risks, perhaps related to
abnormal DNA repair via defects in the FA or telomere biology pathways.

Our cohort also provides the first survival data in DC, with a median age of 42 years, which
is 10 years older than the median of 33 in FA in our cohort (P = 0·08). In our comparison of
the IBMFS syndromes, patients with FA had the shortest overall survival, and earliest
marrow failure and cancer, followed in order by DC, DBA and SDS. In FA, the overall
survival did not differ by gender, while in DC females (the minority) had a longer survival
overall than males (data not shown), This may in part explain the better overall survival of
patients with DC compared with those with FA. However, patients with FA developed
cancer earlier than those with DC, independent of gender. We also identified specific
deleterious genotypes that appear to produce adverse events later in life (FANCA in FA;
TERC and TERT in DC). These individuals may also lack characteristic physical findings;
hence, they are more likely to reach adulthood, when the first syndrome-related
manifestation may be cancer without the risk factors typical of the general population.

A key strength of our multi-syndrome study design is that it enables the first direct
comparison of all of the IBMFS in a single cohort, evaluated by the same investigators,
specialty consultants, laboratory tests, and outcome analyses. Also, possible syndrome
misclassification should be minimal, because all participants were examined by the same
team using a standardised protocol, carefully-specified diagnostic criteria and highly
sensitive and specific tests.

There are several possible limitations inherent in our design. Biased referral or volunteerism
among probands with prevalent cancer is a genuine concern, given our cancer-specific
focus. However, the similarity between the NCI FA Cohort and other FA cohorts not based
at cancer centres (described below), argues against a ‘cancer’ bias in our series. Families
with mild features may be under-represented, which would produce over-estimation of O/E
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ratios. Left truncation due to survival bias could produce an under-estimation of early risks.
Our cohort is more likely to have enrolled adults than those based at children’s hospitals.

Despite these potential limitations, the data in the NCI FA cohort were remarkably
consistent with other FA cohorts described by us and others, including the North American
Survey (NAS) (Rosenberg et al, 2003) and German Fanconi Anaemia Registry (GEFA)
(Rosenberg et al, 2007) (national) and Israeli (national and retrospective) (Tamary et al,
2010) and the IFAR (prospective) (Kutler et al, 2003b). Indeed, the high cause-specific
hazards with similar age-associated contours, and cumulative incidence of bone marrow
failure, AML, solid tumours, and MDS were remarkably concordant among all FA cohorts,
as were the types of neoplasms, and the very large O/E ratios. This consistency strongly
suggests that the design of the NCI IBMFS cohort would lead to valid data in the non-FA
disorders, since the recruitment methods and follow-up were the same. Of course, this
suggestion cannot be verified until cohorts of patients with DC and other IBMFS from sites
other than the NCI are analysed; however, we are very encouraged by the similarity of the
findings for FA.

Assuming that our results are generalizable, a key observation is that more than 80% of
patients in each syndrome survived past 20 years of age. This highlights the importance of
considering an IBMFS diagnosis in non-paediatric patients with bone marrow failure, AML,
MDS, or syndrome-specific solid tumours, occurring at younger-than-usual ages in the
absence of conventional risk factors. Although these syndromes have historically been
considered within the purview of paediatricians, the majority of patients are likely to survive
into, or first be recognised as having a syndrome, during adulthood. Therefore, it would be
valuable for physicians to know that syndrome-specific diagnostic tests exist, understand the
limitations of these tests, and refer appropriate patients to geneticists for evaluation,
including testing for syndrome-specific germline mutations. Family history may be
uninformative in recessive disorders or patients with de novo mutations and thus a negative
family history should not deter consideration of an IBMFS, when the likely aetiology is not
otherwise clear.

Recognition of a genetic syndrome such as FA or DC has major implications for
management, prognosis, and counselling of the affected individuals and their families, as
well as in the selection of unaffected (possibly asymptomatic) related donors for stem cell
transplantation. Improvements in molecular diagnostics and in syndrome-related survival
due to bone marrow transplantation for marrow failure and more effective therapy of
childhood leukaemia have created the need for providers of adult health care to incorporate
new genomic concepts and information into their clinical practice. The IBMFS are no longer
the exclusive domain of paediatricians.
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Fig 1.
Cumulative incidence and annual hazard rate of competing adverse events by age in patients
with Fanconi Anaemia (FA) or Dyskeratosis congenita (DC). Adverse events are severe
bone marrow failure (BMF, blue), leukaemia (AML, black), or solid tumours (ST, red). A
and D, NCI FA cohort, N = 66. B and E, combined results of the NCI FA cohort with three
previously published cohorts: NAS, North American Survey, N = 145; GEFA, German
Fanconi Anaemia Registry, N = 181; ISFAR, Israeli Fanconi Anaemia Registry, N = 66
(Rosenberg et al, 2003, 2007; Tamary et al, 2009). C and F, NCI DC cohort, N = 50. A–C,
cumulative incidence by age (cumulative percentage experiencing each event as initial cause
of failure) and 95% confidence intervals (CI) (shaded areas). D–F, annual hazard rates
(incidence rate per year among subjects who are still susceptible) and 95% CI (shaded
areas).
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Fig 2.
Cumulative incidence and annual hazard rate of myelodysplastic syndrome by age in
patients with Fanconi Anaemia (FA) or Dyskeratosis congenita (DC). A and D, NCI FA
cohort. B and E, combined results of the NCI FA cohort with the three previously published
cohorts. C and F, NCI DC cohort. A–C, cumulative incidence by age and 95% CIs. D–F,
annual hazard rates and 95% confidence intervals. B and E, red, ISFAR; blue, NAS; purple,
GEFA; green NCI; black, combined FA.
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Fig 3.
Survival curves according to syndrome. A, probability of overall survival. B, probability of
survival free of cancer. C, probability of survival free of severe bone marrow failure. Green,
Fanconi anaemia; red, dyskeratosis congenita; blue, Diamond-Blackfan anaemia; maroon,
Shwachman-Diamond syndrome. Numbers in each syndrome are provided in Table I.
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Fig 4.
Survival curves according to genotype within FA and DC. A and D, probability of overall
survival. B and E, probability of survival free of cancer. C and F, probability of survival free
of severe bone marrow failure. A–C, FA genotypes. Green, FANCA; red, FANCC; blue,
BRCA2 (FANCD1); maroon, Other or unknown. D–F, DC genotypes. Green, DKC1; red,
TERC; blue, TERT; maroon, TINF2; black, unknown. Numbers in each genotype are
provided in Table III.
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