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Aim: This study examines how chimeric antigen receptor T-cell (CAR-T) therapy’s incremental effectiveness
and cost—effectiveness profile fits into the recent history of anticancer treatments. Materials & methods:
We conducted graphical and multivariable analyses using data from the Cost-Effectiveness Analysis Reg-
istry of the Tufts Medical Center and the Institute for Clinical and Economic Review’s analysis of CAR-T
therapies. We collected additional information including the US FDA approval years for pharmacologic
innovations. Results: CAR-T provided 5.03 (95% Cl: 3.88-6.18) more incremental quality-adjusted life-years
than the average pharmaceutical intervention and 4.61 (95% Cl: 1.67-7.56) more than the average non-
pharmaceutical intervention, while retaining similar cost-effectiveness. There was evidence of worsen-
ing cost—effectiveness by approval year for pharmaceutical interventions. Limitations: Analysis is limited
to anticancer treatments studied in cost-utility analyses, estimated to cover approximately 60% of FDA-
approved antineoplastic agents. Conclusion: CAR-T therapy breaks a pattern of stagnant efficacy growth
in pharmaceutical innovation and demonstrates significantly greater incremental effectiveness and similar
cost—effectiveness to prior innovations.
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Chimeric antigen receptor T-cell (CAR-T) therapy is a recently approved innovation that represents a novel approach
to cancer treatment. In brief, CAR-T therapy is given as a one-time treatment in which a patient’s own T cells are
collected and engineered to express a special type of receptor that promotes their ability to kill cancer cells after
they are infused back into the patient. This class of therapies has received regulatory approval for two blood cancers
— for pediatric acute lymphoblastic leukemia (pALL), the most common malignancy in children [1], and for diffuse
large B-cell lymphoma (DLBCL) — spanning various countries including the USA, Canada, Australia, Switzerland
and other countries in Europe, with regulatory approvals pending in additional countries [2-9]. Submissions for
additional indications are in process, and further trials are underway for other cancer types, including some solid
tumors [10].

When introduced, CAR-T therapy captured headlines for both its novel approach to fighting cancer and its
high price tag 111-15]. With approximately US$80.2 billion spent per year in treating cancer in the USA [¢)
and an estimated US$6.4 billion spent by the National Cancer Institute on cancer R&D [17], the question of
adequate innovation in oncology treatment is an important one. Some literature has recently suggested that we
have experienced diminishing returns from oncology innovation, with benefits not keeping pace with the increasing
costs of newly approved pharmaceuticals (18-22]. Nonetheless, other research, using different methods or focusing on
different measures of performance, has argued that the returns to cancer care spending have been substantial (23-25].

From an economics perspective the law of diminishing returns or the related concept of diminishing marginal _
productivity may be relevant to oncology innovation. In short, it may become increasingly difficult to add incre-  Future i

mental health benefits as continued innovation drives up the baseline level of health. In the context of oncology ~ Medicine ™
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treatments, we can look for negative trends in incremental quality-adjusted life years (QALYs) and increases over
time in incremental cost per QALY gained as signs of diminishing returns to the research enterprise.

This paper is not a cost—effectiveness analysis (CEA) in itself, but instead gathers and analyzes a history of CEA
results from prior studies. Our goals are: to characterize trends in the incremental effectiveness and cost—effectiveness
of cancer therapies over a period of two decades; and to determine whether CAR-T therapy departs from or fits
with prior trends. For clarity, we are not studying trends in effectiveness, but in incremental effectiveness relative
to standard of care at the time of an innovation’s introduction. As an example, compare a drug launched in 2010
to another launched in 2000. Even if the 2010 drug is strictly better than the 2000 drug, it may not have added
the same incremental value to society. Rather, the question is whether the 2010 drug improved upon standard of
care in 2010 by as much as the 2000 drug improved upon standard of care in its era.

Materials & methods

Data

The Tufts Medical Center Cost—Effectiveness Analysis Registry maintained by the Center for the Evaluation of
Value and Risk in Health of the Tufts Medical Center served as our primary data source [26]. That registry maintains
a complete record of CEAs that make use of the incremental cost per QALY gained concept. Such analyses are
sometimes described as cost-utility analyses (CUAs). The Tufts data are a complete record of published CUAs
and record a variety of information from the studies. The database has been used in a number of prior studies of
cost-utility and cost—effectiveness [27-29].

From the registry, we gathered all estimates for interventions for the treatment of malignant neoplasms. We
limited to CUAs conducted entirely in a US setting. For pharmacologic treatments, we used all studies conducted
in the USA with a publication year of 2007 or later that analyzed an intervention with a US FDA approval year
of 1995 or later. That choice of years reflected the desire to study relatively recent history; 2007 onward gave
us the most recent decade of studies in the database and, given that cutoff, approvals prior to 1995 were rare.
Approval years were identified for the indication specified for each treatment. In the case of combination therapies,
we used the approval year of the combination therapy. If that was unavailable, we used the approval year of the
most recently approved molecule in the combination. For treatments with multiple approval years for different
indications, we assigned the approval year for the indication analyzed in the particular study. Our sample included
various pharmaceutical interventions including monoclonal antibodies as well as kinase inhibitors. For CUAs of
nonpharmacologic treatments for cancer (surgical, medical procedure or medical device), we pulled all studies
with a publication year of 2012 or later — that data window reflects the interplay between two criteria: achieving
approximate balance in the number of pharmacologic and nonpharmacologic estimates included, while still relying
on the most recent possible years of data. Because they operate in a different regulatory environment, no approval
dates were assigned for nonpharmacologic interventions. The nonpharmacologic treatments included are mainly
various types of surgical procedures and various types of radiation therapy, although early stem cell transplant for
multiple myeloma also appears. The cutoff date for pulling data from the Cost—Effectiveness Registry was 30 June
2018. At that point in time, the registry included analyses published through December 2016 (in the Discussion
section, we report on more recent CUAs and how those fit into the findings reported here; they do not alter our
conclusions from this analysis).

The two key outcome variables of interest are: the number of incremental QALYs added by an intervention
relative to its comparator (hereafter ‘incremental QALYS), and the incremental cost per QALY gained (hereafter
‘incremental cost/QALY’) of the intervention. We are focused on the incremental contribution that a therapy
presented at the time it was evaluated. Both costs and QALYs are discounted in these analyses, except for those
dealing with very short timeframes. We converted all estimates to 2017 dollars using the medical care component
of the Consumer Price Index published by the Bureau of Labor Statistics. We excluded estimates reported in the
Tufts Registry if the identity of the anticancer intervention was unclear.

For data on CAR-T, we used the Chimeric Antigen Receptor T-Cell Therapy for B-Cell Cancers: Effectiveness and
Value Final Evidence Report published in 2018 by the Institute for Clinical and Economic Review (ICER) [30,31].
That report was the existing published study on CAR-T cost—effectiveness as of 30 June 2018, the end date of our
analysis window. The ICER report included estimates of both incremental QALYs and incremental cost per QALY
gained for two different CAR-T interventions for two different indications. In a sensitivity analysis, we include
CUAs of CAR-T therapies that have been published since the time of our main analysis. Those results do not alter
our principal conclusions.
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Assembling the data

One challenge in using the Tufts Registry data is that there may be more than one estimate for the same intervention-
indication combination. That may occur because more than one published CUA exists for the given intervention-
indication or a given study may have produced more than one estimate, differing by subpopulation or different
modeling assumptions. Estimates or studies might use a different fallback therapy or a different comparator.

Given the possibility of multiple data points for a given intervention-indication, we faced the question of how to
measure incremental QALYs and incremental cost/ QALY for each intervention-indication. We chose one approach
as our base case and used two alternative approaches as a sensitivity analysis. For our base case, if more than one
estimate existed for a given intervention-indication, then we pooled all estimates that used a common comparator
and computed mean incremental QALYs and incremental cost/QALY across these data points. In this case, a
given intervention-indication will have as many distinct observations as there are distinct comparators in the data.
Because of our multivariable regression analysis described below, we only pooled estimates with common covariate
values as well. Thus, if covariates differed, we kept the estimates as different data points — this was rare.

As an alternative approach, used for sensitivity analysis, we treated every existing estimate in the Tufts data as a
unique data point. In a third approach, also used for sensitivity analysis, we pooled using the mean values of estimates
for a given intervention-indication if those estimates came from studies that used a common fallback therapy in
case of treatment failure using the principal intervention (the majority of intervention-indication combinations in
the dataset [91%] had only one estimate, so for most cases the alternative approaches did not differ).

A clinical oncologist reviewed the comparators used in the included base case analyses as a check for appropriate-
ness at the time the intervention was being assessed. Moreover, in principle, the included analyses have undergone
both peer review and in many cases regulatory review — because many CUAs are built upon clinical trial data — that
encourage the use of relevant comparators. The Supplementary data contains a list of the interventions, indications
and comparators included in the study, as well as the values of variables that do not appear in the Tufts Registry.

Analysis

We conducted both graphical and regression analyses. The graphical analysis for pharmaceutical interventions
produced plots of incremental QALYs and incremental cost/QALY, respectively, versus approval year. We also
produced box and whisker plots showing the distributions of incremental QALYs and incremental cost/QALY
for the following three categories of intervention: nonpharmaceutical, pharmaceutical (other than CAR-T) and
CAR-T (because there were only two data points for CAR-T, we showed the two data points and indicated the
mean [median] value). We also identified the percentile ranking of CAR-T within the two broad categories of
innovations.

Negative cost/ QALY values posed an analytic challenge. Conceptually, when incremental costs and incremental
QALYs are both positive, higher cost/ QALY values always imply less efficiency at producing additional QALYs.
Therefore, cost/ QALY ratios under these circumstances represent a well-defined ordinal ranking. This interpretation
is muddied when incremental costs or incremental QALYs are negative. For example, a technology might have a
highly negative cost/ QALY ratio if it involves a tiny gain in health but a large cost-saving. Another technology with
an identical negative cost/ QALY ratio might involve higher costs and worse health.

To address these issues, we took two steps. First, for (the relatively rare) cases in which incremental QALYs
were negative, we dropped the observation. Logically, such a technology has no proven utility, and we proceeded
on the assumption that it would rarely be used and thus of little practical relevance. Second, for cases in which
incremental costs were negative but QALY gains nonnegative, we recoded cost/ QALY to zero. This preserves the
rank-ordering of cost/QALYs in a weak sense, since all the zero’ cost/ QALY technologies are superior to ones with
strictly positive cost/QALY ratios. Moreover, in all these cases, the innovation is effectively free in the sense that it
produces additional health at no additional cost.

We used multivariable regression analysis (ordinary least squares) to allow us to estimate the differences between
CAR-T and other anticancer innovations while controlling for other factors that could potentially influence the
outcome variables of interest — incremental QALYs and incremental cost/QALY. These other factors include
technical characteristics of the CUAs, such as discount rate, time horizon and the Tufts assessment of study quality
(a 1-7 scale) 321. We included an indicator variable for indications that are considered to be rare diseases by
the Genetic and Rare Diseases Information Center of the National Center for Advancing Translational Sciences
under the hypothesis that rare diseases may be less studied and therefore innovation may not have reached the
degree of diminishing returns that has been reached for nonrare diseases [33]. For pharmaceutical interventions, we
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Figure 1. Incremental quality-adjusted life years versus approval year for anticancer pharmaceutical interventions.
CAR-T: Chimeric antigen receptor T-cell therapy; QALY: Quality-adjusted life year.

included a linear and quadratic term in the FDA approval year to test the hypothesis that returns to innovation
and cost—effectiveness may be declining and whether this trend has changed over time. We also included the
difference between the publication year of the CUA and approval year of the intervention in recognition of
evidence on dynamics of cost—effectiveness [23,34]. An indicator variable for industry sponsorship was included on
the hypothesis that such analyses may be skewed to more favorable results because of conflicts of interest. We ran
one set of regressions on only the pharmaceutical interventions because this represents a relatively homogeneous
group. We followed this with regression analysis that pooled both types of interventions — pharmaceutical and
nonpharmaceutical.

Indicator variables for CAR-T therapy and for nonpharmaceutical interventions, respectively, allowed us to
test whether those types of interventions differ systematically from non-CAR-T pharmaceutical interventions (the
reference group) after accounting for differences in the other variables included in the regressions. The regressions
also produced estimates of the size and confidence intervals of those differences. We conducted formal statistical
tests of when and whether the slope of the outcome variables with respect to approval year differed significantly
from zero; we also formally tested for differences between CAR-T therapy and nonpharmaceutical interventions.
Reported p-values apply to two-sided tests. Goodness of fit was measured by the adjusted R-squared. All analyses
were conducted in Stata 15.1 or R 3.5.2.

Results
Pharmaceutical interventions
Figure 1 displays a graph of incremental QALYs versus approval year for anticancer pharmaceutical interventions.
Within our study sample from 1995 to 2015, with one exception (imatinib approved in 2001), recently approved
pharmaceuticals had incremental QALYs of less than two. CAR-T clearly stands out in terms of incremental QALYs
— only that single exception in 2001 provided comparable incremental QALYs to CAR-T.

Figure 2 graphs incremental cost/QALY versus approval year. Note that smaller or more negative numbers
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Figure 2. Incremental cost per quality-adjusted life year gained versus approval year for anticancer pharmaceutical
interventions. Graph excludes outliers with incremental cost per QALY gained above US$2,000,000, specifically: 2015,
US$8,283,165; 2015, US$3,816,068; 2014, US$2,821,167; 2004, US$2,360,508. All incremental costs per QALY gained are
inflated to 2017 US dollars.

CAR-T: Chimeric antigen receptor T-cell therapy; QALY: Quality-adjusted life year.

are preferred here, in the sense that lower values of incremental cost/QALY indicate better incremental cost—
effectiveness. The graph shows a high degree of variability in incremental cost/QALY. On average, CAR-T is in
the lower (better) half of the distribution among pharmaceutical innovations.

Table 1 presents the multivariable regression results for pharmaceutical interventions. The dependent variable
was incremental QALY for the first column of estimates. CAR-T was estimated to provide 5.029 more incremental
QALYs than other innovations and the estimate was highly statistically significant (p < 0.001). The estimated
coefficients on the linear and quadratic approval year trends indicated that incremental QALYs declined with
approval year throughout the time period of the analysis, but that decline with approval year was not statistically
significant in most years (a table listing the annual slopes of incremental effectiveness and cost—effectiveness with
approval year, and associated p-values appears in the Supplementary data). Treatments for rare diseases yielded
about half an additional incremental QALY of benefit but that coefficient fell short of statistical significance at the
cutoff of p = 0.05 (p-value was 0.0515).

Column two of Table 1 shows the results with incremental cost/QALY as dependent variable. The CAR-T
coefficient was negative (indicating better cost—effectiveness), but the 95% CI was large and included negative and
positive values. Based on the linear and quadratic approval year coefficients, there was evidence of a post-2004
decline in cost—effectiveness with approval year (i.e., cost/QALY increased with approval year after 2004), with
p < 0.1 beginning in 2010 and p < 0.05 beginning in 2014. Studies for which the discount rate used could not
be determined had significantly higher incremental costs/QALY, on average.

All intervention types (pharmaceutical & nonpharmaceutical)

Next, we turn to the analyses that included both pharmaceutical and nonpharmaceutical interventions. Because
approval years are not relevant for the nonpharmaceutical innovations, we produced the box and whisker plots
shown in Figures 3 & 4 to compare the distributions of incremental QALYs and incremental cost/QALY across
the three types of interventions.
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Table 1. Multivariable regression results for pharmaceutical interventions.
Pharmaceutical interventions

Variables Incremental QALYs Incremental cost/QALY

CAR-T 5.0297 (3.879-6.180) -1,129,000 (-2,592,000 to 333,884)
Approval year -0.0608 (-0.134 to 0.0127) -53,975 (-150,428 to 42,478)
Approval year squared -0.00063 (-0.00550 to 0.00424) 65367 (512.6-12,560)
Difference between publication year and approval -0.0598 (-0.137 t0 0.0171) -49,930 (-147,633 to 47,773)
year

Discount rate: 5% -0.418 (-1.375 to 0.540) -291,629 (-1,502,000 to 918,327)
Discount rate: could not determine -0.0191 (-0.735 to 0.697) 1,436,0007 (577,574-2,295,000)
Time horizon: greater than or equal to 5 years but not  -0.100 (-0.494 to 0.293) 391,513 (-83,633 to 866,660)
lifetime

Time horizon: greater than or equal to 2 years and -0.562 (-1.172 to 0.0479) 267,849 (-472,684 to 1,008,000)
less than 5 years

Time horizon: less than 2 years -0.090 (-0.594 to 0.414) 208,819 (-437,870 to 855,508)
Time horizon: none -0.324 (-1.196 to 0.548) -246,602 (-1,307,000 to 814,086)
Rare disease 0.397 (-0.003 to 0.796) 145,073 (-379,360 to 669,507)
Industry sponsorship 0.273 (-0.123 to 0.669) -101,731 (-599,857 to 396,395)
Study quality score -0.063 (-0.330 to 0.205) 235,596 (-97,090 to 568,282)
Constant 0.318% (0.053-0.584) 108,754 (-224,415 to 441,923)
Observations 97 100

Adjusted R-squared 0.538 0.181

95% Clin parentheses.

Tp < 0.05; p-values are for two-sided tests.

Reference group is nonrare, non-CAR-T pharmaceutical interventions, a standard discount rate (3%, or none used in a short horizon model), lifetime time horizon and study not sponsored
by a pharmaceutical or device manufacturer. All incremental costs/QALY inflated to 2017 US dollars. We normalized approval year to a value of zero in the year 2000. Approval year,
approval year squared, difference between publication year and approval year, and quality of study variables were differenced from their respective means.

CAR-T: Chimeric antigen receptor T-cell therapy; QALY: Quality-adjusted life year.
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Figure 3. Distribution of incremental quality-adjusted life years by intervention type. Boxplot displays interquartile
range with 25th percentile and 75th percentile captured by the top and bottom edges of the box. Midline in box
represents the median value, X denotes the mean. For nonpharmaceutical oncology treatments, the mean is 1.07 and
median is 0.06. For other pharmaceutical oncology interventions (does not include CAR-T), the mean is 0.402 and
median is 0.165.

CAR-T: Chimeric antigen receptor T-cell therapy; QALY: Quality-adjusted life year.
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Figure 4. Distribution of incremental cost per quality-adjusted life year gained by intervention type. Boxplot
displays interquartile range with 25th percentile and 75th percentile captured by the top and bottom edges of the
box. Midline in box represents the median value, X denotes the mean. All incremental costs per QALY gained inflated
to 2017 US dollars. For other pharmaceutical oncology interventions (does not include CAR-T), the mean is
US$398,509 and median is US$133,227. For nonpharmaceutical oncology treatments, the mean is US$179,112 and
median is US$31,051. Graph excludes outliers with incremental cost per QALY gained above US$2,000,000, specifically
a value of US$4,331,032 for nonpharmaceutical oncology interventions and values of US$8,283,165, US$3,816,068,
US$2,821,167 and US$2,360,508 for other pharmaceutical oncology interventions.

CAR-T: Chimeric antigen receptor T-cell therapy; QALY: Quality-adjusted life year.

Figure 3 shows the full distribution of incremental QALYs for the three intervention types. CAR-T stood out
from the other intervention types with both of its data points well above the interquartile ranges (and means)
of the other types. Pharmaceutical interventions (non-CAR-T) performed slightly better than nonpharmaceutical
interventions in terms of median QALYs added and the interquartile range, but because of a high degree of skewness
in the distribution, the mean for nonpharmaceuticals exceeded the mean for non-CAR-T pharmaceuticals.

Figure 4 shows that distributions of incremental cost/ QALY were very diffuse and exhibited a high degree of
overlap across the intervention types. Among pharmaceutical treatments the two included CAR-T treatments fall
at the 52nd and 28th percentiles for incremental cost/ QALY. Relative to nonpharmaceutical treatments, CAR-T
treatments fall at the 75th and 57th percentiles for incremental cost/ QALY.

Table 2 shows multivariable regression results for the combined dataset using all intervention types. The poorer
fit of these regressions — measured by comparing the adjusted R-squared values relative to those in Table 1 —
suggests that nonpharmaceutical and pharmaceutical interventions are somewhat heterogeneous in terms of the
relationships between the covariates describing technical aspects of the CUA analyses and the outcomes of interest.

Nonetheless, certain key results continue to be apparent even in this pooled analysis. The results with incremental
QALYs as dependent variable (column 1 of Table 2) again show a substantially positive and statistically significant
effect of CAR-T with a point estimate of 4.965 more incremental QALYs (p < 0.001) than the reference group of
other pharmaceutical innovations. A test of the hypothesis that CAR-T added more QALYs than nonpharmaceutical
interventions showed a highly significant (p = 0.002) difference of 4.614 more incremental QALYs from CAR-T.
Studies for which the discount rate used could not be determined found significantly fewer incremental QALYs.
Studies with shorter time horizons generally found fewer incremental QALYs (the one exception to this pattern
was studies with 2- to 5-year horizons, which showed no significant difference from studies that used a lifetime
horizon). Studies that received higher quality scores from the Tufts reviewers tended to find fewer incremental
QALYs. Other variables were not statistically significant.

The cost—effectiveness results using all intervention types appear in column 2 of Table 2. Again, standard
errors and 95% Cls were large, reflecting the high degree of variability seen in incremental cost/ QALY values in
Figure 4. Although the confidence interval was large, CAR-T had significantly better cost—effectiveness than the
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Table 2. Multivariable regression results for all intervention types.

Variables

CAR-T

Pharmaceutical indicator x approval year
Pharmaceutical indicator x approval year squared

Pharmaceutical indicator x difference between
publication year and approval year

Discount rate: 5%
Discount rate: could not determine

Time horizon: greater than or equal to 5 years but not
lifetime

Time horizon: greater than or equal to 2 years and
less than 5 years

Time horizon: less than 2 years
Time Horizon: none

Rare disease
Nonpharmaceutical intervention
Industry sponsorship

Study quality score

Constant

Observations

Adjusted R-squared

95% Clin parentheses.
Tp < 0.05; p-values are for two-sided tests.

Incremental QALYs

4.965" (2.089-7.841)

-0.0312 (-0.215 to 0.153)
-0.00265 (-0.0146 to 0.00934)
0.0140 (-0.165 to 0.193)

-0.012 (-2.279 to 2.255)
-1.357% (-2.358 to -0.356)
-1.1627 (-1.834 t0 -0.491)

-0.572 (-1.784 to 0.641)

-1.337% (-2.421 t0 -0.254)
-2.537% (-4.536 to -0.538)
-0.178 (-0.898 to 0.542)
0.351 (-0.336 to 1.037)
0.007 (-0.830 to 0.843)
-1.234% (-1.635 to -0.833)
1.4337 (0.838-2.028)

168

0.280

All intervention types

Incremental cost/QALY
-1,337,0007 (-2,630,000 to -43,572)
-34,709 (-119,867 to 50,448)

87151 (3393-14,038)

23,669 (-56,654 to 103,992)

206,927 (-827,965 to 1,242,000)
280,971 (-98,258 to 660,200)
97,186 (-220,351 to 414,724)

202,507 (-334,176 to 739,191)

47,877 (-444,952 to 540,706)
-226,617 (-1,119,000 to 666,111)
-149,758 (-499,352 to 199,837)
-248,962 (-583,589 to 85,664)
320,820 (-86,432 to 728,071)
-74,370 (-249,653 to 100,914)
258,215 (-9364 to 525,795)

169

0.090

Reference group is nonrare, non-CAR-T pharmaceutical interventions, a standard discount rate (3%, or none used in a short horizon model), lifetime time horizon and study not sponsored
by a pharmaceutical or device manufacturer. Additional tests: The coefficient on CAR-T is greater than coefficient on nonpharmaceutical intervention in incremental QALY regression,
CAR-T provides 4.61 (95% Cl: 1.67, 7.56) more incremental QALYs than nonpharmaceutical interventions, p = 0.002; and The coefficient on CAR-T is statistically equal to coefficient on
nonpharmaceutical intervention in incremental cost/QALY regression, p = 0.109. All incremental costs/QALY inflated to 2017 US dollars. We normalized approval year to a value of zero
in year 2000. Approval year, approval year squared, difference between publication year and approval year, and quality of study variables were differenced from their respective means.
CAR-T: Chimeric antigen receptor T-cell therapy; QALY: Quality-adjusted life year.

reference group of (non-CAR-T) pharmaceutical interventions. A test of the hypothesis that CAR-T differed from
nonpharmaceutical interventions on incremental cost/QALY showed no significant difference (p = 0.109), again
reflecting large standard errors in the estimates. Based on the linear and quadratic approval year coefficients for
pharmaceutical innovations, there was evidence of a post-2002 decline in cost—effectiveness with approval year
(i.e., increasing cost/ QALY after 2002), with statistical significance (p < 0.05) from 2006 onward (complete table
of slopes with approval year, and associated p-values, appears in the Supplementary data).

Sensitivity analysis

We tested the sensitivity of our results to a variety of changes including: the method for aggregating estimates
for the same intervention and indication, the use of robust regression, separating the CAR-T effect by indication
and the addition of results from the most recent CAR-T studies [35]. Table 3 shows the estimated coefficients and
95% ClIs for the CAR-T indicator variable from the multivariable regressions for the set of sensitivity analyses we
conducted. The full set of regression results for all of the sensitivity specifications appears in the Supplementary
data.

Alternative methods for grouping multiple estimates

We tested the sensitivity of the results to the alternative approaches to grouping multiple estimates appearing in
the Tufts database for the same intervention-indication. Those approaches were discussed in the Methods section.
Rows 2 and 3 of Table 3 show the estimated coefficients on the CAR-T indicator variable from multivariable
regressions that are the same as those presented for our base case (Tables 1 & 2) except that different approaches
were used to group multiple CUA estimates.
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Table 3. Sensitivity analyses: estimated coefficients on chimeric antigen receptor T-cell therapy indicator variable.
Pharmaceutical sample
Incremental cost/QALY

-1,129,000 (-2,592,000 to
333,884)

Dependent variable

Base case

Each estimate as unique observation

Grouping estimates with common fallback
therapy

Robust regression: least absolute deviations
estimates

Separating the CAR-T indications
- pALL

- DLBCL

Incremental QALYs
5.029% (3.879-6.180)

5.0027 (3.890-6.114)

5.101" (3.826-6.375)

3.0341 (2.140-3.928)

6.919% (5.551-8.287)

3.1391 (1.771-4.507)

-1,170,000
(-2,602,000-262,354)

-896,616 (-2,140,000 to
346,549)

-265,933 (-678,636 to
146,770)

-1,174,000 (-3,106,000 to
757,222)
-1,084,000 (-3,016,000 to
847,429)

Pharmaceutical and nonpharmaceutical sample

Incremental QALYs
4.965T (2.089-7.841)

5.035" (2.232-7.837)

5.2697 (2.197-8.341)

6.9831 (6.174-7.793)

6.855" (3.095-10.62)

3.075 (-0.685 to 6.835)

Incremental cost/QALY

-1,337,0007 (-2,630,000 to
-43,572)

-1,437,000% (-2,776,000 to
-98,279)

-1,021,000 (-2,161,000 to
118,601)

-249,432 (-534,110 to
35,245)

-1,382,000 (-3,094,000 to
330,341)
-1,292,000 (-3,004,000 to
420,548)

Adding most recent studies (necessarily
omits study_quality as regressor)

- Base case dataset 5.026 (3.882-6.171) -1,128,000 (-2,599,000 to 5.043 (1.849-8.237) -1,341,0007 (-2,633,000 to

343,066) -48,898)
- Dataset including newest studies 3.673 (2.680-4.665) -1,071,0007 (-2,120,000 to ~ 3.724" (1.385-6.062) -1,355,000 (2,275,000 to
-21,862) -434,464)

95% Cl in parentheses.

Tp < 0.05; p-values are for two-sided tests.

Reference group is nonrare, non-CAR-T pharmaceutical interventions, a standard discount rate (3%, or none used in a short horizon model), lifetime time horizon and study
not sponsored by a pharmaceutical or device manufacturer. All incremental costs/QALY inflated to 2017 US dollars.

CAR-T: Chimeric antigen receptor T-cell therapy; DLBCL: Diffuse large B-cell lymphoma; pALL: Pediatric acute lymphoblastic leukemia; QALY: Quality-adjusted life year.

Both alternatives yielded results similar to base case results (see Table 3). For the pharmaceutical-only analysis,
CAR-T continued to have a large and statistically significant increase of 5.002 and 5.101 incremental QALYs in
the sensitivity runs compared with 5.029 in the base case.

For the analysis that combined both nonpharmaceutical and pharmaceutical interventions in a single regression
we continued to see a large and statistically significant increase of 5.035 and 5.269 incremental QALYs for CAR-T
compared with other pharmaceutical interventions. The only departure from the base case findings for CAR-T
was that in the incremental cost/ QALY regression, one of the sensitivity analyses yielded a statistically insignificant
difference for CAR-T (p = 0.0787) versus other pharmacologic innovations. However, the point estimate continued
to imply better cost—effectiveness for CAR-T.

Using robust regression

We also used the Least Absolute Deviations (LAD) regression method as an alternative to ordinary least squares.
The LAD approach is considered more robust to outliers than least squares regression, while on the other hand,
if outliers are relatively important in terms of the information they convey, then least squares is preferred. As seen
in the fourth group of CAR-T estimates in Table 3, the LAD estimates also show a significantly greater number
of incremental QALYs for CAR-T for both the pharmaceutical-only sample and the sample that combines both
pharmaceutical and nonpharmaceutical interventions. CAR-T is not significantly different from other interventions
in terms of cost—effectiveness in either sample and the coefficient estimates have a lower magnitude than their base
case counterparts. The confidence intervals overlap with those of the base case for all four base case regressions.
In terms of incremental QALYs, the point estimate for CAR-T is lower than its base case counterpart in the
pharmaceutical-only regressions but is higher than the base case estimate in the regressions that include both
pharmaceutical and nonpharmaceutical interventions.

Separating the CAR-T indications

We also checked on the sensitivity of the CAR-T results by using separate CAR-T indicator variables for the two
indications for which CAR-T has been analyzed — pALL and DLBCL. Note that because the ICER report analyzed
the use of tisagenlecleucel for pALL and axicabtagene ciloleucel for DLBCL, we cannot separately identify the
effects of the two interventions versus the two indications. The fifth row of Table 3 shows that, in the sample
confined to pharmaceutical innovations, greater incremental QALYs were gained for pALL (using tisagenlecleucel)
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than for DLBCL (using axicabtagene ciloleucel). Nonetheless, both effects were significantly positive — indicating
that in both cases CAR-T therapy provided greater incremental effectiveness than non-CAR-T pharmaceutical
innovations on average. The analysis that included both nonpharmaceutical and pharmaceutical innovations also
showed a significant CAR-T effect for pALL, but the effect for DLBCL lost statistical significance. For neither
indication did the use of CAR-T show significant differences in incremental cost/ QALY from other interventions.

Adding the most recent studies

Though our estimates of incremental QALYs and cost—effectiveness were obtained from the ICER’s analysis of
CAR-T therapies, other studies have been published after our data was collected (30 June 2018) and analysis
conducted. There have been four additional CUAs of CAR-T therapies in the US setting, excluding journal
versions of the ICER analysis that was our data source [36-39]. We tested the sensitivity of our base case results to
the inclusion of these newer estimates. The studies cannot be directly added as part of the base case because one of
the regressors — the Tufts measure of study quality — is not available for the newest studies. Instead, we conducted
a sensitivity analysis by running the multivariable regressions without the study quality variable, both for our base
case dataset and a new dataset that includes the most recent studies; further details appear in the Supplementary
data. We compared the results from the two sets of regressions in the final row of Table 3.

As shown in the final row of Table 3, the sensitivity analysis and (revised) base case analysis produce overlapping
confidence intervals. In terms of incremental QALYs, all four cases find that CAR-T therapies provided significantly
more incremental effectiveness than non-CAR-T innovations, and formal hypothesis tests also showed that CAR-T
provided significantly more incremental QALYs than nonpharmaceutical interventions. The estimates using the
newer studies had lower point estimates for CAR-T in terms of incremental effectiveness, but those estimates
continued to be statistically significant. In terms of incremental cost/ QALY, CAR-T was significantly more cost-
effective (lower cost/QALY) than other pharmaceutical innovations in three of the four specifications.

Discussion

Our study collects the history of what therapies contributed — in terms of incremental health benefit and incremental
cost—effectiveness — compared with a relevant standard of care therapy at the time it was studied. Simply because
a therapy appears to score well in the analysis does not mean it would be a better choice today than some other
therapy in our dataset. Perhaps other therapies were subsequently developed, or the indications may quite simply
differ. Hence, the comparator against which a particular therapy is assessed will generally vary over time and
indication. What our study does do is to establish a historical perspective on innovation in oncology by measuring
the incremental contribution at the time. Our analysis is properly understood as a high-level view of the history of
oncology innovation, not a decision analysis of the most appropriate therapy to choose.

The most striking result from our analysis is the substantially greater number of incremental QALYs provided
by CAR-T relative to both other pharmaceutical and nonpharmaceutical innovations. These results were highly
significant throughout the analysis. In the base case, CAR-T showed between 4.965 and 5.029 more incremental
QALYs than other pharmaceutical interventions and 4.614 more incremental QALYs than nonpharmaceutical
interventions, on average, after controlling for other covariates.

CAR-T had similar cost—effectiveness compared with other pharmaceutical innovations. In the regression that
included only pharmaceutical innovations, there was no statistical difference between CAR-T and other innovations,
while CAR-T did show a statistically lower cost/QALY relative to pharmaceutical innovations in the regression
that included both pharmaceutical and nonpharmaceutical treatments. In simple comparisons, the two CAR-
T cases outperformed 48 and 72% of other pharmaceutical treatments. CAR-T appeared to be comparable to
nonpharmaceutical interventions in terms of cost—effectiveness. The multivariable regression analysis showed no
significant difference in cost—effectiveness between CAR-T and nonpharmaceutical interventions. Looking at
unadjusted comparisons, the two CAR-T cases were more cost-effective than 43 and 25% of nonpharmaceutical
treatments. The unadjusted mean incremental cost/ QALY among the CAR-T treatments was lower (more cost-
effective) than those for both nonpharmaceutical and other pharmaceutical treatments.

Odur results suggest that CAR-T represents a break from a trend of stagnant returns in pharmaceutical innovation.
The regression analysis showed a decline in incremental QALYs with approval year for non-CAR-T pharmaceutical
innovations, although not statistically significant in the majority of years. Simple comparisons show that for approval
years before 2010 the average incremental QALY was 0.52 (median: 0.24, interquartile range [IQR]: 0.09-0.63),
while for approval years of 2010 or later the average was 0.27 (median: 0.12, IQR: 0.09-0.34). In contrast,
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the CAR-T cases were at 7.18 and 3.40. We also found a consistent pattern wherein cost—effectiveness began to
worsen with approval year after about 2004 with that worsening ultimately becoming statistically significant at
p = 0.05. Simple comparisons show that for approval years before 2010 the average incremental cost/QALY was
US$170,364 (median: US$73,984, IQR: US$31,037-US$221,492), while for approval years of 2010 or later the
average was US$629,107 (median: US$175,045, IQR: US$125,750-$468,123). In terms of the standard cost—
effectiveness thresholds of either US$100,000 or US$150,000, there also appeared to be a worsening over time.
For approval years prior to 2010, 59% of innovations were below the US$100,000 threshold and 70% were below
the US$150,000 threshold. For approval years of 2010 or later, excluding CAR-T, 16% of innovations were below
the US$100,000 threshold and 34% were below the US$150,000 threshold. The CAR-T cases were at US$45,871
and US$136,078 (all dollar figures were adjusted to 2017 USD).

Other studies of non-CAR-T innovations using different measures of incremental outcomes also suggest stag-
nant returns in terms of outcomes and cost—effectiveness. For example, Saluja ¢z a/. looked at anticancer treatments
approved by the FDA between 2006 and 2015 and found a flat trend in American Society of Clinical Oncology
(ASCO) clinical benefit scores and a declining but insignificant trend in European Society of Medical Oncol-
ogy (ESMO) clinical benefit scores, although prices and incremental costs increased significantly with approval
year [40]. The Tufts database used for our analysis included published CUAs through 2016 at the time of our analysis
(30 June 2018). A narrow, targeted search of CUA analyses published after 2016 did not suggest any break from
these trends for non-CAR-T pharmaceutical interventions — incremental QALYs were below 1 and cost/ QALY
above US$100,000 for analyses conducted in a US setting [41,42].

CAR-T may represent a paradigm shift in innovation, whereby incremental gains over previous technology can
be large relative to the prior trend. In the long run, even within the class of CAR-T therapies, we might expect
diminishing returns to set in again. When that new point of diminishing returns will begin is perhaps impossible
to say. In the case of CAR-T style therapies, incremental gains may begin to diminish for three reasons: it simply
becomes more difficult to make new innovations of equivalent incremental value; the indications where incremental
value is the greatest are the earliest ones to be pursued; and over time, older CAR-T products become the relevant
comparators for newer products. Indeed, the evolution of any new therapeutic class can be expected to eventually
face those same reasons for declining marginal returns.

Existing CUAs of CAR-T have cautioned about factors that contribute to uncertainty in the estimates of
effectiveness and cost—effectiveness. CAR-T analyses have been based on single-arm trials and long-term follow-up
of treated cohorts was limited. As some recent articles have illustrated, results are sensitive to modeling assumptions
regarding longer-term survival [30,36,38,39]. For example, for axicabtagene ciloleucel in DLBCL Whittington et al.
(2019) found a range from 1.52 to 4.9 incremental QALYs and incremental costs/QALY from US$100,400 to
US$289,000 depending on modeling assumptions regarding long-term survival (commercial payer perspective). Lin
etal. (2019) found a range from 2.5 to 3.72 incremental QALYs and incremental costs/ QALY from US$129,000 to
US$194,000 for that same therapy and indication, again depending on modeling assumptions affecting longer-term
survival.

The effectiveness of CAR-T treatments may differ depending on the indication and therapy. Our sensitivity
results suggested more incremental QALYs in pALL using tisagenlecleucel than in DLBCL using axicabtagene
ciloleucel, reflecting the ICER analysis. More research, however, will be required to clarify the relative effectiveness
and value of CAR-T therapies both across different indications and specific CAR-T treatments.

Limitations

Odur analysis was limited to interventions and indications that have been studied in published CUAs. To the extent
that some intervention-indications have not been studied in a published CUA, our results will not apply to the
entire range of interventions that have been developed for treating cancer. For a sense of context, we collected a list
of antineoplastic agents approved by the FDA during the 5-year period 2006 to 2010 and found that 58% of those
innovations were included in our analysis because of the existence of a published CUA in a US setting.

We limited to CUAs conducted for the US setting. Different results, especially for incremental cost/ QALY, may
have occurred for other settings to the extent that pricing of therapies and other healthcare system costs differ from
the US setting.

Our analysis included results from only those value frameworks that make use of incremental QALYs and
incremental cost/QALY as their measures of an intervention’s characteristics. We did this in order to get a large
sample of interventions and to use a framework that has become standard for valuing healthcare interventions.
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Nonetheless, there are other methods for determining value and a number of studies suggest additional sources of
value that have generally been omitted from standard analyses [43].

Conclusion

Compared with other recent innovations against cancer that have been formally studied by CUAs, the innovation
of CAR-T therapy has provided significantly greater gains in effectiveness, measured by incremental QALYs. At the
same time, its cost—benefit ratio is often not significantly different from those of recent innovations (although in a
minority of specifications it was significantly more cost-effective). In the context of the recent history of oncology
treatments, those findings suggest that CAR-T represents a significant clinical breakthrough at a cost proportional
to other innovations.

Summary points

e There is mixed evidence on returns to oncology innovations. Some recent literature suggests diminishing returns
from oncology innovation, with effectiveness not keeping pace with the increasing costs of newly approved
pharmaceuticals. However, others argue that returns to oncology spending have been substantial.

e This study analyzes the recent history of pharmaceutical and nonpharmaceutical anticancer innovations in terms
of trends in outcomes — measured by incremental quality-adjusted life years (QALYs), and in cost-effectiveness —
measured by incremental cost per QALY gained. We assess how chimeric antigen receptor T-cell (CAR-T) therapy
fits into that history of innovations.

e Data for this study were primarily obtained from the Cost-Effectiveness Analysis Registry of the Tufts Medical
Center — a registry of all published cost-utility analyses (CUAs), and supplemented with data from the Institute for
Clinical and Economic Review’s analysis of CAR-T therapies, and data on FDA approval years for pharmacologic
innovations.

e Graphical analysis suggests that incremental QALYs are trending down slightly for pharmacologic anticancer
innovations. There were, however, three innovations exhibiting unusually high incremental QALYs that departed
from this trend — imatinib (approved in 2001) and the two CAR-T therapies (approved in 2017).

e The distribution of incremental cost per QALY gained was highly variable across therapies. On average, the CAR-T
therapies ranked at the 40th percentile of cost-effectiveness among pharmacologic treatments (lower is better in
terms of cost—effectiveness) and 66th percentile among nonpharmacologic treatments.

e Multivariable regression analysis was conducted to control for technical aspects of the CUA (such as discount rate
and time horizon) and for other potentially important factors including FDA approval year, an indicator for rare
disease, number of years between FDA approval and publication of the CUA, industry sponsorship and a measure
of study quality.

e The regression analysis found that CAR-T provided 5.03 (95% Cl: 3.88-6.18) more incremental QALYs than the
average pharmaceutical intervention and 4.61 (95% Cl: 1.67-7.56) more than the average nonpharmaceutical
intervention, while retaining similar cost-effectiveness to other innovations.

e The regression estimates indicated that there was a downward trend with approval year in incremental QALYs
(but not statistically significant in most years) among the non-CAR-T pharmacologic interventions and that
incremental cost-effectiveness worsened over time after the early-to-mid 2000s (becoming statistically significant
a few years later).

e In terms of incremental effectiveness, CAR-T therapy appeared to be a significant positive break from a period of
stagnant returns to pharmacologic anticancer innovations at a cost-effectiveness ratio in line with other, older
innovations. CAR-T also outperformed recently studied nonpharmacologic oncology treatments in terms of
incremental effectiveness while maintaining similar incremental cost-effectiveness.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at:
www.futuremedicine.com/doi/suppl/10.2217 /cer-2019-0065

The nonproprietary data have been provided in the Supplementary Materials on the JCER website. See the website of the Center
for the Evaluation of Value and Risk in Health at Tufts Medical Center for information on obtaining access to the Cost—Effectiveness
Analysis Registry.
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