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ABSTRACT

A method for fully automating the measurement of various neurological structures in MRI is presented. This
technique uses an atlas-based trained maximum likelihood classifier. The classifier requires a map of prior
probabilities, which is obtained by registering a large number of previoudly classified data sets to the atlas and
calculating the resulting probability that each represented tissue type or structure will appear at each voxel in the
data set. Classification is then carried out using the standard maximum likelihood discriminant function, assuming
normal statistics. The results of this classification process can be used in three ways, depending on the type of
structure that is being detected or measured. In the most straightforward case, measurement of a normal neural sub-
structure such as the hippocampus, the results of the classifier provide a localization point for the initiation of a
deformable template model, which is then optimized with respect to the original data. The detection and
measurement of abnormal structures, such as white matter lesions in multiple sclerosis patients, requires a dightly
different approach. Lesions are detected through the application of a spectral matched filter to areas identified by
the classifier as white matter. Finally, detection of unknown abnormalities can be accomplished through anomaly
detection.

1. INTRODUCTION

Accurate identification and measurement of various neurological structuresis avital tool both for surgical planning
and for evaluation of disease progression and patient response to therapy for numerous diseases. Measurement of

white matter lesion burden is a primary method for evaluation of multiple sclerosis (MS) progron.1
Hippocampal volume is an important endpoint for diagnosing and monitoring both intractable temporal lobe

epilepsy and Alzheimer’s disease. 23 Current standard methods for obtaini ng these data points are largely manual
and subjective, and are therefore both error-prone and subject to inter- and intra-operator variability. In addition,
manual tracing of abnormal neurological structures requires both considerable expertise and a great deal of time.
Clearly, there is a need for a rapid automated method for the identification and measurement of both normal and
abnormal neurological structures, but as yet there is no generally accepted solution to this problem. Ashton et al. and

Hsu et al. have presented semi-automated methods for the identification and measurement of the hippocampus. 43
In addition, several groups have recently evaluated the speed, precision and accuracy of automated and semi-
automated novel M S lesion identification and quantification techniques. Brunetti et al. have described an automated
method for white matter lesion quantification, reporting a sensitivity of 87.3% and coefficient of variation over

repeated measurements of 9.4%.° Rovaris et al. have reported an intra-observer coefficient of variation for

repeated measurements using a semi-automated local thresholding technique of 2.6%." Dastidar et al. have
described a semi-automated method for lesion burden measurement with coefficients of variation for inter-observer

variability of 7% and for intra-observer variability of 4%, and a total measurement time of 10 minutes per scan. 8
Ballester et al. have estimated the measurement confidence interval associated with measurement of MS lesions



using four automated methods, reporting results ranging from 28.3% to 44.9% of total lesion volume. ° In addition,
Van Leemput et al. have reported an inter-operator coefficient of variation for manual measurement of MS lesions

using two expert raters of 18.3%. % These numbers will serve as useful benchmarks for the results presented in this
paper.

In this work, a method for automating the detection and measurement of various neurological structuresis described
and evaluated. The test cases used involved the measurement of multiple sclerosis lesions in axial MRI series and
the measurement of hippocampus volumes in coronal MRI series, but the technique is a general one, and should be
useful for measuring most normal and abnormal neurological structures.  The results from the MS lesion
measurement experiments were compared to computer-aided manual lesion identification and measurement. The
results of the hippocampus measurement experiments were likewise compared to computer-aided manual lesion
identification and measurement. Both automated and manual processes were evaluated in terms of required operator
time and repeatability using clinical data obtained from the University of Rochester Medical Center. In addition, the
automated process was compared to the mean manual measurements in both cases as a preliminary estimate of
global accuracy.

2. MEASUREMENT TECHNIQUES

One manual and one automated measurement technique were evaluated in this study. All measurements were
carried out using software developed by Virtual Scopics, a biomedical image analysis firm based in Rochester, NY.
Manual measurements were carried out by expert observers, who were required to trace the boundaries of each
structure of interest in each experimental data set using a computer mouse. Once the tracing was completed, volume
measurements for each structure were calculated automatically.

Automated measurements were made using a trained statistical classifier. Training was carried out using a software
package which took as its inputs a baseline data set with accompanying classification map, as well as an arbitrary
number of training data sets, also with accompanying classification maps. Each training data set was registered to
the baseline data set using a warp-based automated registration algorithm. Means and covariance matrices were
then calculated for each class represented in the classification maps. In addition, the prior probability of each class
occurring at each voxel in the training data was calculated. Once all training data had been processed, the results
were written out to intermediate files. The operation of this algorithm is shown in Figure 1.
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Figure 1: Flowchart showing the operation of the statistical training software used in this project.

The classification software package took as its inputs the data set under consideration, the baseline data set used
during training, and the outputs of the training process. At initiation the baseline data set was registered to the data
set under consideration, and the resulting warp field was then used to register the prior probabilities matrix to the
data set under consideration. The data, prior probabilities matrix, means, and covariance matrices were then passed
to an iterative maximum likelihood classification algorithm. The convergence criterion was global maximization of
the maximum likelihood discriminant function, given by:

9, () = In(p(w)) - %lnm - %(x- m)'R(x- m) o

where R is the class covariance matrix, m is the class mean, x is the signature of the voxel under consideration, and
p(w) is the prior probability that the voxel under consideration is a member of classi. A flowchart for this
processisgivenin Figure 2.
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Figure 2: A flowchart describing the maximum likelihood classification scheme used in this work.

3. MATERIALSAND METHODS

3.1 Experimental data

This study was intended to determine the ability of the algorithms described in Section 2 to identify and measure
both normal and abnormal neurological structures. We therefore made use of two experimental data sets. The first
set was intended to allow measurement of abnormal structures — namely, white matter lesions in multiple sclerosis
patients. This data set consisted of T1, T2, and proton density weighted MRI scans for three multiple sclerosis
patients, with 2 to 4 repeats for each patient taken over the course of 4 to 8 days. A total of 9 studies were analyzed.
These studies were originally collected in 1997 for use in an unrelated experiment, and were provided to our group
without patient identification information. The data were acquired on General Electric Signa 1.5 Tesla Horizon MR
Scanners. The images were obtained using the standard GE head coil. The thickness was 5mm with a skip of 5mm
with a 256x192 matrix. The software version was 04. In-plane resolution in these scans was 0.86mm. Sample
images from this data set are shown in Figure 3.
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Fig. 3: Sampleimages from the baseline T2-weighted scans for (a) MS Patient 1 — (¢) MS Patient 3.

The second experimental data set was intended to allow the measurement of normal neurological structures — in
particular, the hippocampus. This data set consisted of 10coronal T1 weighted MRI studies taken from normal
volunteers. All volunteers provided informed consent prior to enrollment in this study. MR acquisition was 3D,
with adice thickness of 2.5mm. Sampleimages from this data set are given in Figure 4.
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Fig. 4: Sample images from the normal data setsfor: (&) Subject 1; (b) Subject 5; (c) Subject 10.

3.2 Experimental procedure

The experiments carried out during this study were intended to assess several parameters. First, we wished to
determine the level of precision achievable in the volumetric measurement of both normal and abnormal
neurological structures using manual tracing. To that end, a single trained observer was required to manually trace
each white matter lesion in the baseline studies for each of the three MS patients in 9 separate trials. This allowed
estimation of intra-observer variability for lesion measurement. Four trained observers were then required to
manually trace each white matter lesion for each baseline study once, alowing estimation of inter-observer
variability. A similar procedure was followed for the 10 normal coronal studies, with the exception that only four
repeats were required for the intra-observer variability trials. These experiments allowed estimation of intra- and
inter-observer variability for manual measurement of the hippocampus.



The second parameter of interest was absolute accuracy of the automated measurement system. Because this system
is fully automated, intra- and inter-observer variability were assumed to be zero. Accuracy is clearly more difficult
than variability to assess, as the only gold standard measurements available for either data set were the manual
measurements generated in the first experiment, and manual measurements are known to be subject both to observer
bias and to random error. In order to estimate accuracy, each coronal T1 study was evaluated automatically using a
“drop one” training procedure — i.e. each study was evaluated using a training set made up of al other studies of the
appropriate type. MS patient studies were evaluated automatically at baseline, with the training set made up of the 6
non-baseline studies. The results of these analyses were then compared to the mean of the inter-observer
measurements from experiment 2, with bias calculated in terms of volume, percent of manual measurement, and
volume divided by the appropriate standard deviation.

4. RESULTS

Results of the white matter lesion intra-operator variability trials, measuring precision over repeated measurements
of white matter lesions in the three baseline studies, are givenin Table 1. Corresponding results for measurements
of the hippocampus are given in Table 2.

T1 T2 T3 T4 T5 T6 T7 T8 T9 M SD. C.V.

P1 20.0 21.2 20.8 20.6 20.2 19.1 21.0 20.4 19.2 20.3 0.7 3.4%

P2 26.8 26.5 22.5 231 24.3 24.1 26.0 26.8 24.9 25.3 17 6.7%

P3 9.6 10.5 10.6 9.2 104 10.4 10.1 8.0 10.1 9.8 0.8 8.2%

Table 1: Results of manual intra-operator variability study for white matter lesions. This table shows results for 9
measurements of each patient’ s total lesion burden in cubic centimeters, along with mean value, standard deviation, and
coefficient of variation for each measurement technique.

T1 T2 T3 T4 Mean SD Ccv

Subject 1R 2.133 1.935 2.014 2.097 2.04475 0.088523 4.3%
Subject 1L 1.838 1.522 1.643 1.862 1.71625 0.162445 9.5%
Subject 2R 2.679 2.447 2.502 2.326 2.4885 0.146744 5.9%
Subject 2L 2.356 2.462 2.565 2.394 2.44425 0.091667 3.7%
Subject 3R 2171 2.084 2.221 2.312 2.197 0.0953 4.3%
Subject 3L 2.021 2.144 2.016 2.029 2.0525 0.061235 3.0%
Subject 4R 2.509 2.307 2.119 2.33 2.31625 0.159515 6.9%

Subject 4L 2.532 2.352 212 2.244 2.312 0.174631 7.6%
Subject 5R 1.78 1.828 1.822 1.663 1.77325 0.076539 4.3%
Subject 5L 1.856 1.73 2.016 1.828 1.8575 0.118675 6.4%
Subject 6R 1.896 1.702 1.613 1.697 1.727 0.119836 6.9%
Subject 6L 1.778 1.637 1.679 1.818 1.728 0.084226 4.9%
Subject 7R 1.445 1471 1.501 1.428 1.46125 0.031858 2.2%
Subject 7L 1.344 1.596 1.373 1.267 1.395 0.141268 10.1%
Subject 8R 1.315 1.377 1.54 1.515 1.43675 0.108285 7.5%
Subject 8L 1.198 1.409 1.522 1.507 1.409 0.149325 10.6%

Subject 9R 1.988 2.175 2.066 2.057 2.0715 0.077298 3.7%
Subject 9L 1.867 1.939 2.095 1.988 1.97225 0.095741 4.9%
Subject 10R 2.096 2.093 2.157 2.151 2.12425 0.034461 1.6%
Subject 10L 1.636 1.758 1.824 1.721 1.73475 0.078415 4.5%

Table 2: Results of manual intra-operator variability study for hippocampus measurement.




As these results make clear, the use of manual tracing as a measurement technique introduces a significant amount
of variability, even when all measurements are made by the same individual. Thisvariability is even greater when
multiple observers are used. Results of inter-operator variability experiments in the manual measurement of white
matter lesions are given in Table 3. Results of inter-operator variability experimentsin the manual measurement of
the hippocampus are given in Table 4.

Obs. 1 Obs. 2 Obs. 3 Obs. 4 Mean Std. Dev. CV.
Patient 1 27.0 18.8 20.6 18.4 21.2 4.0 18.9%
Patient 2 22.8 25.3 27.3 21.0 24.1 2.8 11.5%
Patient 3 9.9 9.7 10.8 6.7 9.3 1.8 19.2%

Table 3: Results of manual inter-operator variability study for white matter lesion measurement.
M easurements were made by four expert observers. Volumes are given in cubic centimeters.

Obs. 1 Obs. 2 Obs. 3 Obs. 4 Mean SD Ccv
Subject 1R 3.015 2.975 2.978 2.94 2.977 0.030649 1.0%
Subject 1L 2.459 2.791 3.556 2.27 2.769 0.567143 20.5%
Subject 2R 3.939 3.234 4.649 3.262 3.771 0.669965 17.8%
Subject 2 L 3.787 3.265 47 2.96 3.678 0.762115 20.7%
Subject 3R 3.582 2.472 4,132 2.461 3.16175 0.833627 26.4%
Subject 3L 3.489 2.582 3.546 2.339 2.989 0.618708 20.7%
Subject 4 R 3.324 3.096 4.126 2.663 3.30225 0.613791 18.6%
Subject 4 L 3.259 2.472 4.249 2.684 3.166 0.794879 25.1%

Subject 5R 2.182 2.647 4415 3.343 3.14675 0.970818 30.9%
Subject 5L 2.194 2.341 3.679 3.245 2.86475 0.714566 25.0%
Subject 6 R 2.73 3.322 4.524 3.325 3.47525 0.753068 21.7%
Subject 6 L 2.815 3.775 4.283 3.753 3.6565 0.612094 16.7%
Subject 7R 1.998 2.481 3.569 3.183 2.80775 0.703035 25.0%
Subject 7 L 2.124 2.315 3.07 291 2.60475 0.45633 17.5%
Subject 8 R 2.54 3.659 4.57 3.892 3.66525 0.843843 23.0%
Subject 8 L 2.768 3.73 4.23 3.367 3.52375 0.615645 17.5%
Subject 9 R 2.566 2.371 4.716 4.108 3.44025 1.15196 33.5%
Subject 9 L 2.568 2.538 4.23 3.731 3.26675 0.84906 26.0%
Subjectl0R 3.507 2.498 4.118 3.381 3.376 0.667991 19.8%
Subject10L 3.909 33 3.918 3.46 3.64675 0.314888 8.6%

Table 4: Results of manual inter-operator variability study for hippocampus measurement. Volumes are
given in cubic centimeters.

As expected, coefficients of variability for the inter-operator variability study are significantly higher than those for
the intra-operator variability study, ranging as high as 33.5%. Much of this disagreement stems from the difficulty
of separating the hippocampal head from the amygdala and of separating the hippocampal tail from the caudate
nucleus. These difficulties areillustrated in Figure 5.
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Figure 5: (@) Separation of the right hippocampal head from the basal nucleus of the amygdala.
(b) Separation of the left hippocampal tail from thetail of the caudate nucleus.

The results of the automated hippocampus measurement experiment are given in Table 5. Note that comparison is made to the
manual results shown in Table 4, with error calculated in terms of manual standard deviations from the inter-observer mean
value. Results for the automated white matter lesion measurement experiment are given in Table 6. Error isagain calculated in
terms of standard deviations from the inter-observer manua mean.

Auto. Volume Man. Volume Abs. Error Pct. Error Sigma Error
Subject 1R 3.314 2.977 0.337 11.3 10.9
Subject 1L 3.089 2.769 0.32 115 0.56
Subject 2R 3.714 3.771 -0.057 -1.5 -0.08
Subject 2L 3.539 3.678 -0.139 -3.7 -0.18
Subject 3R 3.411 3.16175 0.24925 7.8 0.29
Subject 3L 4.006 2.989 1.017 34.0 1.64
Subject 4R 4.973 3.30225 1.67075 50.5 2.72
Subject 4L 4.535 3.166 1.369 43.2 1.72
Subject 5R 3.998 3.14675 0.85125 27.0 0.87
Subject 5L 4.815 2.86475 1.95025 68.0 2.72
Subject 6R 3.225 3.47525 -0.25025 -7.2 -0.33
Subject 6L 3.447 3.6565 -0.2095 -5.7 -0.34
Subject 7R 3.036 2.80775 0.22825 8.1 0.32
Subject 7L 3.089 2.60475 0.48425 18.5 1.06
Subject 8R 4.323 3.66525 0.65775 17.9 0.77
Subject 8L 4.829 3.52375 1.30525 37.0 2.12
Subject 9R 3.839 3.44025 0.39875 115 0.34
Subject 9L 3.408 3.26675 0.14125 4.3 0.16
Subject 10R 3.751 3.376 0.375 11.1 0.56
Subject 10L 3.804 3.64675 0.15725 4.3 0.49

Table 5: Results of automated hippocampus measurement experiment. Note that the automated measurements
are within one standard deviation of the manual onesin 13/20 cases, and within two standard deviationsin an
additional 3 cases.



Auto. Volume Man. Volume Abs. Error Pct. Error Sigma Error
Patient 1 22.4 21.2 1.2 5.6 0.3
Patient 2 25.7 24.1 1.6 6.6 0.57
Patient 3 11.4 9.3 2.1 22.5 1.16

Table 6: Results of automated white matter |esion measurement experiment. Note that automated measurements
are within one standard deviation of manual onesin 2/3 cases.

5. DISCUSSION

The results presented in the previous section raise a number of interesting questions. In comparing manual resultsto
one another and to automated measurements, one of the most notable facts is that manual measurements have a high
coefficient of variability for both white matter lesions and the hippocampus. The mean inter-operator coefficient of
variability for hippocampal measurements in these experiments was 20.8%, while the mean inter-operator
coefficient of variability for white matter lesion measurement was 16.5%. Intra-operator variability was also
relatively high, averaging 10.5% for hippocampa measurement and 6.1% for white matter lesion measurement.
These numbers are comparable to those cited in the articles listed in Section 1. Variahbility of this magnitude places
a heavy burden on any study attempting to measure changes in structural volumes, and points out the pressing need
for an automated, repeatable solution to the problem of structural identification and measurement.

Examination of the automated results shows that the volumes are in most cases within a standard deviation or less of
the mean manual measurement. In the case of hippocampal measurement, the automated measurement differs from
the manual mean in a significant way in 5/20 structures measured. Moreover, in each of these cases the error is an
over-measurement stemming from an error in registering the anatomical atlas volume to the test data. An example
of this sort of error isgiven in Figure 6.

Figure 6: In this case a mis-alignment of the anatomical atlas with Subject 4 has caused the identification
of the hippocampus to include a portion of the collateral sulcus, resulting in an over-estimation of the total
hippocampal volume.



Errors of this sort should be correctable through a refinement of the registration algorithm used in this work. In
particular, the algorithm currently selects warp mesh vertices using an analysis of local edge strength. Because the
hippocampus does not have particularly high contrast with surrounding tissues, relatively few vertices surround the
hippocampus itself, causing occasional errors when the location of the hippocampus relative to higher-contrast
structures in a particular individua is unusual. It would be relatively simple to ater the algorithm to force mesh
vertices around the perimeter of the hippocampus in the anatomical atlas. Future work in this area will include
further testing and refinement of the registration algorithm and application of the process described here to other
anatomical structures.
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