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Abstract

Introduction: Patients with germline TP53 pathogenic variants (Li–Fraumeni syndrome [LFS]) 

are at extremely high lifetime risk of developing cancer. Recent data suggest that tumor 

surveillance for patients with LFS may improve survival through early cancer detection. The 
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objective of this study was to assess the cost-effectiveness of a cancer surveillance strategy for 

patients with LFS compared with those whose tumors present clinically.

Methods: A Markov decision analytic model was developed from a third-party payer perspective 

to estimate cost-effectiveness of routine cancer surveillance over a patient’s lifetime. The model 

consisted of four possible health states: no cancer, cancer, post-cancer survivorship, and death. 

Model outcomes were costs (2015 United States Dollars [USD]), effectiveness (life years [LY] 

gained), and incremental cost-effectiveness ratio (ICER; change in cost/LY gained). One-way 

sensitivity analyses and probabilistic sensitivity analyses examined parameter uncertainty.

Results: The model showed a mean cost of $46 496 and $117 102 and yielded 23 and 27 LY for 

the nonsurveillance and surveillance strategies, respectively. The ICER for early cancer 

surveillance versus no surveillance was $17 125 per additional LY gained. At the commonly 

accepted willingness to pay threshold of $100 000/life-year gained, surveillance had a 98% 

probability of being the most cost-effective strategy for early cancer detection in this high-risk 

population.

Conclusions: Presymptomatic cancer surveillance is cost-effective for patients with germline 

pathogenic variants in TP53. Lack of insurance coverage or reimbursement in this population may 

have significant consequences and leads to undetected cancers presenting in later stages of disease 

with worse clinical outcomes.
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1 | INTRODUCTION

In 1969, Li and Fraumeni postulated the existence of a familial cancer syndrome based on 

their observation of a notable clustering of sarcomas, breast cancer, and other early-onset 

tumors.1 Eventually coined Li–Fraumeni syndrome (LFS), the high risk for such a broad 

range of cancers was explained when LFS was found to be associated with germline 

pathogenic variants in the key tumor suppressor gene TP53.2,3 Pathogenic variants in TP53 
are inherited in an autosomal dominant manner. However, de novo mutations account for up 

to 20% of cases.4 The use of genetic testing to identify families with TP53 pathogenic 

variants has greatly broadened the spectrum of cancers associated with LFS beyond the 

“core” tumors initially described, namely, sarcomas, breast cancers, brain tumors, leukemia 

and adrenocortical carcinoma. Lung, gastrointestinal, thyroid, ovarian, skin, and other 

cancers have also been reported in mutation carriers, and present at ages earlier than in the 

general population.5,6

The overall cancer risks in individuals with LFS are substantial: 19%, 41%, and 73% for 

men and 12%, 84%, and 100% for women by ages 16, 45, and 85, respectively.7 A 2010 

analysis of 105 Dutch families with LFS found a 4-fold relative risk for developing cancer in 

these families compared with the population rate (95% confidence interval [CI], 3.1–4.8).6 

The risk for additional primary cancers is increased, with those diagnosed with cancer in 

childhood (ages 0–19) having the greatest risk for a second primary (RR, 83.0; 95% CI, 
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36.9–187.6) and those diagnosed with their first cancer after age 20 having a 9- to 10-fold 

increase in risk.8

These high cancer risks suggest a need for screening and/or prevention strategies that enable 

early cancer diagnosis and therefore decrease morbidity and mortality. However, these 

approaches must be both clinically effective to impact patient outcomes and justify genetic 

testing, and, ideally, cost-effective to support implementation on a large scale. There has 

been significant success in the area of early tumor surveillance for patients with BRCA1/2-

associated hereditary breast/ovarian cancer and for Lynch syndrome. However, routine 

genetic testing and development of screening strategies for LFS have lagged behind, likely 

due to the greater challenges of screening for a heterogeneous array of tumors over a wide 

age range and the relative rarity of this syndrome.

A recent prospective analysis of LFS patients, 59 of whom had multimodal prescribed 

surveillance and 30 who declined surveillance, found 5-year survival in those diagnosed 

with cancer through screening to be 88.8% compared with 59.6% in the patients diagnosed 

with cancer on the basis of clinical presentation.9 This “Toronto surveillance protocol,” 

described by Villani et al, is very rigorous and demonstrates a significant survival benefit; 

however, the economic value of the screening protocol has not been evaluated. The National 

Comprehensive Cancer Network has endorsed some components of this protocol (Table 1).
10 One of the main obstacles underlying widespread adoption of this protocol in the United 

States is the potential cost and lack of insurance reimbursement.9

The objective of this study was to assess the cost-effectiveness of the “Toronto surveillance 

protocol” for patients with LFS from the perspective of a US third-party healthcare payer.

2 | METHODS

2.1 | Model description and analysis

We developed a Markov decision analytic model that followed patients diagnosed with LFS 

over their lifetime.11 We compared the cumulative costs and life years (LY) gained for 

patients who received a surveillance strategy with those who did not. The incremental 

monetary value required to gain one LY from surveillance on a population level, also called 

incremental cost-effectiveness ratios (ICERs), was calculated based on the resulting costs 

and LY. As has been recommended and used in previous clinical cancer prevention cost-

effectiveness analysis literature, we used a willingness-to-pay (WTP) threshold of $100 

000.12,13

2.2 | Model structure/health states

We compared two clinical management strategies (Figure 1): the Toronto surveillance 

protocol versus no surveillance. Patients entered the model at birth and were assumed to start 

in the “no cancer” health state. After one year, a patient can either stay in a “no cancer” 

health state, develop a tumor and transition to a “cancer” health state, or die from noncancer-

related causes. Those who developed tumors could survive and proceed to a “post-cancer 

survivorship” health state, or die from cancer. For patients who enter a “post-cancer 

survivorship” health state, subsequent primary tumor development could occur or not. Post-
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cancer survivors who do not develop a subsequent primary tumor can either return to “no 

cancer” health state or die from noncancer-related causes. All health states transition 

occurred at one-year intervals. We constructed the model using TreeAge Pro 2017 (TreeAge 

Software, Williamstown, MA).

2.3 | Model parameters

Table 2 lists a summary of parameters used to build this model (i.e., transition probabilities 

and costs).

2.3.1 | Patients and surveillance—The surveillance strategy and effectiveness 

estimates were obtained from the results of the study by Villani et al describing the updated 

outcomes from the Toronto surveillance protocol.9 In the surveillance strategy, patients were 

assumed to be screened from birth to death. We assumed 100% compliance to the protocol 

by patients based on the assumption that reducing financial barriers through third-party 

payer reimbursement would allow for 100% compliance. Patients in the non-surveillance 

strategy were assumed to have regular care following population cancer screening 

guidelines.

2.3.2 | Clinical outcomes—Probabilities of tumor development were obtained from the 

published literature by Chompret et al, who estimated age-specific rates of tumor 

development for patients with LFS.7 These rates were converted to annual age-specific 

probabilities. We assumed the definition of a lifetime to be 65 years for the LFS age-specific 

tumor development probabilities, but allowed the final probability of tumor development to 

extend until death, whichever occurred later.

Mortality probabilities for patients with tumor development were based on survival data for 

patients from the surveillance and non-surveillance arms in the Villani et al study.9 All-cause 

mortality estimates were derived from life tables that excluded breast neoplasms.14 LY were 

discounted at a 3% annual rate.15

2.3.3 | Costs—We conducted our analysis from a US third-party payer’s perspective; 

thus, we included only direct medical costs in the model. Costs for the components of the 

surveillance strategies were obtained from the Centers for Medicare and Medicaid Services 

(CMS) Medicare Reimbursement Fee Schedule.16 Cost of surveillance was incurred each 

year while the patient was in the no-cancer health state and was adjusted to reflect the age-

specific costs of screening.

The costs of two phases of cancer care, initial (referring to the first 12 months of cancer 

treatment after diagnosis) and cancer death (referring to up to the last 12 months of life after 

cancer diagnosis), obtained by Mariotto et al were used as proxies for early- and late-stage 

cancers, respectively.17 The cost of cancer treatment was weighted based upon the frequency 

of LFS-related cancers obtained from the International Agency for Research on Cancer 

(IARC) TP53 Database (http://p53.iarc.fr/; accessed April 18, 2016), which is an 

international database that collects data on TP53-related cancers. Cancer categories obtained 

from IARC for which there was no equivalent in the Mariotto et al study were placed into 

the “Other” category.
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Furthermore, we weighted the cost of early- and late-stage cancers for each surveillance 

strategy based on the published literature from other surveillance strategies in different 

populations.18–21 We applied a 3% annual discount for costs for the duration of the model.15 

We adjusted all cost estimates to 2015 USD using the healthcare component of the Personal 

Consumption Expenditures Index.

2.4 | Sensitivity analyses

We conducted one-way sensitivity analyses (OWSA) at WTP thresholds of $50 000/LY and 

$100 000/LY to examine uncertainty in the estimates for probabilities and costs. As few 

confidence intervals were reported for any of the probabilities and costs used in the model, 

we calculated 95% confidence intervals with the continuity corrected Wilson’s score interval 

for survival and early- versus late-stage cancer probabilities.22 We also calculated a 95% 

confidence interval for costs approximately equal to four times the standard error.22–24

We also performed probabilistic sensitivity analysis (PSA). This allowed us to examine the 

combined uncertainty of the model parameters. For the PSA, we used beta distributions for 

probabilities and gamma distributions for costs.25

2.4.1 | Scenario analysis—To explore the impact of surveillance on the overdiagnosis 

of tumors, we ran the model under a scenario in which the tumor detection for the 

surveillance group is increased, but all other parameters remained the same. We increased 

the probability of tumor development based on the results from Bleyer et al, who estimated 

that 31% of breast cancer detected by surveillance was overdiagnosed (i.e., “excess 

incidence”).26

2.5 | Model validation

We adapted the model to a microsimulation of 1000 hypothetical patients, which enabled us 

to capture the individual history of patients, to determine the proportion of patients 

experiencing a tumor diagnosis with each strategy. We compared these results with data 

available in the IARC TP53 Database. We also examined the proportion of patients 

diagnosed with at least one tumor versus patients without tumor development by age 30 and 

over a lifetime.

Because this study involved secondary analyses of publicly available, deidentified data, no 

institutional review board approval was sought.

3 | RESULTS

3.1 | Base-case results

The model showed a mean cost of $46 496 and $117 103 and yielded 23 and 27 LY for the 

nonsurveillance and surveillance strategies, respectively (see Supporting Information Table 

S1). The ICER for surveillance versus nonsurveillance was $17 125 per additional LY 

gained.
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3.2 | Sensitivity analyses

The OWSA showed the model was most sensitive to probability of tumor development, the 

effectiveness discount applied, the cost discount applied, the surveillance cost, and the 

probability of survival for the surveillance strategy (Figure 2). The surveillance strategy 

remained cost-effective in all cases at our WTP threshold; however, at a WTP threshold of 

$50 000/LY, surveillance is no longer cost-effective when the probability of tumor 

development decreases below 0.0066 per year.

The PSA found a mean cost of $46 418 and $117 006 and yielded 23 and 27 LY for the 

nonsurveillance and surveillance strategies, respectively (see Supporting Information Figure 

S1). The ICER for surveillance versus nonsurveillance was $16 548 per additional LY 

gained. Above WTP thresholds of $50 000/LY and $100 000/LY, surveillance had a 94% and 

98% probability of being cost-effective, respectively (Figure 3).

3.3 | Scenario analysis

The scenario analysis, which increased the probability of tumor detection for the 

surveillance strategy, found a mean cost of $46 496 and $131 277 and yielded 23 and 26 LY 

for the nonsurveillance and surveillance strategies, respectively. The corresponding ICER 

was $26 322 per additional LY gained. In an OWSA under this scenario, surveillance was no 

longer cost-effective (i.e., ICER > $100 000/LY or dominated) when the survival of patients 

in the surveillance strategy decreased below approximately 0.69. Under a WTP threshold of 

$50 000/LY, surveillance was no longer cost-effective under the following conditions: 

effectiveness discounting is greater than 4.8%, probability of survival in the surveillance 

groups is below 0.74, cost discounting is less than 0.8%, or the probability of survival in the 

nonsurveillance group is greater than 0.64. No other significant changes were found.

3.4 | Model validation

The model predicted that by age 30, 41.2% and 36.7% of patients will have experienced at 

least one tumor, 5.7% and 9.3% will have experienced two tumors, and 0.6% and 1.3% of 

patients will have experienced three tumors for the nonsurveillance and surveillance groups, 

respectively. This combines for a total of 47.5% in both groups, closely resembling the 

cumulative risk of tumor development in patients with LFS of approximately 50% by age 30 

indicated in the literature.4,27

The model also predicted a tumor frequency distribution for the nonsurveillance group that 

closely mirrors that of the IARC TP53 Database (see Supporting Information Table S2).

4 | DISCUSSION

Patients with LFS have a high risk of multiple primary tumors. This analysis reiterates that 

the Toronto surveillance protocol provides a significant survival benefit with a gain of four 

LYs. We also found that this surveillance strategy is cost-effective at our WTP threshold. 

These results underscore the effectiveness of this surveillance protocol and may serve to 

inform third-party payer organizations trying to make reimbursement decisions on 

surveillance-screening strategies.
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Our findings are corroborated by similar analyses conducted in high cancer risk populations. 

Joergensen et al reported that screening patients genetically predisposed to pancreatic cancer 

may add between five and seven LY and found screening to be cost-effective with an ICER 

between $31 722/LY and $42 128/LY.28 Similarly, Olsen et al found that surveillance for 

families at high and moderate risk of hereditary nonpolyposis colorectal cancer was cost-

effective, adding one LY for under €2400 (approximately $3261 [2004 USD]).29

Third-party payer reimbursement can impact patient care either through the care being 

provided or via the willingness of the patient to pay for the care. It is well known that 

reduced reimbursements can be a disincentive for providers to perform procedures and may 

not be entirely concordant with good clinical practice.30 Reduced reimbursement may also 

adversely impact the utilization of preventive services by patients due to cost-sharing 

barriers.31 Conversely, higher reimbursement has been associated with increases in cancer 

screening and earlier detection of cancer.32,33

The Patient Protection and Affordable Care Act (ACA) mandated that payers cover certain 

cancer-prevention services. Although this and the expansion of Medicaid have significantly 

provided greater access to patients in need of cancer screening, many coverage gaps remain.
34,35 Thus, some patients, such as those with LFS, continue to face financial obstacles to 

clinically important cancer screening.9,36 Moody, in his editorial to JAMA in 1903, 

emphasized the importance of disease prevention, declaring that no subject “can be more 

important to the welfare of humanity.”37 Clinical and reimbursement decision makers need 

to carefully consider the added costs and benefits to the implementation of clinical 

surveillance programs and the impact these decisions, including the corresponding cost-

sharing requirements, have on patient care and outcomes.

Our analysis demonstrated that cost-effectiveness of cancer surveillance for patients with 

LFS is sensitive to the estimates of a few parameters, including the probability of tumor 

development and the probability of survival in the surveillance strategy. If cancer 

surveillance does indeed detect a greater frequency of tumors that are treated as compared 

with what would normally be treated (i.e., unrecognized overdiagnosis of nonmalignant 

lesions leading to possible overtreatment38), this could render the strategy less cost-effective. 

However, recent analyses among patients with LFS have found that overdiagnosis and 

unnecessary treatment of indolent lesions to be uncommon.36,39–41 Additional estimates of 

tumor development and patient survival using real-world data are needed to determine the 

likelihood of this occurring.

The model we developed has a number of strengths. We were able to compare the results of 

our model with data available from the IARC database and found that the distribution of 

tumor frequency was roughly equivalent for those not undergoing surveillance and the 

patients in the database. We also found that our model closely matched the published 

literature on the frequency of at least one tumor by age 30 in individuals with LFS. Finally, 

our model was robust to the variations of the parameters in the OWSA and the PSA at our 

WTP threshold, despite varying the parameters over their respective ranges.
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Our model also has some limitations. The cancer costs used in this analysis were limited to 

those estimated for adults by Mariotto et al.17 These costs do not reflect the true treatment 

cost of early-stage versus late-stage tumors at presentation; rather, they represent the phase 

of care.17 This likely overestimates the true cost of early stage versus late stage and distorts 

pediatric versus adult cancer care costs. Overestimation of early-stage cancer treatment 

renders our results conservative as the surveillance strategy increases treatment of early-

stage cancer. Economic analyses are needed to examine the true cost of cancer treatment—

including survivorship—among patients with LFS.

The estimates for the cost of surveillance we used were based on CMS costs. This may 

largely underestimate the true cost of surveillance for LFS patients as CMS reimbursements 

are lower than private insurance.42 Furthermore, cost of surveillance was found to largely 

impact the model in the OWSA; thus, costs above what we estimated may impact the cost-

effectiveness of this surveillance strategy. For example, an OWSA demonstrated that annual 

surveillance costs surpassing $7809 and $15 582 render cancer surveillance no longer cost-

effective at the WTP thresholds of $50 000/LY and $100 000/LY, respectively. Although 

these costs are well above what we estimated, real-world cost analyses are needed to refine 

this parameter.

We based our survival probabilities on the results from one study, Villani et al.9 Although 

this study provides a longitudinal outlook, it is currently unknown how LFS survival may 

change over a lifetime. Survival estimates were shown in this analysis to have a large impact 

on the cost-effectiveness of surveillance. In a post hoc subgroup analysis using age-specific 

survival estimates from Villani et al, we compared the cost-effectiveness of the surveillance 

program in children and adults separately. The surveillance program appeared to be more 

cost-effective for adults than for children (see Supporting Information Figures S2 and S3). 

However, these estimates were based on few observations and are very susceptible to small 

changes.

In this cost-effectiveness analysis, we assumed 100% patient compliance with the protocol. 

This may not be realistic as many patients, particularly those in the United States, encounter 

reimbursement barriers. This is evident in the results of the Villani study, which indicated 

that Canadian patients, covered by a publicly funded healthcare system, were 100% 

compliant with the protocol, whereas patients in the United States were not as compliant, 

presumably at least in part due to lack of insurance coverage.9

The effectiveness measurement used in this study was LY. This provides an important but 

limited insight into the cost-effectiveness of surveillance of LFS patients. Cancer screening, 

along with cancer treatment and post-cancer survivorship, affects the quality of life of a 

patient and often incurs indirect costs through loss of wages and caretaker involvement. 

Alternatively, cancer screening may lessen indirect costs of intensive cancer treatment 

through early-stage tumor management. Moreover, one of the primary benefits of prevention 

programs is the provision of a healthier life, which may translate into greater productivity.31 

Therefore, examining the cost-effectiveness of surveillance may be more appropriate from a 

societal perspective with an effectiveness measure of quality-adjusted life years (QALYs). 

Unfortunately, little has been done to explore health utilities specific to LFS patients. LFS 
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patients are a unique population; thus, utility extrapolation from other populations may not 

be appropriate.

Cancer surveillance as outlined in the Toronto surveillance protocol of individuals diagnosed 

with LFS is cost-effective at our WTP threshold. The results herein support the institution of 

cancer screening reimbursement for patients with LFS. Additional analyses using real-world 

data from large national or international LFS-based databases are needed to provide further 

evidence to support surveillance reimbursement.
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FIGURE 1. 
Decision analytic model structure. Notes: 1. The blue square represents the decision node or 

the point at which a surveillance strategy is chosen. 2. The purple “M” circles represent 

Markov nodes after which a patient transitions between health states (e.g., no cancer, post-

cancer survival, cancer, dead from disease, and dead from other causes) each cycle. The 

green circles represent chance nodes after which a probability is assigned to each event. The 

red triangles at the end of each branch represent terminal nodes, which indicate which state 

patients will transition to in the next cycle
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FIGURE 2. 
One-way sensitivity analysis tornado diagram depicting changes to the incremental cost-

effectiveness ratio of surveillance vs no surveillance over plausible values in the model 

parameters. Notes: The tornado diagram shows the changes in the ICER across the plausible 

values for each of the 10 variables listed. Each horizontal bar represents a variable in the 

model. The values on each end of the bars represent the extreme of values, with other values 

modeled in between. The x-axis shows the ICER values of surveillance vs no surveillance. 

The vertical dotted line shows the base-case model ICER of $17 125
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FIGURE 3. 
Probabilistic sensitivity analysis cost-effectiveness acceptability curve (CEAC). Notes: This 

graph shows the probabilities of each strategy being the most cost-effective across a range of 

WTP thresholds. The curves are based on 1000 second-order Monte Carlo simulations. 

Surveillance is shown to have a higher probability of being cost-effective at WTP thresholds 

of $50,000/LY and $100,000/LY
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TABLE 1

Comparison of cancer surveillance protocol by Villani et al with NCCN
a
 guidelines by cancer type

Cancer Type Villani et al protocol9 NCCN10

ACC • US abdomen/pelvis q3 to four months from ages 0–
40

• Blood tests q3 to four months for 17-OH-proesterone, 
total testosterone, dehydroepiandrosterone sulfate, 
and androstenedione values from ages 0 to 40

• No specific recommendation, would 
be included in the recommendation 
for annual whole-body MRI

Brain tumor • Annual brain MRI beginning at birth • Annual brain MRI

Soft tissue and 
osteosarcomas

• Annualwhole-body MRI

• US abdomen/pelvis q3 to four months beginning at 
age 18

• Annual whole-body MRI

Breast cancer • Clinical breast exams q6 months beginning at age 20

• Annual mammography and breast MRI from ages 20–
75

• Consider risk-reducing mastectomy

• Clinical breast exams q6to 12 
months beginning at age 20

• Annual breast MRI at ages 20–29

• Annual mammogram and breast 
MRI for ages 30–75

• Consider risk-reducing mastectomy

Colorectal • Colonoscopiesq2 years beginning at age 25 • Colonoscopies q2 to five years 
beginning at age 25

Melanoma • Annual dermatology exam beginning at age 18 • NA

Leukemia • CBC, erythrocyte sedimentation rate, lactate 
dehydrogenase q3 to four months

• NA

Other • Physical exam q3 to four months from birth • Annual physical exam

a
National Comprehensive Cancer Network.
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