
Change in Tumor Size by RECIST Correlates Linearly With
Overall Survival in Phase I Oncology Studies
Rajul K. Jain, J. Jack Lee, Chaan Ng, David Hong, Jing Gong, Aung Naing, Jennifer Wheler,
and Razelle Kurzrock

All authors: The University of Texas MD
Anderson Cancer Center, Houston, TX.

Submitted April 11, 2011; accepted
April 12, 2012; published online ahead
of print at www.jco.org on June 11,
2012.

Supported in part by Grants No.
RR024148 from the National Center for
Research Resources (R.K.) and
CA16672 from the National Cancer
Institute (J.J.L.).

Authors’ disclosures of potential con-
flicts of interest and author contribu-
tions are found at the end of this
article.

R.K.J. completed work on this article at
The University of Texas MD Anderson
Cancer Center.

Corresponding author: Rajul K. Jain,
MD, Amgen, 1 Amgen Center Dr, MS
38-2-B, Thousand Oaks, CA 91320;
e-mail: rajulj@amgen.com.

© 2012 by American Society of Clinical
Oncology

0732-183X/12/3021-2684/$20.00

DOI: 10.1200/JCO.2011.36.4752

A B S T R A C T

Purpose
RECIST is used to quantify tumor changes during exposure to anticancer agents. Responses are
categorized as complete response (CR), partial response (PR), stable disease (SD), or progressive
disease (PD). Clinical trials dictate a patient’s management options based on the category into
which his or her response falls. However, the association between response and survival is not
well studied in the early trial setting.

Patients and Methods
To study the correlation between response as quantified by RECIST and overall survival (OS, the
gold-standard survival outcome), we analyzed 570 participants of 24 phase I trials conducted
between October 2004 and May 2009, of whom 468 had quantifiable changes in tumor size.
Analyses of Kaplan-Meier estimates of OS by response and null Martingale residuals of Cox
models were the primary outcome measures. All analyses are landmark analyses.

Results
Kaplan-Meier analyses revealed strong associations between change in tumor size by RECIST and
survival (P � 4.5 � 10�6 to � 1 � 10�8). The relationship was found to be near-linear (R2 � 0.75
to 0.92) and confirmed by the residual analyses. No clear inflection points were found to exist in
the relationship between tumor size changes and survival.

Conclusion
RECIST quantification of response correlates with survival, validating RECIST’s use in phase I
trials. However, the lack of apparent boundary values in the relationship between change in tumor
size and OS demonstrates the arbitrary nature of the CR/PR/SD/PD categories and questions
emphasis placed on this categorization scheme. Describing tumor responses as a continuous
variable may be more informative than reporting categoric responses when evaluating novel
anticancer therapies.

J Clin Oncol 30:2684-2690. © 2012 by American Society of Clinical Oncology

INTRODUCTION

For the last decade, the international cancer com-
munity has employed the RECIST to assess the re-
sponse exhibited by a patient’s tumor on exposure to
both marketed and experimental antitumor
therapies.1-3 The criteria provide guidance on two
issues: how to quantify the change in a patient’s
tumor burden, and how to categorize the quantified
response. Specifically, the dimensions of select le-
sions, referred to as target lesions, are used to calcu-
late the change in tumor burden between images
from different time points. The calculated response
is then categorized as complete response (CR), par-
tial response (PR), stable disease (SD), or progres-
sive disease (PD). CR is complete disappearance of
tumor (�100%), PR is a change between �100%
and �30%, SD is a change between �30% and

�20%, and PD is an increase of 20% or greater. Of
note, when scans show the appearance of new le-
sions the change in tumor burden cannot be quan-
tified numerically, but the response is categorized
as PD.

Although phase I trials are principally designed
to study the dosing and safety profiles of investiga-
tional products and not drug efficacy,4-7 serial radio-
graphic imaging is an important component in the
evaluation of patients participating in most phase I
studies of solid tumors.8 This is because though
phase I trials in other disease types typically enroll
healthy volunteers, phase I oncology studies are
usually conducted in participants who are cancer
patients,9,10 and serial imaging is an important part
of their clinical management. Most trials allow par-
ticipants whose tumors are not significantly advanc-
ing to continue on the trial, whereas those whose
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tumors show any substantial growth are required to discontinue the
investigational treatment. This is because of the commonsense rela-
tionships between tumor shrinkage and possible benefit, and between
tumor growth and risk, including potential impacts on survival.11,12

However, correlations between response and survival are not univer-
sal in oncology.13-16 Additionally, they have been most studied in
patients receiving initial lines of therapy.17-19 It is unclear if the corre-
lations are maintained in the phase I population, which is composed of
patients who have usually exhausted standard therapies and whose
tumors may fundamentally differ from tumors in patients with earlier
stages of disease. These differences manifest clinically with more ag-
gressive tumor behavior and biologically with increased genetic and
cellular alterations.

Because the relationship between survival and tumor response as
described by RECIST is not well studied in the phase I setting, despite
the widespread use of RECIST in phase I oncology trials,20-22 we
studied the relationship between overall survival (OS) and change in
tumor burden as quantified and categorized by RECIST in phase I trial
participants. We also studied the relationship between progression-
free survival (PFS, another common end point in clinical trials18) and
change in tumor burden in the same group of participants.

PATIENTS AND METHODS

Data Sources

All participants enrolled onto any phase I trial of systemic anticancer
therapy in the Department of Investigational Cancer Therapeutics (phase I
department) at The University of Texas MD Anderson Cancer Center
between October 10, 2004 and May 1, 2008 who underwent � 1 reimaging
evaluation after initiation of study treatment were eligible for inclusion. A
total of 581 consecutive participants in 24 trials met the criteria. Among
them, 570 patients (98.1%) are included (Table 1; Appendix Table A1
[online-only]); 11 patients (1.9%) were excluded owing to inability to
evaluate changes in pre- and post-treatment imaging. Of the 570 patients,
468 had changes quantifiable by RECIST 1.0. Patient outcomes through
May 1, 2009 are included in the analysis.

This study was conducted in accordance with our institutional review
board’s guidelines. Data were obtained from the electronic patient record
system and from clinical data management tools used in the department.

Imaging

All patients had baseline imaging � 4 weeks before the initiation of
investigational drug (median, 12 days; Q1-3, 6 to 21 days). Repeat scans were
performed after every one to two cycles of treatment (4 to 6 weeks between
scans) depending on individual protocol guidelines. All measurements were
taken from computed tomography or magnetic resonance imaging scans
interpreted by at least one MD Anderson staff radiologist and were evaluated
using RECIST 1.0.1 Each patient’s best response was defined as the smallest
ratio in [tumor burden on any postbaseline imaging] to [tumor burden at
baseline]; tumor burden is calculated using RECIST 1.0.

Statistical Analysis

PFS and OS curves were calculated using the Kaplan-Meier method.23

PFS is defined as the time from the first dose of study drug to either disease
progression per RECIST 1.0 or death. If a patient was diagnosed with progres-
sive disease based on clinical progression without a RECIST-specified assess-
ment (radiographic or other) at the time of clinical progression, then the last
date that a RECIST-specified assessment showed no evidence of progressive
disease is taken as a censored end date for PFS calculations. OS is defined as the
time from the first dose of study drug to time of death. Log-rank test was
applied to compare PFS and OS between groups. The median PFS and OS for
each group of patients in each Kaplan-Meier analysis was plotted against the
mean change in tumor size for the group, and best fit lines were calculated

Table 1. Patient Characteristics

Characteristic

Patients With
Quantifiable
Change by

RECIST (n � 468)

Patients With
Best Response
of New Lesion

(ie, unquantifiable;
n � 102)

No. of
Patients %

No. of
Patients %

Age, years
Median 57 56
Range 2-88 33-82

Sex
Male 265 56.6 54 52.9
Female 203 43.4 48 47.1

Race
White 367 78.4 79 77.5
Black 40 8.5 8 7.8
Hispanic 38 8.1 13 12.7
Asian 21 4.5 2 2.0
Other 2 0.5 0 0.0

Performance status
0 155 33.1 33 32.5
1 295 63.0 61 59.8
� 2 18 3.8 8 7.8

Tumor type
Breast, n � 47 32 6.8 15 14.7
GI, n � 177 137 29.3 40 39.2
Genitourinary, n � 51 43 9.2 8 7.8
Gynecologic, n � 17 13 2.8 4 3.9
Head and neck, n � 41 35 7.5 6 5.9
Lymphoma/myeloma, n � 19 8 1.7 1 1.0
Melanoma, n � 52 40 8.5 12 11.7
Sarcoma, n � 37 36 7.7 1 1.0
Thoracic, n � 45 38 8.1 7 6.7
All other, n � 157 86 18.4 8 7.8

Total No. of prior treatments
Mean 5.8 6.2
SD 2.7 3.1
Systemic treatments

Mean 3.6 4.1
SD 2.3 2.6

Radiation treatments
Mean 0.6 0.7
SD 0.8 1.0

Surgical treatments
Mean 1.4 1.2
SD 1.3 0.9

Other treatments�

Mean 0.2 0.2
SD 0.6 0.8

Time from cancer diagnosis to C1D1
of study treatment, years†

Median 3.7 2.8
Range 0.1-36.7 0.1-26.8

Time from end of last treatment to
C1D1 of trial, months‡

Median 2.0 1.7
Range 0.0-269.9 0.0-20.2

Time from C1D1 of study treatment
to best RECIST response, days

Median 59 57
Range 25-854 25-79

Abbreviation: SD, standard deviation.
�Concurrent chemotherapy with radiation therapy is categorized as

other treatments.
†C1D1 is cycle 1, day 1 of phase I treatment.
‡Two patients (one in each group) had no therapy before phase I treatment.
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using least-squares fit (Figs 1B, 1D, 1F, and 2B and Appendix Figs A1B, A1D,
A1F, and A2B). To assess the RECIST response categorization boundary
values, Cox models with no covariates were fit to each set of survival data and
best response was plotted versus the null Martingale residual.24 Similar to the
usual residual plot for checking the model fit for a linear regression analysis, the
Martingale residual plot is useful for evaluating the model fit for time-to-event
data. The resultant scatterplots are evaluated with locally weighted scatterplot
smoothing (loess curves in blue, Figs 2A to 2C and Fig 3C). This local-fitting
methodology provides an exploratory graphic tool, to provide insight into the
data distribution for model checking.25

Because the Kaplan-Meier and null Martingale residual analyses com-
pare time-to-event distributions among patient subsets defined by a treatment
outcome variable, all Kaplan-Meier and residual analyses reported in this
article are performed exclusively with the landmark method.26,27 Accordingly,
the tumor size changes used for both the Kaplan-Meier and null Martingale
analyses are the best change observed by the specified landmark time point
(compared with baseline or pretreatment imaging), and survival is calculated
with the landmark time point taken as time 0. For OS analyses, the landmark
time points employed were the median PFS (58 days or 1.9 months), the
median OS (250 days or 8.2 months), and a third intermediate time point (4
months). For PFS analyses, the landmark time point employed was the median
PFS. Any patients who had not had their first restaging imaging evaluations by

the landmark time points were excluded from the Kaplan-Meier and null
Martingale residual analyses (1.9-month landmark, n � 19; 4-month land-
mark, n � 0; 8.2-month landmark, n � 0).

P values are calculated from Cox proportional hazards models. Two-
sided P values � .05 are considered significant. All statistical analyses were
performed using R.28 Data were plotted using R or Microsoft Excel (Microsoft,
Redmond, WA).

RESULTS

Patient and Trial Characteristics

Patient characteristics are listed in Table 1. Patients’ median age
was 57 years and 56% of patients were male. The majority of patients
were white (78.2%) and had an Eastern Cooperative Oncology Group
performance status of 0 to 1 (95.8%). Not surprisingly for an aggregate
of patients from 24 phase I studies, a variety of tumor types are
represented, with GI malignancies representing the single largest
group owing to disease prevalence and referral patterns. Patients had
on average almost six prior therapies, including an average of 3.7
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Fig 1. (A), (C), and (E) Kaplan-Meier overall survival (OS) based on tumor response using landmark analyses. Patient cohorts are separated by 15% changes in best
tumor response (except at the two extremes where cohorts are enlarged due to small patient numbers). (B), (D), and (F) For cohorts that reached a median OS, each
cohort’s median is plotted against its mean change in tumor burden. Linearity is assessed by using least-squares fit and calculating the correlation coefficient R2.
Landmark in A-B, 1.9 months; C-D, 4 months; E-F, 8.2 months. PFS, progression-free survival.
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enlarged because of small patient numbers). (B) Each cohort’s median PFS is plotted
against its mean change in tumor burden. Linearity is assessed by least-squares fit and
calculating the correlation coefficient R2. (C) Null Martingale residual analysis. Squares
represent individual patients. Blue line (loess line) represents best fit by local regression
as described in Patients and Methods. In (A) and (B), the green line is labeled �15% to
30% to coincide with Figure 1 (although no patients with change � 20% are included
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systemic treatments. Characteristics of patients who had tumor responses
quantifiable by RECIST (n � 468) were similar to those with unquantifi-
able responses because of the appearance of new lesions on first restaging
(n � 102; Table 1).

Most of the trials included in this analysis were of single agents
(18 trials); five combined two agents, one combined three, and the
agents span a broad range of antitumor mechanisms (Appendix Table
A1). One trial (14 participants, 2.5%) was a study of a classically
cytotoxic agent, two trials (42 participants, 7.4%) combined cytotoxic
with biologic or targeted agents, and 21 trials (514 participants, 90.2%)
studied solely biologic and targeted agents.

Waterfall Plot

Changes in tumor burden were quantifiable by RECIST for 468
patients included in this study (Fig 4). The other 102 patients had new
lesions on first restaging, which are unquantifiable by RECIST.1,2 The
468 patients with measurable changes had a range of best responses
from a �90% decrease in tumor to a �103% increase, with 141
patients (30.1%) showing at least some decrease by RECIST.

Association Between Response and OS

The association between response as calculated by RECIST and
OS was studied using Kaplan-Meier analyses for patients with quan-
tifiable changes in tumor burden on reimaging (n � 468; Fig 1 and
Appendix Fig A1). Data for the patients with nonquantifiable lesions
(n � 102) were also studied with Kaplan-Meier analyses and results
are presented in Overall Survival Outcomes for Patients With New
Lesions (Fig 5). All Kaplan-Meier estimates were calculated exclusively
using the landmark method (see Patients and Methods). Participants
were grouped by two schemes. In one, patients were divided into
groups separated by 15% increments in tumor size change (Fig 1). In
the second, groups were divided so that there were approximately
equal numbers of patients per group (Appendix Fig A1). Regardless of
how patients were grouped, the trend for increased survival with better
tumor response is clear, as evidenced by the observed separation in the
Kaplan-Meier curves with P values for the log-rank test ranging from
P � 4.5 � 10�6 for the 8.2-month landmark analyses to P � 1 � 10�8

for the 4-month and 1.9-month landmark analyses.
To further evaluate the trends observed in the Kaplan-Meier

graphs, we plotted the median OS versus the average change in tumor

size for each group of patients in each Kaplan-Meier analysis (Figs 1B,
1D, and 1F and Appendix Figs A1B, A1D, and A1F; see Patients and
Methods). A linear relationship is found for all landmark dates in both
patient grouping schemes, with the correlation coefficient R2 from
least-squares fits ranging from 0.71 to 0.93, indicating a strong associ-
ation between change in tumor size and median survival.

Evaluation of Boundaries in the

Response-OS Relationship

To further evaluate the linearity observed in the Kaplan-Meier
analyses in Association Between Response and OS as well as to test
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Fig 4. Waterfall plot of best response by RECIST. Four hundred sixty-eight
patients had quantifiable changes that are illustrated in the figure. The remaining
102 patients had new lesions at first restaging and are therefore unquantifiable
and not shown in the figure.
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Fig 5. Kaplan-Meier analysis of overall survival (OS) for patients with new
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Blue curves represent survival rates for patients with best response of new lesion(s). For
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months; n � 26. PFS, progression-free survival.
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for boundary values in the relationship between best tumor response and
OS, we evaluated Cox models of survival compared with best tumor
response (see Patients and Methods). The relationship between best re-
sponse and OS seems to be generally linear (blue lines, Fig 2), consistent
withtheKaplan-MeierresultsdescribedinAssociationBetweenResponse
and OS. Regarding the evaluation of boundary conditions, Figure 2 illus-
tratesaslightchangeintherelationshipbetweenbestchangeintumorsize
and OS in the vicinity of 20% tumor growth (change in curvature of blue
lines, Fig 2). Specifically, the slopes of the loess lines in the portions of the
plots representing less than 20% tumor growth are greater than the slopes
of the lines in the portions representing more than 20% tumor growth.
Thismaysuggestthatchangesintumorsizecorrespondtogreaterchanges
in OS for patients with CR, PR, or SD as a best tumor response than for
patients with PD as a best response. No significant changes to the slope of
the line occur at �30% change in tumor size, the RECIST boundary
between PR and SD. Overall, across the entire range from �100% to
�100% changes in tumor size, the trend is for linearly increasing survival
with more favorable tumor responses.

Association Between Response and PFS

Although OS is generally regarded as the gold-standard survival
outcome in oncology studies, PFS is an end point commonly used in
clinical studies and can serve as a regulatory end point, for example in
accelerated approval in the United States29 or conditional approval in the
European Union.30 For this reason, we conducted the same analyses
performedtostudytherelationshipbetweenresponseandOStostudythe
relationship between response and PFS. Kaplan-Meier estimates of PFS
using median PFS (1.9 months) as the landmark time point showed a
strong correlation between response and PFS, with P values for the log-
rank test less than 1 � 10�8 when cohorts are separated by an equal
spacing in tumor size change (Fig 3A) and when separated by equal
numbers of patients per group (Appendix Fig A2A). These relationships
werealsofoundtobehighlylinear(R2�0.97to0.98;Fig3B;AppendixFig
A2B). Finally, null Martingale residual analysis showed the relationship
between PFS and change in tumor size to be nearly linear from approxi-
mately � 100% to �20% changes in tumor size (Fig 3C). There are no
patients in these PFS analyses who had a best response of more than 20%
becauseallpatientswhohadabestchangeintumorsizeofmorethan20%
by definition reached a PFS end point, and because all had restaging scans
before the 1.9-month landmark (all patients were required to have first
restaging by week 4 to 6 depending on individual study guidelines, see
Patients and Methods).

Overall Survival Outcomes for Patients With New Lesions

As noted, the analyses presented so far have excluded patients found
to have new lesions on first reimaging evaluation because RECIST cannot
quantify change in tumor size when new lesions appear.1,2 However, to
obtain a sense of how well RECIST criteria categorize these patients’
responses (new lesions are categorized as PD), we estimated their overall
survivalwithKaplan-Meieranalysesusingthesamelandmarktimepoints
as in the analyses of the other patients (1.9-, 4.0-, and 8.2-months). Long-
termfollow-updataforthesepatientsshowthattheydoaspoorlyinterms
of overall survival as patients who are found to have large quantifiable
increases in tumor burden as a best response (Fig 5). For example, using a
1.9-monthlandmark,themedianOSforpatientswithnewlesionsonfirst
restaging is 3.9 months compared with a median OS of 4.6 months for
increases in tumor burden of 60% to 103%. And using a 8.2-month
landmark, the median OS for patients with new lesions is 4.9 months
compared with 4.7 months for patients with increases of 60% to 103%.

DISCUSSION

Considering the importance radiologic evaluations have in the
management of oncology clinical trial participants,6,11,12 as well as
the role imaging data plays in decisions related to advancing drugs
into further stages of clinical development31,32 and in the granting
of marketing indications by regulatory bodies,18,30,33 we studied
the correlation between survival and response in phase I oncology
subjects. Although other investigators have evaluated the relation-
ship between response classification (CR, PR, SD, or PD) and
survival outcomes,17,34-36 to our knowledge this is the first evaluation of
the association between survival and tumor response as a continuous
variable and the first time the association has been reported for a phase I
population. Our findings suggest that RECIST quantification of changes
in tumor burden correlate well and in a linear fashion with OS and PFS in
the phase I population studied. Our results also suggest that the CR, PR,
SD, and PD response categorizations are more akin to arbitrarily chosen
points on a continuum than inflection points in a step function. For this
reason, degree of tumor response shown as a continuous variable (for
example, as in waterfall plots) may be more informative than aggregate
CR, PR, SD, and PD rates when evaluating novel anticancer therapies.

One criticism that could be made of these analyses that correlate
quantifiedresponsewithoverall survival is thatpatientswithmoreaggres-
sive disease will have more rapidly enlarging tumors and will therefore
have larger changes in tumor size as a best response than patients with less
aggressive disease because clinical trial protocols specify the same imaging
frequency for all patients (every 4 to 6 weeks, see Patients and Methods).
Continuing with this logic, those with more aggressive disease should also
die sooner and therefore the linearity we demonstrate between change in
tumor size and survival could be a consequence of imaging frequency.
However,thisdoesnotseemtobethecase.Patientswithabestresponseof
PD that was quantifiable (n�184; 39.3%) had a median best response of
�30% at a median of 59 days. Patients with a best response of SD (n �
260; 55.5%) had a median best response of �2% at a median of 58 days,
only 1 day sooner. The correlation coefficient between best quantified
response and time to that response is �0.339 for all 468 subjects with
quantifiable tumor changes. Therefore, overall survival seems to be asso-
ciated with best tumor response, but best response does not seem to be
associated with imaging frequency.

Regarding data analyses, in this study survival data are interpreted
using landmark methods. As has been previously described, comparing
responders to nonresponders without employing such methodologies
biasesthedatainfavorofrespondersandcanleadtothemisinterpretation
that a study treatment is effective because response may be a surrogate of
favorable prognostic factors and not of drug efficacy.26,27

Potential limitationsofthisstudyincludeitsretrospectivenatureand
that it includes trials of multiple agents with differing mechanisms of
action as well as multiple tumor types. In reference to the latter, 9.8% of
patients in this analysis received at least one cytotoxic agent as part of their
treatment regimen, and 31% had GI malignancies (the most common
tumor type in this study). If either the 9.8% of patients who received a
cytotoxic agent or the 31% with GI malignances are excluded from the
study, the resulting Kaplan-Meier and Martingale residual analyses yield
identical trendstothosefoundonanalysisofallpatients(datanotshown),
making it unlikely this study’s results are driven by any particular agent,
study, or patient subset.
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In conclusion, in this age of targeted therapy it has become increas-
ingly clear that matching patients with therapies based on underlying
molecular profiles may yield better outcomes. Many articles describing
such studies use waterfall plots. The data presented in our article suggest
thatuseoftheseplotsis justifiedinthatthecorrelationoftumorregression
or progression on the continuous scale with survival outcome is linear,
rather than polytomous, with artificial cutoffs to define PR, SD, and PD.
Further study of RECIST is warranted to refine the use of this tool that is
widely implemented in drug development and in the everyday manage-
ment of patients.
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