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Abstract

Objective To introduce a novel approach for the monito-
ring of glioma evolution by the extraction of mathematical
parameters from follow-up MRI.

Material and methods The method consists of the registra-
tion of follow-up MR images and the analysis of the deforma-
tion field. The registration was performed through an affine
transformation followed by a non-rigid registration using
free-form deformations (FFDs). A subsequent analysis of the
transformation non-linear component is then performed by
using the jacobian operator in order to extract information
related to tumor evolution. In order to test the algorithm’s
performance two different validations were performed: (a) a
numerical validation utilizing both physical and digital phan-
toms, (b) a clinical validation using neurosurgeon clinical
judgements.
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Results Quantitative validation showed that the jacobian
describes the volumetric variations of the physical phantom
with an error of 5%. Furthermore, simulations with a digital
phantom provided an estimation of the error introduced by
registration (6.4%). Clinical validation provided good clini-
cal scores: the score evaluating the correspondence between
extracted variables and patient evolution was 4.37 4-0.89 for
the deformation field and 4.43 &£ 0.82 for the jacobian image
(top score: 5).

Conclusion The novel approach leads to an objective and
quantitative description of tumor evolution. Therefore, it
could be valuable for planning interventions and/or treat-
ments.

Keywords Computer-assisted image processing -
Deformation field - Jacobian operator - Follow-up studies

Introduction

Neoplastic diseases of the central nervous system, particu-
larly the glial ones, are highly lethal tumors. In fact, des-
pite recent advances in conventional treatments, glioblastoma
patients continue to have median survival outcomes of less
than 18 months [1].

The high grade malignant gliomas require careful moni-
toring both during therapy and during follow-up for the eva-
luation of treatment effectiveness and for the early detection
of a relapse.

In order to monitor tumor growth, magnetic resonance
imaging (MRI) [2,3] is used. However there is a need for
objective methods that provide for the quantification of
changes in lesions. Change detection is an interesting inves-
tigation area of image processing: literature presents several
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methods that aim to compare serial images in order to track
disease modifications [4].

Visual inspection is certainly the simplest and most com-
mon approach for the analysis of pathology evolution when
using MR images. Many approaches propose the subtrac-
tion of serial images in order to enhance the most relevant
variations. This approach is obviously qualitative, however.

Another approach utilized to evaluate follow-up images is
the assessment of tumor size.

In particular, the Response Evaluation Criteria in Solid
Tumors, or RECIST criteria (one-dimensional [1D] mea-
surement) are widely used to measure tumor response to
therapy in clinical practice [5]. Although these methodo-
logies represent an attempt to provide a reproducible and
comparable evaluation method, they show many limitations
including measurement subjectivity and high intra and inter-
observer variability.

In addition, tumors may evolve in an irregular fashion and
RECIST criteria may not be representative of the real growth.

Thus, radiologists sometimes manually outline lesions on
images. Manual segmentation is more accurate but it is a
time-consuming task. More automatic segmentation algo-
rithms were developed in order to help clinicians with this
task [6—10]. It should be noted that volume variation itself
does not provide any information about the complex tumor
growth pattern. Therefore, some authors have suggested the
use of non-rigid registration/warping methods for the detec-
tion of changes. In particular, biomechanical physical models
can be used [11,12] but they require the extraction of para-
meters related to mechanical tissue properties.

Recently a warping approach without constraints was pro-
posed to automatically detect and segment the evolution of
multiples sclerosis lesions [13].

In this paper a similar approach was implemented in order
to analyze changes in gliomas during follow-up. First, images
are aligned utilizing an affine registration. Then the displa-
cement field is computed between images with a non-rigid
registration based on B-splines. The analysis of this field by
jacobian operator leads to the extraction of quantitative para-
meters that concisely describe the tumor growth.

The method was validated employing physical and digital
phantoms and tested with a dataset of 15 patients.

Materials and methods

In this study the quantitative assessment of tumor growth is
composed of two fundamental steps:

(1) aregistration procedure to extract the deformation field,;
(2) an analysis of the deformation field (implementing a
jacobian operator) to describe tumor growth.
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Registration procedure

Registration was performed using an approach proposed for
dynamic contrast-enhanced MRI of the breast [14—16]. The
algorithm is based on free-form deformations (FFDs) using
B-splines and uses normalized mutual information (NMI) as
a voxel-similarity measurement [17—19]. The main advan-
tage of using NMI is that it makes no assumption on the
relation between series image intensities and therefore it is
the elective criterion when images show intensity and mor-
phological differences due to different acquisition protocols
and pathologies.

The algorithm models global patient motion using an
affine transformation and subsequently models local motion
by manipulating an underlying mesh of B-spline control
points.

The flexibility and computational complexity of the local
motion model is related to the choice of control point spacing.

Analysis of the deformation field

Once non-rigid registration between the target and the floa-
ting volume was performed, we derived a deformation field
that describes pixel-by-pixel the displacement with respect
to each control point (Fig. 1).

The jacobian operator was then applied to the deformation
field in order to transform a 3D vector field into a 3D scalar
image.

The jacobian operator was defined as the determinant of
the jacobian matrix of the deformation field [20]:

0y 0Py 0¢x
dx dy 0z
0y 0y ¢y
J = det(A =|— — —
acp(¢) = det(Apg) ox by 9z
dx dy 0z
This operator links the local variation %ﬁ of an elemen-

tary volume 8 Vioating in the floating image to the correspon-
ding warped volume & Viarget in the target image:

3 Viarget = Jacp (@) - 8 Vitoating

When Jacp(¢p) > 1 there is a local expansion at the point
P, while when Jacp(¢) < 1 there is a shrinkage at point P.
The transformation locally preserves the volume when
Jacp(¢p) = 1.

It is worth noting that the integral of the jacobian repre-
sents the volume variation. Therefore, it can be used as an
index of the degree of deformation of a particular region of
interest.
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Fig. 1 Two images on the left MR transversal slices of a patient’s brain
at different times aligned by a 3D affine registration. In each data set
the enhanced tumor area was manually segmented slice-by-slice by the

Workflow architecture

Figure 2 shows the algorithm workflow. The affine registra-
tion and the next non-rigid registration were performed with
ITK (image registration toolkit) software [21].

After the affine registration, the registered volume, which
is labelled as the intermediate floating volume, is stored.
Next, the non-rigid registration between the intermediate
floating volume and the target volume is performed and the
non-rigid components of the vector field are isolated. These
components are those related to the effective brain defor-
mations. The jacobian operator is then applied to the resul-
ted deformation field and its mean value is computed inside
a volume of interest (VOI). The VOI is manually selected
by the neurosurgeon using a graphical user interface (GUI)
which visualizes simultaneously the registered volumes, the
jacobian image and the jacobian mean value.

| Target Volume |

Fig. 2 The algorithm workflow

neurosurgeon. Image on the right synchronous views of the lesion seg-
mentation and the displacement field obtained by non-rigid registration

The jacobian image, obtained by mapping the result of
the jacobian operator, is a visual instrument which permits
the enhancement of areas with the most significant levels of
deformation, while the mean jacobian represents a concise
index of the degree of deformation.

The deformation field analysis and the GUI visualization
were implemented using MATLAB software (MathWorks
Inc., Natick, MA, USA).

Experimental protocol
Patient data

The algorithm was tested using an experimental protocol
developed for post-surgery MRI studies.
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Fig. 3 Top axial slices of a
digital phantom. The target
phantom (left) with the known
applied vector field (middle) and
the floating warped phantom
(right). Bottom the floating
warped volume with increased
enhancement (left), necrosis
(middle) and edema (right)

Table 1 Physical phantom results

Comparison (cc) AV; (%) AV (%) Error % Jmean
24-39 62 58 6 1.68
39-59 51 55 7 1.61
24-59 145 131 9 2.27
59-59 0 —0.01 0 1.02

We examined 15 patients operated for gliomas. For each
patient, 3 MRI volumes were acquired at different
post-operation times as scheduled for follow-up.

All patients underwent 1.5 T MR imaging (Philips General
System). Spin-Echo T1-weighted sequences (TR = 540.636
ms, TE = 15ms, FLIP ANGLE = 90) were acquired (axial
orientation) after contrast agent injection. The slice thickness
was 6 mm with an inter-slice gap of 6.6 mm; the pixel size in
axial plane was 0.894 mm x 0.894 mm.

Registration was computed on each pair of sequential MR
image series: thus the second series was registered on the
first and the third on the second.

Phantom data

The deformation of an endocranial tumor was mimicked with
aphantom in order to evaluate the method reliability in quan-
tifying volume changes. Using the phantom a four-phase pro-
tocol was defined. The phantom had a catheter inside. In this
catheter a fixed amount of saline solution (24 cc) was injec-
ted (Phase 1). Next contrast agent was injected: an initial
injection of 15 cc of gadolinium (Phase 2) was followed by
an additional injection of 20 cc of contrast agent (Phase 3).
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The first condition represented the basal situation, the second
and the third represented the tumor growth and its contrast
uptake. Finally the phantom was translated (1 cm) to simulate
a misplacement error (Phase 4). In each of the four phases,
a MR acquisition was performed. The acquisition was per-
formed with a Siemens MRI system. Acquisition parame-
ters (TR =1,790ms, TE=3.93 FLIP ANGLE = 15°) were
optimized to best enhance the image registration. We aimed
especially at performing a sequence useful with an isotro-
pic voxel (1.1 mm x 1.1 mm x 1.1 mm). This is an essential
condition for good three-dimensional registration.

Simulated data

The proposed method was also tested on a digital phantom
to assess the accuracy when implementing data with realistic
complexity (tumor variability in size, appearance, and struc-
ture).

First of all a VOI containing a tumor was extracted from a
patient MR scan. A new image volume was created. This
volume, assumed as a target volume, was further spline-
interpolated to create a high resolution volume with isotropic
voxel dimensions of 1 mm.

Simulated shape changes (SC) were obtained applying
known deformation fields on the phantom.

Four different deformation fields were applied on the tar-
get volume including incoming vector fields (IF, to simulate
tumor shrinkage) and outgoing vector fields (OF, to simulate
tumor growth). From an initial incoming vector field (IF1),
three other fields were derived as follow: (a) by halving IF1
magnitude (IF1/2), (b) by inverting its direction (OF1) and
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Fig. 4 Top left and right A
slice of the target lesion and a
slice of the floating lesion in
their three transversal, frontal
and sagittal projections. Bottom
left and right The target lesion
with its deformation field and
the jacobian image

(c) by simultaneously halving the magnitude and inverting
the direction (OF1/2).

In addition, in order to quantify the method performances
under realistic conditions the voxels of the resulting warped
volumes were modified to simulate both alterations in lesion
composition (local Enhancement, EHN, and necrosis, NEC)
and the development of peritumoral edema (ED).

The resulting four volumes (the warped volume and the
modified ones), obtained for each vector field, were used as
the floating volumes for the subsequent registration proce-
dure (Fig. 3).

Results

Method validation was based on two different approaches:
(1) a quantitative validation based on the use of physical and
digital phantoms and (2) a clinical validation based on the
qualitative analysis of the deformation field performed by
the neurosurgeon.

Quantitative validation
Phantom data
We verified that the volumetric variation expressed by the

jacobian operator (A V;%) matched the real volumetric varia-
tion (AV;%) imposed by the protocol.

An accurate segmentation of the catheter (tumor) was per-
formed on the registered floating series. In this VOI, jacobian
values were integrated in order to obtain AV;%.

Table 1 shows that the jacobian is able to describe the real
volumetric variations: in any comparison, the error (absolute
value) is less than 10%.

In addition, the mean jacobian values (obtained in the
VOI) were able to correctly identify volume expansions
(jacobian > 1) and quantify them.

When the phantom was only translated we observed a
value of the jacobian around 1 (as correctly expected). Higher
values were observed when the concentration of the contrast
agent was augmented (see Table 1). In particular, volume
increments were correlated to mean jacobian values. For
example, for a 62% real volume increment a 1.62 mean jaco-
bian value would be expected. It is worth noting that the
obtained values were close to the ideal ones.

Further, the jacobian mapping was able to enhance ani-
sotropy in the deformation that occurred between step 2
(39cc) and step 3 (59cc) of the experiment (see Fig. 4 for
details).

Simulated data
The target and the floating volumes were non-rigidly

registered in order to estimate the vector fields able to detect
tumor deformations.
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Table 2 Digital phantom results

Field Change Vi (cc) Vi (cc) AV (cc) AV, (cc) Error %
IF 1 SC 12.43 7.61 441 4.16 6
SC + ENH 4.41 3.94 11
SC + NEC 441 3.88 12
SC + ED 4.41 3.84 13
IF 172 SC 12.43 10.01 2.08 2.04 2
SC + ENH 2.08 1.98 5
SC + NEC 2.08 2.01 3
SC + ED 2.08 1.98 5
OF 1 SC 12.43 17.15 4.66 4.43 5
SC + ENH 4.66 4.33 7
SC + NEC 4.66 4.23 9
SC + ED 4.66 4.25 9
OF 1/2 SC 12.43 14.98 2.39 2.45 2
SC + ENH 2.39 2.55 7
SC + NEC 2.39 2.46 3
SC + ED 2.39 2.49 4

Table 3 The MME (mm) and MAE values (°) and their respective standard deviations (SD) between the known vector fields and the estimated

ones

Field Change MME =+ SD MAE, £ SD MAE, £ SD
IF 1 SC 0.014 £ 0.202 0.186 4 4.448 0.260 + 3.867
SC + ENH 0.014 £+ 0.207 0.185 +£4.321 0.233 +3.539
SC + NEC 0.015 +£0.214 0.180 £ 4.233 0.224 £+ 3.394
SC + ED 0.014 £+ 0.209 0.170 £ 4.063 0.242 £ 3.664
1IF 172 SC 0.004 £ 0.060 0.117 £3.351 0.105 £ 1.720
SC + ENH 0.004 £ 0.061 0.126 £ 3.545 0.103 £ 1.613
SC + NEC 0.004 £ 0.058 0.129 £ 3.585 0.099 £ 1.587
SC + ED 0.004 £ 0.061 0.104 £3.172 0.110 £+ 1.837
OF 1 SC 0.009 £+ 0.126 0.157 +£3.929 0.114 £+ 1.880
SC + ENH 0.008 £+ 0.122 0.175 £ 4.235 0.101 £ 1.719
SC + NEC 0.009 £+ 0.132 0.158 +3.938 0.130 £ 2.075
SC + ED 0.011 £0.159 0.158 £ 3.909 0.184 +£2.957
OF 172 SC 0.004 £ 0.054 0.137 £ 3.617 0.122 +£2.169
SC + ENH 0.004 £ 0.057 0.164 +4.103 0.124 £2.211
SC + NEC 0.004 £ 0.064 0.149 £ 3.762 0.145 +£2.528
SC + ED 0.004 & 0.057 0.140 = 3.673 0.133 +2.497

Then, the known vector fields and the estimated ones were
analyzed applying the jacobian operator.

The jacobian operator resulting from the known vector
field was labelled known jacobian, while the jacobian opera-
tor extracted from the estimated one was labelled estimated
jacobian.

Table 2 summarizes results obtained from the digital phan-
tom simulations. The third and the fourth columns of Table 2
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report the target (V) and floating volumes (Vr), as obtained
by manual segmentation.

The known volume variation (AVy) and the estimated one
(AV.)were obtained integrating the known and the estimated
jacobian respectively. Integration was performed on a VOI
as before.

The percentage error (Error %) provides an estimation
of the errors introduced by the registration procedure in the
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Fig. 5 The first two columns
represent the different axial
slices related to the two dates
compared (left target volume,
middle floating volume). The
column on the right represents
the different axial slices of the
jacobian image and its value
scale

Follow-up
14 1 1.31

1.0031

Oct-Jul Jul-Dec Dec-Feb

Date

Sep-Dec Dec-Apr Apr-Oct

Fig. 6 Trend of the mean jacobian in function of the different compa-
risons

volumetric variation computation using the jacobian opera-
tor. The error values prove that the introduction of inten-
sity modifications like enhancement, necrosis and edema do
not significantly affect the performance of the algorithm in
estimating volumetric variations. In fact, when intensity
modifications were included, the volumetric deformation was
estimated with a lightly larger error, Ae (Ae = 6% for IF1,
Ae = 2.3% for IF1/2, Ae = 3.3% for OF1, Ae = 2.7%
for OF1/2). Interestingly, the algorithm performs better with
small deformations: when we halved the vector fields the
error was lower than 7%.

For a quantitative comparison between the known vector
fields d(n) and the estimated ones s(n) we have considered
the mean magnitude error (MME) and the mean angular error
(MAE) defined as:

MME = ||d(n) — s(n)||
MAE = ||Zd(n) — Zs(n)||

MAE was computed considering both the azimuth (MAE,)
and the zenith angles (MAE,).

Table 3 demonstrates that the estimated vector fields, resul-
ting from the registration procedure, are very close to the true
ones. Error values are low and they do not increase signifi-
cantly even if intensity changes occur. Again, better perfor-
mances were achieved for subtler deformations, in agreement
with the results obtained for the volumetric variation.

Clinical validation

The implemented method provides two main outputs: the
deformation field and the jacobian image. To assess their
clinical utility in describing tumor evolution we asked the
neurosurgeon to score them on the basis of several different
considerations. These considerations included the agreement
of clinical analysis with respects to the usual clinical tools
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(visual analysis of the images, analysis of the patient
symptomology, disease course, and other related exams),
their ability to summarize information, and their clarity and
user-friendliness in terms of extracted information.

Scores range from 1 to 5 with 1 representing an “awful
correspondence” and 5 an “excellent correspondence” with
the actual state of the pathology.

For each output, mean scores were computed as the ave-
rage of all patient scores. For each patient two comparisons
were available. Therefore any output mean score was com-
puted on a total of 30 values.

Both the deformation field and the jacobian image achie-
ved high scores: 4.37 4 0.89 (mean £ SD) and 4.43 + 0.82,
respectively.

Figure 5 shows for a patient three axial contiguous slices
of the first series (first column) and of the subsequent series
(second column). The third column shows the relative jaco-
bian images obtained by the comparison between them.

Both of the series were executed post-surgery. It is worth
noting the “vacuum” due to the tumor resection which is
identifiable in the images.

In addition, the images show a pathology relapse and a
consequent volumetric expansion, which is well characteri-
zed by the jacobian images and by its mean value (1.31).

In particular, for one patient, seven exams were perfor-
med in different stages of the disease yielding a total of six
comparisons which allowed for an analysis over time of the
disease progression.

Figure 6 shows the trend of the mean jacobian parameter
in successive acquisitions. This parameter effectively sum-
marizes the follow-up clinical information for the patient.
In fact, the calculated parameter values for the periods from
September/December, December/April and April/October
are near 1 and correspond to a stationary state of the
pathology.

In addition, the mean jacobian trend fits all of the other
events well: the disease recovery between October and July,
the disease regression between July and December (surgery
in August) and the relapse after December.

Discussion

We have proposed a method for measuring tumor changes
based on a 3D registration procedure followed by a morpho-
logical analysis of the resulting vector field.

Recently, similar techniques to analyze distribution of
brain deformations caused by pathology were proposed to
segment the areas corresponding to a significant time evolu-
tion in neurodegenerative diseases, such as Multiple Sclero-
sis. In [13] the jacobian operator was thresholded and used
to detect and segment the areas that are interested by the
pathology. Conversely, in our method the jacobian image is
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used to obtain a concise parameter to quantify the degree of
deformation of the lesion.

The registration algorithm was chosen for its general appli-
cability, transparency and computational efficiency. It is
based on a similarity measure that is independent of intensity
variations between images. Consequently, it is versatile to
process follow-up studies in which acquisition settings may
be slightly changed. More detailed physical models could be
used to model lesion growth but their computational expense
is very high, especially when 3D data are considered. Fur-
thermore, the creation of a discrete mechanical model can be
difficult and time consuming and it requires identification and
assignment of the respective tissue properties before regis-
tration. On the contrary, our algorithm makes no assumption
about the underlying properties of the different tissue types
in the brain.

Results confirmed that the information obtained from the
jacobian of the deformation field may be useful to detect and
quantify the volumetric variation in cerebral gliomas. The
mean jacobian value was found to be a reliable descriptor
of the pathology evolution, in agreement with clinical eva-
luations related to the symptomology and with the clinical
reports.

The jacobian image was computed on the whole volume
and this enabled for the study of other anatomical struc-
tures intrinsically related to the pathology due to their spatial
proximity (e.g. the evaluation of the compression of the ven-
tricles or of the surrounding tissues during a lesion expan-
sion). This mapping is, therefore, much more informative
than the extraction of a unique parameter, like the growth
or the shrinking percentage of the tumor as obtainable by
segmentation or RECIST methods.

Furthermore, although gliomas are mostly fast growing
solid tumors, their growth pattern is not easily predictable. In
fact, the actual tumor growth pattern is not easily fitted by any
linear function, especially when tumors are subject to multi-
modality treatments which profoundly perturb their growth.
In this case RECIST criteria can not be fully representative
of the observed modifications. This observation increases
the importance of developing more articulate techniques to
assess pathology evolution.

Study limitations

The study is retrospective and based on archival material of
routine scans that are used in clinical practice for the follow-
up of patients affected by malignant gliomas. As a conse-
quence, the acquisition parameters for the real cases were
not optimal for the registration procedure. Because of the
elevated slice thickness (6 mm) we considered the compo-
nents of the deformation field in the slice plane only. Only
on them the jacobian operator was applied.
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Furthermore, due to the retrospective nature of the study
design some biases and inaccuracies resulted.

Besides artifacts intrinsically related to the jacobian ope-
rator (border effects at the edges), jacobian images of the real
cases show artificial deformations due to registration errors.
In fact, large slice thickness can induce a misalignment, gene-
rating false positive results.

Nevertheless, results are consistent with clinical
judgments, showing the robustness and the versatility of the
method for clinical routines even if a specific protocol has
not been developed.

In addition, the method was also tested simulating the opti-
mal conditions on physical and digital phantoms. Thanks to
their voxel isotropy, they were processed on 3D basis, taking
full advantage of the proposed approach and showing method
reliability in detecting and quantifying tumor changes.

Future works

The obtained, preliminary results are encouraging, thus sti-
mulating future work to fully exploit the method and its per-
formances.

In our phantom data only spherical and homogeneous
lesions were evaluated. It would be interesting to test the
method using more realistic phantom, including asymme-
tric lesion growth or inhomogeneous intensities (mimicking
edema, enhanced areas or necrotic areas, etc). In our study
these aspects were evaluated through simulated digital data
only.

In addition, we focused attention on post-surgery data and
we limited the clinical evaluation to relapse quantification.
In future works, we aim at evaluating the method in the
monitoring of subtle tumor changes at short times intervals.
This kind of analysis, that is more challenging for the human
observers, would enable to assess the performance of the pro-
posed method in comparison with visual inspection and to
confirm the need of such a elaborate tool to support the physi-
cians in their decisions. In this context, a more sophisticated
registration framework which takes into account additional
properties of the images/tissues, like the different intensity
of the lesion or the modifications of the peritumoral areas,
could be useful.
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