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abstract

PURPOSE Risk-stratified therapy, which modifies treatment on the basis of clinical and biologic features, has
improved 5-year overall survival of childhood acute lymphoblastic leukemia (ALL) to 90%, but its impact on long-
term toxicity remains unknown.

METHODS We assessed all-cause and health-related late mortality (including late effects of cancer therapy),
subsequent malignant neoplasms (SMNs), chronic health conditions, and neurocognitive outcomes among
6,148 survivors of childhood ALL (median age, 27.9 years; range, 5.9-61.9 years) diagnosed between 1970 and
1999. Therapy combinations and treatment intensity defined 6 groups: 1970s-like (70s), standard- or high-risk
1980s-like (80sSR, 80sHR) and 1990s-like (90sSR, 90sHR), and relapse/transplantation (R/BMT). Cumulative
incidence, standardized mortality ratios, and standardized incidence ratios were compared between treatment
groups and with the US population.

RESULTSOverall, 20-year all-cause late mortality was 6.6% (95% CI, 6.0 to 7.1). Compared with 70s, 90sSR and
90sHR experienced lower health-related late mortality (rate ratio [95% CI]: 90sSR, 0.2 [0.1 to 0.4]; 90sHR, 0.3
[0.1 to 0.7]), comparable to the US population (standardized mortality ratio [95% CI]: 90sSR, 1.3 [0.8 to 2.0];
90sHR, 1.7 [0.7 to 3.5]). Compared with 70s, 90sSR had a lower rate of SMN (rate ratio [95% CI], 0.3 [0.1 to
0.6]) that was not different from that of the US population (standardized incidence ratio [95% CI], 1.0 [0.6 to
1.6]). The 90sSR group had fewer severe chronic health conditions than the 70s (20-year cumulative incidence
[95% CI], 11.0% [9.7% to 12.3%] v 22.5% [19.4% to 25.5%]) and a lower prevalence of impaired memory
(prevalence ratio [95% CI], 0.7 [0.6 to 0.9]) and task efficiency (0.5 [0.4 to 0.7]).

CONCLUSION Risk-stratified therapy has reduced late morbidity and mortality among contemporary survivors of
standard-risk ALL, represented by 90sSR. Health-related late mortality and SMN risks among 5-year survivors of
contemporary, standard-risk childhood ALL are comparable to the general population.

J Clin Oncol 38:3418-3429. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most
common childhood malignancy, accounting for
20% of all cancers before 20 years of age.1 Risk-
stratified treatment, based on clinical and biologic
risk factors as well as treatment response, has im-
proved 5-year overall survival from only 10% in the
1960s to 90% in the 2000s.2-9 With the steady im-
provement in outcome, risk-stratified treatment has
been designed not only to improve cure rates but also to
minimize long-term sequelae, especially for standard-
risk patients who constitute . 50% of patients with
childhood ALL.3-8,10,11 To achieve this aim, there has
been a reduction in anthracycline chemotherapy dose
and the use of prophylactic cranial radiation therapy
(CRT) over time, with a concurrent increase in the
use of asparaginase, dexamethasone, and high-dose
methotrexate.5,8,12-15

Long-term survivors of childhood ALL are at increased
risk for late (. 5 years since diagnosis) mortality
and excess morbidity as a result of their cancer
treatment.16-21 However, there is limited information
about late outcomes of survivors who received con-
temporary risk-stratified therapy. Recognition of late
health outcomes for risk-stratified groups would in-
form counseling of newly diagnosed patients and
survivors regarding expected long-term effects of
therapy. Using the largest cohort of long-term survi-
vors of childhood ALL in North America, we aimed to
provide a comprehensive description of long-term
outcomes for survivors diagnosed across 3 decades
and determine whether risk-stratified therapy has
improved late outcomes among survivors of standard-
risk ALL treated on contemporary protocols. Fur-
thermore, we aimed to identify changes in late mor-
bidity and mortality for survivors treated with therapy

ASSOCIATED
CONTENT

Appendix

Data Supplement

Author affiliations
and support
information (if
applicable) appear
at the end of this
article.

Accepted on June 24,
2020 and published at
ascopubs.org/journal/
jco on July 24, 2020:
DOI https://doi.org/10.
1200/JCO.20.00493

3418 Volume 38, Issue 29

https://ascopubs.org/doi/suppl/10.1200/JCO.20.00493
http://ascopubs.org/journal/jco
http://ascopubs.org/journal/jco
http://ascopubs.org/doi/full/10.1200/JCO.20.00493
http://ascopubs.org/doi/full/10.1200/JCO.20.00493


for high-risk ALL, relapsed ALL, or hematopoietic cell
transplantation.

METHODS

Study Population

The Childhood Cancer Survivor Study (CCSS) is a retro-
spective cohort with longitudinal follow-up of survivors of
childhood cancer treated at 31 institutions in North
America.22 Eligibility included diagnosis of cancer, in-
cluding ALL, before age 21 years, between January 1, 1970
and December 31, 1999, and alive at 5 years after di-
agnosis of a childhood cancer. The closest-age siblings of
a random sample of survivors were recruited to serve as
a comparison population. The CCSS was approved by in-
stitutional review boards at participating centers. Partici-
pants or their proxies provided informed consent. A detailed

description of the cohort methodology and study design
have been published previously.23

Cancer Treatment Information and Risk-Stratified

Treatment Groups

For survivors of childhood ALL who provided consent,
cancer diagnosis and treatment data, including chemo-
therapy cumulative doses and body region–specific ra-
diation dosimetry, were abstracted from medical records
by treating institutions.24,25 CRT maximum target dose
was determined by summing the prescribed dose to all
overlapping treatment fields in the brain.26 Anthracycline
drug doses were standardized as doxorubicin equiva-
lents.27 We generated clinically meaningful and mutually
exclusive treatment groups representative of risk-stratified
therapy across different eras using multimodal therapy
exposures and dose cut-points (Table 1) representative

TABLE 1. Therapeutic Exposures Defining Mutually Exclusive Treatment Groups

Therapeutic Exposure

Treatment Group

70s 80sHR 80sSR 90sHR 90sSR R/BMT

Cranial radiation therapy, Gya . 20 . 0 . 0 to # 20 — None —

Dexamethasone No No No Yes — —

Anthracycline cumulative dose, mg/m2b —c . 120 # 120 . 120 # 120 —

Cyclophosphamide cumulative dose, mg/m2 — — — . 1,000 # 1,000 —

Cytarabine, IV No Yes — — — —

R/BMT No No No No No Yes

NOTE. Therapeutic exposures, including relapse or bonemarrow transplant, occurred within the first 5 years since diagnosis of ALL. Treatment
groups are representative of 1970s therapy (70s), 1980s and 1990s standard and high-risk therapy (80sSR, 80sHR, 90sSR, 90sHR) and therapy
for relapse or with hematopoietic cell transplantation (R/BMT).

Abbreviations: ALL, acute lymphoblastic leukemia; IV, intravenous.
aCranial radiation dose: maximum target dose, taken as the sum of the prescribed doses for all overlapping brain fields.
bAnthracycline dose reported as doxorubicin equivalent dose where conversions are idarubicin3 3, daunorubicin3 0.5, mitoxantrone3 10,

and epirubicin 3 0.67.21
c— indicates the therapeutic exposure was not used to define the group (ie, the cell can assume any value).

CONTEXT

Key Objective
We aimed to determine if risk stratification of therapy has modified patterns in late-health outcomes among acute lym-

phoblastic leukemia (ALL) survivors.
Knowledge Generated
Compared with survivors treated with therapy representative of the 1970s, those treated with therapy similar to con-

temporary standard-risk ALL regimens had decreased rates of health-related late mortality (includes death due to late
effects of cancer therapy), subsequent malignancy, and many chronic health conditions. These rates of subsequent
malignancy and health-related late mortality were similar to the US population. Survivors treated with therapy similar to
high-risk regimens of the 1990s had an increase in specific chronic health conditions (diabetes, joint replacement).

Relevance
These findings can inform counseling of survivors and their families and demonstrate that although risk-stratified therapy

has improved outcomes for standard-risk patients, there is still a need to decrease late complications of therapy,
particularly among high-risk patients.
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TABLE 2. Demographic and Treatment Characteristics of 5-Year Survivors of Childhood ALL and Siblings

Characteristic

Overall Treatment Groups

All Survivors Siblings 70s 80sHR 80sSR 90sHR 90sSR R/BMT

All participants 6,148 5,051 722 387 683 438 1,186 825

Sex

Male 3,308 (54) 2,408 (48) 343 (48) 212 (54) 353 (52) 250 (58) 565 (49) 516 (62)

Female 2,840 (46) 2,643 (52) 379 (52) 175 (46) 330 (48) 188 (46) 621 (51) 309 (38)

Race/ethnicity

White, non-Hispanic 5,060 (80) 4,377 (87) 662 (92) 323 (82) 590 (84) 361 (80) 980 (79) 665 (78)

Black, non-Hispanic 292 (6) 151 (3) 15 (2) 16 (5) 30 (6) 16 (4) 50 (5) 37 (5)

Hispanic/Latino 525 (10) 215 (4) 28 (4) 30 (8) 34 (6) 39 (11) 103 (11) 87 (12)

Other 271 (5) 308 (6) 17 (2) 18 (5) 29 (4) 22 (5) 53 (5) 36 (5)

Treatment era

1970-1974 685 (7) 279 (38) 11 (2) 48 (5) 1 (0) 66 (3) 107 (10)

1975-1979 1,139 (12) 331 (45) 108 (22) 141 (16) 6 (1) 64 (3) 171 (15)

1980-1984 1,714 (18) 94 (13) 145 (30) 302 (33) 73 (9) 274 (11) 272 (25)

1985-1989 1,178 (20) 14 (3) 77 (25) 149 (31) 102 (18) 333 (24) 121 (17)

1990-1994 685 (21) 3 (1) 27 (14) 38 (13) 86 (21) 233 (31) 67 (14)

1995-1999 747 (21) 1 (0) 19 (7) 5 (2) 170 (52) 216 (29) 87 (19)

Age at diagnosis, years

0-4 3,164 (55) 377 (52) 165 (44) 385 (59) 144 (43) 717 (62) 429 (55)

5-9 1,588 (28) 203 (28) 112 (32) 162 (25) 98 (27) 335 (31) 211 (27)

10-14 956 (12) 107 (15) 72 (16) 92 (13) 136 (22) 97 (5) 112 (11)

15-21 440 (5) 35 (5) 38 (8) 44 (5) 60 (8) 37 (2) 73 (7)

Age at follow-up, years

, 20 888 (18) 370 (7) 30 (5) 30 (6) 57 (9) 75 (27) 156 (17) 290 (36)

20-29 1,884 (41) 1,203 (24) 104 (15) 91 (31) 187 (35) 161 (44) 498 (54) 196 (31)

30-39 2,135 (28) 1,643 (32) 220 (30) 165 (42) 289 (39) 166 (25) 423 (25) 209 (22)

40-49 1,058 (11) 1,198 (24) 284 (39) 92 (19) 140 (16) 36 (4) 94 (4) 117 (11)

$ 50 183 (2) 637 (13) 84 (11) 9 (2) 10 (1) 0 (0) 15 (1) 13 (1)

Follow-up age, years,
median (range)

27.9 (5.9-61.9) 35.9 (3.1-68.9) 40.0 (8.2-61.9) 32.9 (10.2-55.3) 31.4 (9.8-60.3) 25.5 (11.5-48.4) 26.4 (8.9-58.7) 24.5 (6.3-59.5)

Follow-up years since
diagnosis,
median (range)

22.3 (5.0-46.4) 34.4 (5.4-46.3) 26.3 (5.3-42.6) 26.5 (5.8-45.3) 18.1 (7.3-40.8) 21.3 (5.0-45.6) 18.4 (5.0-46.4)

Cranial radiation, Gya

None 2,441 (56) 0 (0) 0 (0) 0 (0) 188 (59) 1,186 (100) 167 (26)

. 0-20 1,603 (25) 0 (0) 283 (74) 683 (100) 213 (36) 0 (0) 217 (30)

. 20 1,440 (19) 722 (100) 104 (26) 0 (0) 27 (5) 0 (0) 330 (44)

Anthracycline exposure,
mg/m2a,b

None 2,354 (34) 548 (76) 0 (0) 463 (53) 0 (0) 781 (51) 175 (23)

. 0-120 1,412 (37) 48 (7) 0 (0) 220 (47) 0 (0) 405 (49) 191 (35)

. 120 to , 250 994 (19) 25 (4) 184 (44) 0 (0) 398 (93) 0 (0) 132 (23)

$ 250 595 (9) 90 (12) 203 (56) 0 (0) 40 (7) 0 (0) 126 (19)

Cyclophosphamide
exposure,
mg/m2a

None 2,501 (46) 585 (84) 37 (16) 442 (58) 0 (0) 1,017 (83) 164 (29)

. 0-1,000 286 (7) 11 (2) 14 (3) 9 (1) 0 (0) 169 (17) 29 (7)

(continued on following page)
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TABLE 2. Demographic and Treatment Characteristics of 5-Year Survivors of Childhood ALL and Siblings (continued)

Characteristic

Overall Treatment Groups

All Survivors Siblings 70s 80sHR 80sSR 90sHR 90sSR R/BMT

. 1,000 to , 4,000 1,045 (21) 27 (5) 64 (15) 45 (7) 333 (79) 0 (0) 127 (26)

4,000 to , 8,000 588 (11) 13 (2) 153 (36) 43 (7) 65 (14) 0 (0) 101 (19)

$ 8,000 797 (16) 56 (8) 113 (30) 137 (28) 40 (7) 0 (0) 106 (19)

IV methotrexate, mg/m2a

None 2,947 (49) 508 (73) 235 (53) 486 (57) 282 (70) 565 (43) 296 (43)

. 0 to , 4,300 1,233 (21) 183 (26) 117 (36) 123 (21) 124 (25) 151 (12) 205 (32)

$ 4,300 1,170 (30) 11 (2) 30 (11) 72 (22) 30 (5) 451 (45) 124 (25)

IT methotrexate, mLa

None 295 (4) 105 (15) 0 (0) 29 (4) 4 (1) 39 (2) 22 (4)

. 0 to , 230 3,893 (76) 545 (81) 318 (86) 604 (88) 271 (59) 946 (83) 291 (62)

$ 230 830 (19) 18 (3) 56 (14) 26 (8) 159 (40) 161 (15) 141 (34)

Dexamethasone

Yes 1,160 (30) 0 (0) 0 (0) 0 (0) 438 (100) 252 (31) 108 (26)

No 4,274 (70) 722 (100) 387 (100) 683 (100) 0 (0) 921 (69) 541 (74)

Epipodophyllotoxina

Yes 1,177 (28) 1 (0) 80 (18) 148 (36) 17 (4) 231 (28) 263 (44)

No 4,412 (72) 721 (100) 307 (82) 533 (64) 421 (96) 954 (72) 483 (56)

Cytarabinec

Yes 3,569 (73) 65 (9) 387 (100) 245 (50) 434 (99) 672 (72) 608 (85)

No 2,001 (27) 657 (91) 0 (0) 437 (50) 4 (1) 512 (28) 131 (15)

Sociodemographicd

Marriage status

Marriede 2,427 (37) 2,987 (64) 299 (42) 150 (38) 294 (42) 171 (30) 521 (39) 190 (26)

Single 2,955 (56) 1,147 (25) 305 (43) 187 (52) 306 (49) 232 (66) 555 (54) 460 (68)

Divorced or
separated

509 (7) 509 (11) 108 (15) 42 (10) 63 (9) 22 (4) 90 (7) 48 (6)

Household income, $

, 20,000 1,049 (17) 435 (9) 143 (20) 64 (15) 118 (19) 62 (14) 171 (15) 144 (16)

20-59,999 2,356 (37) 1,556 (31) 324 (45) 164 (42) 275 (38) 150 (31) 405 (35) 357 (42)

$ 60,000 2,276 (37) 2,788 (56) 208 (29) 137 (35) 251 (34) 196 (46) 534 (41) 245 (32)

Unknown 405 (9) 244 (5) 40 (6) 18 (8) 34 (9) 28 (9) 69 (8) 73 (10)

Education attainment

, High school 915 (18) 273 (6) 43 (6) 39 (10) 78 (14) 67 (23) 143 (16) 267 (35)

Lower than college 2,874 (47) 2,084 (42) 388 (54) 174 (45) 317 (47) 180 (43) 546 (48) 323 (39)

College or
postgraduate
egree

2,250 (35) 2,551 (52) 279 (39) 165 (45) 278 (39) 185 (34) 485 (37) 209 (26)

Employment

Full time 2,928 (60) 2,923 (72) 366 (63) 204 (64) 341 (58) 220 (56) 629 (60) 266 (57)

Part time 570 (15) 464 (11) 44 (8) 33 (10) 74 (15) 58 (20) 138 (16) 56 (15)

Care home 236 (4) 267 (7) 26 (4) 14 (4) 37 (7) 13 (3) 62 (5) 10 (2)

Looking for job 264 (6) 122 (3) 27 (5) 28 (12) 31 (6) 20 (6) 45 (5) 29 (6)

Unable to work 442 (8) 113 (3) 100 (17) 28 (9) 57 (12) 22 (5) 46 (4) 66 (13)

Retired 10 (0) 55 (1) 3 (1) 0 (0) 2 (0) 0 (0) 1 (0) 2 (0)

Student 166 (6) 117 (3) 4 (1) 4 (2) 10 (2) 27 (11) 56 (8) 20 (7)

(continued on following page)
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of 1970s therapy (70s), 1980s and 1990s standard-
and high-risk therapy (80sSR, 80sHR, 90sSR, 90sHR),
and therapy for relapse or with hematopoietic cell trans-
plantation, regardless of era (R/BMT; Data Supplement).
Survivors in the 90sSR group received therapy similar
to contemporary (2005-2018) standard-risk ALL pro-
tocols of the Children’s Oncology Group (COG),10 Dana-
Farber Cancer Institute Consortium,3,28,29 or St Jude
Children’s Research Hospital,30 including no CRT, 0-
1,000 mg/m2 cyclophosphamide, and 0-120 mg/m2

anthracycline.27,31 Nearly all patients with standard-risk
ALL in North America are treated with one of these
regimens.

Outcome Measures

Date and cause of death through December 2017 were
obtained through linkage with the National Death Index and
classified using the International Classification of Disease
into 3 mutually exclusive categories: (1) recurrence or
progression of ALL, (2) other health-related late mortality
(subsequent neoplasms, cardiac, pulmonary, and other
deaths due to a medical condition including late effects of
cancer therapy), and (3) external causes (including acci-
dents, suicides, and other external causes).

Subsequent neoplasms (SNs) were identified by self or
proxy report or death certificate and classified as: (1)
malignant neoplasms (SMNs), (2) nonmelanoma skin can-
cers (NMSC), and (3) benign meningiomas.18 Diagnoses
were confirmed by pathology report or, when unavailable,
death certificate, medical records, or both.

Ages at first occurrence of chronic health conditions were
self-reported using a multi-item, organ system–based
questionnaire. Conditions were graded using the National

Cancer Institute Common Terminology Criteria for Adverse
Events (v4.03) as mild (grade 1), moderate (grade 2),
severe or disabling (grade 3), life-threatening (grade 4), or
fatal (grade 5).32

Neurocognitive outcomes were measured using the CCSS
Neurocognitive Questionnaire, previously validated to as-
sess attention and processing speed (task efficiency),
emotional regulation, organization, and memory.33 Impair-
ment was defined using previously described methods.34-36

Sociodemographic outcomes including marital/relationship
status, health insurance, employment, household income,
and educational attainment were considered as indicators
of psychosocial functioning among survivors $ 25 years of
age.21

Statistical Analysis

Cumulative incidence of cause-specific death, SNs, and
chronic health conditions were estimated, stratified by
treatment group. Health conditions, including SNs, oc-
curring before study entry at 5 years since cancer di-
agnosis were included as prevalent cases at cohort entry.
Standardized mortality ratios (SMRs) were estimated for
all-cause and cause-specific mortality compared with
the age-, sex-, race-, and calendar year–matched US
population.37 Standardized incidence ratios (SIRs) and
absolute excess risk per 1,000 person-years were cal-
culated for SMNs compared with those of the age-, sex-,
race-, and year-matched US population using incidence
rates from the SEER program. Follow-up time ended at
the earlier of the date of death or December 31, 2017 for
mortality; the earliest of an SN after 5 years since di-
agnosis, death, or last questionnaire for SNs; and the
earliest of a condition meeting the grade of interest,

TABLE 2. Demographic and Treatment Characteristics of 5-Year Survivors of Childhood ALL and Siblings (continued)

Characteristic

Overall Treatment Groups

All Survivors Siblings 70s 80sHR 80sSR 90sHR 90sSR R/BMT

Deceased 1 (0) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Unemployed 3 (0) 3 (0) 2 (0) 0 (0) 0 (0) 0 (0) 1 (0) 0 (0)

Health insurance

Yes 4,882 (85) 4,533 (91) 600 (86) 328 (88) 564 (82) 378 (87) 999 (84) 489 (83)

No 825 (15) 474 (9) 93 (14) 46 (12) 92 (18) 55 (13) 167 (16) 96 (17)

NOTE. Data are presented as No. (%) unless otherwise noted. Treatment groups are representative of 1970s therapy (70s), 1980s and 1990s standard-
and high-risk therapy (80sSR, 80sHR, 90sSR, 90sHR), and therapy for relapse or with hematopoietic cell transplantation (R/BMT). Cranial radiation therapy
is maximum target dose, taken as the sum of the prescribed dose for all overlapping brain fields. Reported percentages were weighted to account for
undersampling of ALL survivors in the latter recruitment era (1987-1999), with a weight of 1.21 for ALL age 0 or 11-20 at diagnosis and a weight of 3.63 for
those age 1-10.
Abbreviation: ALL, acute lymphoblastic leukemia.
aPercentage is based on available information.
bAnthracycline dose reported as doxorubicin equivalent dose where conversions are idarubicin 3 3, daunorubicin 3 0.5, mitoxantrone 3 10, and

epirubicin 3 0.67.21
cAny administration.
dThe value is from the last questionnaire with available information.
eMarried includes couples who are married or living as married.
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death, or last questionnaire for chronic health condi-
tions. The prevalence of neurocognitive impairment and
sociodemographic outcomes were estimated overall and
by treatment group. SMRs and SIRs were estimated
overall and stratifying on 10-year intervals since
diagnosis.

Multivariable piecewise-exponential models for rates of
time-to-event outcomes and multivariable log-binomial
models for prevalence of cross-sectional outcomes were
used to estimate associations of treatment group, as well as
specific therapeutic exposures, adjusted for age at di-
agnosis, attained age, sex, and race, and are reported as
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FIG 1. Cumulative incidence of late
mortality as (A) all-cause, (B) recurrence,
and (C) health-related latemortality among
5-year survivors of childhood acute lym-
phoblastic leukemia by treatment group.
70s, 1970s therapy; 80sHR, 1980s high-
risk therapy; 80sSR, 1980s standard-risk
therapy; 90sHR, 1990s high-risk therapy;
90sSR, 1990s standard-risk therapy;
R/BMT, relapse or with hematopoietic
cell transplantation.
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rate ratios (RRs) and prevalence ratios (PRs), respectively,
with 95% CIs. To account for the undersampling of sur-
vivors of ALL diagnosed in 1987-1999, all CCSS analyses
use sampling weights through inverse probability weight-
ing. Additional description of outcome measures and sta-
tistical methods are available in the Data Supplement.

RESULTS

Among 6,148 survivors and 5,051 siblings, the median age
at last follow-up or death was 27.9 years (range, 5.9-61.9
years) and 35.9 (3.1-68.9 years), respectively (Table 2). Of
the 5,623 survivors with complete treatment information,
4,241 (75.4%) could be assigned to one of the predefined
treatment groups (Appendix Figure A1, online only).
Treatment group assignment was concordant with year of
diagnosis (Table 2; Data Supplement). Most 90sHR re-
ceived no CRT, whereas all 80sHR and 70s received CRT.
Although all high-risk survivors received . 120 mg/m2

anthracycline, 90sHR received a lower cumulative dose
(7% received $ 250 mg/m2) compared with 80sHR
(56% received$ 250 mg/m2). A larger proportion of 90sSR
received high-dose methotrexate (45%) compared with all
other treatment groups (, 25%).

Late Mortality

At 20 years since diagnosis, the cumulative incidence of all-
cause late mortality was 6.6% overall (95% CI, 6.0 to 7.1;
Fig 1; Data Supplement). Health-related late mortality was
2.0% (1.7% to 2.3%) overall and was similar for 70s
(2.4% [1.3% to 3.5%]), 80sSR (2.5% [1.5% to 3.6%]), and
80sHR (3.2% [1.6% to 4.8%]) groups. Compared with 70s,
the cumulative incidence of health-related late mortality
was lower for 90sSR (0.3% [0.1% to 0.6%]) and 90sHR
(0.6% [0.0% to 1.1%]) and higher for R/BMT
(5.6% [4.2% to 6.9%]). Notably, with the exception of
R/BMT, the 20-year cumulative mortality due to disease

recurrence/progression was , 2% among all treatment
groups and lowest among 90sSR (0.6% [0.3% to 0.9%]).
External causes of death included 10 suicides among 70s
(n5 3), 90sSR (n5 1), and participants not in a treatment
group (n 5 6).

In multivariable analysis, 90sSR had a 5-fold reduction in
risk for health-related late mortality compared with 70s (RR
[95% CI], 90sSR: 0.2 [0.1 to 0.4]), and risk among 90sHR
was reduced 3-fold (90sHR: 0.3 [0.1 to 0.7]; Data Sup-
plement). This was attributable largely to reductions in SMN
and cardiac death. Compared with 70s, no significant
change in the rate of health-related late mortality was
identified for 80sSR (RR, 0.9 [0.5 to 1.5]) or 80sHR (1.2
[0.8 to 1.9]), whereas R/BMT had nearly 3 times the rate
(2.8 [1.9 to 4.1]). Overall, health-related late mortality
among survivors in 90sSR and 90sHR did not differ from
that observed in the general US population (SMR [95% CI],
90sSR: 1.3 [0.8 to 2.0], 90sHR: 1.7 [0.7 to 3.5]; Table 3;
Data Supplement). When stratified by years since di-
agnosis, similar findings were observed within each stra-
tum, with no significant difference in health-related late
mortality for survivors in 90sSR or 90sHR compared with
the general population (Data Supplement; Fig 2).

Subsequent Neoplasms

At 20 years since diagnosis, the cumulative incidence of
an SN was 3.8% overall (95% CI, 3.3% to 4.2%), in-
cluding SMN (2.3% [2.0% to 2.6%]), benign meningioma
(0.5% [0.3% to 0.6%]), and NMSC (1.1% [0.9% to 1.4%];
Data Supplement; Appendix Fig A2, online only). Com-
pared with 70s, only 90sSR had a reduced cumulative
incidence of SMN (70s: 3.4% [2.0% to 4.7%], 90sSR:
0.7% [0.3% to 1.0%]), whereas the difference from
90sHR was not statistically significant (2.1% [0.9% to
3.3%]). In multivariable analysis, 90sSR experienced
a significant reduction in rate of SMN (RR [95% CI], 0.3

TABLE 3. Rate and Observed-to-Expected Ratios of Health-Related Late Mortality and Subsequent Malignant Neoplasms Among 5-Year
Survivors of Childhood ALL by Overall and by Treatment Group Compared With the Year-, Age-, Sex-, and Race-Matched US Population

Group

Health-Related Late Mortality Subsequent Malignant Neoplasms

Rate/1,000 Person-Years SMR (95% CI) Rate/1,000 Person-Years SIR (95% CI)

Overall 1.9 4.6 (4.2 to 5.1) 1.8 3.4 (3.0 to 3.8)

Treatment group

70s 2.8 3.8 (3.0 to 4.9) 2.2 2.6 (1.9 to 3.4)

80sHR 2.6 5.6 (3.8 to 7.8) 2.6 4.4 (2.9 to 6.5)

80sSR 1.9 4.4 (3.2 to 6.0) 2.0 3.8 (2.7 to 5.2)

90sHR 0.5 1.7 (0.7 to 3.5) 1.3 3.1 (1.7 to 5.0)

90sSR 0.4 1.3 (0.8 to 2.0) 0.4 1.0 (0.6 to 1.6)

R/BMT 5.4 12.7 (10.4 to 15.3) 3.9 7.8 (6.0 to 10.0)

NOTE. Treatment groups are representative of 1970s therapy (70s), 1980s and 1990s standard- and high-risk therapy (80sSR, 80sHR,
90sSR, 90sHR), and therapy for relapse or with hematopoietic cell transplantation (R/BMT). Boldface SMR/SIR values are those that were not
statistically significantly different from the US population.

Abbreviations: ALL, acute lymphoblastic leukemia; SIR, standardized incidence ratio; SMR, standardized mortality ratio.
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[0.1 to 0.6]), benign meningioma (0.0 [0.0 to 0.1]), and
NMSC (0.2 [0.1 to 0.5]) compared with 70s (Data Sup-
plement). In a separate analysis by treatment exposure, no
single exposure accounted for normalization of this risk
(Data Supplement).

We did not identify an increase in risk for a malignancy after
primary ALL among 90sSR compared with the general
population (SIR [95% CI], 1.0 [0.6 to 1.6]; Table 3; Data
Supplement). However, when stratified by years since di-
agnosis, 90sSR had an increase in risk for SMN earlier in
survivorship, from 5-15 years (SIR [95% CI], 2.3 [1.2 to
4.0]), but not in later strata (SIR [95% CI] 16-25 years: 0.6
[0.2 to 1.5];. 25 years: 0.2 [0.0 to 1.3]; Data Supplement;
Appendix Fig A3, online only).

Chronic Health Conditions

At 20 years since diagnosis, the cumulative incidence of
any severe, disabling, life-threatening, or fatal (grade 3-5)
chronic health condition was 21.1% (95% CI, 20.3% to
22.0%) overall (Data Supplement; Appendix Fig A4,
online only). Compared with 70s, only 90sSR had a re-
duced cumulative incidence of any grade 3-5 condition
(70s: 22.5% [19.4% to 25.5%]; 90sSR: 11.0% [9.7%
to 12.3%]), whereas that of R/BMT was increased
(41.2% [38.2% to 44.2%]). Compared with 70s, both
90sHR and R/BMT had an increase in major joint

replacement (70s: 0.1% [0.0% to 0.4%]; 90sHR:
2.7% [1.5% to 3.8%]; R/BMT: 1.8% [1.0% to 2.6%]) and
diabetes (70s: 1.5% [0.6% to 2.4%]; 90sHR: 4.0%
[2.6% to 5.4%]; R/BMT: 5.7% [4.3% to 7.1%]).

In multivariable analysis compared with 70s, 90sSR ex-
perienced a reduced rate of any grade 3-5 condition (RR
[95% CI], 0.4 [0.3 to 0.5]), stroke (0.4 [0.1 to 0.9]), and
congestive heart failure (0.0 [0.0 to 0.1]), with no grade 3-5
heart failure events reported in 90sSR survivors (Fig 3; Data
Supplement). Compared with 70s, both 90sHR and R/BMT
had at least 3 times the rate of major joint replacement (RR,
90sHR: 3.0 [1.2 to 7.8]; R/BMT: 5.3 [2.1 to 13.8]). No
significant difference in self-reported prevalence of in-
fertility was identified between treatment groups overall
(Data Supplement). In an analysis assessing risk for spe-
cific therapeutic exposures, only exposure to CRT or total
body irradiation were significant for risk of any grade 3-5
chronic health condition (Data Supplement).

Compared with siblings, all treatment groups experienced
an increased rate of any grade 3-5 chronic health condition
(RR, 90sSR: 1.9 [1.5 to 2.3]; Data Supplement). However,
although 90sSR had no increase in rate of heart failure
compared with siblings (RR, 0.0 [0.0 to 0.6]), 90sHR had
3 times the rate (3.1 [0.9 to 11.2]) and R/BMT had 13 times
the rate (13.0 [5.9 to 28.5]).
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Neurocognitive Impairment

In multivariable analysis compared with 70s, 90sSR had
reduced prevalence of impaired memory (PR [95% CI], 0.7
[0.6 to 0.9]), emotional regulation (0.5 [0.4 to 0.7]), and
task efficiency (0.5 [0.4 to 0.7]; Data Supplement). In an
analysis assessing risk for specific therapeutic exposures,
associations between neurocognitive impairment with fe-
male sex and CRT were confirmed (Data Supplement).

Sociodemographic Outcomes

The 90sSR group was no different from siblings on the basis
of income, uninsured status, education, or employment.
However, a higher proportion had never married or lived as
married (PR, 1.4 [95% CI, 1.2 to 1.6]; Data Supplement).

DISCUSSION

Risk-stratified therapy for childhood ALL has focused on
improving survival by increasing the intensity of therapy in
patients with high-risk features while reducing therapy in
standard-risk patients to minimize their long-term toxicities.
The success of this approach in improving disease-free
survival has been well established,3,5,8,9,11 but our analysis
directly demonstrates that contemporary risk-stratified
therapy has succeeded in reducing late morbidity and
mortality for standard-risk patients. Specifically, to our
knowledge, our analysis is the first to show that survivors
treated similarly to contemporary standard-risk ALL ther-
apies (represented by . 1,100 survivors in the 90sSR
group, with a median follow-up of . 25 years for mortality
and . 21 years for all other outcomes) have no statistically

significant increase in risk for health-related late mortality or
SMN compared with the general population. Furthermore,
reductions in treatment intensity have not led to an increase
in late mortality due to relapse. Although Essig et al31

previously presented results of 556 survivors treated in
the 1970s and early 1980s with therapy similar to standard-
risk therapy of the 2000s, they did not include any survivors
treated after 1986 or comparisons with survivors treated
with high-risk therapy or therapy reflective of an earlier era.
Furthermore, although prior studies found no decrease in
risk for chronic health conditions among ALL survivors
treated in more recent decades,16,17 we have now shown
that, compared with the 70s cohort, standard-risk patients
treated with contemporary risk-stratified protocols had
a significant reduction in risk for developing a severe
chronic health condition, including congestive heart failure,
stroke, and neurocognitive impairment. However, a larger
proportion developed a chronic condition than similar-age
siblings.

Survival of childhood ALL has improved dramatically over
the time frame presented in this study,3-6,8,18 which has led
to increased numbers of survivors of high-risk leukemia
who received more intensive therapy.3,5,8 Although survi-
vors treated with more recent high-risk therapy, 90sHR,
had reduced late mortality compared with survivors treated
in earlier eras, we did not identify reductions in the rate of
SMN or chronic health conditions. Furthermore, survivors
treated for relapse or requiring transplantation (R/BMT)
were the only group to experience worse overall outcomes
than the 70s, with more than twice the rate of health-related
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FIG 3. Rate ratios of any and specific grade 3-5 chronic health conditions by treatment group compared with 70s,
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late mortality, SMNs, and chronic health conditions. The
absence of consistent improvements in late health out-
comes for 90sHR and poor outcomes for R/BMT likely
explain the findings of prior studies that did not stratify by
risk and identified improved late mortality19 but no im-
provement in rates of SN and chronic health conditions
among more contemporary survivors of ALL.17,18 This
phenomenon, where intensively treated patients with high-
risk disease who would not have survived in an earlier era
alter the morbidity profile of the overall population, has
recently been described among survivors of medulloblas-
toma. The introduction of adjuvant chemotherapy in the
1980s and risk stratification in the 1990s dramatically
improved 5-year survival of patients with medulloblastoma
to . 70% at a cost of increased risk for severe chronic
health conditions and SNs among survivors.38 The high
incidence of chronic conditions including major joint re-
placement and diabetes among 90sHR and R/BMT sur-
vivors identifies potential opportunities for continued
improvement through therapy modification, use of novel
agents, or earlier monitoring and intervention for late
effects.

We determined that the spectrum of chronic health con-
ditions experienced by the contemporary survivor differs
from that of survivors treated in previous eras. In the 1990s,
prophylactic CRT was largely replaced by intensified in-
trathecal and CNS-targeted chemotherapy regimens
(dexamethasone, high-dose methotrexate), resulting in
a significantly decreased risk for neurocognitive deficits,
stroke, and SMN.16,36 Dose restriction of anthracycline
chemotherapy has resulted in a significant reduction in risk
of cardiomyopathy, even among high-risk survivors. By
contrast, contemporary therapy for high-risk patients and
those with relapse or requiring transplantation has in-
creased treatment-related morbidity. The 90sHR and
R/BMT groups had a higher incidence of major joint re-
placement and diabetes than 70s or 90sSR. Although no
single therapy exposure was shown to increase risk for
major joint replacement in our study, prior studies have
established an association between increased corticoste-
roid exposure, as well as L-asparaginase, and osteonecrosis
among patients with high-risk ALL.39,40 This may explain the
increased incidence of joint replacement, a major func-
tional morbidity, observed in 90sHR, highlighting the

changing spectrum of chronic health conditions among
survivors of high-risk disease.

Limitations to this study include that all outcomes, with the
exception of mortality and SMN, were derived only from
self-report. In addition, because survival has improved
dramatically over the 30 years of the study, particularly for
high-risk and relapse/transplantation groups, it may be
difficult to differentiate the impact of improved survival on
late health outcomes by treatment group. Finally, although
median follow-up was at least 18 years since diagnosis for
all treatment groups and 21 years for 90sSR, this is still
relatively short follow-up for the 90s groups and R/BMT. As
morbidity and mortality increase with age, comparisons
presented between groups and to the general population
may change over time.

In summary, we identified that the largest group of survivors
(90sSR) treated with risk-adapted regimens similar to
contemporary standard-risk ALL therapy have improved
outcomes across all domains compared with those treated
with therapy reflective of an earlier era or for high-risk
disease. Furthermore, the risk for health-related late
mortality and subsequent malignancy of the 90sSR group
are no greater than the general US population, and their
socioeconomic outcomes are similar to those of siblings.
However, continued follow-up is needed to determine if
these encouraging findings are maintained as these sur-
vivors age. Our findings also emphasize the need to en-
courage efforts to mitigate the known risk of chronic health
conditions, particularly for survivors of high-risk ALL, where
specific treatment-related morbidity has increased (joint
replacement, diabetes). Continued improvements in risk-
stratified treatment, addition of targeted agents and im-
munotherapy, and attention to modifiable risk factors are
needed to optimize life span and health span. Our findings
can inform both discussions regarding long-term expec-
tations of newly diagnosed patients and risk-based follow-
up care priorities of aging, long-term survivors of ALL,
outlined in the COG Long-Term Follow up Guidelines.41

Taken together, these results demonstrate that the goal of
risk-stratified therapy for children with standard-risk ALL, to
reduce late morbidity and mortality while maintaining ex-
cellent outcomes, has been realized. However, there re-
mains an urgent need to decrease the burden of chronic
health conditions experienced in this aging population.
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APPENDIX

Eligible for CCSS cohort overall 
diagnosed 1970-1999 (N = 35,918)

Acute lymphoblastic leukemia
survivors eligible for CCSS (n = 8,551)

ALL participants who completed
baseline questionnaire (n = 6,148)

Nonparticipants        (n = 2,403)
     Passive refusal     (n = 1,385)
     Active refusal          (n = 974)
     Other                        (n = 44)

Not diagnosed
with ALL (n = 27,367)

Not assigned treatment group      (n = 1,907)
       Missing treatment information (n = 525)
       Treatment not consistent with
       any single treatment group    (n = 1,382)

Assigned treatment group     (n = 4,241)
       1970s-like                             (n = 722)
       1980s HR-like                       (n = 387)
       1980s SR-like                       (n = 683)
       1990s HR-like                       (n = 438)
       1990s SR-like                    (n = 1,186)
       Relapse/transplant              (n = 825)

FIG A1. Diagram of study population. ALL, acute lymphoblastic leukemia; CCSS, Childhood
Cancer Survivor Study; HR, high risk; SR, standard risk.
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FIG A2. Cumulative incidence of subsequent neoplasms as (A) subsequent malignant neoplasm (SMN), (B)
benign meningioma, and (C) nonmelanoma skin cancer (NMSC) among 5-year survivors of childhood acute
lymphoblastic leukemia by treatment group. 70s, 1970s therapy; 80sHR, 1980s high-risk therapy; 80sSR,
1980s standard-risk therapy; 90sHR, 1990s high-risk therapy; 90sSR, 1990s standard-risk therapy; R/BMT,
relapse or with hematopoietic cell transplantation.
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FIG A3. Standardized incidence ratios comparing rate of subsequent malignant neoplasm by time since
diagnosis and treatment group to the age-, sex-, race-, and year-matched US population. 70s, 1970s therapy;
80sHR, 1980s high-risk therapy; 80sSR, 1980s standard-risk therapy; 90sHR, 1990s high-risk therapy;
90sSR, 1990s standard-risk therapy; R/BMT, relapse or with hematopoietic cell transplantation.
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FIG A4. Cumulative incidence of severe or disabling, life-threatening, or fatal
(Common Terminology Criteria for Adverse Events grade 3-5) chronic health con-
ditions (A) overall, and of selected conditions including (B) congestive heart failure,
(C) coronary artery disease, (D) stroke, (E) diabetes, and (F) major joint replacement
among 5-year survivors of childhood acute lymphoblastic leukemia by treatment
group. 70s, 1970s therapy; 80sHR, 1980s high-risk therapy; 80sSR, 1980s
standard-risk therapy; 90sHR, 1990s high-risk therapy; 90sSR, 1990s standard-risk
therapy; R/BMT, relapse or with hematopoietic cell transplantation.
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