Computational approaches to
assist in the evaluation of cancer
freatment response

Cancer treatment-response assessment is an important clinical and research task that utilizes image-
based methods for tracking changes in tumor lesions over time. This article reviews the role of imaging
in cancer treatment-response assessment, the limitations of current approaches, and the emerging and
future imaging informatics methods to support treatment-response assessment. Imaging informatics
methods described include: image repositories for applying and developing response criteria; methods
to support the acquisition and storage of image metadata, including ontologies, data standards, image
annotation tools and metadata databases; and methods to visualize images and image metadata for
treatment decision making. Future directions are discussed, including the development of linked clinical,
image and image metadata repositories, and the integration of image metadata into the electronic

health record.
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Treatment-response assessment is an important
clinical and research task in cancer medicine.
The goal of treatment-response assessment is
to categorize the efficacy or toxicity of a treat-
ment for an individual patient or patient cohort.
Cancer treatment efficacy is typically assessed
by evaluating changes in the patient’s tumor
burden before and after treatment. Tumor bur-
den is an estimate of the amount of tumor in a
patient’s body at a particular time point, and
can be described qualitatively or quantitatively.
Tumor burden is most accurately estimated with
imaging modalities, such as MRI, CT and PET.
Imaging provides exquisite depiction of tumor
lesion morphology that can be measured objec-
tively. Cancer treatment-response assessment
relies heavily on image-based ‘biomarkers’, such
as linear dimension or PET uptake. Serial imag-
ing studies are used to assess changes in the loca-
tion, size and metabolic activity of tumors over
time. Response criteria provide quantitative and
qualitative methods for estimating tumor bur-
den, estimating changes in tumor burden and
classifying treatment response. These criteria are
time-consuming to apply and have the potential
for user error, so there is increasing interest in
automated methods for evaluating cancer treat-
ment response. This article describes the current
work in creating computational approaches and
informatics systems to support cancer treat-
ment-response assessment, their limitations and
future directions.
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Role of imaging in cancer
treatment-response assessment

At the individual patient level, tumor treatment-
response assessment aids clinicians in making
decisions regarding continuing or discontinu-
ing the current therapy. In the advanced-disease
setting, tumors often shrink or remain stable in
size with therapy for some period of time, but
eventually acquire mechanisms of resistance that
allow them to grow again. For the individual
patient, physicians perform response-assessment
procedures to estimate the rate and direction of
response (e.g., shrinking, stable or growing) to
help them decide whether a treatment is effec-
tive and should be continued, or whether it is
ineffective and should be discontinued. In clini-
cal trials, the researcher uses predefined criteria,
which include quantitative imaging assessment,
to evaluate disease status and response.

B Tumor-response assessment in
clinical care

In everyday clinical practice, tumor-response
assessment is a relatively informal and quali-
tative process. Imaging modalities (e.g., CT,
MRI or PET) are selected depending upon the
primary type of cancer (e.g., breast, prostate or
brain), the location of any metastasis and the
patient’s tolerance to the procedure (e.g., intra-
venous contrast allergy or poor renal function)
may be a contraindication for certain CT proto-
cols. Imaging studies are performed at baseline,
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sometime prior to the start of treatment, and
then again at interval follow-up periods for a bio-
logically appropriate time after the start of treat-
ment. Follow-up studies are typically performed
every 6—12 weeks, depending upon the pattern
of treatment cycles (e.g., 3- or 4-week treatment
cycles), the expected rate of response to treat-
ment (e.g., cytostatic vs cytotoxic treatment),
the expected rate of progression of the disease
(e.g., fast for lung cancer compared with slow
for prostate cancer) and the appearance of any
new patient symptoms concerning progression
(e.g., new pain).

The radiologist reporting the imaging stud-
ies typically compares the current study with the
most recent study and reports qualitative changes
in overall tumor burden as increasing, decreasing
or remaining stable. A report of new tumor lesions
defines the event of disease progression. The
oncologist uses the images, radiology reports and
additional clinical features, such as patient toxic-
ity to treatment, to decide if treatment should be
continued or discontinued. If the patient’s disease
is improving (i.e., decreasing in size) or stable,
treatment is continued. If the tumor burden is
increasing, or there are new lesions present, then
the treatment is discontinued and new treatment
options are considered.

B Tumor-response assessment in
clinical trials

For patients participating in therapeutic clini-
cal trials, the response assessment process is
much more formalized and quantitative. Novel
cancer therapies are often evaluated first, in the
metastatic or advanced-disease setting, for their
antitumor activity. The primary therapeutic goal
for many antitumor treatments in the advanced-
disease setting is delaying tumor growth and,
ideally, tcumor shrinkage. Delay in tumor growth
can correlate with improved quality of life, mor-
bidity and mortality [1,2]. Historically, tcumor
shrinkage has been the hallmark of antitumor
activity for cytotoxic therapies, which cause
tumor cell death and, thus, have the potential
to shrink tumor masses. Tumor shrinkage, in
a proportion of patients in Phase II studies of
cytotoxic drugs, has been shown to be predictive
of improvement in survival in Phase III stud-
ies [2-4]. Noncytotoxic therapies, on the other
hand, are typically cytostatic, and may not cause
tumor shrinkage but rather tumor stability.
Several noncytotoxic therapies have also demon-
strated improvement in overall survival in rand-
omized trials [5.6]. For such cases, delay in tumor
growth can also be used as evidence of antitumor
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activity [7). The time to objective tumor growth
is referred to as the time to progression (TTP)
and is often a primary or secondary end point for
Phase IT and III cancer clinical trials.

The goal of therapeutic clinical trials is, thus,
to determine if an experimental therapy is effica-
cious and safe. In order to compare the efficacy
and toxicity of the experimental treatment among
the patients within a clinical trial, a clinical trial
protocol is developed to standardize treatment
and response assessment procedures for all par-
ticipating subjects. Formal response criteria
have been developed to help standardize tumor-
response assessment across clinical trials, to enable
trial results to be compared. For each clinical trial,
the response assessment protocol specifically
defines the imaging modality, image-acquisition
protocol, the timing of the baseline and follow-up
assessments, and the response criteria that should
be used to quantify and classify response. Cancer
response criteria standardize the approach for esti-
mating tumor burden, defining quantitative and
qualitative changes in tumor burden, and classify-
ing tumor response to treatment in clinical trial
cohorts (e.g, stable disease, partial response or
progressive disease). These formal response assess-
ment outcomes are incorporated into the clinical
trial decision algorithms that define the condi-
tions when an experimental treatment should
be continued or discontinued. In this way, the
clinical trial protocol helps to ensure consistent
treatment decisions across trial subjects.

The response criteria also enable quantifica-
tion and classification of each patient’s response to
treatment so that they can be aggregated and com-
pared across trial arms. The mean of the quan-
titative response rate can be compared between
clinical trial arms as a quantitative estimate of
differences in treatment efficacy. Trial arms will
also compare the median TTP and the percentage
of subjects with a particular response category. A
clinically and statistically significant difference in
the TTP between two trial arms is often used as
an intermediate end point for novel drug approval
by regulatory agencies. This enables more rapid
approval of novel therapies than waiting for over-
all survival end points to be reached, which for
many cancers can be several years.

B Cancer response criteria

Several generations of solid-tumor response cri-
teria have been developed since the first cancer
response criterion, termed the WHO criteria,
was published in 1981 [8]. The WHO criteria
recommended evaluating tumor lesions with
radiographic modalities, taking bidimensional
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tumor measurements of observed cancer lesions
in the images, and taking the sum of the prod-
ucts to generate a quantitative estimate of tumor
burden. This was carried out at baseline, and
again at follow-up. The quantitative response
was calculated as the percentage change in the
tumor burden (sum of products) taking the base-
line assessment as reference. The quantitative
response was calculated at each follow-up assess-
ment period, and the minimum tumor burden
achieved since baseline was used to calculate the
best response rate. This quantitative assessment
was used to classify the nature of the patient’s
response into four response categories based on
heuristically defined thresholds. These response
categories, which are still used at present, are
complete response, partial response, stable dis-
ease and disease progression. While these appear
to be qualitative descriptions, these response
categories are a form of ordinal scale. The cri-
teria also specified observations, including the
appearance of any new lesions, as defining the
event of disease progression.

The WHO criteria were widely used in cancer
clinical trial protocols. However, the designers
of clinical trials began to make modifications to
the criteria on an ad hoc basis to incorporate new
imaging technologies and address underspecified
aspects of the original document. As a result,
there was a lack of standardization, and it became
difficult to consistently confirm trial results and
compare trial outcomes [9,10]. In the mid-1990s,
an international, multidisciplinary committee,
known as the International Working Party,
was established to simplify and standardize the
criteria. In 2000, the committee published the
Response Evaluation Criteria in Solid Tumors
(RECIST) guidelines [11], the next generation of
solid tumor-response criteria. RECIST had some
significant differences from the original WHO
criteria. First, it defined more specifically what
was considered measurable disease both by the
anatomic location of the lesion and by a mini-
mum size requirement. Second, up to five lesions
per organ could be selected, with a maximum
of ten lesions total, to estimate tumor burden.
Finally, the criteria utilized unidimensional
measurement of lesions, and the sum of long-
est diameters to estimate total tumor burden.
As a result of the change from bidimensional to
unidimensional measuring, the thresholds for
defining response categories were also changed.

Over the last decade, RECIST has been
widely utilized in cancer clinical trials and has
become a ‘requirement’ for government regula-
tory approval of drugs in certain contexts [12].

However, just as with the original WHO crite-
ria, after the continued application of RECIST
in more settings, and the development of new
imaging technologies, such as metabolic imag-
ing, it became necessary to revise the RECIST
criteria. RECIST 1.1, published in 2009, further
specifies and, in some ways, simplifies the crite-
ria [12]. Major changes include specific definitions
for what is considered measurable with respect
to lymph nodes, and a decrease in the number
of target lesions used to estimate tumor burden
from a total of ten to five, with a maximum of
two lesions per organ (Ficure 1) [11-18].

However, RECIST is not an appropri-
ate response criterion for every type of cancer
(Ficure 1). Two generations of response criteria
have also been developed for lymphoma [13,14]
and prostate cancer [15,16] to accommodate novel
assessment modalities and disease characteris-
tics. In addition, the solid-tumor criteria have not
been found to be sufficient for response assess-
ment intracranial neoplasms [17], or for the very
rare gastrointestinal stromal tumor (GIST) [19.20]
and mesothelioma neoplasms [21]. As such,
response criteria have been developed for these
specific diseases [17.22]. Newer approaches that
incorporate metabolic imaging with PET have
also been proposed recently [23]. Given historical
trends and the continued development and vali-
dation of new response biomarkers and criteria,
it is anticipated that cancer-response assessment
criteria will continue to evolve.

Limitations of current approaches

to image-based cancer
treatment-response assessment

A rational approach to the development of
response criteria has recently been proposed as
a guide to ongoing research in this area [24]:

Malignant
glioma

RECIST 1.0

RECIST 1.1

Figure 1. Timeline of publication of Oncology Response Assessment
Criteria. WHO Criteria (1981) [8], RECIST (2000 [11] and 2009 [12]), IWG for
Lymphoma Response Criteria (1999) [13], IHC for Lymphoma Response Assessment
(2007) [14], PCWG1 (1999) [15] and PCWG2 (2008) [16], Malignant Glioma Response

Assessment Criteria (1990) [17] and GIST Response Criteria (2008) [18].

GIST: Gastrointestinal stromal tumor; IHC: International Harmonization Criteria;
IWG: International Working Group; PCWG: Prostate Cancer Clinical Trials Working
Group; RECIST: Response Evaluation Criteria in Solid Tumors.
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= The assessment modality should be widely
available and the image acquisition technique
reproducible;

= The tumor burden measurement technique
should be reproducible and accurate;

= Changes in the estimation of the tumor bur-
den should correlate with TTP and overall
survival;

= New criteria should be evaluated with data
from multiple clinical centers, and with
multiple disease subtypes, if applicable.

RECIST 1.1 has several advantages and dis-
advantages with respect to these guiding prin-
ciples. In addition, the information systems
that support the application and development
of cancer treatment response criteria also have
several limitations along these axes. We review
these in this article, and discuss some recent
developments in computational approaches to
treatment—response assessment.

B Assessment modality

For a response criterion to be widely applicable,
the imaging modality should be a reproducible
technique that is available at most centers inter-
nationally, so as not to restrict patient eligibil-
ity. For this reason, RECIST recommends the
use of CT and MRI, which are widely available
with reproducible techniques. This has been one
of the main arguments for lack of introduction
of PET as a quantitative image biomarker for
response criteria, owing to the relative lack of
availability of this modality internationally and
interinstitution variation and reproducibility of
the image acquisition techniques.

However, despite the reproducibility of CT
and MRI modalities, the protocols for these
modalities often vary by clinical indication,
leading to different protocols being applied
for the baseline and follow-up studies. Ideally,
response assessment should be performed using
the same image-acquisition protocol for the
baseline and follow-up study. In particular,
the modality, slice thickness, anatomic cover-
age, use of contrast agents and imaging phases
should be the same for each study. However, in
the clinical setting, the selection of a particular
image-acquisition protocol for a given patient is
often driven by the indication for the procedure.
A baseline assessment, where the tumor is first
diagnosed, may have a different indication for
radiological evaluation (e.g., abdominal pain)
than for follow-up studies (e.g., cancer restag-
ing) and, thus, may result in variations in the
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image-acquisition protocol. This is a common
occurrence that makes it difficult to compare the
baseline and follow-up studies both for clinical
trial and standard-of-care patients.

In addition, the image-acquisition protocol
should also enable consistent quantitative and
qualitative measurement of tumor burden. As
discussed in the next section, the tumor meas-
urement technique itself should be accurate
and reproducible. However, this can be highly
dependent on the reproducibility of the image-
acquisition protocol and the resultant image
quality. Image-acquisition protocols should
be developed and validated in conjunction
with quantitative measurement techniques for
estimating tumor burden.

B Measurement technique

There are several limitations to RECIST with
respect to the inter-reader reproducibility and
accuracy of its measurement technique for esti-
mating tumor burden. In particular, RECIST
utilizes manual human measurement of the
lesion’s longest diameter and human selection
of the target lesions to include in the sum of
diameters. Depending upon the size of the can-
cer lesion, the response criteria classification
thresholds may be sensitive to even millimeter
differences in the size of lesions as measured
by different readers. In addition, when multi-
ple lesions are present for a particular organ,
RECIST requires the selection of, at most, two
target lesions per organ and no more than five
target lesions in total. The selection of the tar-
get lesion in this case is left to the judgment of
the reviewer. Two reviewers will often pick dif-
ferent target lesions in these cases, which may
result in differences in response classification.
In particular, differences have been observed
in the interpretation of response outcomes
between the local providers managing patients
in the trial and central reviewers [25]. The US
FDA reported a 24-29% rate of discordance in
response assessment at the patient level in oncol-
ogy clinical trials between local investigator and
central reviewer assessment of progression sta-
tus [26,27]. These differences at the patient level
result in an average 41% decrease in the cohort
mean tumor response rate that is reported by
central reviewers compared with local inves-
tigators in a review of nine clinical trials [25].
Even when the central review process is used,
discordance exists between readers. One study
in particular reported a rate of discordance for
progression status up to 38% between multiple
central reviewers [28]. This lack of concordance
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is related, in part, to the complexity, lack of
precision and lack of detailed specification of
response criteria.

One of the primary advantages of the longest-
diameter measurement technique in RECIST is
the general availability of digital caliper tools in
clinical imaging workstations and the simplic-
ity of conducting the measurement. In addition,
superficial and cutaneous cancer lesions can also
be measured by physical examination with rul-
ers, and included in tumor burden estimates.
Similar to the imaging modality, the tumor
measurement technique should also be widely
available and easy to apply by both radiologists
and medical oncologists. For this reason, more
sophisticated image-processing methods for
measuring tumor burden, such as volumetric
assessment, have not yet been recommended for
general use.

However, changes in the longest dimension
or volume of tumor may not be the most sensi-
tive or reliable indicator of tumor responsive-
ness to treatment. Linear and volume measures
reflect gross anatomic and morphologic changes
that are certainly gross manifestations of under-
lying pathophysiologic changes. However, many
noncytotoxic therapies do not produce tumor
shrinkage, although they can produce improve-
ments in TTP and overall survival. For many
of these noncytotoxic treatments, metabolic
changes can be seen early, prior to detection of
tumor shrinkage. Clearly, there are new emerg-
ing methods that can characterize the under-
lying pathophysiological changes induced by
targeted agents earlier than detected by the cur-
rent size-based criteria. Such methods may be
considerably more likely to offer earlier — and
more specific — information on response to treat-
ment when compared with changes in longest
tumor dimensions. Response criteria, thus, may
not only be developed for specific cancer diag-
noses, but also to assess response to particular
classes of therapies.

In addition, the tools currently used to meas-
ure tumor lesions have significant limitations
that can result in inconsistent application of
response criteria. Measurements of tumor lesions
are typically recorded on lesion flow sheets or on
case-report forms (CRFs) within a clinical trial
management system. These documents are often
paper based or recorded on computer spread-
sheets, that are scanned into the clinical trial
management system as unstructured data. The
use of manually transcribed records of response
has several disadvantages, including transcrip-
tion errors, ambiguity of lesion identifiers when
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multiple lesions are present in the same organ or
image, lack of a direct link to the source image
data and limited functionality for calculating
response. The lack of a direct link between the
recorded lesion values and the raw image data
source also makes it difficult for outside review-
ers to audit the response assessment interpreta-
tion results. In addition, these approaches store
the lesion metadata in the clinical trial man-
agement system, and do not maintain copies
in the electronic health record or the radiology
information system. As a result, there is a lack of
communication between radiologists and oncol-
ogists as to the specific disease of interest to be
tracked for response assessment. Thus, the infor-
mation regarding target lesion identification and
measurement recorded in the radiology report
as part of clinical reporting is often insufficient
for calculating quantitative response [29].

Furthermore, the image mark-up created by
measurement tools in current image viewing
workstations is stored in a proprietary format
and is used only for visualization of the mark-
up on the images. The mark-up is not typically
exported in a manner that makes it machine
accessible or viewable on other workstations.
The current mark-up and measurements derived
from this (i.e., the image metadata) are not
directly machine accessible, and provides limited
utility for the problem of uniquely identifying
tumor lesions for lesion tracking. Thus, despite
the wide availability and general ease of use of
current imaging workstations, they have signifi-
cant limitations with respect to recording tumor
lesion information and for consistent application
of cancer response criteria.

B Correlation of changes in tumor
burden with clinical outcomes

Imaging biomarkers indicating change in tumor
burden are necessary but not sufficient to evalu-
ate response. In order to be an effective interme-
diate end point for clinical trials, the imaging
biomarker should correlate with overall survival
and TTP. As stated eatlier, the percentage change
in the sum of diameters mandated by RECIST
often does not correlate with TTP or overall
survival for some targeted and noncytotoxic
therapies [5.6]. A hypothetical example is shown
in Freure 2. In these waterfall plots, the minimum
percentage change of the tumor burden for each
patient in the cohort is plotted. Cases with a
decrease in tumor burden (i.e., percentage change
in tumor burden below zero) compared with
baseline indicates a net response to treatment.

The waterfall plot based on using the RECIST
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Figure 2. Comparison of waterfall plots of best quantitative response rate
for (A) standard RECIST percentage change in sum of diameters and (B) a
novel imaging tumor burden biomarker. (A) In this hypothetical example,
approximately half of the patients evaluated with RECIST had tumor shrinkage, as
indicated by the vertical bars that extend below zero (showing negative percentage
change in sum of diameters). (B) For the same patient cohort, the novel imaging
biomarker shows a much more substantial impact of the drug treatment on tumor
response, with a larger fraction of patients showing negative change in sum of
diameters. Detecting changes in sum of diameters must ultimately be correlated
with time to progression and overall survival to be definitively considered an
effective intermediate end point for tumor response.

RECIST: Response Evaluation Criteria in Solid Tumors.

criteria in Freure 24 does not show a significant
response, with only half of the cases showing a
decrease in tumor burden. This has been seen for
several noncytotoxic therapies, where the TTP
is the only indication of potential efficacy of a
novel therapy. A better tumor burden biomarker
is needed for these noncytotoxic therapies, that
can detect the antitumor effect of these agents. A
hypothetical tumor burden-response biomarker
for such treatments is shown in Fieure 2B. Using
this imaging biomarker, a change is detected in a
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larger fraction of the patient cohort. Such alterna-
tive imaging biomarkers must be correlated with
TTP, as well as overall survival end points, to
confirm their utility. In addition to utility in
detecting a change in the tumor burden, novel
imaging biomarkers that detect early disease
response could be used to triage patients away
from therapies that are less likely to be effica-
cious towards potential alternatives. Thus, evalu-
ation of novel image response biomarkers should
include assessment of their ability to detect a
change in the context of a particular therapy that
correlates with TTP and overall survival.

B Validation of response criteria
Validation of response criteria requires evaluation
of the reproducibility of the approach at multiple
institutions and, if applicable, for multiple cancer
types. RECIST has been widely used with mul-
tiple types of solid tumors and across multiple
institutions internationally. Several European
and American research centers are involved
in the development and testing of new oncol-
ogy response assessment criteria. For the recent
update of the RECIST criteria, from the original
version published in 2000 to the RECIST 1.1
version published in early 2009, a large retro-
spective database of target lesions was developed
to test the impact of modifications to the crite-
ria [3031]. Metadata on 18,000 potential target
lesions were obtained from 6512 patients in 16
metastatic cancer clinical trials. These trials rep-
resented multiple types of solid tumor malignan-
cies. The database was used to evaluate the impact
of changes to RECIST on the classification of
patient response to treatment. The RECIST 1.1
criterion was, thus, validated only by comparing
it to the previous standard approach and not by
evaluating its correlation with survival end points.
These databases, however, are not publicly
available to enable the further development
and validation of image processing approaches
to estimating tumor burden for quantitative
response criteria. In order to facilitate develop-
ment and validation of novel response criteria,
large datasets are needed that contain baseline
and follow-up imaging studies, lesion measure-
ment information, along with the corresponding
diagnoses, therapies and clinical outcomes.

Imaging informatics

infrastructure to support cancer
treatment-response assessment

An informatics infrastructure is needed to
tackle the challenges in applying current treat-
ment response criteria, as well as for developing
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new criteria. The challenge in applying current
criteria is that the criteria are often inconsist-
ently applied; this variation is due to variations
among reviewers in lesion selection, lesion meas-
urement and interpretation of complex response
criteria. The second challenge is that it is dif-
ficult to develop and validate new response cri-
teria due to the lack of publicly available image
repositories linked to patient treatments and
clinical outcomes.

Biomedical informatics methods could tackle
these challenges related to applying current and
developing new response criteria. Ficure 3 shows
an informatics infrastructure that provides stor-
age of clinical research images in image reposi-
tories, the acquisition and storage of image
metadata in image metadata databases, and
visualization of images and image metadata for
treatment decision making. We review these
recent advances later in the article.

B Image repositories

There are two types of image repositories that sup-
port the application and development of image-
based cancer response criteria: image reposi-
tories for applying response criteria and image
repositories for developing new response criteria.

Image repositories for applying

response criteria

These repositories are used in individual institu-
tions that treat patients or that conduct clinical
trials, and in cooperative groups that coordinate
the conduct of multicenter studies. At individ-
ual institutions, these repositories are integrated
into the clinical trial management workflow
and utilize Clinical Trial Management System
(CTMS) software for recording patient infor-
mation pertinent to response assessment, such as
diagnosis, treatment and clinical outcomes for
their clinical trial participants. These systems
typically contain information extracted from
the images, rather than the images themselves.
For single-institution clinical trials, images in
the Digital Imaging and Communications in
Medicine (DICOM) format are typically stored
on the local institution’s Picture Archiving
and Communications System (PACS). The
RECIST flow sheets are stored in the CTMS

data are often lost. As such, many large mul-
ticenter clinical trials often have incomplete
image datasets if there is desire for a secondary
central review.

In addition to healthcare institutions, coop-
erative groups use image repositories to sup-
port clinical trials. The American College of
Radiology Imaging Network (ACRIN) [32]
and the Quality Assurance Review Center
(QARC) [33] provide diagnostic imaging man-
agement services for the National Cancer
Institute (NCI)-sponsored cooperative groups
and for pharmaceutical companies. Each group
has developed their own informatics systems to
support the management of image data for clini-
cal research. ACRIN has developed the Transfer
of Images and Data (TRIAD) system [101] for
image acquisition and management in image-
based clinical trials. TRIAD consists of a web
client that allows users to search, download
and view available DICOM image series, while
the graphical user interface client provides
advanced functions for DICOM series routing,
image processing and annotation layer man-
agement. TRIAD is used to manage the image
data for all ACRIN clinical trials, but remains
proprietary software.

DICOM viewer Data
with image visualization
annotation tool

Image
metadata
database

Image
repository

Data storage

Knowledge base

Figure 3. Informatics infrastructure to support application of image-based

as scanned CRFs. For multisite clinical trials, response criteria in cancer clinical trials. The knowledge base includes
where a central review is required, the DICOM ontologies and common data elements that can be used to create image

. . annotation templates. The annotation templates are imported into an image
1mages are typically stored on CD.S thatarethen o0 Giavion tool that is part of a Digital Imaging and Communications in Medicine
shipped to the central review site. However, (DICOM) viewer image workstation. Clinical research images are stored in the
clinical trial patients may have their baseline  image repository and retrieved by the DICOM viewer for annotation. The image
studies performed at another institution prior annotations are then stored in the image annotation database and can be further

to enrollment, and the CDs containing these visualized in the presentation layer for clinical decision making.
b
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Funding for QARC is provided by the NCI
Cancer Therapy Evaluation Program to acquire
and store data and films for review. From 2007,
QARC housed images and data for more than
40,000 patients treated on cancer clinical tri-
als since 1975 [27], with over 6 million images.
Since 2001, QARC has transitioned to digital
image transfer and storage. QARC developed
an image management system to collect clinical
data, assist with the transfer DICOM images
(Dicommunicator) and to store images in a
PACS archive.

The Teaching File and Clinical Trial Export
(TFCTE) integration profile developed by inte-
grating the healthcare enterprise, specifies how
workstations, modalities and PACS can specify
and send manifests of DICOM objects out for
teaching files and clinical trials [34). It defines
the roles of three functional entities: the export
selector, the export manager, and the receiver.
RSNA’s MIRC clinical trials processor [102] has
been used as the export manager to de-identify
cases for research and ship the studies off to a
coordinating node.

Image repositories for developing new
response criteria

These repositories contain public, de-identi-
fied images that researchers study in evaluat-
ing novel imaging biomarkers for treatment
response. There are several such image archive
systems. The National Biomedical Imaging
Archive (NBIA) [103,104], hosted by the NCI, is
a repository of DICOM images and metadata
contributed from a variety of individual research
studies. The NBIA contains publicly avail-
able image collections, including the Reference
Image Database to Evaluate Therapy Response
(RIDER) [35]. The RIDER collections include
pretreatment and post-treatment serial imaging
studies for several cancer types (breast, lung and
primary brain) and imaging modalities (MRI,
CT and CT-PET). This archive provides the
biomedical research community with access to
images for use in the development and validation
of software tools to support cancer lesion detec-
tion and classification, and quantitative imaging
assessment of drug response.

The Extensible Neuroimaging Archive Toolkit
(XNAT) [36,105] is an open-source software plat-
form for managing image data that works in con-
junction with other informatics tools developed
through the Biomedical Informatics Research
Initiative (BIRN) [37,106]. XNAT includes a clini-
cal data archive and an image achive. The online
image viewer supports a number of common
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neuroimaging formats, including DICOM and
Analyze. User access to the archive is provided
by a secure web application.

B Acquisition & storage of

image metadata

As described earlier, the current approach for
managing the feature information of cancer
lesions is to record these image metadata on
paper or electronic CRFs. One of the key limi-
tations of this approach is the inability to link
the image metadata to the voxels in the source
image. This presents challenges for auditing
and reasoning with image metadata. The cur-
rent digital image measurement tools only gen-
erate simple image mark-up that is viewable by
humans, but not directly machine-accessible.
Recent informatics initiatives offer an oppor-
tunity to transform how image metadata is
recorded and stored such that the link to the
primary image source is maintained. These
initiatives include the development of imaging
ontologies and common data elements, image
annotation standards, image annotation tools
and image metadata databases (Ficure 3).

Ontologies & common data elements
Case-report forms are used in clinical trials to
standardize the acquisition of clinical research
data. CRFs contain data elements — data col-
lection items comprising a question and a
set of allowed answers to that question. The
allowed answers are often constrained values
chosen from ontologies or controlled termi-
nologies. For example, a RECIST CRF would
include a data element for each image finding
‘RECIST lesion classification’ with a possible
set of answers, including ‘target lesion, non-
target lesion, suspicious lesion, normal find-
ing and new lesion’ (controlled terms from the
RECIST criteria). Ontologies provide a formal
representation of concepts and relationships
between concepts, enabling shared semantics
between systems.

Case-report forms created for many different
clinical trials share data elements, referred to as
common data elements (CDEs). The CDEs are
useful to identify since they can be reused by
multiple CRFs within and across organizations.
The NCTI’s Cancer Therapy Evaluation Program
(CTEP) has created CDE:s for use in RECIST
1.0 CRFs. The NCI’s Cancer Data Standards
Registry and Repository (caDSR) [107] main-
tains these CDEs for public use. The use of
common data elements across clinical trials and
institutions also enables data sharing.
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Several ontologies exist or are under develop-
ment that may assist in the creation of DICOM
header information and associated CRFs for
imaging. The RSNA has developed the RadLex
ontology, describing over 30,000 radiology-
related concepts and relationships [38]. Early
applications of RadLex include radiology-
decision support, reporting tools and search
applications for radiology research and educa-
tion [108]. The RSNA reporting templates use
RadLex terms in their content [108]. The RSNA
is developing the RadLex Playbook [109], an
ontology to provide a standard, comprehensive
lexicon of radiology orderables and imaging
procedure step names. This could improve the
consistency of imaging procedure names across
institutions, a vital step for image data exchange
across institutions, both for clinical care and
research. RadLex contains several RECIST-
related concepts, but not a comprehensive set of
concepts to represent all of the qualitative and
quantitative imaging findings and aggregated
data for RECIST. At this time, there is no exist-
ing ontology that describes the range of quan-
titative imaging biomarkers required for cancer
treatment-response assessment.

Image annotation standards

It is useful to distinguish between image mark-
up and image annotation. Image mark-up refers
to the graphical display of information describ-
ing an image or a region on an image. An image
annotation refers to the information conveyed by
the mark-up (image metadata) that describes the
content of the image or image region. DICOM
structured reporting (SR) is the industry stand-
ard for representing image metadata generi-
cally (39). DICOM-SR specifies the classes used
for transmission and storage of clinical docu-
ments, including free text reports and structured
information. Clunie proposes a DICOM-SR
template structure that could be used to record
quantitative and qualitative information related
to RECIST measurements for patients enrolled
in cancer clinical trials [40]. He describes the use
of DICOM-SR templates that would store all of
the key lesion metadata information for a single
patient over the course of multiple serial imaging
studies and multiple image modalities. However,
the DICOM-SR model on non-image informa-
tion is report-centric, not an explicit model tai-
lored to representing image content in terms of
anatomic entities, radiology observations and
regions of interest corresponding to those obser-
vations. DICOM-SR lacks a particular model

focused on the image content per se.
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The annotation and image mark-up (AIM) [41]
standard has been developed as part of the NCI
Cancer Biomedical Informatics Grid (caBIG)
program [110]. AIM provides an information
model for storing the key information about
lesions needed to apply quantitative criteria of
response assessment, such as lesion identifica-
tion, location, size measurements, method of
measurement and other quantitative features.
The AIM files also convey information about the
image mark-up, including the source image file,
image coordinates, quantitative features such as
measurements, and qualitative observations.
The image observations are encoded, utilizing
an ontology, such as RadLex [38], which con-
tains radiology-specific terms. The AIM project
includes a module to serialize DICOM-SR
for culpability.

Image annotation tools

Image annotation tools have been developed that
implement the AIM standard for creating image
metadata in a structured format [42]. These tools
are crucial to implement AIM since the latter is
a complex data structure that is a transforma-
tion of the unstructured information collected
during the image interpretation process.

Image annotation templates are incorporated
into image annotation tools to facilitate struc-
tured capture of image annotation information.
These annotation templates combine data ele-
ments for use in a specific context. For example,
image annotation templates have been developed
for annotation of liver lesions on abdominal CT
scans that detail the pertinent qualitative descrip-
tions for diagnostic evaluation of liver lesions.
Annotation templates have also been developed
for structured reporting of malignant glioma
lesions on brain MRIs as part of the VASARI
project [111] for the Repository of Molecular
Brain Neoplasia Data (REMBRANDT).

Image metadata databases

The image metadata files need to be stored in a
database to manage and retrieve this informa-
tion. Image metadata databases have been devel-
oped using relational [43,112] and XML-based
models [44]. Annotation of image findings ena-
bles queries regarding the visual observations in
image datasets [43].

B Visualization of images

& image metadata

Current approaches for organizing and visual-
izing image metadata for treatment-response
assessment consist of manual processes of
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transcribing lesion feature information onto
CRFs or lesion flow sheets. However, these
approaches do not maintain the link between
the image metadata and the respective set of
voxels in the image. Image annotation offers an
improvement over these manual approaches.

Ficure 3 serves as a useful summary of the
informatics components described previously.
It distinguishes between the knowledge sources,
databases and user interfaces in the presentation
layers. The knowledge sources include ontologies
and terminologies that are used to create CDEs.
The CDEs are used to create image annotation
templates as a type of CRF that can be imported
into an image annotation tool. The image anno-
tation tool, as a plug-in to the DICOM viewer in
the presentation layer, is used to annotate imag-
ing studies from the image repository with the
resultant image annotation data stored in the
respective image annotation database. Finally,
the image annotation database can be queried
and the results visualized in the presentation
layer back to the user for review of patient
level data for clinical decision-making or trial
auditing [45).

This infrastructure described has been
recently implemented and evaluated for tumor
lesion tracking and semantic annotation of
image metadata to automatically populate the
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Figure 4. Future informatics infrastructure to support the application and
development of next-generation cancer-response criteria. This includes the
development of integrated, linked clinical and image data repositories, novel
image-based estimates of tumor burden derived from image processing algorithms
and their respective response criteria, and integration of image metadata and
response interpretations in clinical data management systems, such as clinical trial
management systems and electronic health records.
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RECIST CREF for several cancer clinical tri-
als [29]. The use of an image annotation tool
to directly populate lesion flow sheets provides
several advantages. First, the use of an infor-
mation model and controlled terminology to
encode cancer lesion image findings provides a
consistent representation for storage and sharing
of image metadata needed for cancer clinical
trials. The information model also provides a
foundation to enable reasoning with, and que-
rying of, image metadata for response assess-
ment [46]. Image annotation provides lesion
identifiers that link lesion metadata directly to
the source image and image mark-up. Image
annotation tools also directly generate meta-
data regarding image mark-up, such as length
calculations, eliminating possible transcription
errors for length measurements.

Future perspective

Over the past 30 years, image-based cancer-
response criteria have been iteratively refined
based on estimates of tumor burden that rely
upon human measurement of cancer lesion
dimensions and qualitative evaluations of the
presence or absence of lesions. As noted previ-
ously, this approach has several advantages and
limitations. Ongoing research initiatives strive
to develop accurate and reproducible quanti-
tative estimates of tumor burden that corre-
late with clinical outcomes [47]. In particular,
changes in the quantitative estimate of tumor
burden should correlate with TTP and over-
all survival, in order to be a useful response
biomarker and intermediate end point for can-
cer clinical trials and treatment decision mak-
ing. Development, validation and qualification
of novel quantitative image response biomark-
ers require both retrospective and prospective
testing with large datasets.

Ficure 4 outlines the translational research
informatics infrastructure needed, including
publicly available reference datasets that can
enable development and validation of novel
estimates of tumor burden and novel response
criteria. Reference datasets consisting of patient-
level data linking the source image files, image
annotation data and clinical data are required.
The reference datasets should include multiple
cancer diagnoses (e.g., breast cancer or lung
cancer), multiple imaging modalities (e.g.,
CT, MRI and PET-CT), and multiple types
of therapies (e.g., radiation therapy, systemic
chemotherapy and systemic targeted therapy).
An informatics infrastructure is needed to ena-
ble federated query of the research databases by
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Figure 5. Visualization of response data and clinical data along a timeline. (A) Specific
medication administration events. (B) A serum response biomarker CEA in relation to the treatment
events. (C) The Response Evaluation Criteria in Solid Tumors sum of diameters, with each colored bar
representing the longest diameter of a respective target lesion. In this example, the patient has partial
response to treatment at the first follow-up assessment period, but then has progression of disease
at the second follow-up assessment period, as evident by both the 54% increase in the sum of
diameters of the target lesions from the nadir as well as the presence of new lesions.
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multiple institutions. Ideally, image process-
ing algorithms will enable automated or semi-
automated cancer lesion detection and fea-
ture extraction for quantitative estimation of
tumor burden.

Furthermore, the development of structured
image metadata presents an opportunity to
integrate image metadata into electronic health
records for use in tracking disease for treatment
decision making. From this perspective, it is
important to consider how quantitative response
data is visualized and presented within the
workflow of the treating provider for treatment
decision making. The RECIST sum of diam-
eters can be visualized along a temporal axis as
shown in the bottom graph of Ficure 5. Placed
in the context of treatment data (Ficure 54), such
information very quickly communicates the dis-
ease status of a patient over time. Methods that
exploit image annotation offer the possibility to
utilize the quantitative and qualitative features
in images to improve the quality of information
presented to oncologists in such patient informa-
tion summaries. It also provides the essential link
between the abstracted features within images
and the respective source image. Such visualiza-
tions cannot only be used to summarize disease
over time, but to navigate to the source image
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files. Integration and visualization of image
annotation data offers a unique opportunity to
transform image data from the traditional text
report format to a flexible computable format.

Conclusion

Computational approaches to cancer treatment-
response assessment present an opportunity to
improve the consistency of patient care and the
predictive value of new imaging biomarkers as
intermediate clinical trial end points. Recent
innovations in image repositories and image
annotation tools provide an infrastructure to
support current response criteria. The ongoing
development of quantitative imaging algorithms
to extract quantitative features of disease presents
a promising prospect for improved reproducibil-
ity and consistency of response assessment in the
future. A more comprehensive translational infra-
structure is needed to support the development
and validation of novel approaches to response
assessment, including the development of publicly
available reference datasets. In order to be gener-
ally applicable, these innovations would require an
informatics infrastructure to support application
of image processing and response criteria methods
to patient data, and integration of these results into
the electronic health record. Work is ongoing in
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the research community towards these goals but
will require industry partnerships to ultimately
deploy these new approaches in clinical care.
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Executive summary

= Cancer treatment-response assessment is an important clinical and research task that utilizes image-based estimates of tumor burden.

This article views the role of imaging in cancer treatment-response assessment, limitations of current approaches and the emerging and

future imaging informatics methods to support treatment-response assessment.

decision making.

Future perspective
= Future imaging informatics directions are described, including the development of linked clinical, image and image metadata repositories

Role of imaging in cancer treatment-response assessment
= The workflow and methods used for cancer treatment-response assessment differ for standard clinical care and for clinical trials. Each
clinical context has their respective workflow and informatics challenges for assessing patient response to treatment. For cancer clinical
trials, there have been several generations of solid-tumor response criteria. It is anticipated that response criteria will continue to evolve
with the development of novel imaging modalities and quantitative image processing methods for estimating tumor burden.
Limitations of current approaches to image-based cancer treatment-response assessment

= The limitations of the current approaches to image based cancer treatment-response assessment are described, and relate to the image
assessment modality, the cancer lesion-measurement technique, the need to correlate changes in tumor burden with clinical outcomes
and the need to validate response criteria.

Imaging informatics infrastructure to support cancer treatment-response assessment
= Imaging informatics methods to support cancer treatment-response assessment are described, including image repositories for
applying and developing response criteria, methods to support the acquisition and storage of image metadata including ontologies,
data standards, image annotation tools, metadata databases and methods to visualize images and image metadata for treatment

and the integration of image metadata into the electronic health record.
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