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2.1 Introduction

Cancer is a major human health problem, both in developing and developed
countries. While screening and improved therapies have yielded relevant suc-
cesses for some forms of cancer—resulting in a 1% annual decline in mortal-
ity from all cancers in the USA since 1990—each year, about 7 million peo-
ple worldwide and 600,000 in the USA continue to die from this disease [1].

Since a completely effective therapy is not available in the large majority
of cancers, physicians must evaluate the relative benefit to the patient of a par-
ticular treatment. The expected benefit is assessed in terms of a reduction in
both the size of the tumor and dissemination of the cancer, i.e., its response,
also referred to as the degree of remission or regression. Imaging is an ideal
tool with which to evaluate response. In fact, the aim of using imaging as a
surrogate biomarker for the response to treatment in oncology is threefold:
1. To obtain a measure of disease extent as a function of treatment that is

more objective and reproducible than achieved by considering symptoms
or clinical status.

2. To better understand tumor response (based on a comparison of images
obtained at baseline and after one or more therapy cycles and with the
same imaging technique) at an earlier time than is possible with other bio-
markers or with primary end-points, such as overall survival/mortality or
disease-specific survival/mortality (see Chapter 1).

3. To reduce, as the combined consequence of points 1 and 2, either the time
or the sample size in clinical trials testing new therapies, including drugs,
surgery, or imaging-guided interventional procedures. 
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This unique role of imaging in oncology is related to the differences
between general pharmacologic research and oncologic pharmacologic
research. In fact, in phase 1 general research, uncontrolled studies mainly
address the safety and tolerability of the drug in healthy volunteers whereas in
oncologic research the studies are aimed at dose determination and at acquir-
ing preliminary information on the drug’s pharmacodynamics in patients, typ-
ically those with advanced cancer. In other words, in oncology, proof of con-
cept and dose-finding are anticipated in phase 1 [2].

The need for anticipated information on response to treatment and the cru-
cial role of this type of information for clinical research in oncology explain the
efforts to define international criteria for measuring solid tumors and categoriz-
ing response as seen on imaging studies. Thus, in 1979–1981 the World Health
Organization (WHO) offered a set of criteria for this purpose [3, 4]. These were
followed in 2000 by the first version (1.0) of the Response Evaluation Criteria
for Solid Tumors (RECIST) [5], and in 2009 by version 1.1 of RECIST [6].
This evolution is not as one would have expected in that there was no linear
transition from old to new imaging techniques, or from simple to complex
methods. Moreover, the criteria for defining response to oncologic treatment on
imaging studies were (and still are) quite conservative in terms of imaging
modalities and techniques as well as methods for measuring response. Thus,
their evolution was essentially aimed at simplifying measurement procedures. 

In this chapter, we describe this evolution and outline the potential role of
imaging techniques still not considered by these formalized criteria. In this
context, we discuss oncologic imaging as a tool to evaluate the response to
treatment and thus as a relevant example of quantitative imaging, which is
probably the most tremendous challenge for the future of radiology.

2.2 WHO Criteria

Criteria issued by the WHO 30 years ago [3, 4] were based on an intuitive con-
cept for two-dimensional (2D) imaging such as computed tomography (CT):
multiplying the longest diameter of a cancer lesion by its largest perpendicu-
lar diameter, i.e., to obtain its cross-product. Tumor response was classified
into one of four categories according to the percentage change in cross-prod-
uct at follow-up compared with baseline, as follows:

[(Cross-productFollow-up – Cross-productBaseline)/Cross-productBaseline] × 100

In case of multiple lesions in an individual patient, cross-products were
summed. The four categories for tumor response were as follows:
• Complete response (CR): in case of tumor disappearance.
• Partial response (PR): in case of a cross-product decrease ≥ 50%.
• Progressive disease (PD): in case of a cross-product increase ≥ 25%.
• Stable disease (SD): when the change in the cross-product cannot be 
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categorized as CR, PR, or PD.
An interval of at least 4 weeks was required for confirming the CR or PR

categories. These criteria were used in clinical trials for more than 20 years.
However, neither the imaging modalities to be used nor the number and mini-
mal size of the lesions to be measured were defined. These limitations were
associated with the use of imaging techniques intrinsically burdened by lower
reproducibility or with the evaluation of lesions too small to ensure repro-
ducibility. Moreover, the cutoff for PD (cross-product increase ≥ 25%) was rel-
atively low, leading to its possible overestimation and an incorrect evaluation of
the inefficacy of an effective treatment. Consequently, over two decades, stan-
dardization was complicated by numerous proposed modifications up until
2000, when new internationally accepted criteria were established.

2.3 RECIST 1.0

In 2000, the European Organization for Research and Treatment of Cancer and
the National Cancer Institutes of the USA and Canada introduced the RECIST
criteria, version 1.0 [5]. 

First, RECIST moved from 2D to one-dimensional (1D) measurements. In
fact, the axial cross-product was abandoned and the evaluation of tumor
response was now based only on a variation of the longest axial diameter.
Again, measurements of multiple lesions were summed. Moreover, RECIST
1.0 established a series of new rules:
• Use of CT or magnetic resonance imaging (MRI).
• Definition of a maximum of 10 target lesions in total (maximum 5 per

organ).
• A minimum size for the target lesion (10 mm for spiral CT; 20 mm for non-

spiral CT or MRI).
Notably, target lesions had to be chosen based not only on their size but

also on their characteristics, thus allowing for their reproducible measurement
(well-defined margins, location with reduced movement artifacts, etc.). Non-
target lesions were defined as non-measurable lesions and measurable lesions
not defined as the target. The response categories were as follows:
1. Complete response (CR): in case of disappearance of all target and non-tar-

get lesions.
2. Partial response (PR): in case of  a ≥ 30% decrease in the longest diame-

ter (instead of the ≥ 50% of the WHO criteria for the cross-product) and/or
persistence of non-target lesions.

3. Progressive disease (PD): in case of a ≥ 20% increase in the longest diam-
eter of the target lesions (instead of the ≥ 25% of the WHO criteria for the
cross-product), the appearance of one or more new lesions, or unequivocal
progression of already existing non-target lesions.

4. Stable disease (SD): when the case cannot be categorized as CR, PR, or PD
The CR and PR categories needed to be confirmed after at least 28 days.
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This striking change in methods, from 2D to 1D measurement, even if
based on results in more than 4,000 patients in 14 clinical trials [5], is quite
counterintuitive. Was it a step backward? Aren’t two (dimensions) obviously
better than one? The rational basis for this approach is the realistic compari-
son between a long cigar and a rugby ball: they might have the same longest
diameter but the volume of the latter is much greater. Thus, while volume –
and thus a three-dimensional (3D) measurement – should be the best, at least
2D should be better than 1D. However, the preference for 2D instead of 1D
works only if the reproducibility of the two lengths measured to obtain the
area, or cross-product, is relatively high. 

Here is a simple example. You have a tumor image on a CT slice at baseline and
you determine that it measures 3 × 4 cm; yielding, according to WHO criteria, a
cross-product of 12 cm2. At follow-up, the tumor has not changed but the exam is
evaluated by a younger colleague who tends to overestimate the longest diameter by
15% in length compared to your own measurements (notably, an 85% inter-observ-
er reproducibility is indeed acceptable). This colleague measures tumor dimensions
of 3.45 × 4.6 cm, i.e., a cross-product of 15.87 cm2. The cross-product indicates an
increase in tumor size (in cm2) of (15.87 – 12.00)/12 = 0.32. According to the WHO
criteria, a 32% cross-product increase, i.e., ≥ 25%, should be reported as PD,
although in reality the size of the tumor is unchanged and the correct report would
be SD. With RECIST 1.0, the same error in measurement gives an increase (in cm)
of (4.6 – 4.0)/4.0 = 0.15. A 15% increase in the longest diameter is below the new
cutoff for PD (≥ 20%); thus, the measurement error does not influence the reported
RECIST 1.0 category: SD. One should note that this is not simply due to the use of
1D instead of 2D, but also to the higher cutoff for PD in RECIST 1.0. In fact, assum-
ing a spherical tumor volume, a 25% increase in the 2D cross-product is equal to a
40% increase in the 3D volume, while a 20% 1D increase in the longest diameter is
equal to a 44% 2D increase in the cross-product and to a 73% increase in 3D vol-
ume [1]. This implies that the time to PD measured using RECIST 1.0 is longer than
that measured with the WHO criteria, showing that these cutoffs are somewhat arbi-
trary even though they are based on data obtained from thousands of patients
enrolled in clinical trials. 

Moreover, if a trial has adopted WHO at its beginning, the same method must
be used up to its conclusion (the same is valid for RECIST 1.0 vs. RECIST 1.1).
For long trials, this golden rule is necessarily challenged by technological develop-
ments. In other words, even though measurements might be unchanged, the imag-
ing equipment certainly has, allowing for higher diagnostic performance, at least at
the lower level of efficacy, i.e., so-called technical performance [7]. This was the
case when 16-slice CT was replaced by ≥ 64-slice machines, or, in MRI, as the
number of channels increased first to 16, then to 32, 64, and more (or the field
strength increased from 1.5 to 3 T). The effect is a kind of technological bias that
hampers reliable longitudinal comparisons in clinical trials. It is the downside of
technological development, which for imaging specialists provides not only
extraordinary opportunities but also problems, especially when the speed of tech-
nological change is greater than that needed to obtain scientific evidence of at least
a diagnostic benefit for patients from the new technology [8].
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2.4 RECIST 1.1

In 2009, almost 10 years after the introduction of RECIST 1.0, new RECIST
criteria (version 1.1) were proposed [6] on the basis of results obtained for
over 18,000 potential target lesions in over 6,500 patients in 16 trials. Again,
the aim was to standardize and simplify but also to consider issues not taken
into account in the previous version; thus:
1. The number of target lesions was reduced from 10 to 5 (maximum 2 per

organ) (Fig. 2.1).
2. The minimum size of target lesions was set at ≥ 10 mm for spiral CT or

MRI, ≥ 20 mm for chest X-ray.
3. The1D longest diameter of the tumors was included.
4. The 1D longest short-axis diameter for lymph nodes was also included.

Lymph nodes with a short axis ≥ 10 mm are considered as positive for can-
cer involvement, but only those with a short axis ≥ 15 mm are amenable for
measurement as target lesions, as single organs; lymph nodes ≥ 10 mm and
< 15 mm in diameter are considered as non-target lesions. (Fig. 2.2).

5. The condition of complete recovery (CR) was defined not only as the dis-
appearance of all target lesions but also the reduction of all (target or non-
target) lymph nodes to < 10 mm (short axis).

6. The slice thickness at CT or MRI had to be no more than one half of  the
size of the target lesion at its smallest diameter (to avoid relevant partial
volume effects).

7. Contrast-enhanced CT or MRI and use of the same or similar technical
parameters as at baseline or previous follow-up were recommended (for
higher reproducibility).

8. To declare a condition of progressive disease (PD) in absence of new lesions,
an increase in the sum of the longest diameters of target lesions ≥ 20% 

Fig. 2.1 A 65-year-old male previously treated for colon cancer. RECIST 1.0 criteria were used
to measure five liver metastases as target lesions (a); according to the RECIST 1.1 criteria, only
the two largest metastases are measured as target lesions (b) 

a b



alone is not sufficient if the absolute increase in this sum is lower than 
5 mm. This prevents small errors in lesion diameter measurements from
determining a PD diagnosis, which is important especially in the follow-up
of small residual disease, when a minimal increase due only to measure-
ment variability could be wrongly judged as PD.

9. Information obtained with 18F-fluorodeoxyglucose (18F-FDG) positron
emission tomography (PET) is taken into account in the detection of new
lesions or to confirm CR or PD (Fig. 2.3).
The rules and criteria for categorizing tumor response according to

RECIST 1.1 are summarized in Table 2.1. Importantly, specific rules have to
be applied to consider a new lesion, seen on PET, as evidence of PD. In this
case, contrast-enhanced CT is used as the confirming modality (see note “b”
in Table 2.1). 
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Fig. 2.2 Three different cases of lymph node measurements in oncology patients. a Pretracheal
lymph node with a short axis of 10 mm in a patient with cancer at the esophageal-gastric junc-
tion; the lymph node is positive for metastatic involvement but cannot be considered as a target
lesion. b A retroperitoneal lymph node, located close to the inferior vena cava in a patient with
colon cancer; the short axis is > 14 mm but not ≥ 15 mm: it is positive for metastatic involvement
but cannot be considered as a target lesion. c A partially necrotic paratracheal lymph node in the
upper mediastinum in a patient with cancer at the middle portion of the esophagus; it can be con-
sidered as a target lesion, its short axis being > 17 mm

a b

c



Note that the reduction from ten to five target lesions implies a 70% reduc-
tion in measurements, without reducing the amount of information on disease
evolution [9] while increasing the reproducibility in declaring PD, as shown
for patients with non-small-cell lung cancer [10]. Moreover, the use of
RECIST 1.1 instead of RECIST 1.0 criteria probably reduces the time for
image analysis by radiologists involved in oncology clinical trials by about
one-third. In fact, lesion measurement accounts for only part of the time need-
ed for the careful evaluation of a follow-up contrast-enhanced body CT and
comparison with baseline images.

The limitations of the RECIST criteria are evident, as evidenced by the
many other methods proposed for specific oncological indications, especially
liver neoplasms (see Chapters 3 and 9). In 2001, the European Association for
the Study of the Liver (EASL) [11] proposed a method for evaluating hepato-
cellular carcinoma (HCC) response based on the 2D evaluation of viable resid-
ual/necrosis tumor (see Chapter 9). In 2004, Choi and coworkers [12] pro-
posed a combination of size and/or density for evaluating the response of gas-
trointestinal stromal tumors (GISTs) to imatinib mesylate (see Chapter 3).
More recently, several other methods aimed at evaluating the response of HCC
to treatment have been proposed, combining viable/necrotic tumor size with
distinctions of target/non-target/new lesions or tumor markers levels, such as
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Fig. 2.3 18F-FDG PET CT performed in a 76-year-old female in whom breast cancer was discov-
ered in 2000. She underwent surgery, followed by radiation therapy, chemotherapy, and hormon-
al therapy. a, b In July 2011, a metastasis in a paratracheal lymph node was detected (SUVmax
6.4). c After chemotherapy, in December 2011, 18F-FDG PET CT showed persistent metabolic
activity in this metastasis (SUVmax 5.8). d Moreover, two additional metastases (another large
paratracheal lymph node and a deep lymph node in the right axilla) were detected, resulting in
progressive disease. Note the absence of these two lesions in July 2011 (b)

c

ba

d
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Table 2.1 Rules and criteria for categorizing tumor response according to RECIST 1.1

Rules

Imaging modalities Contrast-enhanced CT (or MRI for abdominal studies)
using ≤ 5-mm slice thicknes (chest x-ray only for 
pulmonary lesions ≥ 20 mm)
18F-FDG PET (detection of new lesions or confirmation 
of CR or PD)a

Technical parameters Same or similar between baseline and follow-up studies
Slice thickness with a maximum one half of the size of
the smallest target lesion   

Target lesions Measurable lesions (longest axial diameter ≥ 10 mm with
detectable margins)  

Number of target lesions 5 (maximum 2 per organ)  

Minimum size of target lesions Not less than 10 mm on CT or MRI  

Size measurement of target lesions Tumors: 1D longest diameter
Lymph nodes: longest short axis diameter (positive when
≥ 10 mm; target lesions only when ≥ 15 mm)

Non-target lesions Potentially target lesions other than 5 in total or 2 per
organ
Non-measurable lesions: lesions with axial longest diame-
ter < 10 mm; skeletal metastases without well detectable
soft-tissue component; pleural effusion and ascites; 
lymphangitic or leptomeningeal tumor diffusion; inflam-
matory breast cancer; cystic or necrotic tumor lesions;
lesions inside a body part treated with radiation therapy 

Criteria for tumor response

Complete response (CR) Disappearance of all target lesions

AND: Reduction of all (target and non-target) lymph
nodes to <10 mm in short axis
AND: No new lesionsa

Partial response (PR) Target lesions: decrease in the sum of longest 
diameters ≥ 30%

AND: Disappearance or persistence of already 
existing non-target lesionsb

AND: No new lesionsa

Stable disease (SD) All conditions not classifiable as CR, PR, or PD

Progressive disease (PD) Increase in the sum of longest diameters of target lesions
≥ 5 mm (absolute) AND ≥ 20% (relative to baseline)
OR: One or more new lesionsa

OR: Unequivocal progression of already existing 
non-target lesionsb

aA new lesion on a follow-up 18F-FDG PET scan should be evaluated as follows: 
If not present at a previous PET scan, PD is declared.
In the absence of a baseline/previous PET scan, if the new lesion on PET is confirmed at CT, de-
clare PD, if not confirmed, additional CT scans are needed to decide whether or not to declare PD.
If the lesion corresponds to one detectable on a previous CT and it has not progressed at follow-
up CT, PD should not be declared.
bModest increase in the size of non-target lesions cannot justify declaring PD.



the mRECIST criteria of the American Association for the Study of Liver [13]
and  the RECICL criteria of the Liver Cancer Study Group of Japan [14]. 

In general, purely dimensional criteria, such as those of the WHO and
RECIST 1.1 guidelines, despite the great advantage they offer in terms of stan-
dardization and reproducibility, are extremely conservative compared to the
therapeutic developments and, especially, to the technological evolution in
imaging capability. 

2.5 CT Beyond Diameters: Density, Perfusion, 
and the 3D (Volume) Challenge

CT has evolved rapidly in the last decade. Multi-slice acquisition established
16- and 64-slice machines as the new standards, and machines with > 64 slices
as advanced units. The latter were initially applied in cardiac imaging but have
now been extended to other indications. Moreover, dual-source/energy
approaches are furthering diagnostic possibilities, including for tumor
response evaluation [15].

Nonetheless, CT fundamentally remains a method in which information is
derived from electronic density measurements. While this has been discarded
by the standardized WHO and RECIST methods, density was added as a rele-
vant parameter  in a number of proposals. The method of Choi et al. for GISTs
[12] and the above-mentioned methods for HCC response [11, 13, 14] are typ-
ical examples. A paradoxical increase in tumor size after treatment due to hem-
orrhage or necrosis is one of several typical issues not considered in the
RECIST guidelines [16]. Lung cancer cavitation after chemotherapy poses sim-
ilar problems in that the total lesion volume may be more or less unchanged
while that of the tumor tissue is greatly reduced (see Chapter 7). Crabb et al.
[17], who continue to use the 1D measurement method, proposed subtracting
the longest diameter of the cavity from the longest diameter of the mass. 

A further approach to contrast-enhanced CT for tumor response evaluation has
come from perfusion studies, i.e., by fast repetition of volume acquisition after
intravenous administration of iodinated contrast agent, allowing for the extraction
of dynamic parameters useful in the evaluation of tumor tissue [18]. Applications
to tumor response have been reported in the literature, in particular for studies of
liver and colorectal cancers [19, 20]. Importantly, recent perfusion CT (and MRI)
studies have the advantage of not being limited to one or a few slices, instead
encompassing the whole tumor volume, thereby allowing for volumetric perfusion
evaluations. Thus, there has been a shift from 1D or 2D to 3D imaging, and even
four-dimensional (4D) if the time dimension is considered as well. 

However, while, today, 3D volumetric assessment is possible using modern
multislice CT units (as well as MRI and 3D ultrasound), the geometric issues
deserve to be carefully considered. Here the challenge is good reproducibility,
which becomes increasingly difficult. In fact, the addition of a third dimension
to volumetric assessment increases the error. 
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Let us to return to the simple example presented in Sect. 2.3. Evaluation of
the same 3 × 4 cm lesion by two readers had an 85% reproducibility, based on
the difference of 15% using 1D and 32% using 2D methods. What happens
using 3D? By simply adding the third dimension, we increase the error per-
centage. Thus, for a mass of 3 × 4 × 3 cm (calculating the volume as area by
height, to maintain the similarity with the cross-product), if the first reader
correctly measures only 36 cm3, the measurements determined by the second
reader would be 3.45 ×  4.6 ×  3.45 = 54.7515 cm3, corresponding to a false
increase of about 19/36 cm3, equal to 53%. Is the take-home lesson then: the
greater the number of dimensions used, the lower the reproducibility of the
measurement? Yes, it is simple Euclidean geometry, even though it remains
counterintuitive, as demonstrated by the usual reporting of two, sometimes
three dimensions for masses or nodules in many organs on ultrasound (US),
CT, or MRI. 

However, this line of reasoning has a weak point: since the tumor is a 3D
object, the more dimensions used, the closer one is to reality. The problem is
that as dimensions are added, the reproducibility must be correspondingly
higher. In other words, areas or volumes cannot be reliably represented by
multiple 1D diameters; rather, measurements of areas and volumes require
other tools, i.e., dedicated software. Our own experience is with growing
region segmentation software (based on pixel thresholding) for both lesion
area measurement [21] and the automatic definition of new lesions [22], as
evaluated in longitudinal trials on multiple sclerosis using MRI as the imaging
modality, but there are similar CT-based methods for use in determining liver
tumor response after trans-arterial chemoembolization [23]. This is a promis-
ing field of research requiring careful evaluation not only of intra- and inter-
observer reproducibility, but also of inter-study reproducibility [2]. As a mat-
ter of fact, although fully automatic (unsupervised) tumor segmentation meth-
ods are being reported, such as the recent personal experience for breast MRI
[24], the majority of these approaches are semi-automatic and therefore still
need human intervention. Furthermore, all these methods must be fully veri-
fied to be sufficiently reproducible.

.

2.6 Magnetic Resonance Imaging and More…

“MR imaging belongs to the most rapidly evolving techniques of contempo-
rary clinical medicine – for good or bad, this jeopardizes attempts to standard-
ize the modality. Accordingly, prescribing a detailed imaging protocol would
probably be futile because such a protocol would be outdated the very day of
its publication” [25]. This sentence by Cristiane K. Khul, related to breast
MRI, is valid for the entire spectrum of MRI techniques for tumor response
evaluation. In fact, in this setting MRI allows for a number of technical possi-
bilities. We mention only those commonly available for standard MRI units



used in clinical practice:
1. Standard T1- and T2-weighted imaging.
2. Dynamic contrast-enhanced (DCE) imaging.
3. Contrast-enhanced T2*-weighted perfusion studies.
4. Diffusion-weighted imaging (DWI).
5. 1H (proton) MR spectroscopy (MRS).

As noted above, rapid technological evolution limits complete standardiza-
tion. 

Mathematical modeling [26] is used for extracting the following parame-
ters from DCE-MRI: 
1. Ktrans = rate of contrast agent transfer from the blood to the interstitium.
2. kep = rate of contrast agent transfer from the interstitium to the blood (back-

flow).
3. fpV = fraction of plasma volume.
4. Ve = extravascular volume.

However, DCE-MRI is sufficiently robust to be used for clinical patient
care and can be implemented in multicenter clinical trials evaluating tumor
response. The technical requirements and range of acceptable sequence param-
eters can be defined such that they are respected by all the enrolling centers. 

What is relatively unexpected is that CT is usually preferred to MRI in clin-
ical oncologic evaluation and that, also for clinical trials, the tremendous
potential of MRI is largely underexploited. This could be due to several fac-
tors, including: the lower availability of MRI units; the reduced familiarity
with MRI of oncologists, radiation therapists, and other physicians of the can-
cer team; the higher cost; and, last but not least, the limited involvement of
radiologists in decision-making committees for oncologic research. This
aspect is also implied in the low profile of radiologists in the authorship of sec-
ondary studies (meta-analyses, guidelines, etc.) concerning the diagnostic per-
formance of imaging techniques [27]: Indeed, from 2001 to 2010, in over
1,000 papers evaluated, a radiologist (or a nuclear medicine physician) was the
first author in only 16%, the second author in only 15%, and the senior (last)
author in only 13%.

Importantly, non-contrast MRI techniques are playing an increasingly
important role in oncological imaging (Fig. 2.4). On the one hand, DWI has
been shown to perform better than contrast-enhanced dynamic studies in eval-
uating residual breast cancer after neoadjuvant chemotherapy [28], with a sim-
ilar sensitivity (0.97 vs. 0.93) but a significantly better specificity (0.89 vs.
0.56). Breast DWI suffers from false-positives less often than DCE imaging in
evaluating tumor response (see Chapter 6). The applications of DWI are
expanding to many forms of cancer, allowing for repeatable, low-cost, and
non-invasive approaches during treatment. Notably, DWI enables the observer
to produce a region-of-interest (ROI)-based lesion quantification in terms of
apparent diffusion coefficient (ADC), an indicator of tumor response, suggest-
ed by an early ADC increase after treatment [29, 30].On the other hand,
whole-body DWI is a potential alternative to PET for oncologic staging [31]. 
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Fig. 2.4 A locally advanced invasive ductal cancer in the right breast of a 50-year-old woman.
Contrast-enhanced MRI (maximum intensity projection) shows a huge enhancing mass and
increased whole-breast vascularity before neoadjuvant chemotherapy (NAC) (a) and  reduced
mass vascularity after NAC (b). Diffusion-weighted MRI (maps of apparent diffusion coefficient)
shows the restricted diffusion of the mass (dark gray) before NAC (c) and a relative diffusion
increase (middle gray) of the reduced mass after NAC (d)

Especially as an early predictor of response, MRS may have a more intrigu-
ing potential [32-34]. This is due to its peculiar insight into cell metabolism,
based on its ability to detect and quantify choline-containing compounds in
tumors [35]. The choline peak can be evaluated in vivo also at only 1.5 Tesla, as
shown in personal experiences for breast [36] and ovarian [37] cancers.
However, it should be emphasized that MRS is still an investigational tool whose
use continues to be limited due to the significantly prolonged acquisition time
and the frequent artifacts resulting from patient movements. Importantly, in
MRS, post-processing is relatively complex as well as time-consuming, espe-
cially if multi-voxel, chemical shift imaging 3D sequences are used. Thus, at the
present time, MRS cannot be proposed as an “imaging” tool for day-by-day clin-
ical practice or large multicenter trials. This is not the case with DWI, which has
a short acquisition time and relatively simpler post-processing.

a b

c d



2.7 Ultrasonography

Traditionally, US has been excluded from the imaging modalities used to assess
tumor response, given its low reproducibility and high operator dependence. In
fact, although the measurement of a single known lesion using US could be
reproducible, US evaluation is performed in real-time and complete examina-
tions cannot be provided for an independent review at later stages. Moreover,
especially in the presence of hepatic or abdominal nodules, some anatomic
regions may not be adequately evaluated if the bowel overlies the organ and the
US beam cannot penetrate the gas contained therein. Recently developed US
techniques, such as tissue harmonic imaging, have improved the diagnostic
capabilities of conventional B-mode imaging. However, the ability of US to
demonstrate tumor necrosis within a nodule can be severely limited by the
altered transonic impedance produced by collateral factors, such as intra-tumor
hemorrhage during sorafenib therapy. Color and power Doppler US provide
functional data on tumor vasculature (e.g., velocity, spectral profiles, resistivity
index), allowing for a global evaluation of tumor macrovasculature. However,
these tools cannot be used to monitor early treatment response, as they are
unable to detect the microvasculature and are inadequate to evaluate neo-angio-
genesis. Notably, RECIST 1.1 criteria [6] recommend CT or MRI confirmation
of any unknown US-detected lesion seen during the course of a clinical study.

Specifically designed contrast agents (such as sulfur hexafluoride contained
in phospholipid-coated microbubbles or perfluorobutane gas microspheres sta-
bilized by a membrane of hydrogenated egg phosphatidyl serine) allow these
limitations to be partially overcome (Fig. 2.5). A great advantage of these con-
trast agents is that they are merely intravascular. Also, microbubbles are
extremely small (~3 μm) because they need to easily pass the pulmonary filter.
They enable the detection of vessels as narrow as 40 μm in diameter.
Accordingly, contrast-enhanced US (CEUS) offers a precise evaluation of
changes in tumor microvessel density. In addition, US contrast agents are as
effective as CT or MRI agents in the detection of residual active tumor tissue
within the necrotic area induced by treatment [38]. CEUS also has been suc-
cessfully used to monitor thermal ablation procedures either during or after
treatment, being able to detect the presence of remnant viable cancer tissue
[39]. In the liver, CEUS has been demonstrated to be effective in the follow-up
of lesions that were undetectable on B-mode US studies after chemotherapy.

The real-time evaluation of contrast behavior (dynamic-CEUS, DCE-US)
determines contrast flow parameters (e.g., peak enhancement, time-to-peak
intensity, mean transit time) and can therefore be used to assess a very early
response to treatment. Additional applications are the evaluation of tumor
response to anti-angiogenic drugs, such as sorafenib or bevacizumab [40, 41].
Interestingly, a rich pre-treatment vascularization was shown to positively cor-
relate with a good response. Response to treatment at early stages can be pre-
dicted based on changes in vascularization, even in the absence of changes in
tumor volume [38].  
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Recently, specific software has been developed to increase the diagnostic
potential of DCE-US [42]. These systems can derive time-intensity curves
from a continuous real-time scanning. Lesion tracking and movement compen-
sation tools are employed to reduce artifact occurrence, thus potentially
increasing precision and objectivity. However, the reproducibility of DCE-US
with respect to tumor treatment outcome has yet to be reported and the quan-
tification software suffers from limitations. The current trend is to measure
only relative perfusion (perfusion in the lesion compared to the surrounding
healthy parenchyma), as absolute perfusion is not considered to be a reliable
parameter. Also, dynamic curves can be affected by the inhomogeneity of the
US field and by microbubble destruction, both of which can occur during focus
adjustments made to allow for continuous real-time scanning.
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Fig. 2.5 Pulse-inversion mode contrast-
enhanced ultrasonography of a choroidal
melanoma before and after treatment. The
nodule (arrows) is highly vascular at base-
line (a). Five months after accelerated pro-
tons treatment, vascularity is strongly
reduced (b). Nodule vascularity is barely vis-
ible at the 11-month follow-up (c). E, Eye
globe
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Recent technological developments have modified the traditional second-
ary role of US in tumor response evaluation, but not all the associated prob-
lems have been solved. However, specific fields are now defined, especially
for DCE-US for liver tumors. Radiologists should promote the establishment
of research trials aimed at testing the reproducibility of new US techniques and
comparing the diagnostic performance of US with that of CT or MRI in the
setting of tumor response evaluation. 

2.8 Positron Emission Tomography

As reported in Sect. 2.4, the 2009 RECIST 1.1 criteria [6] finally included 18F-
FDG PET as an imaging modality for detecting/excluding new lesions or con-
firming CR or PD. Considering that PET entered clinical practice in 1979-
1980 – that is, about 30 years before worldwide acceptance of radionuclide
tomographic imaging in clinical trials for the treatment of solid tumors – this
clearly demonstrates the conservative thinking in clinical oncology. But there
are reasons for this cautiousness: essentially, the need for a high level of stan-
dardization and reproducibility for any test, including those based on imaging,
that will be used in multicenter clinical trials. Nevertheless, this seems to be
an overly long delay, especially after the advent of hybrid PET/CT imaging in
1999-2000, which offered a novel combination of functional/molecular infor-
mation (from PET) and anatomic/topographic resolution (from CT). PET is
certainly the most striking imaging innovation in oncology in recent decades.
Its unique ability to visualize disease-related molecular and biological charac-
teristics makes PET a must for cancer centers worldwide. 

Many tumor-seeking radiopharmaceuticals are now available, but 18F-FDG
accounts for 90% of the PET exams performed worldwide [43]. It is analogous
to glucose in its competition for uptake by glucose transporters (GLUT) and as
a substrate for phosphorylation. A radioactive fluorine molecule is located in
the 2 position of glucose. The key feature of 18F-FDG-6-P is that it is not a
substrate for further metabolism, unlike glucose-6-phosphate. Consequently, it
accumulates in tissues in proportion to the glucose metabolic rate. Although
complete trapping of this tracer cannot be achieved, images acquired between
40 and 60 min after its intravenous injection accurately reflect the glycolytic
activity of body tissues. Increased glucose consumption is characteristic of
most tumor cells and is partially related to their overexpression of GLUT-1 and
increased hexokinase activity [44]. A rather strong relationship between 18F-
FDG uptake and cancer cell number has been shown in a number of studies
[45-47]. In the setting of cancer staging, PET/CT is superior to other imaging
modalities for most tumor types. It was shown to up-stage about 40% of lym-
phomas and to change the management of 30% of patients with non-small-cell
lung cancers  (mainly preventing unnecessary surgery) and 35% of those with
colorectal cancer. In addition, its role in post-treatment evaluation is clinical-
ly relevant  for many cancers, in particular for lymphoma, colorectal cancer,
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and tumors of the head/neck, breast, esophagus, pancreas, and cervix, as well
as for sarcomas and melanomas [43].

Since 18F-FDG uptake is not confined to tumor cells and may also be seen
in physiological conditions (brown fat, colonic and gynecologic activity),
inflammatory cells, and macrophages, the specificity of PET is limited, as it is
not always possible to differentiate tumor from focal infection, granulomatous
lesions, or macrophage infiltration of necrotic tissue [48]. 18F-FDG uptake
may also be overestimated in tumors with an inflammatory component or,
more often, because of radiation-mediated inflammatory processes (that may
persist for weeks to months). Many other factors influence the apparent post-
therapeutic alterations in tumor 18F-FDG uptake, including a change in lesion
size, perfusion, cell number, or proliferative activity, tumor glucose utilization,
tumor heterogeneity, and reversible cell damage. Clinical PET studies of tumor
response have taken a pragmatic approach, relating observed changes in tumor
18F-FDG uptake to clinical outcome and pathologic findings, the latter being
determined in the case of preoperative (radio-) chemotherapy [49].

Absolute quantification of glycolytic metabolism can be theoretically
obtained with rigorous compartmental modeling of 18F-FDG kinetics, for
example, by fitting tissue time-activity curves to a two- or three-compartment
model, using an arterial input function and non-linear regression techniques to
determine the metabolic rate of glucose in moles/min/ml. However, the diffi-
culties in developing robust tracer kinetic models applicable to heterogeneous
tumor masses and the limited spatial resolution intrinsic to PET instrumenta-
tion make it very difficult to achieve absolute quantitative measurement of gly-
colysis in tumors on the basis of 18F-FDG uptake. Therefore, various surrogate
semi-quantitative methods have been developed to standardize tracer uptake
measures. The most widely used are the tumor-to-normal tissue ratio (T/N
ratio) and the standardized uptake value (SUV). 

The T/N ratio compares tumor activity with the activity of normal tissues.
It does not require accurate quantitative determination of tissue activity nor is
it affected by the injected dose, patient body weight, or blood glucose level. It
is also not sensitive to changes in the distribution of tracer to other tissues, as
may occur with extravasation of injected tracer or a decrease in renal excre-
tion. A change in the T/N ratio is similar to a change in visual contrast and can
occur in response to alterations in normal tissue uptake in the absence of
altered tumor activity. Also, it may be difficult to select an appropriate adja-
cent normal reference site, particularly in the abdomen and pelvis, where there
is marked variation in uptake both between studies and between patients.
Although some authors have demonstrated the usefulness of the T/N ratio in
selected cases, the drawbacks are its low reproducibility and operator-depend-
ence [50].

SUV is defined as the tissue concentration of tracer, as measured by a PET
scanner, divided by the injected activity divided by body weight. It is equivalent
to the ratio between the amount of 18F-FDG that accumulates in a lesion and the
amount of tracer that would eventually be present in the same region if the 
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tracer was homogeneously distributed in the body. It is expressed as:
SUV = (Radioactivity in tissue/Weight of tissue)/(Injected radioactivity/

Weight of patient)

From a practical point of view, an SUV > 1 implies tracer accumulation due
to metabolic activity, while 1 is the background value due to unspecific tracer
distribution (Fig. 2.6). To overcome falsely high SUVs in obese patients, the
data are normalized using patient lean body mass (lbm) instead of body weight
(SUVlbm) [51]. 

A fundamental biological question underlying the choice of ROI for SUV
analysis is whether the total tumor volume or the maximally metabolically
active portion of the tumor is most important. Intuitively, the answer would be
both; however, insight into stem cell biology suggests that the most critically
important parts of tumors are their most aggressive portions, which may not be
the entire tumor. This is commonly applied in SUV analysis, as this value is
frequently obtained from pixels with SUVmax and, although not usually deter-
mined in this way, it could be considered as a single-pixel ROI. For SUVmax to
be used routinely in the assessment of response to treatment, its performance
characteristics should be well understood, including its reproducibility versus
other approaches. Nonetheless, SUVmax is the simplest method, with low inter-
observer variability, widespread use, and demonstrated effectiveness in differ-
entiating malignancies from benign diseases [49]. 
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Fig. 2.6 SUVmax measurement of 18F-FDG uptake in lung nodules of two different patients. a, b
The SUVmax measured in a ground-glass lesion of the left lung was only 1.03, which is consid-
ered not significative for cancer. c, d A SUVmax of 3.71 was considered suspicious for malignant
disease
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Methods for determining total lesion glycolysis are still evolving. The
choice of a threshold based on a single maximal pixel value in the tumor car-
ries with it the variability inherent in determining a single-pixel value and is
driven by that value. The use of thresholds related to background activity is
one approach that has been applied to avoid the uncertainty of SUVmax. Other
approaches include the determination of lesion volume not from PET but from
the CT component of PET/CT; regardless of the method, these effects should
be carefully considered when PET is used for radiotherapy planning or in the
evaluation of effect of treatment [52].

Compared with morphological markers, biological/functional markers are
subject to a higher inter- and intra-individual variability. Guidelines are avail-
able to assure that key parameters (physical activity, metabolic state, activity
dose, hydration, stimulation of diuresis, medication, comfortable surround-
ings, and time point of imaging) are standardized [53]. The plasma glucose
level at the time of the study has a major effect on 18F-FDG distribution, and
intrasubject variations in plasma glucose can have significant effects on meas-
ured SUVs. Precautions must be taken to assure that this variable is carefully
monitored, both before tracer injection at baseline exam and after treatment. 

Serial 18F-FDG PET imaging, like any other surrogate biomarker, can be
used for treatment evaluation in two ways: prediction (to potentially switch to
a more effective treatment regimen) and assessment of tumor response (e.g.,
when treatment failure will lead to second-line therapy in addition to the full
initial course). While the final response may be evaluated with a single PET
study, response prediction usually requires pre-/post-treatment comparison
scans.

As 18F-FDG uptake reflects cancer cell number, one would expect an associ-
ation between a decline in tumor uptake and a loss of viable cancer cells, and
between increased tumor glucose use and volume of tumor cells and disease pro-
gression. Cancers are usually detected when they reach a minimum size of
10–100 g (about 1010–1011 cells). With current PET systems, the limit of resolu-
tion ranges between 4 and 10 mm, i.e. a tumor size of 0.1–0.5 to 1.0 g (or
108–109 cells). It follows that PET can measure only the first 2 logs of tumor cell
kill, depending on the initial size of the tumor. Thus, a negative PET scan at the
end of therapy can mean either that there are no cancer cells present or that up
to 107 cells are still alive, even though either one typically suggests a good prog-
nosis. Conversely, in the absence of inflammation, a positive 18F-FDG PET scan
at the end of treatment is usually a sign of residual tumor. Notably, for certain
non-cytotoxic agents, PET scans normalize much more quickly than anatomic
changes, thus providing a better early prediction of outcome [9].

The future perspectives of PET in oncologic imaging are based on the
potential use of newer tracers targeting specific biological processes, such as
proliferation (18F- fluorothymidine [18F-FLT]), angiogenesis (18F-galacto-argi-
nine-glycine-aspartic acid [18F-RGD]), apoptosis (Annexin-V), and hypoxia
(18F-fluoromisonidazole [18F-FMISO], 18F-fluoroazomycin arabinoside [18F-
FAZA]) [49]. As key processes in oncogenesis, these imaging targets are
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expected to provide meaningful information for the selection and monitoring
of targeted therapy in an individual patient. On the basis of the in vivo charac-
terization of tumor biology determined by imaging, personalized medicine
may become possible in cancer patients.

2.9 Conclusions

In this chapter we have outlined the role of imaging in the evaluation of tumor
response to treatment, considering both the evolution of internationally accept-
ed criteria for use in clinical trials and the potential of imaging
modalities/techniques not included in these criteria. The limitations of stan-
dardized criteria were also discussed in the context of modern imaging tech-
niques, which include a large spectrum of not only morphological but also
functional methods for use either in the early phase or as final assessment.
From this standpoint, we could expect a reduction in the time between the
introduction of one formal system and the next: 20 years from WHO (1980) to
RECIST 1.0 (2000), about 10 years to RECIST 1.1 (2009). How many years to
the next RECIST (whether 1.2 or 2.0)? Yet, at least three important issues
remain to be addressed. 

Firstly, there is increasing use of new, targeted biological non-cytotoxic
treatments that modify cell signaling pathways, thereby inhibiting cell growth.
Note that these drugs do not kill the tumor cell: the aim is cancer control rather
than elimination. This means that new therapies can determine SD, and not CR
or PR. Tumor shrinkage should no longer be considered a major/unique index
of response. In fact, the use of classical morphological/dimensional criteria in
clinical trials may cause new drugs to be wrongly declared as ineffective. 

This change in perspective is confirmed by the growing interest of oncolo-
gists in “the time that a cancer did not grow or metastasize further- that is, the
length of time before progression occurred” [1]. This is the underlying reason
why progression-free survival has become a popular end-point for clinical tri-
als in oncology [54]. Thus SD, previously used to demonstrate therapy failure,
is now used to demonstrate therapy success. This also means that we should
consider a quantitative measure of response rather than a dichotomous subdi-
vision between responders and non-responders. Moreover, especially when
functional/metabolic imaging serves as the basis for an early prognostic index,
what is the standard of reference? Which statistical methods? In order to eval-
uate the predictive ability of a test for future events, should we use methods
for time-to-event/survival analysis (hazard and cumulative hazard functions,
such as Cox regression, censoring, log-rank, etc.) or time-dependent receiver
operating characteristic analysis [1]?

Imaging-based measurement of biological functions highlights the second
remaining problem. In imaging for oncology, but also in all other imaging fields,
a shift from qualitative to quantitative imaging is underway. As our reports
become increasingly standardized they will include numbers, frequently obtained
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by means of dedicated software. Thus, it is unlikely that tumor response evalua-
tion will be limited to 1D diameters. Obviously, quantitative methods, including
the spectrum of indices described above and others now in development, will
have to be standardized and verified in terms of reproducibility.

However, while standardized criteria have been proposed (and discussed)
for clinical trials, what about clinical practice, outside the trials setting? The
use of imaging as a surrogate endpoint in clinical practice requires the
demonstration of a significant relationship between imaging results and clin-
ical outcome. In the era of evidence-based medicine, prospective randomized
clinical trials (RCTs) should be mandatory for this purpose. At the moment,
large, well-designed prospective RCTs aimed at demonstrating an impact on
patient outcome of imaging modalities in therapy monitoring are not available
in the literature. We know that ethical, logistical, and financial concerns have
to be addressed. But it is hard to accept that imaging modalities are used for
selecting new anticancer treatments but lack of high-quality demonstrations
such as RCTs to allow a better patient outcome in clinical practice.
Cooperation between the pharmaceutical and the instrumentation industries is
needed to support such trials, with funding sought from national and interna-
tional agencies. 

Third, can we translate standardized criteria into clinical practice in onco-
logic imaging? It is not easy to transfer the rigid rules designed for trials into
a practice in which, at the very least, the intervals between one time point and
the next may differ from those defined in the guidelines. However, efforts in
this direction should be made, while emphasizing simplification, especially a
reduction in the number of target lesions, as is the case in RECIST 1.1.

As recently stated by Sullivan and Gatsonis [1], “the pace of investigation
and changes in our understanding of the molecular biology of cancer demand
improved measure of response.” We cannot ignore the advancements in hybrid
imaging achieved with the introduction of hybrid PET/MRI systems. The com-
bination of a functional (PET) with a morphological and functional modality
(MRI) result in intrinsically co-registered fusion imaging [55, 56]. As this
modality gains acceptance, will we still be able to judge tumor response to
treatment mainly in terms of 1D diameters? 
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