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Available evidence suggests that the incidence of leukemia and lymphoma tends to be higher
in highly developed regions of the world and among Whites in the United States. Temporal
trends in incidence are dynamic and multifactorial; for instance, the incidence of non-
Hodgkin’s lymphoma increased around the turn of the century, in part because of the ac-
quired immune deficiency syndrome (AIDS) epidemic. Most leukemias and lymphomas are
sporadic and the specific etiology remains elusive. Still, research shows that these malignan-
cies often develop in the context of genetic abnormalities, immunosuppression, and exposure
to risk factors like ionizing radiation, carcinogenic chemicals, and oncogenic viruses. The
prognosis varies by subtype, with poorer survival outcomes for acute leukemias among
adults, and more favorable outcomes for Hodgkin’s lymphoma. At a time when specific
prevention efforts targeting these malignancies are nonexistent, there is a great need to
ensure equitable access to diagnostic services and treatments worldwide.
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ematopoiesis is the highly regulated pro-
H cess by which stem cells differentiate and
mature into erythrocytes, megakaryocytes, and
immune cells of myeloid, lymphoid, or mono-
cytic lineage in bone marrow or lymphatic
tissues. Genetic errors, such as reciprocal chro-
mosomal translocations, chromosomal deletions,
point mutations, and epigenetic alterations, can
arrest the maturation of stem cells across differ-
ent stages of hematopoiesis, giving rise to the
uncontrolled proliferation of immature, leuke-
mic immune cells. Leukemia refers to the clonal

expansion of leukemic cells in the bone marrow,
classically resulting in elevated numbers of cells
of the affected lineage in circulating blood and,
with certain lymphoid malignancies, abnormal
cellular proliferation in lymphatic tissue. Lym-
phomas are neoplasms of well-differentiated B
and T lymphocytes, which typically present as
malignant masses in lymphatic tissue. Leuke-
mias are generally classified into subtypes de-
fined by cell lineage (lymphocytic or myeloid)
and stage of maturation arrest (acute or chron-
ic). Mature lymphoid neoplasms are classified
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broadly into three groups: mature B-cell neo-
plasms, mature T- or natural killer (NK)-cell
neoplasms, and Hodgkin’s lymphoma (HL).
Collectively, B- and T/NK-cell neoplasms com-
prise non-Hodgkin’s lymphomas (NHLs), a het-
erogeneous group of more than 60 subtypes. HL
arises from B cells, but is distinguished from
NHL morphologically by the presence of
Reed-Sternberg clonal tumor cells, which are
large and often multinucleated.

In this review, we discuss the epidemiology
and etiology of leukemia (overall and by sub-
type), NHL, and HL. Our discussion emphasizes
racial/ethnic and age-related disparities in dis-
ease burden, as illustrated in part by Figure 1
(patterns of disease incidence) and Figure 2
(patterns of 5-yr relative survival). It should
be noted that the World Health Organization
(WHO) classification for hematopoietic neo-
plasms is based on cell of origin, and some forms
ofleukemia and lymphomas are thus considered
different presentations of the same disease. Ex-
amples include chronic lymphocytic leukemia
and small cell lymphoma (a form of mature
B-cell lymphoma; CLL/SLL), and acute lympho-
cytic leukemia and acute precursor B- and T-cell
lymphoblastic leukemia/lymphoma (ALL/LBL).
Clinically, CLL/SLL is considered a lymphoma.
However, population-based cancer surveillance
programs typically count CLL/SLL cases as ei-
ther leukemias or lymphomas depending on
whether the cancer cells were found in the
bone marrow, blood, or lymph nodes. Here we
present CLL/SLL and ALL/LBL as primarily
leukemias, recognizing the overlapping classifi-
cations.

GLOBAL EPIDEMIOLOGY OF LEUKEMIA

The World Health Organization’s International
Agency for Research on Cancer (IARC) produc-
es global estimates for all cancers contained in
the GLOBOCAN database, using data from
mostly high-quality population-based cancer
registries worldwide. The Institute for Health
Metrics and Evaluation’s Global Burden of Dis-
ease (GBD) study also produces estimates
through modeling techniques that incorporate
data from numerous additional sources, includ-

ing lower-quality cancer registries in countries
that are disproportionately low and middle
income.

According to GLOBOCAN, leukemia was
the 15th most commonly diagnosed cancer and
11th leading cause of cancer mortality world-
wide in 2018, accounting for 437,033 incident
cancer cases and 309,006 cancer deaths. Global-
ly, the leukemia disease burden is higher among
males than females. In 2018, the age-standard-
ized incidence rate for males was 6.1 per 100,000
compared to 4.3 per 100,000 for females. Mor-
tality was also higher in males (4.2 per 100,000)
than females (2.8 per 100,000) (Bray et al. 2018).
The age distribution of chronic leukemia is gen-
erally unimodal, with incidence rates that tend to
increase with age. ALL and acute myeloid leuke-
mia (AML), which are important diseases in
childhood, accordingly have bimodal age distri-
butions. By GBD estimates, the total number of
leukemia cases globally increased by 26% from
2005 to 2015, and population growth and aging
accounted for all but 3% of this (Fitzmaurice
etal. 2017).

The geographic distribution of leukemia
burden is patterned by country-level develop-
ment, with age-standardized incidence, and mor-
tality higher in more developed countries. The
IARC classifies 185 countries in the GLO-
BOCAN database according to the human de-
velopment index (HDI), a composite measure of
life expectancy, education, and standard of liv-
ing. In 2018, incidence in high/very high HDI
countries substantially exceeded that of low/me-
dium HDI countries (7.5 vs. 4.0 per 100,000 for
males; 5.3 vs. 3.0 per 100,000 for females). The
same was true for mortality in high/very high
HDI countries and low/medium countries (4.5
vs. 3.2 per 100,000 for males; 2.9 vs. 2.4 per
100,000 for females) (Bray et al. 2018).

EPIDEMIOLOGY OF LEUKEMIA IN THE
UNITED STATES

In the United States, national trends in leukemia
incidence and mortality are monitored using
data from state population-based cancer regis-
tries, namely through the Surveillance, Epide-
miology, and End Results program (SEER),
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Figure 2. Five-year relative survival proportions for leukemia and lymphoma by race/ethnicity and age, 2008—
2014. Data Source: Surveillance, Epidemiology, and End Results Program (SEER; http://seer.cancer.gov/
registries/terms.html) 18 areas (San Francisco [SF], Connecticut, Detroit, Hawaii, Iowa, New Mexico, Seattle,
Utah, Atlanta [ATL], San Josel8 areas Monterey [STM], Los Angeles [LA], Alaska Native Registry, Rural Georgia
[RG], California excluding SF/SJM/LA, Kentucky, Louisiana, New Jersey and Georgia excluding ATL/RG). The
5-yr survival proportions are calculated using monthly intervals. Cancer sites are defined using the SEER Site
Recode ICD-O-3/World Health Organization (WH) 2008 Definition.

and the National Center for Health Statistics.
SEER contains high-quality data from 20 re-
gions of the United States, covering 34% of the
population. In 2018, leukemia, including CLL,
was the 10th most incident cancer in the United
States overall, and the seventh leading cause of

cancer death. There were an estimated 60,300
incident cases, accounting for 4% of cancer di-
agnoses in males and 3% in females. Leukemia
accounts for 29% of all childhood cancers. The
estimated 24,370 leukemia deaths accounted for
4% of cancer deaths among both males and fe-
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males. Since 2006, the incidence of leukemia has
increased by an average of 0.6% per year, where-
as mortality has decreased by an annual average
of 1.5% (Siegel et al. 2018).

Opverall age-adjusted leukemia incidence in
the United States tends to be highest in Whites
(15 per 100,000), followed by Blacks (11 per
100,000), and Hispanics (10.6 per 100,000). In-
cidence among Asian/Pacific Islanders (API; 7.8
per 100,000) and American Indian/Alaskan Na-
tives (AIAN; 8.3 per 100,000) is lower by com-
parison. Similar racial and ethnic patterns hold
for age-adjusted mortality rates, which are also
higher for Whites (7 per 100,000), Blacks (5.6
per 100,000), and Hispanics (4.8 per 100,000)
than API (3.8 per 100,000) and AIAN (3.3 per
100,000). Although incidence and mortality
rates are highest among Whites, survival is poor-
est for Black patients across age strata. Five-year
relative survival for patients of <65 yr of age at
diagnosis is 73% for Whites and 63% for Blacks.
For ages 65 and older, 5-yr relative survival is
50% for Whites and 43% for Blacks (Noone et al.
2017). Importantly, racial/ethnic patterns in leu-
kemia incidence, mortality, and survival vary
widely by subtype, as discussed in the sections
that follow.

OVERVIEW OF LEUKEMIA RISK FACTORS

Among those exposures most consistently iden-
tified as risk factors for leukemia are radiation
(therapeutic, occupational, and wartime-relat-
ed), chemotherapy, family history, genetic syn-
dromes and abnormalities, chemical exposures
(e.g., residential and occupational), and lifestyle
factors like smoking. Although some exposures
have been associated with specific leukemias, the
most notable risk factors have an impact on sev-
eral subtypes. For example, high doses of ioniz-
ing atomic bomb radiation among residents of
Japan has been associated with increased mor-
tality from all non-CLL leukemias independent-
ly (ALL, AML, and CML) (Preston et al. 1994;
Richardson et al. 2009; Hsu et al. 2013). Risk of
any non-CLL leukemia has been attributed to
ionizing radiation exposure in nuclear workers
and radiologists prior to 1950 (Mohan et al.
2003; Yoshinaga et al. 2004; Metz-Flamant

et al. 2012) and to therapeutic radiation expo-
sure in patients with primary pelvic cancers
(Boice et al. 1987; Wright et al. 2010) or benign
disorders like cervical polyps and endometrial
hyperplasia (Sakata et al. 2012). Occupational
exposure to formaldehyde, a chemical used in
many building materials, household products,
and industrial disinfectants, has demonstrated
particularly strong associations with myeloid
leukemias (Beane Freeman et al. 2009; Zhang
et al. 2009). The mechanisms by which risk fac-
tors shared across leukemias promote oncogenic
processes likely exhibit commonalities, although
detailed discussion of such mechanisms is be-
yond the scope of this review.

PEDIATRIC LEUKEMIAS

Almost all leukemias in the pediatric population
are acute types. ALL is the most commonly di-
agnosed childhood cancer worldwide. It ac-
counts for ~75% of leukemia cases in children
of <15 yr of age, with a peak incidence rate of 7.8
per 100,000 among children 2-4 yr of age in the
United States (Noone et al. 2017). Unlike other
leukemias, which are more highly incident
among Whites, the incidence of pediatric ALL
is higher for Hispanics than for other racial and
ethnic groups. For Hispanic children of <20 yr
of age, ALL incidence was 4.3 per 100,000 in the
United States from 2001 to 2014, compared to
3.4 for White, 3.0 for AIAN, 3.2 for API, and 1.9
for Black children (Siegel et al. 2017). These rates
have largely remained stable since 2008. AML is
the second most common hematologic malig-
nancy in children, with peak incidence in the
pediatric population occurring in the first year
of life.

The causes of leukemia in pediatric patients
remain elusive. Several genetic syndromes and
immune disorders are associated with both ALL
and AML risk, although most cases are not fa-
milial. These include Down syndrome (DS), Li-
Fraumeni syndrome, neurofibromatosis, DNA
repair deficiency syndromes like Fanconi ane-
mia and Bloom syndrome, and rare inherited
bone marrow failure syndromes like Kostmann
syndrome, Diamond-Blackfan anemia, dysker-
atosis congenita, and Schwachman-Diamond
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syndrome (Alter 2007; Owen et al. 2008). Ap-
proximately 2.1% of individuals with DS de-
velop leukemia by the age of 5, and 2.7% by
age 30. Incidence of both ALL and AML among
individuals with DS is more than 20-fold that
expected in the general population. The magni-
tude of DS-associated risk for AML is much
higher than that for ALL in children of <5 yr
of age (short interest ratio (SIR) =154 vs. SIR
=41), but slightly higher for ALL compared to
AML among children and young adults 5-30 yr
of age (SIR=12 vs. SIR = 10) (Hasle et al. 2000).

Pediatric leukemia is also associated with
certain therapeutic exposures, such as chemo-
therapy with alkylating agents and topoisomer-
ase Il inhibitors for primary cancers (Hijiya et al.
2009); diagnostic exposures such as ionizing ra-
diation from CT scans (Pearce et al. 2012); and
organ transplantation, which may be related to
iatrogenic immunosuppression and exposure to
oncogenic viruses (Yanik et al. 2017). Several
recent studies indicate that environmental expo-
sure to benzene (e.g., via proximity to automo-
bile traffic and factories), elevates AML risk in
children (Honoré et al. 2015; Janitz et al. 2017).

Some studies indicate that early immune
stimulation (e.g., via exposure to infection)
may be protective against ALL (Rudant et al.
2015; Hwee et al. 2018). Using data pooled
across 11 studies from the Childhood Leukemia
International Consortium, Rudant et al. (2015)
reported a 23% reduction in risk of ALL among
children who attended day care (a proxy for im-
mune stimulation) in the first year of life, with a
trend for lower risks at younger start dates. Sev-
eral important hypotheses articulate an infec-
tious etiology of ALL. Greaves’ delayed-infection
hypothesis, first outlined in 1988, posits that de-
layed (e.g., postinfancy) exposure to common
infectious agents, for which the immune system
is unprepared, elicits an abnormal immune re-
sponse that triggers ALL (Greaves 1988, 2006).
In his model, an initiating genetic event in utero
creates a covert preleukemic clone that, upon a
second postnatal genetic “hit,” progresses to
overt leukemia (Greaves 2006). By Kinlen’s pop-
ulation-mixing hypothesis, also outlined in 1988,
childhood leukemia is a rare response to a com-
mon, unidentified infection that occurs when an

infected population “mixes” with a susceptible,
nonimmune population (e.g., urban-rural mix-
ing) (Kinlen 1988, 2012). The adrenal hypothe-
sis, more recently proposed by Schmiegelow et
al. (2008) postulates that early infection induces
the hypothalamus—-pituitary-adrenal axis to
increase plasma cortisol levels, which may
eliminate leukemic and preleukemic cells, and
reduces risk of leukemogenesis by suppressing
proinflammatory responses. Importantly, not all
studies support an infectious etiology of ALL.
Designing epidemiologic studies to evaluate
these hypotheses is challenging—for example,
prospective studies are unfeasible due to the
rarity of ALL, and factors like recall bias and
temporal ambiguity threaten the validity of ret-
rospective studies (Hwee et al. 2018).

With improvements in recent decades to
risk classification and treatments like combina-
tion chemotherapies and targeted drug thera-
pies, overall relative survival from ALL is high.
Between 1975-1979 and 2003-2009, 5-yr rela-
tive survival from pediatric ALL increased dra-
matically from 57% to a very favorable 90%
(Ward et al. 2014). AML also saw major gains
during this period (from 21% to 64%), although
survival remains less favorable than that for
ALL. Numerous studies demonstrate that Black
and Hispanic children with ALL historically
have suffered worse outcomes than their White
and non-Hispanic counterparts (Bhatia et al.
2002; Kadan-Lottick et al. 2003; Pui et al.
2012; Tajetal. 2017). Although survival patterns
between White and Black children have con-
verged in recent decades (particularly in chil-
dren of <15yr of age), several studies have
documented widening disparities for Hispanic
children (Wang et al. 2015; Kahn et al. 2016).
From 2000 to 2010, ALL mortality among His-
panic children was nearly twice that of Whites
(HR=1.95). Survival disparities may reflect
both biologic (e.g., genetic variations associated
with ancestry) and socioeconomic (e.g., access
to care and treatment adherence) pathways. In
one recent study, accounting for the effect of
neighborhood socioeconomic status (SES) on
hazard of death from ALL reduced the observed
racial disparity from HR =1.43 to HR =1.22 for
Blacks and from HR =1.63 to HR = 1.40 for His-
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panics, respectively, relative to Whites (Kehm
et al. 2018). Research on childhood AML has
also attributed an elevated risk of death to neigh-
borhood socioeconomic factors—specifically
economic and educational disadvantages, hous-
ing instability, and immigration-related features
(Knoble et al. 2016).

ADULT LEUKEMIAS AND LYMPHOMAS
Acute Myeloid Leukemia

Worldwide, AML occurs with greatest frequen-
cy in highly developed regions; age-standard-
ized incidence is highest for both males and
females in Australia (2.8 and 2.0 per 100,000),
Austria (2.7 and 2.2 per 100,000), and the Unit-
ed Kingdom (2.7 and 2.0 per 100,000) (Miran-
da-Filho et al. 2018). In the United States, an
estimated 19,520 cases of AML were diagnosed
in 2018. Beginning in young adulthood, the age
distribution of AML incidence is exponentially
shaped. SEER data show an especially sharp in-
crease in incidence after 75 yr of age, when the
rate nearly doubles that of adults aged 60-74
(209 vs. 109 cases per 1,000,000 person-years)
(Dores et al. 2012). AML incidence and mortal-
ity are higher among Whites than other racial
and ethnic groups. For example, age-adjusted
incidence among White males in SEER is 5.4
per 100,000, compared to 4.5 for Blacks and
4.1 for Hispanics (Noone et al. 2017). Mortality
rates demonstrate a similar racial pattern (3.8,
2.7,and 2.3 per 100,000 for Whites, Blacks, and
Hispanics, respectively), and SEER data indicate
that these racial and ethnic trends persist across
sex and age groups (Zhao et al. 2018).

The causes of genetic mutations that give
rise to most cases of AML are largely unknown.
Prominent risk factors evaluated in the literature
include radiation therapy, chemotherapy, smok-
ing, and other environmental exposures. Mor-
ton et al. (2013) have reported that the number
of AML diagnoses among patients who received
chemotherapy for a first primary cancer is 4.7
times that expected in the general population.
Therapy-related myelodysplasia (MDS)/AML
is diagnostically classified by treatment type—
namely, alkylating agent/radiation regimens or

topoisomerase inhibitor-related regimens—and
typically occurs within 10 yr of initial therapy
(Bhatia 2013). In an early case-control study of
AML in breast cancer patients, Curtis et al. re-
ported relative risks of 2.4 for receipt of radiation
treatment alone, 10.0 for alkylating agents, and
17.4 for combined radiation-alkylating agent
regimens (Curtis et al. 1992). Saso et al. (2000)
also found that the risk of MDS/AML in breast
cancer patients treated with alkylating agents
was 10-fold that of the general population. Al-
though AML is a relatively rare disease, the
absolute excess risk associated with therapy is
sizeable (ranging from 5 to 7 excess cases per
100,000 person-years in studies by Howard
and colleagues) (Howard et al. 2007, 2008). An-
other important risk factor for AML in adult-
hood is smoking. Multiple meta-analysis show
elevated risk of AML in smokers. Using data
from 23 studies, Fircanis et al. (2014) calculated
a40% and 25% increased risk of AML in current
and former smokers, respectively, compared to
nonsmokers. Pooling data from nine Japanese
cohort studies, Ugai et al. also showed an in-
creased risk of near 40% for current smokers,
and a 66% increase for ever-smokers with a his-
tory of more than 30 pack-years compared to
nonsmokers (Ugai et al. 2018). Although find-
ings for environmental chemical exposures are
less consistent, benzene is a well-established risk
factor and has been recognized by the IARC as a
cause of AML (International Agency for Re-
search on Cancer 1987; Khalade et al. 2010; Car-
los-Wallace et al. 2016; Raaschou-Nielsen et al.
2018). Benzene is one of the most widely used
chemicals in the United States, and occupational
exposure is highest in industries related to
rubber, oil refining, shoe manufacturing, and
gasoline.

Several genetic abnormalities are associated
with AML risk. Although familial AML is rare,
AML is considered part of the natural history of
rare inherited bone marrow failure syndromes
like Kostmann syndrome, Diamond-Blackfan
anemia, dyskeratosis congenita, and Schwach-
man-Diamond syndrome, as well as DNA re-
pair deficiency syndromes like Fanconi anemia
and Bloom syndrome (Alter 2007; Owen et al.
2008).
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Survival from AML varies substantially by
age, with dramatic declines observed for older
patients. For those diagnosed before age 65,
overall 5-yr relative survival is 45.6%, compared
to 7.1% for those diagnosed at age 65 or older
(Noone et al. 2017). Despite some studies dem-
onstrating that White patients present with less
favorable prognostic profiles than other racial/
ethnic groups (namely, lower rates of t(8;21) and
acute promyelocytic leukemia), survival out-
comes tend to be worst for Black and Hispanic
patients (Pulte et al. 2013; Patel et al. 2015b). The
survival disparity between Black and White
AML patients is especially pronounced for those
diagnosed at younger ages (e.g., at <65 yr of age)
(Noone et al. 2017) Even after controlling for age
and genetic factors, Black race has been associ-
ated with increased risk of death relative to
Whites (Patel et al. 2012, 2015b). Some of the
racial survival disparity may reflect treatment
differences; in California, for example, Black
race has been associated with lower odds of re-
ceiving chemotherapy and transplant (Patel
et al. 2015a). Finally, although AML survival
has increased for all racial/ethnic groups since
1991-1996, disparities between groups have also
increased as gains have favored Whites, partic-
ularly at younger ages. For White patients 15-
54 yr of age, survival significantly increased by
12.8 percentage points through 2003-2008,
whereas gains for other racial and ethnic groups
(4.3 percentage points for AA and Hispanics, 7.1
points for API) did not reach statistical signifi-
cance (Pulte et al. 2013).

Acute Lymphocytic Leukemia

Overall, an estimated 5960 total cases of ALL
were diagnosed in the United States in 2018
(Siegel et al. 2018). Whereas the incidence of
other leukemias generally increases with age,
ALL is distinctly bimodal, with pediatric inci-
dence rates far exceeding those for older age
groups. Throughout adulthood, incidence is rel-
atively stable around 1 per 100,000, with an in-
crease to 1.9 per 100,000 among elderly adults
aged 80-84 (Noone et al. 2017). Like other leu-
kemias, ALL demonstrates a slight male pre-
dominance.

Global incidence patterns for ALL are also
unique; whereas other leukemias are patterned
by HDI and concentrated in Europe, Northern
America, and Australia, ALL incidence is high-
est in South and Central American countries—
namely, Ecuador (2.8 and 3.3 per 100,000 for
males and females, respectively), Costa Rica
(2.4 and 2.3 per 100,000), and Colombia (2.3
and 2.1 per 100,000) (Miranda-Filho et al.
2018). In the United States, incidence of ALL
varies substantially by ethnicity. It is the only
leukemia in which incidence, in both pediatric
and adult cases, is higher for Hispanics than any
other racial or ethnic group.

There are no known causes of ALL. ALL
typically arises from noninherited genetic
abnormalities. The Philadelphia chromosome,
or t(9;22), is the most common chromosomal
translocation in adult ALL (present in 25% of
cases), and unlike in children it is characterized
by a highly aggressive clinical course (Gleissner
et al. 2002; Pui et al. 2004; Thomas and Heiblig
2016). Many risk factors for adult ALL are sim-
ilar to those of pediatric ALL, including chemo-
therapy (e.g., for primary cancers), ionizing
radiation (e.g., therapy-related or atomic bomb
exposure), and chemical toxins like benzene.
The specific mechanisms of risk for these expo-
sures remain unclear.

Survival from ALL declines with age at diag-
nosis; 5-yr relative survival is 35.8% for adults
45-54 yr of age, 26.4% for adults 55-64 yr or
age, and 16.5% for adults diagnosed at age 65
or older (Noone et al. 2017). When stratified by
race and ethnicity, survival is higher for White
ALL patients compared to other groups, partic-
ularly Black ALL patients. SEER data from 2000
to 2014 indicate that racial survival disparities
are more pronounced at younger ages (namely
for patients 15-39 yr of age) (Kirtane and Lee
2017). Adult survival disparities have persisted
despite Black patients experiencing some of
the largest recent improvements in 5-yr surviv-
al (e.g., from 24.1% to 43.4% among patients
15-44 yr of age between 1997-2002 and 2003-
2008) (Pulte et al. 2013). Hispanic adults, for
unclear reasons, also continue to face poorer
5-yr relative survival than White adults and
have experienced smaller gains in survival com-
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pared to other racial/ethnic groups (Kirtane and
Lee 2017).

Chronic Myeloid Leukemia

CML is cytogenetically characterized by the
Philadelphia chromosome--a truncation of
chromosome 22 resulting from the reciprocal
translocation t(9;22)(q32;q11). CML accounts
for ~15% of leukemia diagnoses in the United
States, or an estimated 8430 new cases in 2018
(Siegel et al. 2018). Incidence increases steadily
with age, peaking at 10.3 cases per 100,000
among individuals 80-84 yr of age, although
the most frequent age of diagnosis is between
65 and 74 yr of age (comprising 21% of CML
diagnoses). Racial and ethnic patterns in CML
incidence are more disparate than for other leu-
kemias. In U.S. males, incidence is highest in
Whites (2.4 per 100,000) and AI/AN (2.3 per
100,000), whereas for females incidence is high-
est in Whites and Blacks (1.4 per 100,000) (No-
one et al. 2017). Worldwide, there is some
variability in CML incidence rates by country,
but no clear patterning by HDI. Rates are high-
estin Australia (1.8 and 1.0 per 100,000 in males
and females, respectively), Lithuania (1.6 and
0.9 per 100,000), France (1.7 per 100,000 males),
and Uruguay (1.1 per 100,000 females) (Miran-
da-Filho et al. 2018).

Apart from increasing age, the only known
risk factor for CML is exposure to ionizing ra-
diation, which has been described in literature
on leukemia among atomic bomb survivors
(Heyssel et al. 1960).

CML has a moderate prognosis, with 5-yr
relative survival at 68.7% (Noone et al. 2017).
Survival from CML underwent drastic improve-
ments after the introduction of the first tyrosine
kinase inhibitor (TKI), imatinib mesylate (Glee-
vec), in 2001. Prior to this, the prognosis was
poor, with overall relative survival <50% for pa-
tients within 3 yr of diagnosis (Mandal et al.
2013). Although survival has improved across
racial and ethnic groups, Mandal et al. found
that 3-yr relative survival in the post-imatinib
era was nevertheless significantly lower for Black
females (80.5%) than White females (90.3%),
and that survival gains favored younger patients

(<50 yr) over older patients. The reason for ra-
cial and ethnic disparities in CML survival have
been difficult to identify. Wiggins et al. did not
find TKI treatment disparities in the United
States by race/ethnicity, SES, urban/rural resi-
dence, comorbidity, or insurance status after
controlling for age (Wiggins et al. 2010). How-
ever, age disparities in survival improvement
partially reflected less frequent administration
of imatinib regimens in elderly patients.

Chronic Lymphocytic Leukemia/Small Cell
Lymphoma

Worldwide, CLL/SLL incidence is highest in
countries of very high HDI—namely, Canada
and France, where annual rates exceed four
new cases per 100,000 males. Incidence is espe-
cially low in Asian countries, particularly Japan
(0.1 per 100,000), Malaysia (0.1 per 100,000),
and the Philippines (0.2 per 100,000). Sex-spe-
cific differences are stronger for CLL/SLL than
for other leukemias, with incidence among
males nearly double that of females, both glob-
ally and in the United States (Miranda-Filho
et al. 2018).

CLL/SLL is the most common leukemia sub-
type in the United States, with an estimated
20,940 new cases diagnosed in 2018 (Siegel
etal. 2018). Incidence in the United States varies
widely by race. The most elevated incidence
rates are observed for Whites (5.1 per 100,000)
and Blacks (3.6 per 100,000). Incidence is mark-
edly lower, roughly a quarter that of Whites,
among the API and AIAN population. Risk of
CLL/SLL is strongly age-dependent, with 67% of
diagnoses made to individuals older than age 65.
Among individuals aged 65 and older, incidence
is 26.4 per 100,000; for the oldest age strata (85
and older), incidence is 35.8 per 100,000 (Noone
et al. 2017).

Family history of hematologic malignancy is
the strongest and most consistent risk factor for
CLL/SLL (even if the absolute risk among first-
degree relatives is low), implicating common
inherited genetic pathways in CLL/SLL patho-
genesis. Large-scale studies using data from the
Swedish Cancer Registry have demonstrated
that relatives of CLL/SLL cases have a 7.5- to
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8.5-fold risk of developing CLL/SLL over rela-
tives of controls (Goldin et al. 2004b, 2009). In
one of the largest epidemiologic studies on CLL/
SLL risk, which pooled data across 13 case-con-
trol studies in Europe, North America, and Aus-
tralia as part of the International Lymphoma
Epidemiology Consortium (InterLymph), his-
tory of any hematological malignancy among
first-degree relatives was associated with a great-
er than twofold odds of CLL/SLL odds ratio (OR
=2.17) (Slager et al. 2014).

No single germline mutation has been iden-
tified as a causal precursor to CLL/SLL (Goldin
and Caporaso 2007). Monoclonal B-cell lym-
phocytosis (MBL), which is more frequent in
high-risk CLL/SLL families than the general
population, may be an early genetic factor indic-
ative of inherited predisposition (Rawstron et al.
2002; Goldin et al. 2013). Some studies suggest
that geographic and racial variability in CLL/
SLL incidence and prognosis reflect underlying
differences in genetic risk factors between
groups. For example, Coombs et al. found that
the risk allele frequency of most single nucleo-
tide polymorphisms known to confer risk of
CLL/SLL in Whites is not associated with risk
among Black CLL/SLL patients (Coombs et al.
2012b). The rarity of CLL/SLL among Asians,
both in Asia and abroad, also supports the no-
tion of a strong genetic component to disease
risk. Several studies have failed to show differ-
ences in rates of CLL/SLL between Asian mi-
grants to the United States (foreign-born) and
their U.S.-born descendants, suggesting a limit-
ed role for the impact of environmental and
lifestyle-related exposures on CLL/SLL risk at
the population level (Herrinton et al. 1996;
Gale et al. 2000; Pan et al. 2002).

Other exposures evaluated as risk factors for
CLL/SLL include medical history, biometric
characteristics, lifestyle-related factors, and var-
ious environmental, occupational, and chemical
exposures. Pooled analyses across InterLymph
studies have demonstrated elevated odds of
CLL/SLL associated with increasing height
(OR =1.09 per 10 cm), hepatitis C seropositivity
(OR=1.99), residential or occupational history
on a farm (OR =1.20), and occupational history
as a hairdresser (OR = 1.77) (Slager et al. 2014).

Although studies on chemical exposures are
largely inconsistent, the National Institute of
Medicine concluded in 2003 that Agent Orange,
an dioxin-containing herbicide used in Viet-
nam, is associated with CLL/SLL in veterans
(Institute of Medicine 2009). Protective factors
from pooled InterLymph data include history of
atopic disorder (OR =0.85), blood transfusion
(OR=0.79), cigarette smoking (OR=0.91),
and sun exposure (OR = 0.71 for highest quartile
compared to lowest) (Slager et al. 2014).

Unlike other leukemias, CLL/SLL generally
is considered nonradiogenic. Some researchers
challenge this conclusion, particularly in light of
evidence on CLL/SLL in Czech uranium miners
and those exposed to radiation following the
Chernobyl nuclear power plant accident (Refi-
cha et al. 2006; Hamblin 2008). Results around
occupational and medical radiation exposure
are inconsistent overall; however, Silver et al.
noted that CLL/SLL risk estimates for irradiated
patients in medical cohort studies with >15 yr of
follow-up were almost uniformly elevated, albeit
nonsignificantly (Silver et al. 2007). The de-
cades-long latency period of CLL/SLL, low
case-fatality rate, lack of diagnostic specificity,
historical underreporting bias, and difficulty in
achieving an adequate sample size are all major
challenges in observational studies that examine
radiation (and environmental exposures gener-
ally) as a risk factor of CLL/SLL (Richardson
et al. 2005).

Relative 5-yr survival in the United States
overall is high, exceeding 84% (Noone et al.
2017). Both institutional and population-based
studies indicate that Black patients have poorer
prognostic profiles at diagnosis, and worse sur-
vival, than other racial and ethnic groups (She-
noy et al. 2011; Coombs et al. 2012a; Falchi et al.
2013). Pooled data from MD Anderson and
Duke University demonstrated that compared
to other races combined, Black patients had
worse biological and genetic characteristics at
diagnosis, including lower hemoglobin and
higher B-microglobulin; more frequently pre-
sented with unmutated IGHV gene, ZAP70 ex-
pression, and chromosome 17p or 11q deletion;
more frequently required first-line therapy; and
had shorter overall and event-free survival after
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controlling for prognostic factors (Falchi et al.
2013). Using data from SEER, Shoney et al. also
showed that Black CLL/SLL patients are diag-
nosed at younger ages and suffer worse survival
than White patients after controlling for prog-
nostic factors like disease stage, extra-nodal pri-
mary site, and B symptoms (HR = 1.67) (Shenoy
et al. 2011).

Non-Hodgkin’s Lymphomas

By the latest GLOBOCAN estimates, 509,590
new cases of NHL were projected/estimated
worldwide in 2018, and 248,724 NHL deaths
(Bray et al. 2018). NHL incidence and mortality
rates reflect a male predominance (6.7 vs. 4.7
incidence cases per 100,000 for males and
females, respectively; 3.3 vs. 2.0 deaths per
100,000). Across countries characterized by
very high HDI, the age-standardized incidence
estimate for 2018 (9.3 per 100,000) was more
than double that of any other HDI level (high
HDI =4.6; medium HDI =3.4; low HDI=4.2).
Correspondingly, global regions with the highest
incidence include Australia and New Zealand
(13.3 per 100,000), North America (12.5 per
100,000), Northern Europe (11.5 per 100,000),
and Western Europe (10.1 per 100,000). By con-
trast, incidence of NHL is lowest across Middle
and Central Africa (3.0 and 4.0 per 100,000),
Central America (4.0 per 100,000), and Eastern
and Southeastern Asia (4.9 per 100,000) (Ferlay
et al. 2018).

In the United States, NHL accounted for an
estimated 74,680 new cancer diagnoses and
19,910 cancer deaths in 2018, making it the sev-
enth most incident cancer and ninth leading
cause of cancer mortality. Nearly 90% of all lym-
phomas in the United States are NHL, but this
proportion is reduced at younger ages (62% in
children 0-14 yr, 25% in adolescents 15-19 yr)
(Ward et al. 2014; Siegel et al. 2018). Diagnosis
of NHL is most common in adults 65-74 yr of
age (25.6% of all incidence cases) (Noone et al.
2017).

NHLs historically have been classified as
indolent or aggressive according to their usual
clinical course, despite substantial patient-to-
patient variability. Indolent lymphomas include

CLL/SLL, low-grade follicular lymphoma, and
marginal zone B-cell lymphoma. Aggressive
lymphomas include high-grade follicular lym-
phoma and diffuse large B-cell lymphoma
(DLBCL). Burkitt lymphomas (BL) and pre-
cursor B- and T-lymphoblastic leukemia/lym-
phoma are usually highly aggressive. The most
common NHL subtype in the United States is
DLBCL (32%). Excluding CLL/SLL, the second
most common subtype is follicular lymphoma
(16%). Less common NHLs include marginal
zone lymphoma (9%), mantel cell lymphoma
(4%), and Burkitt lymphoma/leukemia (2%)
(Teras et al. 2016).

NHL incidence is >50% higher in males than
females, although there is considerable variabil-
ity in the sex ratio by NHL subtype; for example,
the male predominance is markedly less pro-
nounced for follicular lymphoma and marginal
zone lymphoma incidence ratio (IRR =1.18 and
1.05, respectively), and stronger for mantel cell
and Burkitt lymphoma (IRR=3.07 and 2.79)
(Teras et al. 2016). The strong male predomi-
nance of Burkitt lymphoma is likely attributable
to its association with human immunodeficien-
cy virus (HIV)/AIDS, which is more prevalent
in males than females.

NHL was one of few neoplasms in the Unit-
ed States, and globally, that saw major increases
in incidence around the turn of the century. By
GBD estimates, the global incidence of NHL
rose 23% from 2005 to 2015, with the largest
increase in middle social-development index
countries (Fitzmaurice et al. 2017). From 1975
to 1991, NHL incidence increased annually by
3.6% in the United States, and nearly doubled
between 1975 and 2008, resulting in what has
been described as an NHL epidemic (Levine and
Hoover 1992; Weisenburger 1994; Bosetti et al.
2008; Shiels et al. 2013). Researchers have hy-
pothesized that the rise in NHL is at least par-
tially attributable to improvements in detection
and refinement of the classification system, cer-
tain environmental and lifestyle factors, the in-
creasing number of transplant recipients in the
population, and the emergence of HIV/AIDS in
the early 1980s. NHL (chiefly DLBCL subtypes)
is linked etiologically to immunosuppression
and considered an AIDS-defining event. Re-
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cently, NHL incidence has plateaued, with an
annual 0.8% decrease in incidence since 2007
(Noone et al. 2017). Shiels et al. (2013) have
suggested that the recent stabilization of NHL
rates in the general population is independent of
HIV. Among NHL subtypes, decreases in inci-
dence have been most pronounced for CLL/SLL
(APC=-2.7% and —2.9% for males and fe-
males, respectively, since 2005), and follicular
lymphoma (APC=-2.2 for males since 2004,
and —3.6% for females since 2007). Rates of
DLBCL have remained stable since 2001 (Teras
et al. 2016).

NHL incidence and mortality tend to be
higher in Whites than other racial/ethnic
groups, with some variability in racial and eth-
nic incidence patterns by subtype. Incidence of
B-cell NHL is 7%, 18%, and 72% higher among
Whites compared to Blacks, Hispanics, and AP]I,
respectively. On the other hand, the incidence of
T/NK-cell NHL is 49% higher in Blacks than
Whites (Teras et al. 2016)

Lymphomas typically are characterized
by chromosomal translocations that are not
heritable, and research on NHL etiology most
consistently supports a role for infection (pre-
dominantly viral) and immunosuppression.
Specific pathogens that have been linked to risk
of NHL include human herpes virus 8 (Oksen-
hendler et al. 2002; Deloose et al. 2005), hepatitis
C (HCV) (Matsuo et al. 2004; Morton et al.
2014), human T-cell lymphotropic virus (Manns
et al. 1993; Cleghorn et al. 1995), and Helico-
bacter pylorus (Parsonnet et al. 1994; Sagaert
etal. 2010), among others. In one meta-analysis,
the pooled relative risk of NHL associated with
HCV infection was 2.5, and the authors estimat-
ed that upward of 10% of NHL in areas with high
HCV prevalence could be attributed to the infec-
tion (Dal Maso and Franceschi 2006). In 2009,
the JARC Working Group classified Epstein-
Barr virus (EBV), a member of the herpes family,
aclass 1 carcinogen that causes several NHL sub-
types, including Burkitt lymphoma, sinonasal
angiocentric T-cell lymphoma, and immuno-
suppression-related NHL (IARC 2012).

The mechanisms of carcinogenesis for viral
exposures vary, but EBV has been the focus of
most research. Possible oncogenic properties of

EBV include the immortalization of B cells and
the encoding of gene products that cause geno-
mic instability, induce cell proliferation, and
block apoptosis. Worldwide, EBV infection is
ubiquitous; primary infection typically occurs
in childhood or adolescence, after which the vi-
rus establishes lifelong latency in lymphocytes,
with the possibility of reactivation. The carcino-
genic potential of EBV frequently arises in the
context of sustained immunosuppression or in-
fectious cofactors. For example, there is striking
correspondence in the geographic distribution
of endemic BL and holoendemic malaria. In
tropical zones of subequatorial Africa, endemic
BL accounts for 20% of childhood malignancies,
and EBV is present in nearly 100% of cases
(Orem et al. 2007; Silver et al. 2007). It is gener-
ally understood that early coinfection with
malaria alters EBV persistence and deteriorates
immunoregulatory control of EBV, resulting in
a malignant B-cell clone (Rochford et al. 2005;
Orem et al. 2007; Chene et al. 2009; Moormann
etal. 2011). Several studies support a synergistic
effect of malaria and EBV coinfection on risk of
childhood BL, with the odds of elevated anti-
body titers for both EBV and malaria in cases
between five to 13 times that of controls (Car-
penter et al. 2008; Mutalima et al. 2008).

In individuals with HIV or AIDS, NHL is the
second most common malignancy after Kapo-
si’s sarcoma. From 1996 to 2010, incidence of
NHL among individuals registered with HIV or
AIDS was 193.7 per 100,000 person years, about
half of which were DLBCL (Gibson et al. 2014).
In one review of population-based studies across
the United States, Australia, and Italy, the risk of
NHL in individuals with AIDS compared to the
general population ranged from 15-fold for low-
grade NHL to 400-fold for high-grade NHL (Dal
Maso and Franceschi 2003). Incidence of NHL
in people with AIDS declined dramatically fol-
lowing the introduction of highly active antire-
troviral therapy in 1996. In the United States, the
relative risk of NHL in people with AIDS com-
pared to the general population reduced from
SIR=53.2 to SIR=22.6 between 1990-1995
and 1996-2002 (Engels et al. 2006). In a report
by Hernandez-Ramirez et al., NHL risks since
1996 have declined significantly for DLBCL and
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central nervous system NHL, but not BL (Her-
nandez-Ramirez et al. 2017). Nevertheless, inci-
dence of NHL remains elevated for individuals
with HIV or AIDS. Analogous to models of ma-
laria as a cofactor in EBV-driven BL pathogen-
esis, current opinion holds that HIV infection
contributes to NHL pathogenesis indirectly
through sustained B-cell activation and im-
paired immunoregulatory control of oncogenic
viruses like EBV. Emerging evidence suggests
that HIV may also contribute directly through
HIV-encoded proteins that enhance B-cell clo-
nogenicity and increase propensity for chromo-
somal translocations (Dolcetti et al. 2016).

Populations treated with immunosuppres-
sive drugs, including organ transplant recipients
and individuals with autoimmune diseases, also
experience elevated risk of NHL. In a large co-
hort study linking 20 years of data from the
United States Scientific Registry of Transplants
with state and regional cancer registries, Engels
et al. reported a more than sevenfold increase in
risk of NHL in transplant recipients compared
to the general population. Among transplant
recipients, an excess of 168.3 cases of NHL per
100,000 person-years could be attributed to
transplant (Engels et al. 2011). Relative risks
are strongest at younger ages. In a recent regis-
try-linked study on pediatric recipients, 71% of
posttransplant malignancies were NHL; risk of
NHL in recipients was 212 times that of the
general population, and exceeded 300 for recip-
ients of <5 yr of age (Yanik et al. 2017). Data
from this study also indicate EBV as a cofactor
in pathogenesis. Patients who were seronegative
for EBV prior to transplantation had 2.7 times
the risk of NHL compared to those already sero-
positive. Presumably, drug-induced immuno-
suppression impairs the control of newly
acquired EBV infection posttransplant, result-
ing in heightened risk of the oncogenic effects
associated with EBV.

Individuals with autoimmune disorders also
experience increased risk of NHL. In their meta-
analysis of 20 cohort studies, Zintzaras reported
that NHL risk was greatest for patients with
Sjogren’s syndrome (SIR=18.8), followed by
systemic lupus (SIR=7.4) and rheumatoid
arthritis (SIR=3.9) (Zintzaras et al. 2005).

A pooled analysis of 12 InterLymph case-control
studies showed more modest effect estimates;
Sjogren’s syndrome and systemic lupus were as-
sociated with 6.5-fold and 2.7-fold odds of NHL,
respectively, and both conditions demonstrated
significant subtype-specific risk for DLBCL
(Ekstrom Smedby et al. 2008). A large Swedish
registry study found that diagnosis with any of
33 autoimmune diseases corresponded to a 60%
increase is risk of NHL (Fallah et al. 2014a). The
risk of NHL in this population may reflect the
effects of sustained inflammatory activity and
disease severity over treatment related immu-
nosuppression or EBV infection (Smedby et al.
2006).

Familial aggregation of NHL has been wide-
ly reported in the literature. Several large popu-
lation-based studies in Europe have reported
relative risks of NHL near 1.8 for first-degree
relatives of individuals with NHL (Altieri et al.
2005; Goldin et al. 2005). It appears that relatives
of NHL patients are at highest risk for subtype-
concordant malignancy; for example, Goldin
et al. (2009) found a 10-fold increase in risk of
DLBCL in relatives of DLBCL patients, and a
fourfold risk of follicular lymphoma in relatives
of follicular lymphoma patients. Despite these
associations, the absolute risk attributed to fa-
milial predisposition is very modest and does
not warrant clinical surveillance of first-degree
relatives (Cerhan and Slager 2015).

Research on NHL risks linked to environ-
mental exposures and lifestyle-related factors is
largely inconclusive. Although studies generally
show no or only modest associations between
smoking and NHL overall, pooled data from
nine InterLymph case-control studies suggest
that smoking is positively associated with follic-
ular lymphoma, specifically; the odds of follicu-
lar lymphoma were 31% higher in current
smokers than nonsmokers, and 45% higher in
current heavy smokers (with a history of more
than 36 pack-years) (Morton et al. 2005). Re-
searchers have hypothesized that exposure to
ultraviolet radiation (UV) may confer NHL
risk, but results are inconsistent. Thirty years
of prospective data from the Nurses’ Health
study showed that residing in an area with high-
er versus lower ambient UV radiation was asso-
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ciated with a 21% increased risk of NHL (Ber-
trand et al. 2011). Conversely, several studies
have found that UV exposure provides a protec-
tive effect. In an analysis with data from the
California Teachers Study, exposure to residen-
tial UV in the highest versus lowest quartile was
associated with a 42% decrease in risk of NHL
overall, with an even stronger protective effect
against DLBCL (relative risk [RR]=0.36)
(Chang et al. 2011). Pooled data from Inter-
Lymph studies have also shown a protective ef-
fect of recreational sun exposure (Morton et al.
2014). InterLymph analyses do not support a
link between BMI as a young adult and NHL
risk (Morton et al. 2014); however, a recent
meta-analysis of 22 studies by Hidayat and col-
leagues showed a significant 11% increase in
NHL risk per 5 kg/m* increase in BMI during
early adulthood, and a 21% increase in risk per
10 kg increase in weight (Hidayat et al. 2018).
Other important risk factors described in
pooled analyses of InterLymph studies include
occupational history as a farm worker and ex-
posure to hair dye prior to 1980; additional pro-
tective factors include history of atopic diseases,
blood transfusion, and alcohol consumption of
at least one drink per month (Zhang et al. 2008;
Morton et al. 2014).

From 2008 to 2014, the overall 5-yr relative
survival in patients diagnosed with NHL was
74.1%, but there is considerable variability by
subtype, and survival is typically worse for Black
NHL patients than those of other racial and eth-
nic groups (Noone et al. 2017). Five-year sur-
vival tends to be higher for follicular lymphoma
(86% and 81% for White and Black males, re-
spectively) and marginal zone lymphomas (89%
and 83%), and lower for Burkitt (63% and 47%)
and DLBCL (62% and 55%) (Teras et al. 2016).

Hodgkin’s Lymphoma

In 2018, HL accounted for an estimated 79,990
incident cancer diagnoses and 26,167 cancer
deaths worldwide (Bray et al. 2018). Like NHL,
incidence of HL in very high HDI countries (2.1
per 100,000) is more than double that of all other
HDI levels. Regions with the most elevated HL
incidence rates include Southern, Northern, and

Western Europe (2.8, 2.6, and 2.5 per 100,000),
Australia and New Zealand (2.5 per 100,000),
and North America (2.4 per 100,000). Incidence
is lowest across Eastern and Southern Asia, and
sub-Saharan Africa (Ferlay et al. 2018). By GBD
estimates, the number of new HL diagnoses
globally declined by 6.1% after accounting for
population growth and changing age structure
(Fitzmaurice et al. 2017).

HL comprises roughly 10% of all lympho-
mas in the United States. In 2018, HL accounted
for an estimated 8500 new cancer diagnoses and
1050 cancer deaths (Siegel et al. 2018). Incidence
is higher among Whites than other racial and
ethnic groups. The age distribution of HL is dis-
tinctly bimodal, with peak incidence occurring
first among young adults 20-24 yr of age and
again among elderly adults 75-79 yr of age (No-
one et al. 2017). Most patients diagnosed with
HL are of <40 yr of age. In the pediatric context,
HL is the most common malignancy in adoles-
cents 15-19 yr of age, accounting for 15% of
cancer diagnoses in this age group (Ward et al.
2014). Of note, one large SEER study using 15
years of data observed distinct racial patterns in
the age distribution of HL; for Black males, HL
incidence remained relatively stable after peak-
ing in early adulthood, and for Hispanics, inci-
dence rose in an exponential form after age 40,
with only a small uptick in incidence during
early adulthood (Evens et al. 2012).

Clinical features of HL also vary by race and
ethnicity in the United States. Several studies
have shown that Blacks and Hispanics are more
likely than Whites to be diagnosed with HL of
mixed cellularity and less likely to be diagnosed
with nodular sclerosis HL (the predominant
subtype of classic HL in the United States) (Gla-
seretal. 2008,2014; Evens etal. 2012; Grubb et al.
2016). Incidence of nodular sclerosis HL reflects
asocioeconomic gradient, whereby higher SES is
associated with elevated risk (Clarke et al. 2005).
EBV-positive HL, which tends to be of mixed
cellularity, is more common in Hispanics than
Whites, particularly among foreign-born His-
panics, and those diagnosed at younger and
older ages (Glaser et al. 2008, 2014).

Family studies indicate that risk of HL, like
NHL, shows a familial predisposition. Large
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population-based studies from Sweden and
Denmark have reported relative risks ranging
from 3.1-fold to 8.8-fold for first-degree relatives
of HL patients (Goldin et al. 2004a; Crump et al.
2012). The high concordance of HL in monozy-
gotic, but not dizygotic, twins indicates that
genetic factors play an etiologic role in the devel-
opment of some cases of HL (Mack et al. 1995).
HL pathogenesis likely involves a complex
interplay between genetic susceptibility, im-
mune impairment, and environmental expo-
sures. Abnormal immune response to infectious
agents may trigger oncogenic processes that
cause HL. By the delayed-exposure model of
HL etiology, increased exposure to infection at
a young age may protect against HL by promot-
ing early maturation of cellular immunity.
Markers of early exposure to common child-
hood pathogens, like day care attendance
(Chang et al. 2004b; Rudant et al. 2011) and
having older siblings (Chang et al. 2004a; Altieri
et al. 2006), typically show a protective effect
against HL. Data linking EBV to HL risk also
supports an infectious etiology for some HL.
EBYV infection in adolescence manifests clinical-
ly as infectious mononucleosis (IM). Whereas
history of infection with chicken pox, measles,
mumps, pertussis, and rubella have shown a
protective effect against HL, history of IM is as-
sociated with increased HL risk in young adults
(Alexander et al. 2000; Hjalgrim et al. 2000).
Furthermore, IM-related risk appears specific
to EBV-positive HL (Hjalgrim et al. 2003).
Immunosuppression is associated with risk
of HL, although typically to a smaller magnitude
than that for NHL. In a recent study that evalu-
ated cancer outcomes in 448,258 HIV-infected
individuals using linked population-based reg-
istries, risk of HL was 4.6-fold and 9.4-fold high-
er for individuals with HIV only and AIDS,
respectively (Hernandez-Ramirez et al. 2017).
An earlier meta-analysis of cohort studies
reported 11-fold and fourfold risks of HL in
individuals with HIV/AIDS and transplant re-
cipients, respectively. In AIDS patients, nearly
100% of classical HL is EBV-positive and of
mixed cellularity histology (Bibas and Antinori
2009). Recently, in a large analysis of linked can-
cer and transplant registry data in the United

States, incidence of HL in pediatric transplants
recipients was 19 times that of the general pop-
ulation (Yanik et al. 2017). The risk associated
with transplant appears somewhat attenuated
(SIR = 3.6) when not restricting to the pediatric
population (Engels et al. 2011). Autoimmune
diseases characterized by chronic inflammation,
like rheumatoid arthritis and systemic lupus,
have also been linked to HL, with stronger asso-
ciations noted for EBV-positive malignancy
(Fallah et al. 2014b; Hollander et al. 2015).

Some evidence suggests modest associations
between HL and lifestyle factors like smoking
and exposure to UV radiation. In a pooled anal-
ysis of 12 case-control studies, overall odds of
HL in ever smokers were 1.1 times that of never
smokers, with higher odds for mixed cellularity
HL (OR =1.6) and EBV-positive HL (OR = 1.8).
Risks associated with UV exposure also appear
specific to EBV-positive HL, but in the opposite
direction; in a pooled analysis of four case-con-
trol studies, individuals in the highest category
of UV exposure had a 44% reduction in odds of
EBV-positive HL compared to those in the low-
est category (Monnereau et al. 2013).

Overall, HL has a favorable prognosis; the 5-
yr relative survival rate exceeded 88% from 2008
to 2014, and was even higher for individuals
younger than 45 yr of age at diagnosis (94%)
and pediatric cases (97%) (Ward et al. 2014;
Noone et al. 2017). Still, SEER and state-specific
registry analyses tend to show poorer survival
patterns among Black and Hispanic patients
compared to White patients (Keegan et al.
2009, 2016; Grubb et al. 2016). In Grubb’s anal-
ysis of SEER data, overall survival disparities
persisted through 25 years of follow-up after
controlling for demographics, stage, histology,
and treatment; however, the magnitude of dif-
ferences was less pronounced for Hispanics, and
not significant for Blacks, when considering dis-
ease-specific survival versus overall survival
(Grubb et al. 2016).

CONCLUDING REMARKS

Leukemias and lymphomas comprise a hetero-
geneous group of malignancies characterized by
the uncontrolled proliferation of cells from pre-
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dominantly myeloid and lymphoid lineages in
hematopoietic and lymphoid tissues. The vast
majority of these malignancies are sporadic,
and specific etiologic mechanisms remain elu-
sive. Leukemias and lymphomas arise in the
context of various host and environmental fac-
tors. Host factors include genetic abnormalities
(most often chromosomal translocations), rare
inherited disorders, and iatrogenic or disease-
related immunosuppression. Key environmen-
tal factors related to leukemia include ionizing
radiation, chemotherapy, and carcinogenic
chemicals like benzene. Associations between
lymphomas and EBV are suggestive of an infec-
tious etiology for certain subtypes such as Bur-
kitt lymphoma and DLBCL.

Leukemia and lymphoma incidence appear
to be highest in highly developed regions across
Europe, Northern America, and Australia, and
among U.S. Whites. An exception to this is
ALL, for which incidence is highest in South
and Central American countries, and among
Hispanics in the United States. Global compar-
isons in leukemia and lymphoma incidence are
made difficult by limited diagnostic infrastruc-
ture in less developed countries. Incidence and
mortality rates in part reflect a population’s ac-
cess to the formal health-care system, as well as
the availability of medical facilities that support
morphological, immunohistochemical, and cy-
togenetic profiling involved in leukemia diag-
nosis. These factors likely affect overall global
counts of leukemia and lymphoma. Further-
more, they may exaggerate differences in overall
incidence between more and less developed re-
gions of the world and particularly limit con-
clusions about observed global patterns that are
subtype-specific.

Survival from leukemia and lymphoma var-
ies widely by subtype, ranging from 27.4% 5-yr
relative survival from AML to 84.2% for CLL/
SLL and 86.6% for HL. Clearly, new treatments
are necessary for poor prognosis malignancies
such as ALL and AML among adults both with
very low survival. Chemotherapy is the most
common treatment modality; additionally,
treatment recommendations include radiother-
apy, immunotherapy, surgery, and bone mar-
row or stem cell transplantation depending on

the specific disease. Treatment disparities may
partially explain poorer survival outcomes
among Blacks and Hispanics when compared
to their White counterparts. In this regard, equal
accessibility to novel treatments, like chimeric
antigen receptor T-cell therapy currently being
used to treat certain forms of ALL, CLL, and B-
cell lymphomas, and precision medicine gener-
ally, may be an important focus in the proactive
fight against disparities.

Temporal trends in hematologic malignan-
cies are dynamic and sometimes unpredictable,
as demonstrated by large global increases in
NHL incidence around the turn of the century,
because of the HIV epidemic and the increasing
number of transplants performed in the devel-
oped countries. Understanding and monitoring
epidemiologic trends of these malignancies in
the context of emerging infections is an impor-
tant area of research. With the increasing
diversity of the United States population, high-
quality data from population-based cancer reg-
istries, and new data from studies on genetic
susceptibility, there is great potential for future
research to unlock important discoveries on leu-
kemia and lymphoma etiology and distinguish
the relative effects of genetic and environmental
risk factors.
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