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Abstract

Objectives

While previous cost-effectiveness studies on pembrolizumab in stage IV non-small cell lung

cancer (NSCLC) have found these regimens to be cost-effective, their reliance on random-

ized controlled trial (RCT) data with strict inclusion criteria limits generalizability to patients

with comorbidities. We estimated the cost-effectiveness of first-line pembrolizumab for

patients with various comorbidities.

Materials and methods

In our base case analysis, we studied pembrolizumab plus chemotherapy (pembrolizumab

combination therapy) versus chemotherapy alone. In a secondary analysis, we considered

only patients with PD-L1 expression of at least 50% (PD-L1-high) and evaluated pembroli-

zumab monotherapy, pembrolizumab combination therapy, and chemotherapy alone.

Microsimulation models were developed for the base case and the PD-L1-high analyses. To

estimate outcomes of patients with differing comorbidities, we combined survival data from

patients with few or no comorbidities from the RCTs with estimates from the general popula-

tion obtained from the Surveillance, Epidemiology, and End Results (SEER)-Medicare data-

base. Comorbidity burden level was divided into three groups based on the Charlson score

(equal to 0, 1, or 2+); patients with various other specific comorbidities were also analyzed.

Incremental cost-effectiveness ratios (ICER) were compared to a willingness-to-pay (WTP)

threshold of $100,000/quality-adjusted life-year (QALY).

Results

In the Charlson 0, Charlson 1, and Charlson 2+ patient populations, estimated ICERs for

pembrolizumab combination therapy in the base case model were $173,919/QALY,

$175,165/QALY, and $181,777/QALY, respectively, compared to chemotherapy.
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In the PD-L1-high model, the Charlson 0, Charlson 1, and Charlson 2+ patients had

ICERs of $147,406/QALY, $149,026/QALY, and $154,521/QALY with pembrolizumab com-

bination therapy versus chemotherapy. Pembrolizumab monotherapy was weakly domi-

nated for each comorbidity group in the PD-L1-high model.

Conclusion

For patients with stage IV NSCLC and varying comorbidity burden, first-line treatment with

pembrolizumab does not represent a cost-effective strategy compared to chemotherapy.

Resources should be focused on collecting immunotherapy survival data for more represen-

tative NSCLC patient populations.

Introduction

Recent advancements in the treatment of non-small cell lung cancer (NSCLC) have aimed to

extend survival for patients with the poorest prognoses—those with advanced metastatic dis-

ease. With an estimated 154,000 deaths in the U.S. due to lung cancer in 2018 and a five-year

survival rate of 5% for those with distant metastases[1], the pursuit of improved late-stage sur-

vival is an essential one. Over the last several years, randomized controlled trials (RCT) for

immune checkpoint inhibitors in the first-line treatment of stage IV NSCLC have demon-

strated significant clinical efficacy [2–7], leading to swift, widespread adoption of their use.

However, concern has arisen regarding the high prices of these therapies, as nearly 40% of

approximately 200,000 NSCLC patients were expected to be diagnosed with stage IV disease in

2018 [8, 9].

Of the immunotherapy treatments currently approved by the U.S. Food and Drug

Administration for first-line use, pembrolizumab in combination with chemotherapy for

both nonsquamous and squamous patients, as well as pembrolizumab monotherapy for

patients with high levels of programmed death ligand-1 (PD-L1) expression have been stud-

ied using cost-effectiveness analyses [10–13]. Based on survival data from their respective

RCTs, these treatment regimens have been estimated to be cost-effective compared to stan-

dard-of-care chemotherapy [10–13]. Of note, however, is that the sole reliance on RCT data

for these evaluations has excluded populations, such as persons with major comorbid ill-

nesses, that typically fall outside of the strict inclusion criteria of RCTs. An analysis of the

SWOG historical database, a national clinical trials consortium sponsored by the National

Cancer Institute, found that approximately 60% of exclusion criteria for cancer treatment

clinical trials were found to be related to comorbidity or performance status [14]. Moreover,

the presence of one or more comorbidities has been associated with decreased discussions

about enrolling in, offers to enroll in, and participation in a clinical trial for cancer treatment

[15].

The bias toward enrolling healthier patients in RCTs could have implications for the gener-

alizability of cost-effectiveness analyses to the actual population of lung cancer patients in the

U.S. As low as 0.8% of lung cancer patients enroll in clinical trials and real-world data indicate

that survival may be shorter than reported in clinical trials [16, 17], calling into question how

representative RCTs could be of the broader lung cancer patient population, of whom more

than half have major comorbidities [18–20]. In this study, we estimated the cost-effectiveness

of first-line pembrolizumab for patients with varying levels and types of comorbidities using a

novel modeling paradigm that combines clinical trial and real-world patient data.
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Materials and methods

Simulation models

We developed microsimulation models to estimate the cost-effectiveness of pembrolizumab

treatment regimens for stage IV NSCLC patients with varying burden and types of comorbid-

ity from the healthcare sector perspective. In our base case analysis, we evaluated pembrolizu-

mab plus chemotherapy (pembrolizumab combination therapy) versus chemotherapy alone.

In a secondary analysis, we considered a patient population with PD-L1 expression of at least

50% (PD-L1-high) and evaluated pembrolizumab monotherapy, pembrolizumab combination

therapy, and chemotherapy alone as competing choices. To ensure stable simulation outcomes,

we simulated one million patients as they transitioned from first-line treatment to second-line

treatment, and ultimately to death. Patients were followed on a monthly basis through each of

these health states, using a 3% annual discount rate for survival and cost projections [21]. We

calculated incremental cost-effectiveness ratios (ICERs) for each strategy and compared them

to a willingness-to-pay (WTP) threshold of $100,000/quality-adjusted life-year (QALY) [22].

General structures for the models from each analysis are summarized in Fig 1. In both treat-

ment models, the first-line chemotherapy arm did not differentiate between cisplatin-based

and carboplatin-based treatments, as these drugs are commonly used in similar capacities in

clinical practice because of their similar survival outcomes and comparably low cost [23–25].

In addition to platinum-based chemotherapies, nonsquamous patients were given pemetrexed

and squamous patients were given paclitaxel (40% received nanoparticle albumin-bound

(nab)–paclitaxel) until progression. After progression to second-line treatment in the chemo-

therapy arm, patients were treated with docetaxel until further progression, at which point

supportive care was assumed to be the only treatment provided.

The pembrolizumab treatment arms followed the administration specifications of their

respective RCTs [2–5]. In the pembrolizumab combination therapy arms, first-line treatment

included pembrolizumab given concurrently with platinum-based chemotherapy plus peme-

trexed or paclitaxel (40% received nab–paclitaxel), depending on histology. In second-line

treatment, patients were treated with docetaxel and then supportive care only. In the pembroli-

zumab monotherapy arm, first-line treatment consisted of pembrolizumab alone. In second-

line treatment, patients were treated with platinum-based chemotherapy plus pemetrexed or

paclitaxel (40% received nab–paclitaxel), then with supportive care only. Additional informa-

tion on dosing and therapy infusion intervals can be found in Table A S1 File.

Data source and study population

To estimate the outcomes of patients with differing comorbidity burden, we combined the sur-

vival results of patients with few or no comorbidities enrolled in RCTs with general population

data from the Surveillance, Epidemiology, and End Results (SEER)-Medicare database using a

competing risk survival analysis method (described in “2.3 Modeling Survival” section) [26].

From the SEER-Medicare data, we selected patients age 65 or older diagnosed between 1991

and 2011 with stage IV NSCLC as their only cancer. Histology was identified with Interna-

tional Classification of Diseases for Oncology (ICD-O-3) codes and histological categories

were determined according to the SEER Cancer Statistics Review [27]. We further selected

patients who received first-line carboplatin-based or cisplatin-based chemotherapy (compara-

ble to the chemotherapy regimens given in both RCTs) [2–4, 28]. Instances of receiving carbo-

platin-based or cisplatin-based chemotherapy were identified in Medicare claims data using

relevant Healthcare Common Procedure Coding System codes. The first date corresponding

to a chemotherapy claim was defined as the beginning of first-line treatment and the last date

Cost-effectiveness of pembrolizumab for advanced non-small cell lung cancer patients by comorbidity
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corresponding to such a claim plus the typical three-week dosing cycle was defined as the end

of first-line treatment. Our study cohort was comprised of 16,492 lung cancer patients (of

whom 24.5% had squamous histology) receiving these treatments. Summary statistics for the

SEER-Medicare data are provided in Table B S1 File.

The next section outlines our method of modeling the survivals of patients with differing

levels of comorbidity, measured by the Charlson score, as well as with specific conditions.

Charlson score was calculated based on comorbidities present in the year before cancer diag-

nosis, using the Comorbidity SAS Macro provided by National Cancer Institute. Comorbidity

burden level was divided into three groups—Charlson score equal to 0 (Charlson 0), Charlson

score equal to 1 (Charlson 1), and Charlson score equal to 2+ (Charlson 2+). Additionally, we

evaluated specific comorbidities that are relatively prevalent in lung cancer patients, including

peripheral vascular disease, diabetes, chronic obstructive pulmonary disease, cerebrovascular

disease, and congestive heart failure.

Fig 1. Summary schematic of model structures. a)Pembrolizumab combination therapy model b)Pembrolizumab for

PD-L1-high patients model M, Markov node; 1st Line, first-line treatment; 2nd Line, second-line treatment; Pembro.,

pembrolizumab; SC, supportive care.

https://doi.org/10.1371/journal.pone.0228288.g001
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Modeling survival

Our analysis of the SEER-Medicare database was used to procure time on treatment (ToT)

data and survival estimates for patients who received first-line carboplatin-based or cisplatin-

based standard-of-care chemotherapy [28]. The median ToT was used to estimate the rate of

progression from first-line treatment to second-line treatment. Survival estimates were derived

using a competing risks analysis framework [26]. Cumulative incidence curves stratified by

histology and comorbidity level or type were generated for lung cancer-specific versus other-

cause mortality. Cause-specific survival curves were then derived from the incidence functions

and used to estimate monthly death rates. Lung cancer-specific death rates were based on

monthly rate estimates from the survival curves for the first three years, with rates derived

from exponential functions fitted to the survival curves thereafter. Other-cause death rates

were also modeled using exponential functions. The monthly rates for lung cancer-specific

death and other-cause death were then summed to produce the overall survival (OS) rate for

chemotherapy patients.

In order to estimate the lung cancer-specific death rate for patients treated with the pem-

brolizumab regimens, we multiplied the hazard ratios for death (pembrolizumab treatment

versus chemotherapy treatment) from the respective pembrolizumab RCTs to the lung cancer-

specific death rates determined for chemotherapy patients from SEER-Medicare data [2–4,

28]. The resulting lung cancer-specific death rates represent the estimated death rates of

patients with comorbidities had they been treated with the pembrolizumab regimens. This

adjusted rate was then added to the other-cause death rate to derive OS rates for pembrolizu-

mab-treated patients. The OS rates were then used to evaluate the effectiveness of pembrolizu-

mab combination therapy and pembrolizumab monotherapy versus chemotherapy in patients

with differing comorbidity burden.

Health state utilities

Quality of life utilities used in calculating QALYs were sourced from the literature [29, 30].

QALYs were estimated by adjusting life-years by utilities for age and phase of cancer progres-

sion. We assumed a 20% improvement in quality of life utility for those patients on pembroli-

zumab monotherapy, given its superior toxicity profile compared to chemotherapy.

Additional information on health state utilities is provide in Table C S1 File.

Costs

Direct medical expenses related to cancer treatment in our analysis were taken from relevant

U.S. sources and included drug acquisition, therapy administration, treatment of major

adverse events, follow-up scans, immunohistochemical testing, monthly supportive care, and

death-related costs [31–34]. Unit drug costs are based on the Centers for Medicare & Medicaid

Services (CMS) April 2019 Average Sales Price Drug Pricing Files (version updated March 22,

2019) [31]. For dosing considerations, body surface area was assumed to be 1.79 square meters,

based on an analysis of an internal database containing over 3,500 lung cancer patients treated

at Partners Healthcare hospitals. We considered treatment costs for adverse events that were

rated at least grade 3 or higher [2, 4, 5]. Treatment costs for these adverse events were based on

estimates by the Agency for Healthcare Research and Quality’s Healthcare Cost and Utilization

Project using relevant International Classification of Diseases (ICD-9) codes [33]. Cost param-

eters used in the model are detailed in Table C S1 File. Costs were adjusted to 2019 U.S. dollars

using the Personal Healthcare Price Index published by the CMS [35, 36].

Cost-effectiveness of pembrolizumab for advanced non-small cell lung cancer patients by comorbidity
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Sensitivity analysis

We performed one-way deterministic sensitivity analyses on model inputs to determine how

uncertainty may affect the results. For each treatment model, 95% confidence intervals or plau-

sible ranges were used to test the models at the upper and lower limits of each input parameter

(Table 1). Deterministic sensitivity analyses were performed in the Charlson 0 patient popula-

tion as a reference case and the results for variables with the 10 largest magnitudes of effect are

shown.

Results

Pembrolizumab combination therapy versus chemotherapy alone

In Charlson 0 patients, treating with chemotherapy alone in the first line resulted in a mean

cost per patient of $53,805 and mean quality-adjusted survival of 0.67 QALYs. The pembroli-

zumab combination therapy regimen produced a mean cost per patient of $159,026 and mean

Table 1. Deterministic sensitivity analysis variable ranges.

Variables Estimate Lower Upper

Utilities

Stage IV NSCLC (with chemotherapy) a 0.76 0.57 0.95

Stage IV NSCLC (without chemotherapy) a b 0.91 0.68 1.00

Age 69 years & younger (Avg. Male & Female) a b 0.83 0.62 1.00

Age 70–79 years (Avg. Male & Female) a b 0.80 0.60 1.00

Age 80 years & older (Avg. Male & Female) a 0.75 0.56 0.94

Costs

Pembrolizumab Price/mg a $49.20 $36.90 $61.50

Pemetrexed Price/mg a $6.83 $5.12 $8.54

Carboplatin Price/mg a $0.06 $0.05 $0.08

Paclitaxel Price/mg a $0.15 $0.11 $0.19

Nab-Paclitaxel (protein bound) Price/mg a $11.85 $8.89 $14.81

Docetaxel Price/mg a $1.16 $0.87 $1.45

Best Supportive Care Cost (regression estimate for 70 year old) a $637 $478 $796

Death Cost (regression estimate for 70 year old) a $9,433 $7,075 $11,791

Survival

First-line chemotherapy ToT (nonsquamous, months) a 2.76 2.07 3.45

First-line chemotherapy ToT (squamous, months) a 2.76 2.07 3.45

First-line pembrolizumab combination ToT (nonsquamous, months) a 7.40 5.55 9.25

First-line pembrolizumab combination ToT (squamous, months) a 6.30 4.73 7.88

First-line pembrolizumab monotherapy ToT (months) a 7.00 5.25 8.75

HR for death pembrolizumab combination (nonsquamous) 0.49 0.38 0.64

HR for death pembrolizumab combination (nonsquamous, PD-L1�50%) 0.42 0.26 0.68

HR for death pembrolizumab combination (squamous) 0.64 0.49 0.85

HR for death pembrolizumab combination (squamous, PD-L1�50%) 0.64 0.37 1.10

HR for death pembrolizumab monotherapy (PD-L1�50%) 0.63 0.47 0.86

Other

Body Surface Area (meters2) 1.79 1.78 1.80

a range indicates 25% change
b Maximum utility of 1.00

NSCLC, non-small cell lung cancer; ToT, time on treatment; LC, lung cancer; prog., progression; HR, hazard ratio

https://doi.org/10.1371/journal.pone.0228288.t001
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quality-adjusted survival of 1.27 QALYs, for an ICER of $173,919/QALY compared to the che-

motherapy regimen. In Charlson 1 patients, treating patients with chemotherapy alone

resulted in a mean cost per patient of $52,905 and mean quality-adjusted survival of 0.66

QALYs. Treating with pembrolizumab combination therapy resulted in a mean cost per

patient of $156,544 and mean quality-adjusted survival of 1.26 QALYs, providing an ICER of

$175,165/QALY compared to chemotherapy alone. In Charlson 2+ patients, the chemotherapy

regimen produced a mean cost per patient of $50,818 and mean quality-adjusted survival of

0.64 QALYs. The pembrolizumab combination therapy regimen resulted in a mean cost per

patient of $153,825 and mean quality-adjusted survival of 1.20, for an ICER of $181,777/

QALY.

Table 2 provides additional information for these results, as well as summary results for the

analysis of these treatment strategies in patients with particular comorbidities, including

Table 2. Summary results for patients in the pembrolizumab combination therapy model.

Charlson 0

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $53,805 0.67 - - -

Pembro. Comb. $159,026 1.27 $105,221 0.61 $173,919

Charlson 1

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,905 0.66 - - -

Pembro. Comb. $156,544 1.26 $103,639 0.59 $175,165

Charlson 2+

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $50,818 0.64 - - -

Pembro. Comb. $153,825 1.20 $103,007 0.57 $181,777

Peripheral Vascular Disease

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,210 0.67 - - -

Pembro. Comb. $155,764 1.26 $103,554 0.59 $174,775

Diabetes

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,274 0.64 - - -

Pembro. Comb. $155,252 1.22 $102,978 0.58 $177,803

Chronic Obstructive Pulmonary Disease

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,498 0.66 - - -

Pembro. Comb. $155,272 1.23 $102,774 0.58 $178,737

Cerebrovascular Disease

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $50,308 0.62 - - -

Pembro. Comb. $152,966 1.18 $102,658 0.56 $183,046

Congestive Heart Failure

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $48,962 0.61 - - -

Pembro. Comb. $150,760 1.16 $101,799 0.55 $185,651

QALY, quality-adjusted life-year; Inc., incremental; ICER, incremental cost-effectiveness ratio

Pembro. Comb., pembrolizumab combination therapy

https://doi.org/10.1371/journal.pone.0228288.t002
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peripheral vascular disease, diabetes, chronic obstructive pulmonary disease, cerebrovascular

disease, and congestive heart failure. The lowest ICER comparing pembrolizumab combina-

tion therapy to chemotherapy alone occurred in the patient population with peripheral vascu-

lar disease ($174,775/QALY), while the highest ICER occurred in the patient population with

congestive heart failure ($185,651/QALY).

Pembrolizumab treatments versus chemotherapy alone for PD-L1-high

patients

In the PD-L1-high model, pembrolizumab combination therapy weakly dominated pembroli-

zumab monotherapy in each scenario compared to chemotherapy alone, regardless of comor-

bidity level or type. Results for all strategies by comorbidity level and type are summarized in

Table 3.

In Charlson 0 patients, providing chemotherapy alone in the first line resulted in a mean

cost per patient of $53,870 and mean quality-adjusted survival of 0.67 QALYs. The pembroli-

zumab combination therapy regimen resulted in a mean cost per patient of $164,547, with

mean quality-adjusted survival of 1.42 QALYs, giving an ICER of $147,406/QALY compared

to chemotherapy alone. In Charlson 1 patients, treatment with chemotherapy resulted in a

mean cost per patient of $52,966 and mean quality-adjusted survival of 0.66 QALYs. Pembroli-

zumab combination therapy resulted in a mean cost per patient of $161,879 and mean quality-

adjusted survival of 1.40 QALYs, for an ICER of $149,026/QALY compared to chemotherapy

alone. Finally, in the Charlson 2+ population, treating with chemotherapy resulted in a mean

cost per patient of $50,997 and mean quality-adjusted survival of 0.64 QALYs. Treating with

pembrolizumab combination therapy resulted in a mean cost per patient of $159,677 and

mean quality-adjusted survival of 1.34 QALYs, producing an ICER of $154,521/QALY com-

pared to chemotherapy.

The ICER comparing pembrolizumab combination therapy to chemotherapy alone was

lowest in the patient population with peripheral vascular disease ($149,450/QALY) and highest

in the patient population with congestive heart failure ($159,697/QALY), showing a relatively

narrow range for ICERs by comorbidity.

Sensitivity analysis

Pembrolizumab combination therapy was not cost-effective in any of the tested ranges in the

one-way deterministic sensitivity analyses for the pembrolizumab combination therapy

model. For the PD-L1-high model, pembrolizumab combination therapy was cost-effective at

the lower limit of the hazard ratio for death for patients on pembrolizumab combination with

nonsquamous histology and PD-L1 expression of at least 50% but was not cost-effective in any

other scenarios. Pembrolizumab monotherapy was weakly dominated in most cases, with

exceptions for the upper limit of the hazard ratio for death for patients on pembrolizumab

combination with nonsquamous histology and PD-L1 expression of at least 50% (pembrolizu-

mab monotherapy ICER of $177,869/QALY versus chemotherapy) and the lower limit of the

hazard ratio for death for patients on pembrolizumab monotherapy (pembrolizumab mono-

therapy ICER of $122,474/QALY versus chemotherapy). Results for the 10 inputs with greatest

magnitude of effect are shown in Fig 2 for the pembrolizumab combination therapy model

and Fig 3 for the PD-L1-high model.

Discussion

To estimate the cost-effectiveness of two prominent pembrolizumab treatment regimens for

stage IV NSCLC patients with varying burden and types of comorbidities, we developed
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microsimulation models that compared treatment strategies using pembrolizumab combina-

tion therapy, pembrolizumab monotherapy, or chemotherapy alone. Even when evaluated in a

patient population with Charlson score equal to 0, the ICER for pembrolizumab combination

therapy was well above the WTP threshold of $100,000/QALY in both models. Cost-effective-

ness worsened slightly (ICERs in both models increased by approximately 1%) when these

Table 3. Summary results for patients in the PD-L1-high model.

Charlson 0

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $53,870 0.67 - - -

Pembro. Mono. $138,123 1.14 Weakly Dominated

Pembro. Comb. $164,547 1.42 $110,677 0.75 $147,406

Charlson 1

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,966 0.66 - - -

Pembro. Mono. $134,243 1.12 Weakly Dominated

Pembro. Comb. $161,879 1.40 $108,913 0.73 $149,026

Charlson 2+

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $50,997 0.64 - - -

Pembro. Mono. $131,700 1.07 Weakly Dominated

Pembro. Comb. $159,677 1.34 $108,680 0.70 $154,521

Peripheral Vascular Disease

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,308 0.67 - - -

Pembro. Mono. $133,918 1.12 Weakly Dominated

Pembro. Comb. $161,530 1.40 $109,223 0.73 $149,450

Diabetes

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,371 0.64 - - -

Pembro. Mono. $133,268 1.09 Weakly Dominated

Pembro. Comb. $161,209 1.36 $108,837 0.72 $151,513

Chronic Obstructive Pulmonary Disease

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $52,622 0.66 - - -

Pembro. Mono. $132,652 1.10 Weakly Dominated

Pembro. Comb. $160,698 1.37 $108,075 0.71 $152,040

Cerebrovascular Disease

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $50,415 0.62 - - -

Pembro. Mono. $130,690 1.06 Weakly Dominated

Pembro. Comb. $158,308 1.31 $107,894 0.69 $155,991

Congestive Heart Failure

Strategy Cost QALY Inc. Cost Inc. QALY ICER

Chemotherapy $49,079 0.61 - - -

Pembro. Mono. $127,567 1.03 Weakly Dominated

Pembro. Comb. $156,476 1.28 $107,396 0.67 $159,697

QALY, quality-adjusted life-year; Inc., incremental; ICER, incremental cost-effectiveness ratio

Pembro. Mono., pembrolizumab monotherapy

https://doi.org/10.1371/journal.pone.0228288.t003
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Fig 2. Deterministic sensitivity analysis for the pembrolizumab combination therapy model—pembrolizumab combination versus chemotherapy. HR, hazard

ratio; NSCLC, non-small cell lung cancer; ToT, time on treatment; OS, overall survival.

https://doi.org/10.1371/journal.pone.0228288.g002

Fig 3. Deterministic sensitivity analysis for the PD-L1-high model—pembrolizumab combination versus chemotherapy. HR, hazard ratio; NSCLC, non-small

cell lung cancer; ToT, time on treatment; OS, overall survival � Pembrolizumab combination therapy did not weakly dominate pembrolizumab monotherapy,

therefore, the efficient frontier changed order and pembrolizumab combination no longer had an ICER compared to chemotherapy.

https://doi.org/10.1371/journal.pone.0228288.g003
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treatments were evaluated in Charlson 1 patients and even more so (ICERs in both models

increased by approximately 5%) when evaluated in Charlson 2+ patients. Patient populations

with congestive heart failure or cerebrovascular disease had ICERs greater than those for

patients with a Charlson score of 2+. In the PD-L1-high model, the pembrolizumab monother-

apy arm was weakly dominated by the pembrolizumab combination therapy arm, even with

the improved quality of life from avoiding chemotherapy in the first line of treatment.

Despite significantly improving survival for stage IV NSCLC patients compared to chemo-

therapy alone (hazard ratio = 0.49 for pembrolizumab combination therapy in nonsquamous

patients; hazard ratio = 0.64 for pembrolizumab combination therapy in squamous patients;

hazard ratio = 0.63 for pembrolizumab monotherapy) [3–5], pembrolizumab treatment regi-

mens were not cost-effective in any of the patient populations evaluated. In the current litera-

ture and based on results from RCTs, ICERs for both pembrolizumab regimens have been

estimated to be around $100,000/QALY [10–12], One of the drivers that led to these treatment

strategies not being cost-effective in our analysis was the shorter OS of patients in a real-world

setting captured by SEER-Medicare data, compared to the academic clinical trial setting in

which the RCTs were conducted. Median OS in the stage IV NSCLC population with Charlson

score equal to 0 receiving chemotherapy were 7.5 months for nonsquamous patients and 7.1

months for squamous patients, as determined by our analysis of SEER-Medicare survival data.

In the RCTs for pembrolizumab combination therapy, median OS was 11.3 months for both

nonsquamous and squamous patients on chemotherapy [4, 5]. which indicates the potential

for healthy volunteer effect. In the RCT for pembrolizumab monotherapy, median OS of

patients on chemotherapy even reached 14.2 months [3]. With shorter underlying survival

times for patients in the real-world setting, even the improvements in survival rate shown in

the RCTs did not lead to high enough incremental survival benefit to offset the cost of these

therapies. In patient populations with significant comorbidities, survival times decreased fur-

ther, while costs of treatment decreased more modestly, leading to the higher ICERs presented

in our results.

Given that only a small percentage of patients in the U.S. are treated in academic centers

[16], our cost-effectiveness results point to the importance of reasonable drug pricing. In the

case of Charlson 0 patients with no PD-L1 expression cutoff, pembrolizumab combination

therapy would require a pembrolizumab price reduction of 60% to become cost-effective.

With the ICERs for these treatment regimens increasing as comorbidity level increases, even

greater price reductions would be necessary to attain cost-effectiveness in comorbid popula-

tions. Our results suggest that the effectiveness of pembrolizumab in the general population of

stage IV NSCLC patients, and especially so in the population with significant comorbidities,

does not justify its current listed price, as it is based on clinical results in an unrepresentative

sample of healthier patients.

By modeling these pembrolizumab-based treatment regimens in a real-world setting repre-

sented by the SEER-Medicare population, we can see that the current literature on pembroli-

zumab does not provide a realistic assessment of its cost-effectiveness. In order to get a more

accurate evaluation of the true effectiveness of pembrolizumab in the general stage IV NSCLC

patient population, more data need to be published on the survival of patients in realistic clini-

cal settings, not just academic clinical trials. Once these data are available, a justifiable price

point can be more robustly determined.

Limitations

We made several assumptions in the development of our models. First, our analysis uses the

hazard ratios for death from RCTs to estimate the death rates for potential patients receiving
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pembrolizumab treatments [3, 4]. Since patients with significant comorbidities have largely

been excluded from RCTs for these treatments, the survival of these patients is unknown.

Thus, we assumed that patients with comorbidities gain a similar relative survival benefit over

chemotherapy as do patients in RCTs. Second, model utilities were sourced from the literature

and represent the general experience of patients with advanced stage NSCLC. Third, SEER--

Medicare data is available up to 2015 and, therefore, does not allow us to evaluate these indica-

tions using data that reflect the adoption of second-line immunotherapy in 2015. Utilizing

updated SEER-Medicare data in this way is the focus of future analyses. Finally, the RCT for

pembrolizumab combination therapy experienced crossover from the chemotherapy group to

the pembrolizumab group of 41.3% and the RCT for pembrolizumab monotherapy experi-

enced crossover of 43.7%, potentially confounding the hazard ratios for death between pem-

brolizumab and chemotherapy [4]. Adjusting for crossover would likely increase the

effectiveness of the pembrolizumab arm (lower hazard ratio for death), as was seen in the RCT

for pembrolizumab monotherapy (0.63 unadjusted hazard ratio for death versus 0.49 hazard

ratio for death after crossover adjustment) [3]. However, the effect of a lower hazard ratio for

death was studied in the deterministic sensitivity analysis (Figs 2 and 3).

Conclusions

For patients with varying burden and types of comorbidities, first-line stage IV NSCLC treat-

ment with pembrolizumab does not represent a cost-effective strategy compared to standard-

of-care chemotherapy. The quality-adjusted survival benefit that can be gained through pem-

brolizumab treatment does not justify current pricing and, as the prevalence of immunother-

apy treatment grows, more attention should be focused on determining reasonable price

targets that may make these treatments more affordable. Additionally, resources should be

focused on collecting data for and performing clinical trials with more representative NSCLC

patient populations in order to understand the true survival benefit of immunotherapies,

which would allow for a more accurate estimate of their cost-effectiveness.

Supporting information

S1 File. Supporting information tables.

(DOCX)

S2 File. Data.

(XLSX)

Author Contributions

Conceptualization: Steven D. Criss, Chung Yin Kong.

Data curation: Steven D. Criss, Lauren Palazzo, Chung Yin Kong.

Formal analysis: Steven D. Criss, Lauren Palazzo, Chung Yin Kong.

Funding acquisition: Chung Yin Kong.

Investigation: Steven D. Criss, Lauren Palazzo, Tina R. Watson, Chung Yin Kong.

Methodology: Steven D. Criss, Lauren Palazzo, Keith Sigel, Juan Wisnivesky, Chung Yin

Kong.

Project administration: Chung Yin Kong.

Resources: Keith Sigel, Juan Wisnivesky, Chung Yin Kong.

Cost-effectiveness of pembrolizumab for advanced non-small cell lung cancer patients by comorbidity

PLOS ONE | https://doi.org/10.1371/journal.pone.0228288 January 29, 2020 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228288.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228288.s002
https://doi.org/10.1371/journal.pone.0228288


Supervision: Keith Sigel, Juan Wisnivesky, Chung Yin Kong.

Validation: Steven D. Criss, Lauren Palazzo, Tina R. Watson, Adelle M. Paquette, Keith Sigel,

Juan Wisnivesky, Chung Yin Kong.

Visualization: Steven D. Criss.

Writing – original draft: Steven D. Criss, Tina R. Watson, Adelle M. Paquette, Chung Yin

Kong.

Writing – review & editing: Steven D. Criss, Lauren Palazzo, Tina R. Watson, Adelle M.

Paquette, Keith Sigel, Juan Wisnivesky, Chung Yin Kong.

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. 2018; 68(1):7–30. https://doi.

org/10.3322/caac.21442 PMID: 29313949.

2. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al. Pembrolizumab versus

Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N Engl J Med. 2016; 375(19):1823–

33. https://doi.org/10.1056/NEJMoa1606774 PMID: 27718847.

3. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al. Updated Analysis of KEY-

NOTE-024: Pembrolizumab Versus Platinum-Based Chemotherapy for Advanced Non-Small-Cell

Lung Cancer With PD-L1 Tumor Proportion Score of 50% or Greater. J Clin Oncol. 2019:JCO1800149.

https://doi.org/10.1200/JCO.18.00149 PMID: 30620668.

4. Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al. Pembrolizumab plus

Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N Engl J Med. 2018. https://doi.org/10.1056/

NEJMoa1801005 PMID: 29658856.

5. Paz-Ares L, Luft A, Vicente D, Tafreshi A, Gumus M, Mazieres J, et al. Pembrolizumab plus Chemother-

apy for Squamous Non-Small-Cell Lung Cancer. N Engl J Med. 2018; 379(21):2040–51. https://doi.org/

10.1056/NEJMoa1810865 PMID: 30280635.

6. Socinski MA, Jotte RM, Cappuzzo F, Orlandi F, Stroyakovskiy D, Nogami N, et al. Atezolizumab for

First-Line Treatment of Metastatic Nonsquamous NSCLC. N Engl J Med. 2018; 378(24):2288–301.

https://doi.org/10.1056/NEJMoa1716948 PMID: 29863955.

7. Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson GA, Audigier-Valette C, et al. Nivolumab

plus Ipilimumab in Lung Cancer with a High Tumor Mutational Burden. N Engl J Med. 2018; 378

(22):2093–104. https://doi.org/10.1056/NEJMoa1801946 PMID: 29658845.

8. SEER Cancer Stat Facts: Lung and Bronchus Cancer [Internet]. National Cancer Institute. 2018. Avail-

able from: https://seer.cancer.gov/statfacts/html/lungb.html.

9. Morgensztern D, Ng SH, Gao F, Govindan R. Trends in stage distribution for patients with non-small

cell lung cancer: a National Cancer Database survey. J Thorac Oncol. 2010; 5(1):29–33. https://doi.org/

10.1097/JTO.0b013e3181c5920c PMID: 19952801.

10. Insinga RP, Vanness DJ, Feliciano JL, Vandormael K, Traore S, Burke T. Cost-effectiveness of pem-

brolizumab in combination with chemotherapy in the 1st line treatment of non-squamous NSCLC in the

US. J Med Econ. 2018; 21(12):1191–205. https://doi.org/10.1080/13696998.2018.1521416 PMID:

30188231.

11. Insinga RP, Vanness DJ, Feliciano JL, Vandormael K, Traore S, Ejzykowicz F, et al. Cost-effectiveness

of pembrolizumab in combination with chemotherapy versus chemotherapy and pembrolizumab mono-

therapy in the first-line treatment of squamous non-small-cell lung cancer in the US. Curr Med Res

Opin. 2019:1–16. https://doi.org/10.1080/03007995.2019.1571297 PMID: 30649973.

12. Huang M, Lou Y, Pellissier J, Burke T, Liu FX, Xu R, et al. Cost Effectiveness of Pembrolizumab vs.

Standard-of-Care Chemotherapy as First-Line Treatment for Metastatic NSCLC that Expresses High

Levels of PD-L1 in the United States. Pharmacoeconomics. 2017; 35(8):831–44. https://doi.org/10.

1007/s40273-017-0527-z PMID: 28620848; PubMed Central PMCID: PMC5548835.

13. Georgieva M, da Silveira Nogueira Lima JP, Aguiar P Jr., de Lima Lopes G Jr., Haaland B. Cost-effec-

tiveness of pembrolizumab as first-line therapy for advanced non-small cell lung cancer. Lung Cancer.

2018; 124:248–54. https://doi.org/10.1016/j.lungcan.2018.08.018 PMID: 30268469.

14. Unger JM, Barlow WE, Martin DP, Ramsey SD, Leblanc M, Etzioni R, et al. Comparison of survival out-

comes among cancer patients treated in and out of clinical trials. J Natl Cancer Inst. 2014; 106(3):

dju002. https://doi.org/10.1093/jnci/dju002 PMID: 24627276; PubMed Central PMCID: PMC3982777.

Cost-effectiveness of pembrolizumab for advanced non-small cell lung cancer patients by comorbidity

PLOS ONE | https://doi.org/10.1371/journal.pone.0228288 January 29, 2020 13 / 15

https://doi.org/10.3322/caac.21442
https://doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949
https://doi.org/10.1056/NEJMoa1606774
http://www.ncbi.nlm.nih.gov/pubmed/27718847
https://doi.org/10.1200/JCO.18.00149
http://www.ncbi.nlm.nih.gov/pubmed/30620668
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1056/NEJMoa1801005
http://www.ncbi.nlm.nih.gov/pubmed/29658856
https://doi.org/10.1056/NEJMoa1810865
https://doi.org/10.1056/NEJMoa1810865
http://www.ncbi.nlm.nih.gov/pubmed/30280635
https://doi.org/10.1056/NEJMoa1716948
http://www.ncbi.nlm.nih.gov/pubmed/29863955
https://doi.org/10.1056/NEJMoa1801946
http://www.ncbi.nlm.nih.gov/pubmed/29658845
https://seer.cancer.gov/statfacts/html/lungb.html
https://doi.org/10.1097/JTO.0b013e3181c5920c
https://doi.org/10.1097/JTO.0b013e3181c5920c
http://www.ncbi.nlm.nih.gov/pubmed/19952801
https://doi.org/10.1080/13696998.2018.1521416
http://www.ncbi.nlm.nih.gov/pubmed/30188231
https://doi.org/10.1080/03007995.2019.1571297
http://www.ncbi.nlm.nih.gov/pubmed/30649973
https://doi.org/10.1007/s40273-017-0527-z
https://doi.org/10.1007/s40273-017-0527-z
http://www.ncbi.nlm.nih.gov/pubmed/28620848
https://doi.org/10.1016/j.lungcan.2018.08.018
http://www.ncbi.nlm.nih.gov/pubmed/30268469
https://doi.org/10.1093/jnci/dju002
http://www.ncbi.nlm.nih.gov/pubmed/24627276
https://doi.org/10.1371/journal.pone.0228288


15. Unger JM, Hershman DL, Fleury ME, Vaidya R. Association of Patient Comorbid Conditions With Can-

cer Clinical Trial Participation. JAMA Oncol. 2019. https://doi.org/10.1001/jamaoncol.2018.5953 PMID:

30629092.

16. Murthy VH, Krumholz HM, Gross CP. Participation in cancer clinical trials: race-, sex-, and age-based

disparities. JAMA. 2004; 291(22):2720–6. https://doi.org/10.1001/jama.291.22.2720 PMID: 15187053.

17. Khozin S, Carson KR, Zhi J, Tucker M, Lee SE, Light DE, et al. Real-World Outcomes of Patients with

Metastatic Non-Small Cell Lung Cancer Treated with Programmed Cell Death Protein 1 Inhibitors in the

Year Following U.S. Regulatory Approval. Oncologist. 2019; 24(5):648–56. https://doi.org/10.1634/

theoncologist.2018-0307 PMID: 30591549.

18. Kumar V, Cohen JT, van Klaveren D, Soeteman DI, Wong JB, Neumann PJ, et al. Risk-Targeted Lung

Cancer Screening: A Cost-Effectiveness Analysis. Ann Intern Med. 2018; 168(3):161–9. https://doi.org/

10.7326/M17-1401 PMID: 29297005.

19. Sigel K, Wisnivesky JP. Comorbidity Profiles of Patients with Lung Cancer: A New Approach to Risk

Stratification? Ann Am Thorac Soc. 2017; 14(10):1512–3. https://doi.org/10.1513/AnnalsATS.201706-

442ED PMID: 28961028.

20. Leduc C, Antoni D, Charloux A, Falcoz PE, Quoix E. Comorbidities in the management of patients with

lung cancer. Eur Respir J. 2017; 49(3). Epub 2017/03/29. https://doi.org/10.1183/13993003.01721–

2016 PMID: 28356370.

21. Sanders GD, Neumann PJ, Basu A, Brock DW, Feeny D, Krahn M, et al. Recommendations for Con-

duct, Methodological Practices, and Reporting of Cost-effectiveness Analyses: Second Panel on Cost-

Effectiveness in Health and Medicine. JAMA. 2016; 316(10):1093–103. https://doi.org/10.1001/jama.

2016.12195 PMID: 27623463.

22. Neumann PJ, Cohen JT, Weinstein MC. Updating cost-effectiveness—the curious resilience of the

$50,000-per-QALY threshold. N Engl J Med. 2014; 371(9):796–7. https://doi.org/10.1056/

NEJMp1405158 PMID: 25162885.

23. Santana-Davila R, Szabo A, Arce-Lara C, Williams CD, Kelley MJ, Whittle J. Cisplatin versus carbopla-

tin-based regimens for the treatment of patients with metastatic lung cancer. An analysis of Veterans

Health Administration data. J Thorac Oncol. 2014; 9(5):702–9. https://doi.org/10.1097/JTO.

0000000000000146 PMID: 24662458; PubMed Central PMCID: PMC4982660.

24. Ho GY, Woodward N, Coward JI. Cisplatin versus carboplatin: comparative review of therapeutic man-

agement in solid malignancies. Crit Rev Oncol Hematol. 2016; 102:37–46. https://doi.org/10.1016/j.

critrevonc.2016.03.014 PMID: 27105947.

25. Criss SD, Mooradian MJ, Sheehan DF, Zubiri L, Lumish MA, Gainor JF, et al. Cost-effectiveness and

Budgetary Consequence Analysis of Durvalumab Consolidation Therapy vs No Consolidation Therapy

After Chemoradiotherapy in Stage III Non-Small Cell Lung Cancer in the Context of the US Health Care

System. JAMA Oncol. 2018. https://doi.org/10.1001/jamaoncol.2018.5449 PMID: 30543349.

26. Satagopan JM, Ben-Porat L, Berwick M, Robson M, Kutler D, Auerbach AD. A note on competing risks

in survival data analysis. Br J Cancer. 2004; 91(7):1229–35. https://doi.org/10.1038/sj.bjc.6602102

PMID: 15305188; PubMed Central PMCID: PMC2410013.

27. Noone AM, Howlader N, Krapcho M, Miller D, Brest A, Yu M, et al. SEER Cancer Statistics Review,

1975–2015. Bethesda, MD: 2018.

28. Surveillance, Epidemiology, and End Results—Medicare. In: Institute NC, editor. Surveillance, Epidemi-

ology, and End Results2018.

29. Tramontano AC, Schrag DL, Malin JK, Miller MC, Weeks JC, Swan JS, et al. Catalog and comparison

of societal preferences (utilities) for lung cancer health states: results from the Cancer Care Outcomes

Research and Surveillance (CanCORS) study. Med Decis Making. 2015; 35(3):371–87. https://doi.org/

10.1177/0272989X15570364 PMID: 25670839.

30. Hanmer J, Lawrence WF, Anderson JP, Kaplan RM, Fryback DG. Report of nationally representative

values for the noninstitutionalized US adult population for 7 health-related quality-of-life scores. Med

Decis Making. 2006; 26(4):391–400. https://doi.org/10.1177/0272989X06290497 PMID: 16855127.

31. April 2019 ASP Drug Pricing Files [Internet]. Centers for Medicare and Medicaid Services. 2019 [cited

May 3, 2019]. Available from: https://www.cms.gov/Medicare/Medicare-Fee-for-Service-Part-B-Drugs/

McrPartBDrugAvgSalesPrice/2019ASPFiles.html.

32. SEER-Medicare Linked Database [Internet]. National Cancer Institute. 2018. Available from: https://

healthcaredelivery.cancer.gov/seermedicare/.

33. Healthcare Cost and Utilization Project [Internet]. Agency for Healthcare Research and Quality, U.S.

Department of Health & Human Services. Available from: https://hcupnet.ahrq.gov.

34. Physician Fee Schedule Search [Internet]. Centers for Medicare & Medicaid Services. 2019 [cited April

2019]. Available from: https://www.cms.gov/apps/physician-fee-schedule/search/search-criteria.aspx.

Cost-effectiveness of pembrolizumab for advanced non-small cell lung cancer patients by comorbidity

PLOS ONE | https://doi.org/10.1371/journal.pone.0228288 January 29, 2020 14 / 15

https://doi.org/10.1001/jamaoncol.2018.5953
http://www.ncbi.nlm.nih.gov/pubmed/30629092
https://doi.org/10.1001/jama.291.22.2720
http://www.ncbi.nlm.nih.gov/pubmed/15187053
https://doi.org/10.1634/theoncologist.2018-0307
https://doi.org/10.1634/theoncologist.2018-0307
http://www.ncbi.nlm.nih.gov/pubmed/30591549
https://doi.org/10.7326/M17-1401
https://doi.org/10.7326/M17-1401
http://www.ncbi.nlm.nih.gov/pubmed/29297005
https://doi.org/10.1513/AnnalsATS.201706-442ED
https://doi.org/10.1513/AnnalsATS.201706-442ED
http://www.ncbi.nlm.nih.gov/pubmed/28961028
https://doi.org/10.1183/13993003.017212016
https://doi.org/10.1183/13993003.017212016
http://www.ncbi.nlm.nih.gov/pubmed/28356370
https://doi.org/10.1001/jama.2016.12195
https://doi.org/10.1001/jama.2016.12195
http://www.ncbi.nlm.nih.gov/pubmed/27623463
https://doi.org/10.1056/NEJMp1405158
https://doi.org/10.1056/NEJMp1405158
http://www.ncbi.nlm.nih.gov/pubmed/25162885
https://doi.org/10.1097/JTO.0000000000000146
https://doi.org/10.1097/JTO.0000000000000146
http://www.ncbi.nlm.nih.gov/pubmed/24662458
https://doi.org/10.1016/j.critrevonc.2016.03.014
https://doi.org/10.1016/j.critrevonc.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27105947
https://doi.org/10.1001/jamaoncol.2018.5449
http://www.ncbi.nlm.nih.gov/pubmed/30543349
https://doi.org/10.1038/sj.bjc.6602102
http://www.ncbi.nlm.nih.gov/pubmed/15305188
https://doi.org/10.1177/0272989X15570364
https://doi.org/10.1177/0272989X15570364
http://www.ncbi.nlm.nih.gov/pubmed/25670839
https://doi.org/10.1177/0272989X06290497
http://www.ncbi.nlm.nih.gov/pubmed/16855127
https://www.cms.gov/Medicare/Medicare-Fee-for-Service-Part-B-Drugs/McrPartBDrugAvgSalesPrice/2019ASPFiles.html
https://www.cms.gov/Medicare/Medicare-Fee-for-Service-Part-B-Drugs/McrPartBDrugAvgSalesPrice/2019ASPFiles.html
https://healthcaredelivery.cancer.gov/seermedicare/
https://healthcaredelivery.cancer.gov/seermedicare/
https://hcupnet.ahrq.gov
https://www.cms.gov/apps/physician-fee-schedule/search/search-criteria.aspx
https://doi.org/10.1371/journal.pone.0228288


35. National Health Expenditure Accounts [Internet]. Centers for Medicare & Medicaid Services, Office of

the Actuary; U.S. Department of Commerce, Bureau of Economic Analysis; and U.S. Bureau of the

Census. 2019 [cited April 2019]. Available from: https://www.cms.gov/Research-Statistics-Data-and-

Systems/Statistics-Trends-and-Reports/NationalHealthExpendData/NationalHealthAccountsHistorical.

html.

36. Dunn A, Grosse SD, Zuvekas SH. Adjusting Health Expenditures for Inflation: A Review of Measures

for Health Services Research in the United States. Health Serv Res. 2018; 53(1):175–96. https://doi.

org/10.1111/1475-6773.12612 PMID: 27873305; PubMed Central PMCID: PMC5785315.

Cost-effectiveness of pembrolizumab for advanced non-small cell lung cancer patients by comorbidity

PLOS ONE | https://doi.org/10.1371/journal.pone.0228288 January 29, 2020 15 / 15

https://www.cms.gov/Research-Statistics-Data-and-Systems/Statistics-Trends-and-Reports/NationalHealthExpendData/NationalHealthAccountsHistorical.html
https://www.cms.gov/Research-Statistics-Data-and-Systems/Statistics-Trends-and-Reports/NationalHealthExpendData/NationalHealthAccountsHistorical.html
https://www.cms.gov/Research-Statistics-Data-and-Systems/Statistics-Trends-and-Reports/NationalHealthExpendData/NationalHealthAccountsHistorical.html
https://doi.org/10.1111/1475-6773.12612
https://doi.org/10.1111/1475-6773.12612
http://www.ncbi.nlm.nih.gov/pubmed/27873305
https://doi.org/10.1371/journal.pone.0228288

