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Abstract

Background: Cancer among infants (<1 year old) has unique epidemiologic, clinical,

and genetic characteristics compared with cancer in older children. Nonetheless, data

on secular trends in infant cancer incidence and survival in the United States is sparse.

Methods:Population-based data fromnine areas of the Surveillance Epidemiology and

End Results (SEER) were used to estimate the incidence, average annual percentage

change (APC) for trends, and survival of malignant neoplasm among infants from 1975

to 2014. Data were stratified by gender, race, registry, and cancer type.

Results: There were 3437 new infant cancer cases with an overall incidence of

23.6/100000.Neuroblastomawas themost common infantmalignancy (6.5/100000),

followed by leukemia (3.8/100 000), and brain and central nervous system tumors

(3.3/100000). The incidence rate increased significantly from1975 to2014 (APC0.68;

95% CI 0.30-1.06; P < .05). Variations in overall incidence rates were uneven across

SEER registry geographic areas, with the lowest rates among both males and females

in New Mexico. Relative to other racial distribution, infant cancer rates were highest

amongWhites. The relative survival rates improved over time for all tumors except for

renal, sarcomas, and germ cells andwere not significantly different by gender or race.

Conclusions: Cancer incidence among infants increased over time largely driven

by leukemia, germ cell, and sarcoma mainly among male infants. The over-

all survival for infant cancer has improved over the past 40 years, especially

since 1990 for hepatic tumors, lymphoma, and leukemia. Further research is

needed to explore the potential impacts of genetic, environmental, and peri-

natal factors for possible explanations for these increased cancer incidence

trends.
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Abbreviations: APC, annual percentage change; ICCC-3, International Classification
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1 INTRODUCTION

Cancer among infants younger than 1 year old represents a unique

problem with distinct epidemiological, clinical, and genetic character-

istics compared with cancer in older age groups.1 Cancers occurring
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in infants differ substantially from those in older children in terms of

anatomic site, histological features, and behaviors.2 The prognosis for

infants is often worse than for older children, even if the pathologic

diagnosis is the same.2 In addition, those under the age of 1 have been

shown to have a higher mortality from childhood cancer.4

Infant cancer incidences and trends in the United States were

reported in 19972 and 19982 covering the periods 1973-1992 and

1979-1991, but those studies did not report survival rates. To the best

of our knowledge, there is no comprehensive report that specifically

focuses on cancer incidence trends and survival among infants in the

United States.7–9 Because infants continue to be at a disproportion-

ately higher risk of early cancer mortality, notwithstanding pediatric

oncology treatment advances in the last two decades,4,10 it is critical to

examine what happened in this cancer cohort in order to explore how

survival rates can be improved.

Therefore, the aims of this study were to examine the cancer inci-

dence, temporal trends, and survival trends among infants (<1 year

old) over the 40-year period from 1975 to 2014 in the United States

using population-based registry data to identify demographic and geo-

graphic variations.

2 MATERIALS AND METHODS

2.1 Study design, database, and case
identification

We conducted a retrospective study to examine cancer incidence and

survival rates from diagnosis to the last follow-up date on Decem-

ber 31, 2014. Incidence of malignant neoplasms among infants (age

<365 days) diagnosed between January 1, 1975 and December 31,

2014 were extracted from the Surveillance, Epidemiology, and End

Results (SEER) registry using the International Classification Childhood

Cancer, 3rd Edition (ICCC-3).11 Infant cancer cases were collected from

nine population-based cancer incidence registries (SEER 9) that pro-

vided continuing data for the 40-year observation period and rep-

resent approximately 10% of the US population.12 The registries

include broad geographic and racial distributions of persons in the

states of Connecticut, Hawaii, Iowa, New Mexico, and Utah, and

the metropolitan areas of Atlanta, Georgia; Detroit, Michigan; San

Francisco-Oakland, California; and Seattle-Puget Sound, Washington,

but it does not include ethnicity data. The data in our studywere down-

loaded from the SEER website via SEER*Stat in client-server mode

after we submitted a request for access and signed the SEER research

data agreement.12 This study was classified as exempt by the Insti-

tutional Review Board at the Baylor College of Medicine in Houston,

Texas.

Numerators for incidence rates comprise the total number of can-

cer cases occurring among infants from 1975 to 2014 in the SEER 9

registries. Denominators for calculation of incidence rates were popu-

lation counts for infants aged <1 year in each of the same SEER 9 reg-

istries included in this report. As the number of cancers diagnosed per

year among infants was often small, some trends were calculated after

combining cases diagnosed in 2 consecutive years. Race was grouped

as White, Black, and other. Approximately 96% of all cases were con-

firmed microscopically. Only infants diagnosed with malignant tumors

were included in the analyses. Diagnoses were classified into 12 main

tumor groups and 47 subgroups according to the ICCC-3. These 12

groups were described as follows1—leukemia: leukemias, myelopro-

liferative and myelodysplastic diseases2; lymphoma: lymphomas and

reticuloendothelial neoplasms3; CNS neoplasms: CNS and miscella-

neous intracranial and intraspinal neoplasms4; neuroblastomas: neu-

roblastoma and ganglioneuroblastoma5; sarcomas: soft tissue and

other extraosseous sarcomas6; germ cell: germ cell tumors (GCTs),

trophoblastic tumors, and neoplasms of the gonads7; retinoblastoma:

retinoblastoma7; hepatic tumor: hepatic9; renal tumors: renal10; bone:

malignant bone tumors11; other and unspecifiedmalignant neoplasms;

and12 other: other malignant epithelial neoplasms and malignant

melanomas. Bone,10 other and unspecified11 and other12tumors were

excluded from analysis due to the small number of cases (<50).

2.2 Statistical analysis

The SEER*Stat 8.3.5 is a statistical software designed specifically for

the analysis of SEER and other cancer-related databases. The software

was used to analyze incidence rates (cases per 100 000 infants),

95% confidence intervals for incidence rates, relative risk (RR), 95%

confidence interval for RR, and annual percentage change (APC) of

incidence rate. The male-female incidence rate ratios (M/F) were also

calculated. SPSS (version 25; Chicago, IL) was used for survival data

analysis, including relative survival (RS), a net survival measure that

estimates the probability of avoiding death due to a particular cancer

relative to the general population. RS is defined as the ratio of the

proportion of observed survivors in a cohort of cancer patients to

the proportion of expected survivors in a comparable set of cancer-

free individuals. The Kaplan-Meier method was used to calculate the

overall survival rate. The log-rank test was used to formally test the

differences for survival. A P-value < .05 was considered statistically

significant for incidence rate, APC, and survival.

3 RESULTS

3.1 Cancer incidence

There were 3437 infants with newly diagnosed cancer (1740 cases in

males and 1689 cases in females) from 1975 to 2014. Incidence by 10-

year time frame, gender, race, registry, and ICCC-3 groups are shown

in Table 1. The overall annual incidence rate of malignant neoplasms in

infants was 23.6 cases per 100 000 population. Males and females had

similar incidence rates (23.3/100 000 for male and 23.8/100 000 for

female).

Infant cancer incidence rates among Whites was about 20% higher

(P < .05) than Black and other races (American Indian/Alaska Natives,

and Asian/Pacific Islanders). There were no significant differences in
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F IGURE 1 Infant cancer incidence (1/100 000) trend by gender and race in the United States from 1975 to 2014 (*indicates P< .05)

cancer incidences between Blacks (19.9/100 000) and other racial

groups (19.4/100 000). New Mexico had the lowest incidence rate

(19.5/100 000). Incidence rates in Seattle, Connecticut, Utah, Detroit,

and San Francisco were significantly higher than that in New Mex-

ico. Among males, only San Francisco had a statistically significantly

higher incidence rate as compared to New Mexico. Among females,

Iowa, Seattle, Connecticut, Utah, and Detroit had significantly higher

rates than New Mexico. Connecticut was the only registry in which

the incidence ratio between genders was significantly different. The

incidence rates increased more than 20% from 20.5/100 000 in 1975-

1984 to 26.5/100 000 in 2005-2014. For males, the incidence rates in

1985-1994, 1995-2004, and 2005-2014 were all significantly higher

than 1975-1984. In contrast, for females, only the incidence rate in

2005-2014 was significantly higher than in 1975-1984. The three

most frequently diagnosed cancers among infants were neuroblas-

toma, leukemias, and CNS tumors. These three cancers accounted for

21%, 18%, and8%, respectively, of all cancers diagnosedamong infants.

Therewere large variations in incidence rates betweendifferent ICCC-

3 groups ranging from 0.05/100 000 (lymphomas) to 6.3/100 000

(neuroblastoma). The incidence ratio between male and female among

different ICCC-3 groups ranged from 0.82 (retinoblastoma) to 1.17

(hepatic tumors), but no statistically significant differences in the inci-

dence of infant cancers by sex were observed.

3.2 Temporal trends in cancer incidence

Figure 1 shows the infant cancer incidence trends by gender and race

from 1975 to 2014. Infant cancer incidence rates experienced a sig-

nificant increase from 1975 (17.24/100 000) to 2014 (23.8/100 000),

with APC 0.68 (CI 0.30-1.06, P < .05). The cancer incidence rate rose

by 38.1% during this period. There were large variations (SD 3.65)

during the 40-year period ranging from 17.24/100 000 in 1975 to

34.62/100 000 in 2005. Both males and females had increasing trends

with APC 0.77 (P < .05) and 0.55 (P < .05), respectively. The increas-

ing trend was not observed in Black infants, but significant increas-

ing trends were found in White (APC 0.63, P < .05) and other races

(APC 1.03, P < .05). The incidence trends in different SEER areas are

shown in Figure 2. Among all nine registries, New Mexico (APC 1.65)

had the highest incidence increase over the 40-year period, followed

byUtah (APC0.90, P< .05) andDetroit (APC0.85, P< .05). No increas-

ing trends were noted in other SEER areas. From Figure 3, the increas-

ing incidence trends were only found in germ cell (APC 2.95, P < .05),

leukemias (APC 1.33, P< .05), and sarcomas (APC 1.79, P< .05). Renal

and lymphomas showed a decreasing incidence trend (APC < 0), but

not significantly (P> .05).
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F IGURE 2 Infant cancer incidence trends by registries in the United States from 1975 to 2014 (*indicates P< .05)

F IGURE 3 Infant cancer incidence (1/100 000) trends by International Classification Childhood Cancer (ICCC) groups in the United States
from 1975 to 2014 (*indicating P< .05)

3.3 Survival

The overall 5-year relative survival rate for infant cancer from 1975

to 2014 was 73.4%. There was no statistically significant difference in

overall survival by gender and race; however, there were significant

differences in overall survival by ICCC cancer types and over the

years. The 5-year relative survival was only 65.1% in 1975-1984, but

increased to 78.0% in 1995-2004 and to 80.5% in 2005-2014. The 5-

year overall relative survival rates for retinoblastoma, neuroblastoma,

renal tumors, and germ cellswere over 80%. The 5-year overall relative

survival rates for both leukemia and CNS were under 50% (Figure 4).

We analyzed the survival rate changes for different ICCC types by

10-year period. Significant relative survival increases occurred for all

the ICCC types except for renal and sarcomas (Figure 5). The largest
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F IGURE 4 Infant cancer relative survival by gender, race, time frame (10 years), and International Classification Childhood Cancer (ICCC)
cancer types from 1975 to 2014

5-year relative survival rate increase from 1975-1984 to 2005-2014

occurred in hepatic tumor (57.7%, from 39.7% to 97.4%), lymphoma

(52.4%, from 31.0% to 83.4%), and leukemia (38.0%, from 26.9%

to 64.9%). For CNS and neuroblastoma, the 5-year overall relative

survival increases from 1975-1984 to 2005-2014 were 23.9% (from

35.5% to 59.4%) and 10.5% (from 84.0% to 94.5%), respectively. Sur-

vival for infants having retinoblastoma since 1995 has approached the

survival rate for infants without this cancer. Leukemia and CNS were

two infant cancers whose survival improved continuously over four

decades. The significant survival improvement for hepatic tumor, germ,

and neuroblastoma occurred only during 1995-2004 and 2005-2014.

For retinoblastoma, the survival improvement was only in 1995-2004,

but for lymphoma, survival increase only happened in 2005-2014.

4 DISCUSSION

SEER 9 registries database used in this study allowed us to study infant

cancer incidence and survival over 40 years from 1975 to 2014. The

SEER 11 and SEER18 registries database havemore geographic cover-

age, but only cover 23 and 15 years, respectively. This study assessed

the incidence, temporal trends, and survival of cancer among infants

(age younger than 1 year) and found the important secular trends in

infant cancer incidence and survival over a 40-year period of observa-

tion in the United States, using the ICCC-311 - the standard classifica-

tion of child tumors.

In this study, we found a 30% increase in incidence rates of can-

cer among infants from 20.5/100 000 in 1975-1984 to 26.5/100 000

in 2005-2014. The 40 years of data from SEER 9 registries sup-

port the increasing incidence trend and geographic variation in infant

cancer incidence rates by sex, type, and race consistent with earlier

reports.5,6,13 Although the reason for infant cancer incidence increase

is largely unknown, genetic, environmental factors, and infectious

agents may have played a significant role in cancer development.14

A study spearheaded by the Environmental Working Group found an

average of 200 industrial chemicals and pollutants in umbilical cord

blood from babies. Tests found as many as 287 chemicals in umbili-

cal cord blood, 180 of which are known to cause cancer in human or

animals.15 Infectious disease agents are associated with cancer devel-

opment, and it is reported that about 20%of theworld’s cancer burden

is attributed to infectious agents.16 New Mexico had the lowest inci-

dence rate comparedwith other registries, but experienced the largest

temporal increase in four decades. New Mexico’s population is 46.4%

Hispanic and 41.4% White in 2014 compared with 12.9% Hispanic

and 63.9% White nationally.17 New Mexico has the largest Hispanic

statewide population share nationally.18 The racial/ethnic composition

might have made a difference, as the prevalence of child cancers in

Hispanics (2.3% of all cancers) is higher than that seen in the total US
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F IGURE 5 Infant cancer survival rates by International Classification Childhood Cancer (ICCC) cancer types over time

population, where only 1% of cancers are childhood cancers.19 Signif-

icant increasing trends were found for leukemia, sarcomas, and germ

cell over the 40-year period. The reasons are unknown, but genetic and

environmental factors are believed to be involved. It was reported that

exposure of the developing fetus to environmental DNAt2 inhibitors

could increase the risk of de novo leukemia among infants.20 The

rich environmental source of DNAt2 inhibitors is diet. In particular,

there are flavonoids, such as quercetin, in certain fruits and vegeta-

bles; genistein in soy; and catechins in green and black tea, cocoa,

and red wine that inhibit DNAt2.6,22,13 Genetic abnormalities are

found to be associated with different types of leukemia like acute lym-

phoid leukemia (ALL),24 acute myeloid leukemia (AML),25 and chronic

lymphocytic leukemia (CLL).26 For sarcomas, although the etiology

remains unknown in most cases, environmental factors that increase

sarcomas risk include exposure to radiation, chemical carcinogens, and

viruses.27 The heritable aspects of sarcoma have not extensively been

studied, but genetic predisposition to sarcoma has been well charac-

terized in some familial cancer syndromes.28 Germ cell tumors are rare

tumors contributing 2.9% to the cancer registry,29 and infancy is one

of two peaks in age distribution for germ cell tumors, the other peak

occurring during puberty. The potential influence of in utero exposure

tomaternal endogenoushormones, parental environmental exposures,

and maternal disease during pregnancy relative to the development

of childhood germ cell tumors has also been reported.30 However, the

mechanism of how these risk factors have contributed to the increas-

ing trends for these cancers is not clear. For example, a recent study

found that exposure to an intrauterinehyperglycemic environmentdue

tomaternal gestational diabetesdoesnot increase the risk for pediatric

cancer.31 It was reported that the incidence of pediatric hepatoblas-

toma doubled from 1975 to 1999 and possibly related to the concomi-

tant rise in prevalence of very low birth weight infants and a marked

drop in their mortality.32 However, the increasing trend of hepatoblas-

toma in infants was not observed in this study with a longer period of

study time.

Previous epidemiological data reported the impact of cancer genet-

ics and its implication for treatment, prognosis, and improving overall

survival rates.10,33 However, only few causal factors have been iden-

tified for childhood cancer.34,35 Given the current surge of molecu-

lar biologic technology and DNA sequencing, the study of inherited

factors, environmental and epigenetics have become fields of inter-

est to identify predisposing factors for pediatric cancers.35 Although

leukemia, sarcomas, and germ cell malignancies have experienced sig-

nificant incidence increases in the past four decades, the risk factors

associated with these changes are unknown.

Enhanced early detection likely contributed to the increased infant

cancer incidence in the past four decades, but cannot fully explain the

increasing incidence only for leukemia and sarcomas inmaleswhile not

in females in some registries (such as NewMexico, Detroit, and Utah).

This suggests that a true increase exists, but it is possible that this

difference could be explained by confounding factors such as poorer
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access and utilization of care by some populations.36 Efforts should be

made to identify the causes of these differences.

Several hypotheses, including maternal and early infancy dietary

factors (ie, determinants of high birth weight), paternal preconception

occupational exposures and smoking, prenatal, and postnatal exposure

to pesticides, and the interplay of maternal or early postnatal immune

system response to common infections have been formulated.37–39

However, causation warrants investigation not only with epidemio-

logic data but with prospective pregnancy - birth cohorts to minimize

potential temporal relationship or recall bias.40

Although survival rates for most infant cancers have improved in

past four decades, the improvement has been especially dramatic for

only a fewcancers. The5-year relative survival for hepatic tumors, lym-

phoma, and leukemia has greatly improved. Infant leukemia generally

refers to ALL or AML.41 The advent of successful transplants using

umbilical cord blood, hematopoietic stem cell (for AML and ALL),42

gemtuzumab (for AML),43 L-asparaginase (for ALL),44 and new agents

under investigations might have contributed to the dramatic survival

improvement for leukemia.45 Nearly all lymphoma diagnoses among

infants younger than 1 year of age are miscellaneous lymphoreticular

neoplasms.46 Treatment advances and effective management of tox-

icities of treatment over time might have resulted in a significantly

longer survival rate for lymphoma patients.47,48 Improved survival in

brain and CNS tumors might be due to advanced imaging technology,

enhanced surgical procedures, and better postoperative surveillance

with early diagnosis of recurrence and routine use of more effective

chemotherapy.49 The treatment changes of hepatic cancer over the

past few decades with curative options such as liver transplantation,

hepatic resection, and radiofrequency ablation can explain the survival

improvement for hepatic cancer.50,51

This study has several strengths. The SEER 9 registries report the

cancer incidence and survival over the past 40 years, represent approx-

imately 10% of the US population, and contain data on more than 3

million cases of cancer.52 Furthermore, SEER data are well validated,

including consistency of histologic diagnosis.53 This study also has sev-

eral limitations. First, the change inmorphology classification and diag-

nostic technology over time might have affected the tumor detection

and incidence reporting, so that comparisons in this study with previ-

ous studies require caution. Second, because of the rarity of infant can-

cers, small numbers of patients in some types were more likely to fluc-

tuate yearly and lead to unstable statistics. Third, it should be recog-

nized that the SEER only collects data about malignant neoplasms, so

that the total frequency of tumors in infants in our study is likely under-

estimated. This limitation is particularly important for brain tumors.

Finally, SEER 9 does not have ethnicity variable that prevented us from

investigating ethnic differences in cancer.

5 CONCLUSIONS

Cancer incidence among infants increased over time in the United

States. The increasing trends were largely driven by three cancers—

leukemia, germ cell, and sarcoma—and were present mainly among

male infants. The overall survival for infant cancer has improved over

the past 40 years, especially since 1990 for hepatic tumors, lymphoma,

and leukemia. Further research is needed to explore the potential

impacts of genetic, environmental, and perinatal factors for possible

explanations for these increased cancer incidence trends.
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