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abstract

PURPOSE Constitutional mismatch repair deficiency syndrome (CMMRD) is a lethal cancer predisposition
syndrome characterized by early-onset synchronous and metachronous multiorgan tumors. We designed a
surveillance protocol for early tumor detection in these individuals.

PATIENTS AND METHODS Data were collected from patients with confirmed CMMRD who were registered in the
International Replication Repair Deficiency Consortium. Tumor spectrum, efficacy of the surveillance protocol,
and malignant transformation of low-grade lesions were examined for the entire cohort. Survival outcomes were
analyzed for patients followed prospectively from the time of surveillance implementation.

RESULTS A total of 193 malignant tumors in 110 patients were identified. Median age of first cancer diagnosis
was 9.2 years (range: 1.7-39.5 years). For patients undergoing surveillance, all GI and other solid tumors, and
75% of brain cancers were detected asymptomatically. By contrast, only 16% of hematologic malignancies were
detected asymptomatically (P , .001). Eighty-nine patients were followed prospectively and used for survival
analysis. Five-year overall survival (OS) was 90% (95% CI, 78.6 to 100) and 50% (95% CI, 39.2 to 63.7) when
cancer was detected asymptomatically and symptomatically, respectively (P 5 .001). Patient outcome mea-
sured by adherence to the surveillance protocol revealed 4-year OS of 79% (95% CI, 54.8 to 90.9) for patients
undergoing full surveillance, 55% (95% CI, 28.5 to 74.5) for partial surveillance, and 15% (95% CI, 5.2 to 28.8)
for those not under surveillance (P, .0001). Of the 64 low-grade tumors detected, the cumulative likelihood of
transformation from low-to high-grade was 81% for GI cancers within 8 years and 100% for gliomas in 6 years.

CONCLUSION Surveillance and early cancer detection are associated with improved OS for individuals with
CMMRD.

J Clin Oncol 39:2779-2790. © 2021 by American Society of Clinical Oncology

Creative Commons Attribution Non-Commercial No Derivatives 4.0 License

INTRODUCTION

Constitutional mismatch repair deficiency (CMMRD)
syndrome (OMIM #276300)1 is a cancer predisposition

syndrome associated with inheritance of biallelic
pathogenic variants in mismatch repair (MMR) genes
(MLH1, PMS2,MSH2, andMSH6), leading to deficient
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MMR during DNA replication.2 Loss of functional MMR
results in a rapid accumulation of mutations and the de-
velopment of cancers that are highly aggressive and display a
hypermutant phenotype.2-4 Because of the nature of these
tumors, commonly used chemotherapies and radiation are
largely ineffective.5 Consequently, many patients with
CMMRD develop symptomatic cancers and die regardless of
treatment approach.6-12

The most common tumors observed in these patients are
early-onset CNS, GI, and hematologic malignancies with
higher penetrance than other cancer predisposition syn-
dromes.13 Although other cancer types have been reported
in children and adults with CMMRD,13-16 the frequency and
extent of these malignancies are not as well characterized.

Surveillance protocols have previously been developed for
several cancer predisposition syndromes such as heredi-
tary breast-ovarian cancer and Li-Fraumeni syndromes and
have significantly improved survival for screened
patients.17-20 Effective surveillance relies on three central
pillars.21 First, a surveillance protocol should include mo-
dalities that identify most cancer types presenting in at-risk
individuals. Second, the recommended modalities should
prove effective at early detection of asymptomatic tumors
that can be resected or managed effectively with reduced
treatment related morbidity. Third, a surveillance protocol
must demonstrate that early asymptomatic tumor detection
ultimately improves overall patient survival.

Initial efforts to establish surveillance for individuals with
CMMRD began with anecdotal cases incorporating GI
surveillance22,23 and serial brain magnetic resonance im-
aging (MRI), although surveillance approaches varied
widely.22,24,25 Proposed surveillance guidelines for CMMRD
were recently revised26,27 to include more comprehensive
recommendations. However, current guidelines are based
on expert opinion and no study has systematically evalu-
ated the efficacy of surveillance and whether adherence
affects overall survival (OS).

The International Replication Repair Deficiency Consor-
tium (IRRDC) was formed in 2007 and currently includes
pediatric and adult patients from more than 45 countries.
Since 2008, surveillance recommendations were imple-
mented as part of the management of these patients. Data
from all registered IRRDC patients are collected prospec-
tively from the time of enrollment.

The goal of this study was to systematically evaluate the
proposed surveillance guidelines for CMMRD27 to deter-
mine whether current modalities are appropriate to detect
the full spectrum of tumors seen and whether detecting
asymptomatic tumors results in improved outcome.

PATIENTS AND METHODS

Inclusion Criteria

All patients were enrolled in the IRRDC with patient consent
and institutional research ethics board approval (SickKids,
Research Ethics Board no. 1000048813). Patients were
diagnosed as having CMMRD through established genetic,
clinical, and other molecular diagnostic criteria by the
consortium genetic counselor (M.A.) based on criteria
established by an international consensus.13,28 This group
was termed full study cohort (Fig 1). Patients who did not
completely fulfill these established criteria including sus-
pected yet unconfirmed CMMRD were excluded. Since
current evidence on CMMRD does not suggest an asso-
ciation between the cancer susceptibility of a patient and
which of the four MMR genes is affected, we included all
patients with CMMRD in this study and added the gene
affected to our multivariable analysis.

Tumor Spectrum

Cancer diagnoses were collected for the full study cohort
(n5 110). These were compared with patients with CMMRD
previously published in the literature through a computer-
aided search of MEDLINE (2008 to December 2019). The
search used CMMRD syndrome and biallelic mismatch

CONTEXT

Key Objective
Do the current surveillance recommendations for constitutional mismatch repair deficiency (CMMRD) syndrome improve

early tumor detection and overall survival in individuals with CMMRD? This has never been tested prospectively.
Knowledge Generated
Early presymptomatic detection of CMMRD cancers using the current recommended surveillance modalities was associated

with improved survival. Overall survival was significantly better in individuals with CMMRD who fully adhered to surveillance
guidelines compared with individuals who did not undergo surveillance (P , .0001). All low-grade brain andmost GI lesions
transformed to malignant cancers during the study period indicating a potential benefit of early detection and intervention.

Relevance
Current surveillance recommendations appear effective for early detection and intervention that can improve outcome for

patients with CMMRD. These guidelines can be implemented in most centers around the world.
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repair deficiency syndrome as keywords and was restricted
to English language publications. Malignant lesions and age
of diagnosis were recorded. Authors were contacted to clarify
patient identification to minimize duplication of cases.

Surveillance Data

The surveillance protocol used by the consortium was
published in 2017 and includes the following: BrainMRI is to
be implemented at diagnosis and repeated every 6 months.
Whole-body MRI (WBMRI) should begin at age 6 years and
is to be performed annually. Abdominal ultrasound and CBC
should be performed at diagnosis and repeated every
6 months. Upper and lower endoscopy are recommended
annually starting at 4-6 years of age. Further details of the
protocol are outlined in the Data Supplement (online only).27

Data were obtained through ongoing follow-up for the full
study cohort. In addition, a surveillance questionnaire was
sent to each patient’s physician (Data Supplement). Medical
documents, including pathology, surgical, endoscopy, and
autopsy reports, were also reviewed. The end of patient
follow-up date for the study was November 1, 2019.

To evaluate the efficacy of early cancer detection by the
recommended guidelines, tumors from patients undergo-
ing surveillance from the full study cohort were identified

either as asymptomatic or symptomatic at diagnosis and
the modalities that detected each tumor were reported.
Data were also collected on all benign and low-grade
lesions found in the full study cohort.

Prospective Cohort and Outcome Measures

To assess whether surveillance guidelines and early de-
tection affect survival, we evaluated patients who were
followed prospectively from 2008 (n 5 89), the year sur-
veillance was initiated (Fig 1). Patients in this prospective
cohort were categorized as either full, partial, or no sur-
veillance based on the level of surveillance they received.
The full surveillance cohort (n5 33) comprised individuals
who underwent routine screening using all the modalities
recommended. The partial surveillance cohort (n 5 20)
included individuals who did not consistently undergo all
screening modalities or from whom modalities were not
performed at recommended intervals. Examples include
individuals in whom only colonoscopy and CBC were
performed, or for whom brain MRIs were performed at
intervals . 6 months. The no surveillance cohort (n 5 36)
included individuals who did not receive any routine
screening. Overall patient survival was determined for these
three groups. Patients who were enrolled in the consortium

IRRDC patients

Confirmed CMMRD (n = 110)

Full study cohort

Patients (n = 110)
Malignant (n = 191)  and low-

 grade or benign tumors (n = 64) 
               

Tumor spectrum

analysis

Malignant tumors (n = 193)

Excluded

No follow-up
data available (tumors, n= 2)

Prospective cohort

Patients (n = 89)
Malignant tumors (n = 139)

Efficacy of

surveillance

modalities

Malignant tumors (n = 61)

Low-grade tumor

analysis

 Low-grade or benign
     tumors  (n = 64)

Overall survival by

surveillance protocol

adherence

Asymptomatic v

symptomatic tumor

survival

FIG 1. Study overview. CMMRD, constitutional mismatch repair deficiency; IRRDC, International Replication
Repair Deficiency Consortium.
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before 2008 (n 5 21) and whose data were retrospectively
collected were excluded from survival analysis.

To test the role of early asymptomatic tumor detection and
considering that patients with CMMRD develop synchro-
nous and metachronous cancers, a secondary separate
analysis of patient outcome was measured per tumor.
Tumors were divided into two groups, symptomatic or
asymptomatic, based on presentation at diagnosis. Tumor-
specific survival was subsequently measured by comparing
these two groups. To avoid further bias introduced by low-
grade tumors, patient- and tumor-specific survival analyses
were determined solely using malignant tumors from the
prospective cohort. Patients who were enrolled in the
consortium before 2008 (n 5 21) and whose data were
retrospectively collected were excluded from survival
analysis. Patient country of origin was classified as low
resource or high resource based on the World Bank Global
Index LMIC List 2020.

Statistical Analysis

For analysis of asymptomatic versus symptomatic tumor-
specific survival, each tumor was treated as an indepen-
dent entity and the unit of analysis was the tumor rather
than the individual. Tumor-specific survival was defined as
time to death or last follow-up from the diagnosis of brain,
GI, or other tumors. For participants with multiple tumors,
cause of death was attributed to one of the tumors and we
censored tumors that were not the cause of death at the
time of death. For patients, time to OS was defined in years
from date of CMMRD diagnosis to the date of death or last
follow-up.

Categorical variables such as sex, gene affected, and tumor
types were summarized with counts and percentages.
Continuous variables such as age at first cancer diagnosis
and follow-up duration were summarized with median and
range. One-way analysis of variance, Fisher’s exact test,
and N–1 chi-squared test (for comparison of proportions)
were used where appropriate for analysis of the prospective
cohort demographics tables.

OS rates were calculated using the Kaplan-Meier product-
limit method. Logrank test was used as a univariate analysis
to assess potential prognostic factors. Cox proportional
hazards model was also used to assess the joint effect of
prognostic factors. All tests were two-tailed with a proba-
bility of , .05 considered statistically significance. Statis-
tical analyses were performed using version 9.4 of the SAS
System for Windows (Copyright 2002-2012 SAS Institute
Inc, Cary, NC), and SPSS, Statistics for Windows, Version
22.0., IBM Corp (Armonk, NY).

RESULTS

Overall, 110 patients with confirmed CMMRD and 193
malignant tumors were identified (Fig 1). Two tumors were
excluded from the remaining analysis as full information
was not available. The full study cohort comprised 110

patients and 191 tumors that were used to determine the
efficacy of the proposed surveillance modalities in malig-
nant tumors and for analysis of low-grade lesions. Ongoing
prospective data were collected for 89 patients. This
established the prospective cohort for the survival analysis.
Five patients did not develop cancer during the study with a
median follow-up of 1.6 years (range, 0.68-4.98 years) and
84 developed 139 malignant tumors during the study time.

Tumor Spectrum for Patients With CMMRD

The spectrum of malignant tumors identified for IRRDC
patients (full study cohort) is presented in Figure 2A. Ad-
ditional demographics are detailed in the Data Supplement.
Overall, the median age of first cancer diagnosis was 9.2
years (range, 1.7-39.5 years). CNS tumors were the most
common cancers observed (44%, n 5 85; median age at
diagnosis 9.9 years, range 2.3-38.5 years) followed by GI
(27%, n 5 52; median age at diagnosis 15.9 years, range
8.5-49.9 years) and hematologic malignancies (19%,
n5 37;median age at diagnosis 10.5 years, range 2.2-29.9
years). We compared the prevalence of cancers in indi-
viduals with CMMRD from the literature (Data Supplement)
to our cohort and revealed similar ratios. Ten percent of
tumors (n5 19; median age at diagnosis 16.1 years, range
1.7-52.3 years) occurred in other organs, such as bone,
soft tissue, genitourinary, and embryonal cancers.

In addition, adult type tumors, such as colorectal, breast,
and genitourinary tumors, were observed at young ages
(31%,median age 17.9 years, range 8.5-52.3 years). Of the
52 patients who survived their initial cancers, 36 (69%)
developed metachronous cancers (. 2 years between
cancers). A detailed list of the malignant tumors identified
for each IRRDC patient along with basic demographics is
listed in the Data Supplement. Together, the high fre-
quency of numerous cancers in multiple organ systems at a
young age highlights the importance of implementing a
multimodal surveillance protocol early in life.

Efficacy of Surveillance for Asymptomatic

Tumor Detection

To test the efficacy of recommended modalities in detecting
asymptomatic tumors, we looked specifically at individuals
undergoing surveillance within the full study cohort (n5 56).
We then analyzed the cancers developed during this period
to determine which tumors were detected asymptomatically
or symptomatically (Fig 2B). Twenty CNS tumors were
identified, including both malignant gliomas and embryonal
tumors such as medulloblastoma. Both brain-specific and
WBMRI were able to detect 15 (75%) asymptomatic CNS
cancers. The five brain tumors that developed symptom-
atically while on surveillance were in patients who had in-
tervals longer than six months between scans (n 5 1, 1.5
years), or interruptions because of access or availability to
surveillance modalities (n 5 4). All 24 GI tumors were
identified asymptomatically by surveillance. Similarly, all five
of the other solid tumors detected by surveillance were

2782 © 2021 by American Society of Clinical Oncology Volume 39, Issue 25
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asymptomatic. By contrast, only two of 12 (16%) hemato-
poietic malignancies were detected by current surveillance
methods, both of which were identified incidentally.

Survival Benefit for Asymptomatic Detection of

Malignant Cancers

Having established the tumor spectrum and potential
benefit of the surveillance recommendations for patients

with CMMRD, we examined the impact of early detection of
asymptomatic malignant cancers on survival. Within the
prospective cohort, 139 tumors were detected. Of those, 39
tumors (28%) were detected by surveillance tools before
symptoms arose. All other tumors (72%, n 5 100) were
diagnosed after initial symptoms or signs. Survival analysis
was performed per tumor. Five-year OS was 90% (95% CI,
78.6 to 100) and 50% (95% CI, 39.2 to 63.7) for

Brain tumors* 44%

High-grade gliomas
Medulloblastomas
CNS embryonal

82%
12%
6%

GI cancers 27%

Colorectal cancers
Small bowel cancers
Stomach cancers
Liver cancer

71%
21%
6%
2%

Hematologic

malignancies

19%

Lymphoma 70%

Non-Hodgkin T-cell
Non-Hodgkin B-cell
Non-Hodgkin unspecified

48%
19%
3%

Leukemia 30%

ALL
AML

19%
11%

Total patients = 105
Total tumors = 193

Other malignant tumors 10%

Retinoblastoma 5.3%

Breast cancer 10.5%

Skin cancer 15.8%

Neuroblastoma 5.3%

Wilms tumor 10.5%

Kidney cancer (other) 10.5%

Bladder cancer 10.5%

Ovarian cancer 5.3%

Endometrial cancer 5.3%

Prostate cancer 5.3%

Sarcoma 15.8%
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FIG 2. Tumor spectrumand efficacy of the surveillancemodalities to detect asymptomatic malignant tumors in
the full study cohort. (A) Distribution of malignant tumors from individuals with CMMRD. (B) Tumors detected
during surveillance per tumor type. *P5 .03 (brain) compared with literature cohort (brain) determined using
“N–1” chi-squared test. ALL, acute lymphoblastic leukemia; AML, acute myelomonocytic leukemia; CMMRD,
constitutional mismatch repair deficiency; IRRDC, International Replication Repair Deficiency Consortium.
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asymptomatic versus symptomatic detection, respectively
(P 5 .001, Fig 3A). Having a large cohort in this study
allowed for evaluation of the twomost common cancer types.
For CNS tumors (92% high-grade glioma, 6% medullo-
blastoma, and 2% CNS embryonal tumors), 5-year OS was
72% (95% CI, 49.5 to 100) for asymptomatic tumors
(n 5 15) and 33% (95% CI, 20.5 to 55.6) for symptomatic
tumors (n 5 53; P 5 .04, Fig 3B). For GI cancers (n 5 33,
Fig 3C), OS was 100% (95% CI, 100 to 100) for tumors
detected asymptomatically (n 5 18) during surveillance
compared with 81% (95% CI, 71.1 to 100) survival for
symptomatic tumors (n 5 15; P 5 .18). Multivariable
analysis for all tumors (Data Supplement) and for brain (Data
Supplement) and colon (Data Supplement) separately
confirmed the independent value of asymptomatic tumor
detection in all cancers and brain tumors specifically.

Survival Benefit for Patients With CMMRD

Undergoing Surveillance

We then tested the ability of the surveillance protocol to
improve survival for patients with CMMRD. Patients in the
prospective cohort (n 5 89) were further divided into three
groups: individuals undergoing full surveillance (n 5 33),
partial surveillance (n 5 20), and no surveillance (n 5 36;
see Methods, Data Supplement). Patient demographics
were similar between groups (Table 1). Only eight patients
were older than 18 years when the surveillance was
initiated.

Four-year OS was 79% (95% CI, 54.8 to 90.9) and 15%
(95% CI, 5.2 to 28.8) for patients with CMMRD undergoing
full surveillance versus those not undergoing surveillance
(P , .0001, Fig 3D). Patients undergoing partial
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FIG 3. Survival for individuals with constitutional mismatch repair deficiency according to surveillance status. (A)
Survival for all tumors stratified by symptomatic and asymptomatic detection. (B) Survival for brain tumors
stratified by symptomatic and asymptomatic detection. (C) Survival for GI tumors stratified by symptomatic and
asymptomatic detection. (D) Survival for patients stratified by surveillance adherence. P values were calculated by
log-rank test. OS, overall survival.
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surveillance had favorable outcomes with 4-year OS of 54%
(95% CI, 28.5 to 74.5; P 5 .001).

To examine whether the observed differences in OS was a
result of resource differences that affect availability or
adherence to the surveillance protocol, we analyzed the
distribution of patients from the full, partial, and no sur-
veillance groups by country of origin (Table 1). The dis-
tribution of patients who did or did not undergo surveillance
did not differ between high- and low-resource settings.

To address the lead time bias, the mortality ratio was
calculated for the median follow-up of 25.4 months (Data
Supplement). For the full surveillance cohort, mortality was

30% (10 of 33), which was significantly less (P 5 .001)
than the nonsurveillance cohort at 72% (26 of 36). The
partial surveillance cohort had a mortality of 40% (8 of 20)
compared with the no surveillance cohort (P 5 .02). There
was no significant difference in mortality between the full
surveillance and partial surveillance cohorts. Eighty-nine
patients from the prospective cohort were from 72 families.
The penetrance of this syndrome and familial clustering did
not affect presentation, tumor type, and outcome of pa-
tients in this study.

In multivariable analysis, including age, sex, gene affected,
and resources available, surveillance was the single vari-
able associated with improved OS in patients with CMMRD
(P , .0001; Table 2).

Low-Grade CMMRD Tumors Transform to High-

Grade Cancers

A total of 64 benign and low-grade lesions were detected in 54
patients (Fig 4A, Data Supplement). Polyposis and low-grade
gliomas (LGG) were the most common tumors. To assess the
risk of malignant transformation, we analyzed data for patients
undergoing GI surveillance for at least 3 years (n 5 19). Of
these, 58% (n5 11) developed dysplastic polyps, all of which
resulted in prophylactic colectomy (Fig 4B) by age 13.2 years
(range, 9.2-25 years). Of the six nonresected LGG identified
by surveillance, all revealed universal transformation to high-
grade glioma at amedian of 1.7 years (range, 1-5.7 years; Figs
4C and 4D). Cumulative likelihood of transformation over time
revealed an 81% probability of colorectal polyps undergoing
high-grade dysplastic changes within 8 years (Fig 4D).
Similarly, for LGG, the likelihood of transformation into high-
grade glioma was 100% in 6 years (Fig 4D).

TABLE 1. Prospective Cohort Patient Demographics
Demographic F (n 5 33) P (n 5 20) N (n 5 36) P value

Male:female 13:20 11:9 15:21 F v P: .39
F v N: 1
P v N: .41

Median age (years) at last follow-up or
death (range)

13.9 (3.7-41.1) 15.7 (5.3-44.7) 13.5 (3.4-28.5) F v P: .46
F v N: .36
P v N: .13

Median age (years) at initiation of surveillance (range) 9.9 (1.5-38.5) 11.2 (3.0-39.5) 11.0 (2.3-27.2)a F v P: .47
F v N: .99
P v N: .41

Adults (181 years) 4 3 1

Asymptomatic:symptomatic tumors 23:28 15:20 1:52 F v P: 1
F v N: , .001
P v N: , .001

Patient location

High resource (n 5 80) 31 18 31 F v P: .63
F v N: .43
P v N: 1

Low resource (n 5 9) 2 2 5

NOTE. P values were obtained using Fisher’s exact test or one-way analysis of variance where applicable.
Abbreviations: F, full surveillance; N, no surveillance; P, partial surveillance.
aAge at first cancer was used as a comparison.

TABLE 2. Multivariable Overall Survival Analysis Using Cox
Proportional Hazards Model for the Prospective Cohort

Parameter P a
Hazard
Ratio

95% CI

Lower Upper

Sex (F v M) .7063 0.880 0.453 1.710

Surveillance (no v full) , .0001 0.115 0.045 0.299

Surveillance (no v partial) .0012 0.262 0.116 0.589

Gene affected (MLH1) .4364 0.310 0.016 5.917

Gene affected (MSH2) .5634 0.504 0.049 5.154

Gene affected (MSH6) .4617 0.454 0.055 3.723

Gene affected (PMS2) .1944 0.251 0.031 2.024

Resource setting (low v high) .6628 1.254 0.453 3.475

Age at diagnosis
(continuous)

.3247 1.024 0.977 1.072

aP values were obtained from Wald-type chi-square test from Cox
model.
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DISCUSSION

This is the first prospective report on the impact of sur-
veillance for individuals with CMMRD and demonstrates
that a multimodal approach is associated with a survival
benefit when these individuals adhere to the recommended
surveillance guidelines.27 The large number of tumors that
can develop in affected individuals during a short period
enabled us to examine several important concepts asso-
ciated with current surveillance recommendations.

With increased awareness and diagnosis of CMMRD, the
tumor-risk spectrum of this syndrome is expanding

(Fig 2A). This study confirms that CNS, GI, and hema-
tologic cancers are the most common tumor types, but
also highlights that a significant number of tumors in
other tissues, including embryonal tumors such as Wilms
tumor and neuroblastoma, are not uncommon during
early childhood. In addition, malignancies such as breast
cancer, sarcomas, and genitourinary tumors are ob-
served particularly in patients beyond the pediatric years.
Overall, the tumor spectrum for CMMRD, including
576 CMMRD-associated cancers (literature and con-
sortium cohorts), supports the recommended screening
modalities.
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The benefit from early detection of asymptomatic cancers is
thought to be related to complete surgical resection and
possibly less aggressive adjuvant therapy. Although early
detection of tumors has not shown to improve survival in
other cancer syndromes and sporadic cancer types,29-31

our study reveals that early asymptomatic tumor detection
is associated with a significant OS benefit, including in
malignant gliomas where the role of gross total resection is
still debated (Figs 3A-3C).

Another important observation in this study is that some
patients with CMMRD have developed multiple metachro-
nous cancers and as a result of prior therapies, exceeded the
maximum tolerated lifetime dose limits for radiation and
certain chemotherapy agents. Surveillance enables these
patients to be managed with surgery and follow-up alone.

Lead time bias must be considered, as it may skew the
observed survival benefit for the surveillance cohorts. To
address this, we reported mortality ratios for the prospective
cohort at the median follow-up (Data Supplement) and
further demonstrated a significant increase in survival for the
full surveillance cohort compared with the nonsurveillance
cohort (P 5 .001). In addition, lead time bias is typically
related to cancers where there is a long time between di-
agnosis and death. As the majority of CMMRD-associated
cancers are rapidly lethal, this bias is less likely in this study.

The proposed modalities and screening frequency identified
a large majority of asymptomatic brain tumors (75%), and all
of the GI and other solid tumors in patients with CMMRD
undergoing surveillance (Fig 2B). Perhaps, the most disap-
pointing part of this study is the inability of current methods to
reliably detect asymptomatic hematologic malignancies.
Similar observations have been described in other leukemia-
related cancer syndromes.32 Several options may be more
successful including metabolic tests such as lactate dehy-
drogenase or the use of molecular assays such T-cell rear-
rangement in circulating tumor DNA. Strategies are needed
as 43% of the deaths in patients undergoing surveillance
were because of hematologic malignancies, whereas these
cancers accounted for only 16% of the deaths in the non-
surveillance cohort (while brain tumors predominate 75%).

Low-grade malignancies are invariably detected in all
surveillance protocols.17 Controversy exists regarding
whether the transformation risk of these lesions is high
enough to offer survival benefit.17,18,29 We observed a
strikingly high rate of transformation into malignant and
premalignant lesions for both LGG and colorectal polyps
(Fig 4). This may be because of the extremely high rate of
mutation accumulation especially with secondary muta-
tions in POLE and TP53.3,33,34 Complete surgical resection
of low-grade tumors, and total colectomy for patients with
multiple high-grade dysplastic polyps may be lifesaving by
preventing the development to higher-grade tumors.

Although aggressive, the benefit of the currently recom-
mended surveillance protocol on OS of patients with

CMMRD is striking (Fig 3D). This is justified as many pa-
tients develop multiple cancers in a synchronous or
metachronous fashion resulting in extremely low long-term
survival. The increased survival benefit associated with
partial surveillance for patients with CMMRD is an intriguing
finding. This may have management implications for pa-
tients with CMMRD worldwide where not all of the rec-
ommended modalities are readily available. Relatively
simple but consistent follow-up with fewer modalities may
still improve outcome for this devastating syndrome.35

Although surveillance recommendations were available to all
patients with CMMRD since 2008, many centers decided
not to burden their patients with such a cumbersome pro-
tocol because of the lack of robust evidence supporting the
benefit of CMMRD surveillance recommendations. Other
reasons for nonadherence to full and consistent surveillance
may include poor access to care, lack of education,
awareness, social and cultural norms, and physician opin-
ions regarding the role of these protocols in cancer pre-
disposition. However, a lack of awareness and resources on
a systemic level does not appear to have influenced the
results of this study (Table 1). As observed in other cancer
syndromes,17,18 we hope this study provides strong evidence
leading to a wider use and adherence to the current protocol.

There are several limitations to this study that should be
discussed. First, as most patients with CMMRD do not
reach adulthood, the spectrum of cancers that may present
in adults is limited. As the cancer risks become more
defined, modification of the protocol should be considered.
Second, in our cohort, only one malignant tumor was
identified with WBMRI. Nevertheless, the tumor spectrum
observed in patients with CMMRD (Fig 2A) clearly dem-
onstrates a need for extended modalities outside of
CNS, GI, and hematologic screening. In Li-Fraumeni17,18

and hereditary pheochromocytoma or paraganglioma
sydndromes,36 WBMRI has been studied prospectively
for efficacy and has been shown to play an important role in
the detection of both benign and malignant lesions.37 Ul-
timately, a longer follow-up time and a larger cohort of long-
term survivors would be required to determine efficacy of
WBMRI for CMMRD. In addition, it is important to recognize
that the level of surveillance adherence was the decision of
the patient and clinician and may be based on various
factors. Although we considered systemic differences (ie,
resource setting) and found no correlation, future studies
should investigate other potential factors that may be in-
volved. Finally, it will be important to assess the psycho-
social impact of living with this condition and following this
aggressive surveillance protocol.

In summary, this study provides justification for the current
protocol and demonstrates a significant survival benefit
associated with undergoing surveillance in patients with
CMMRD. Further work is required to enable better de-
tection of some malignancies.
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