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ORIGINAL RESEARCH
PEDIATRICS

Epileptogenic Tubers Are Associated with Increased Kurtosis
of Susceptibility Values: A Combined Quantitative

Susceptibility Mapping and Stereoelectroencephalography
Pilot Study

A. Chari, J. Sedlacik, K. Seunarine, R.J. Piper, P. Hales, K. Shmueli, K. Mankad, U. Löbel, C. Eltze, F. Moeller,
R.C. Scott, M.M. Tisdall, J.H. Cross, and D.W. Carmichael

ABSTRACT

BACKGROUND AND PURPOSE: Prior studies have found an association between calcification and the epileptogenicity of tubers in
tuberous sclerosis complex. Quantitative susceptibility mapping is a novel tool sensitive to magnetic susceptibility alterations due
to tissue calcification. We assessed the utility of quantitative susceptibility mapping in identifying putative epileptogenic tubers in
tuberous sclerosis complex using stereoelectroencephalography data as ground truth.

MATERIALS ANDMETHODS:We studied patients with tuberous sclerosis complex undergoing stereoelectroencephalography at a single
center who had multiecho gradient-echo sequences available. Quantitative susceptibility mapping and R2* values were extracted for all
tubers on the basis of manually drawn 3D ROIs using T1- and T2-FLAIR sequences. Characteristics of quantitative susceptibility mapping
and R2* distributions from implanted tubers were compared using binary logistic generalized estimating equation models designed to
identify ictal (involved in seizure onset) and interictal (persistent interictal epileptiform activity) tubers. These models were then applied
to the unimplanted tubers to identify potential ictal and interictal tubers that were not sampled by stereoelectroencephalography.

RESULTS: A total of 146 tubers were identified in 10 patients, 76 of which were sampled using stereoelectroencephalography.
Increased kurtosis of the tuber quantitative susceptibility mapping values was associated with epileptogenicity (P¼ .04 for the ictal
group and P¼ .005 for the interictal group) by the generalized estimating equation model. Both groups had poor sensitivity (35.0%
and 44.1%, respectively) but high specificity (94.6% and 78.6%, respectively).

CONCLUSIONS: Our finding of increased kurtosis of quantitative susceptibility mapping values (heavy-tailed distribution) was highly
specific, suggesting that it may be a useful biomarker to identify putative epileptogenic tubers in tuberous sclerosis complex. This
finding motivates the investigation of underlying tuber mineralization and other properties driving kurtosis changes in quantitative
susceptibility mapping values.

ABBREVIATIONS: DRE ¼ drug-resistant epilepsy; GEE ¼ generalized estimating equation; QSM ¼ quantitative susceptibility mapping; SEEG ¼ stereoelec-
troencephalography; TSC ¼ tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is a genetic disorder often
associated with difficult-to-treat drug-resistant epilepsy

(DRE).1 While some studies report favorable outcomes following
resective epilepsy surgery to treat TSC-associated DRE, others
report that only about 50% become seizure-free following resec-
tive surgery, especially in complex cases with no clear dominant
tuber.2-6 There is an increasing practice of using stereoelectroen-
cephalography (SEEG) to guide surgery in these patients, with a
recognition that the best outcomes are achieved in patients with a
clear “dominant” tuber and a focal putative seizure onset zone.7
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However, targeting tubers as part of an SEEG implantation
plan in these patients can be difficult because there is often a high
tuber burden, semiology can be difficult to interpret, and video-
electroencephalography lateralization and localization are often
poor. The interpretation of neuroimaging is further complicated by
heterogeneity in the appearance of tubers, with some imaging fea-
tures more associated with epilepsy than others. One study identi-
fied 3 radiologically different tuber types based on T1-, T2-, and
T2-FLAIR characteristics; the dominant type of tuber in a patient
was associated with the likelihood of autism spectrum disorder, in-
fantile spasms, and seizures, though no insights were drawn about
the epileptogenicity of specific tubers.8 Another study used this
classification to quantitatively assess the epileptogenicity of tubers
and the surrounding cortex during SEEG. It concluded that resec-
tion of the dominant tuber associated with a T2-FLAIR hypoin-
tense center, a higher epileptogenicity index compared with other
tubers and the perituberal cortex, continuous interictal epileptiform
discharges, and stimulation-induced seizures were associated with
80% seizure freedom. Outcomes were less favorable when there
was a more complex organization of the epileptogenic zone.9

Studies have identified calcification as an indicator of DRE and
epileptic foci in TSC, though these studies have predominantly
used CT scans to assess whether there was calcification as a binary
variable.10,11 In the past few years, quantitative susceptibility map-
ping (QSM) has become more prevalent as a MR imaging tech-
nique, with the ability to detect intracranial calcification with high
levels of sensitivity and specificity.12 QSM is an advancement of
SWI in which postprocessing techniques are applied to quantify
the magnetic susceptibility of tissue. Its advantage is that it
removes the blooming artifacts in SWI that are a factor of tissue
geometry and orientation, leading to precise local quantification
of magnetic susceptibility.13 Magnetic susceptibility is increased
by paramagnetic materials (hemorrhage, iron, gadolinium con-
trast) and decreased by diamagnetic materials (eg, calcification),
and levels of these minerals have previously been shown to be
altered in focal cortical dysplasia.14 As part of the QSM processing,
an R2* map is also generated, which is a measure of the amount
of dephasing caused by B0 field inhomogeneities either from mac-
roscopic field perturbations or those due to local susceptibility
effects.13 In contrast to QSM, local field perturbations due to para-
magnetic or diamagnetic materials have a similar effect.

In this exploratory pilot study, we sought to assess whether
the QSM signal in tubers was able to identify putative epilepto-
genic tubers in a cohort of children with TSC undergoing SEEG
as part of their presurgical evaluation for DRE. To explore the
characteristics of the QSM distribution within each tuber, we
assessed summary statistics of the histograms in each tuber (me-
dian, upper quartile, lower quartile, skewness, and kurtosis). We
hypothesized that QSM and the associated R2* values would dif-
fer between epileptogenic and nonepileptogenic tubers, with epi-
leptogenic tubers having lower QSM and higher R2* values as a
result of increased calcium content and that this difference may
affect both the median values and skewness of the distributions.

MATERIALS AND METHODS
This was a single-center retrospective cohort study reported
according to the STrengthening the Reporting of OBservational

studies in Epidemiology (STROBE) guidelines. Because it used
routinely collected clinical data, ethics approval and the need for
individual patient informed consent was waived by the research
and development department at Great Ormond Street Hospital,
and this study was registered as a clinical audit with the clinical
audit department at Great Ormond Street Hospital.

We studied a series of consecutive patients with TSC under-
going SEEG evaluation between January 2016 and December
2020 and who also had multiecho gradient-echo imaging suitable
for QSM as part of their routine clinical MR imaging before
SEEG was available for study inclusion. The decision to perform
SEEG, the interpretation of the SEEG results, and offers of resec-
tive surgery were collected by the epilepsy surgery multidiscipli-
nary team without reference to the QSM data.

Image Acquisition
Images were acquired using a 3TMR imaging scanner (Magnetom
Prisma; Siemens) with a 20-channel head and neck receive coil.
The image-acquisition parameters for the anatomic T1-weighted
3D-MPRAGE scan were the following: TI ¼ 900 ms, TR ¼ 2300
ms, TE ¼ 2.74 ms, flip angle ¼ 8°, readout bandwidth¼ 200Hz/
pixel, 1-mm3 isotropic voxel size, acquisition matrix ¼ 256 � 256
� 240, parallel acquisition acceleration factor¼ 2, coronal orienta-
tion, total scan time¼ 5 minutes 19 seconds.

The image acquisition parameters for the 3D T2-FLAIR
were the following: TI ¼ 1800 ms, TR ¼ 5000 ms, TE ¼ 395 ms,
echo-train length ¼ 233 with variable flip angle optimized for
T2-weighting, readout bandwidth ¼ 650 Hz/pixel, acquisition
matrix ¼ 384 � 291 � 240 reconstructed to 0.65 � 0.65 � 1
mm3 voxel size, parallel acquisition acceleration factor ¼ 2, cor-
onal orientation, total scan time¼ 6 minutes 10 seconds.

The image acquisition parameters for the R2*/QSM 3Dmultiecho
gradient-echo sequence were the following: TEs ¼ 3, 7, 11, 15, 19,
23, and 27 ms, TR¼ 38 ms, flip angle¼15°, readout bandwidth ¼
360Hz/pixel, acquisition matrix¼ 192� 156 � 144 reconstructed
to 0.6-mm3 isotropic voxel size, 6/8 partial Fourier factor in phase-
and section-encoding directions, parallel acquisition acceleration
factor ¼ 2 in a phase-encoding direction, transverse orientation,
total scan time¼ 5 minutes 41 seconds.

QSM Processing
Single-channel image data were combined for each TE by the
sum of squares of all single-channel magnitude images. The com-
bined phase image w was calculated for each TE by the sum of
conjugate complex multiplication between the previous and cur-
rent TEs. The conjugate complex multiplication eliminates the
incongruous spatial phase sensitivities of each coil element, allow-
ing the phase correct summation of the complex image data. The
combined phase image of the first TE was set to zero.

f TE1 ¼ 0

f TEn ¼ arg
X

zTEn�1 � �zTEn
� �

8n.1
:

A brain mask was computed on the first echo magnitude image
using the FSL Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/BET).15 The R2* map was calculated on the logarithmic
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magnitude images using the Moore-Penrose pseudoinverse
implementation. The frequency shift was calculated from the
combined phase images of all TEs using the Fit_ppm_complex.m
function in the MEDI toolbox (https://github.com/huawu02/
MEDI_toolbox/blob/main/UPDATES.m).16 The local frequency
shift was calculated using the projection onto dipole fields
method with an eroded brain mask (85% of the original size of
the FSL BET brain mask) to minimize nonlocal phase contribu-
tions.17 The QSM map was then calculated from the local fre-
quency shift using the iterative Tikhonov dipole inversion
method.18

Image Processing
Manual segmentation of all visible tubers was performed using
coregistered volumetric T1- and T2-FLAIR MR imaging using
ITK-SNAP (www.itksnap.org).19 This was performed by the
first author (A.C.), who is a neurosurgical resident with experi-
ence in pediatric epilepsy, under the supervision of a neuroradi-
ologist with a special interest in pediatric epilepsy (K.M.). To
reduce QSM artifacts from the pial surface vessels, we limited
the manual segmentations to 1–2 mm away from the pial sur-
face (Fig 1A). Manual visual checks were performed to ensure
that all implanted tubers were segmented.

Imaging from the SEEG (including the electrode locations),
the QSM and R2* maps, and postoperative scans were coregis-
tered to the original volumetric T1 and validated visually
(Fig 1A). Using these coregistered maps and the report from the
SEEG procedure, we classified each segmented tuber as being
implanted or not and, if implanted, whether it was labeled as
having ictal epileptiform activity (ie, part of the seizure onset
zone, “ictal”) or interictal epileptiform activity (“interictal”).
This classification was based on the SEEG report, which was
completed by the clinical team including a consultant neuro-
physiologist, consultant neurologist, and consultant neurosur-
geon with experience in SEEG. The definition of “ictal” was that
there was electrophysiologic change in the tuber at seizure onset,
and the tuber was identified as one that should be resected as
part of any surgery were it to be offered. The definition of
“interictal” was persistent interictal epileptiform discharges in
the tuber. In addition, note was made of whether the tuber was
resected from the postoperative imaging.

Statistical Analysis
QSM and R2* values from each tuber were extracted on the basis
of the coregistered QSM and R2* maps. To characterize the dis-
tribution of quantitative data from each tuber, we extracted the
size of the tuber (number of voxels) and the median, upper quar-
tile, lower quartile, skewness, and kurtosis of the QSM and R2*
maps for each tuber (Fig 1B).

Using the values above (11 variables in total), 2 generalized
estimating equation (GEE) binary logistic regression models were
constructed using only the implanted tubers to assess whether
there were factors that were predictive of whether the tuber was
ictal or interictal. GEE models accommodate for repeated meas-
ures, which, in this case, are the potential intrasubject correlation
between many tubers in the same patient. Following evaluation
of model specificity and sensitivity, these model parameters were

then applied to the unimplanted tubers to predict ictal and inter-
ictal tubers from the unimplanted tubers and assess whether the
predicted unresected ictal and interictal tuber burden correlated
with the outcome following SEEG-guided resective epilepsy
surgery.

Software, Data, and Code Availability Statement
All image processing was performed using the tools described
above and in-house scripts in Matlab, Release 2020b (MathWorks)
for QSM processing and data extraction and SPSS (IBM) for GEE
modeling. Code is available at www.github.com/aswinchari/QSM.
The GitHub repository contains the tuber information used to
construct the GEE models. Coregistered imaging data are available
from the corresponding authors on reasonable request.

RESULTS
Clinical Results
During the 5-year period, 14 children with TSC underwent
SEEG. One child had previously undergone tuber resection,
while another had undergone resective surgery for a subependy-
mal giant cell astrocytoma. In 12 children (85.7%), a seizure-
onset zone was identified following SEEG, and resective surgery
was offered. All except 1 child had undergone resective surgery,
including resection of single tuber and multiple tubers6 mesial
temporal structures.

At a median follow-up of 2.0 years (range, 1.0–4.3 years), 2
patients (18.2%) had an Engel Class I outcome, 3 (27.3%) had an
Engel Class II outcome, 5 (45.4%) had an Engel Class III out-
come, and 1 (9.1%) had an Engel Class IV outcome.

QSM and R2* Results
Of the 14 patients, 11 had undergone QSM as part of their
preoperative scans, but 1 patient had to be excluded due to
artifacts from dental braces. Therefore, the scans of 10
patients were included in the subsequent analyses (Online
Supplemental Data). From these patients, a total of 146 tubers
were masked (range, 6–23 tubers per patient), of which 76
were sampled by SEEG electrodes (range, 4–13 tubers per
patient) and 70 were not. Of the sampled tubers, 20 were la-
beled as ictal, and 34, as interictal.

By means of the 76 tubers sampled by SEEG electrodes, 2 bi-
nary logistic GEE models were constructed to predict whether
tubers were involved in ictal onset (ictal model) or interictal
activity (interictal model). For both models, the only factor inde-
pendently associated with ictal or interictal status was the kurtosis
of the QSM histogram (P ¼ .04 for the ictal model and P ¼ .005
for the interictal model) (Online Supplemental Data). The predic-
tions of the models were used to assess whether they correctly
categorized the implanted tubers; both models had poor sensitiv-
ity (35.0% and 44.1%, respectively) but high specificity (94.6%
and 78.6%, respectively) (Fig 2A).

The developed model parameters were subsequently applied to
the test data set of unimplanted tubers. They identified 10 tubers
as ictal and 27 as interictal, of which 7 were overlapping. These
were spread across most of the subjects with a range of 0–4 addi-
tional ictal tubers and 0–6 additional interictal tubers identified
that were not sampled by SEEG (Online Supplemental Data).
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Figure 2B shows the distribution of QSM kurtosis values across all
tubers that were implanted and from the model predictions. This
shows the association between higher kurtosis (heavier tails of
QSM values) and ictal and interictal tubers. Similar trends were
not seen when plotting the median QSM values across all tubers
(Fig 2C).

Last, the predictions of the models were used to assess
whether there was a linear association between the Engel out-
come and the total number of unresected predicted ictal and

interictal tubers (Fig 3). Although there was a modest positive
relationship for the ictal model, the regression coefficients were
not statistically significant for either model (ictal regression
coefficient¼ 0.42, R2 ¼ 0.23, P¼ .16; interictal regression
coefficient¼ 0.10, R2 ¼ 0.003, P¼ .88).

Illustrative Example
As an example, we present the case of a 10-year-old child diag-
nosed with TSC at 11months of age with 4 different seizure types,

FIG 1. Methods summary. A, Illustrative images of T1-, T2-FLAIR, segmented tubers and overlying electrodes, QSM, and R2* maps used in this
study. B, Histograms show distributions of QSM and R2* values for the left motor strip tuber identified in A.
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FIG 2. Output of GEE models. A, The 2� 2 tables illustrate the sensitivity and specificity of the developed models to identify ictal and interictal
tubers in the implanted tubers B, Violin plots of the kurtosis of the QSM histograms across implanted and nonimplanted tubers show higher kur-
tosis in the SEEG-identified and model-predicted ictal and interictal tubers, albeit with a degree of overlap. C, Violin plots of the median QSM
values across implanted and nonimplanted tubers show higher kurtosis in the SEEG-identified and model-predicted ictal and interictal tubers,
showing no difference between groups.
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including, most commonly, asymmetric spasms with more right-
body involvement than left. Ictal video telemetry recordings for 3
seizure types lateralized to the left hemisphere, while one lateral-
ized to the right. Interictal EEG showed bilateral epileptiform
activity, but this was more pronounced on the left. MR imaging
showed evidence of bilateral tubers with no clear dominant tuber.
An interictal magnetoencephalogram was performed, showing
interictal activity in the left prefrontal and temporoparietal
regions. On the basis of the findings above, a bilateral SEEG im-
plantation was planned with more left-sided than right-sided
sided electrodes (Fig 4A). This identified 2 tubers involved in sei-
zure onset (Fig 4B, red tubers). These tubers were subsequently
resected, and 2 years after the operation, the patients had an
Engel Class III outcome with significant reduction in seizure fre-
quency and duration and associated improvement in cognition
and attention.

The ictal GEE model using the QSM data identified an addi-
tional potential epileptogenic tuber in the right occipital region
(Fig 4B, green tuber), which was not sampled by the SEEG elec-
trodes. The normalized QSM histograms of all 3 tubers are
shown, illustrating a narrower width and, therefore, increased
kurtosis compared with all the other 15 tubers in the same patient
(Fig 4C).

DISCUSSION
To our knowledge, this is only the second study to use QSM in
TSC and the first to quantitatively analyze the QSM characteris-
tics. The previous study showed that QSM was feasible in the
context of identifying calcifications in both tubers and subepen-
dymal nodules.

On the basis of the ground truth of SEEG interpretation, we
found that a model containing QSM and R2* signal characteris-
tics may be helpful in identifying putative epileptogenic tubers in
TSC with a high level of specificity but low sensitivity (Fig 2A).
This finding suggests that preoperative QSM may be a useful
adjunct for the selection of tubers for SEEG exploration because
ictal lesions nearly always had high kurtosis in our sample. These
results warrant prospective assessment. Specifically, epilepsy in
TSC can be associated with complex networks; therefore, tubers
distant from the regions identified by semiology and video-elec-
troencephalography may be involved in seizure generation and
warrant sampling.7 Most interesting, most patients in this cohort
(8/10) had additional unimplanted tubers identified as potentially
epileptogenic by the model, which, combined with the evidence
that only 2 patients had an Engel Class I outcome, provides pre-
liminary evidence that these additional tubers may have been
worthwhile to sample as part of the SEEG exploration. The poor
correlation of unresected predicted ictal tubers with outcome

(Fig 3) is explained by the poor sensitivity of the model, and fur-

ther prospective work might identify additional features to

improve the sensitivity, such as other modalities of MR imaging

incorporated into the model or data such as electrical source

modeling.20 However, the high specificity suggests that the

models may be useful in the prospective identification of puta-

tive epileptogenic tubers that could then be targeted for confir-

mation through SEEG recordings. Indeed, there is a precedent

for using radiologic biomarkers to identify additional areas to

explore during SEEG.21

In our GEE models, we identified the kurtosis of the QSM
signal histogram being significantly associated with both ictal

FIG 3. Association between model-predicted unresected tubers and postoperative Engel outcomes. There was no significant correlation
between outcome and the total number of unresected ictal and interictal tubers predicted by the model (ictal regression coefficient¼ 0.42,
R2¼ 0.23, P¼ .16; interictal regression coefficient¼ 0.10, R2¼ 0.003, P¼ .88). Note that for this analysis, 2 patients who did not undergo subse-
quent surgical intervention were classified as Engel class IV, and the Engel class was considered a linear variable.
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(P¼ .04) and interictal (P¼ .005) tubers, with increased kurtosis
in epileptogenic tubers without significant changes in the me-
dian QSM values. This finding suggests that although there may
not necessarily be an average increase in the calcium content
within epileptogenic tubers, the distribution of QSM values had
thicker tails. Increased kurtosis of QSM values being associated
with epileptogenicity is a novel finding and requires both a bio-
logic explanation and external validation, especially because it
does not fully agree with previous studies that indicate calcifica-
tion as a marker of epileptogenicity.10,11 For example, Lorio et
al14 found decreased QSM values, corresponding to increased
calcium and zinc in focal epileptogenic lesions such as in focal
cortical dysplasia type IIb. The high kurtosis in this study could
be explained by the thicker tails on both sides of the distribution,
indicating areas of low susceptibility (eg, from high calcium)
and high susceptibility (eg, from areas of increased blood flow
or iron deposition) compared with nonepileptogenic tubers.

Indeed, alterations of iron deposition have also been described
in radiologically classified tubers of focal cortical dysplasia; these

require electrophysiologic and histopathologic correlation, which
may give insight into why certain radiologic characteristics (for
example, high QSM kurtosis or low T2-FLAIR intensity) are
associated with epileptogenicity. This knowledge may aid the
targeting of putative epileptogenic tubers in future SEEG
implantations. In addition, our model does not account for the
dynamics of epileptogenicity within a tuber, where the core, pe-
riphery, and perituberal tissue may contribute differently to sei-
zure onset; again, this issue would require further study.9 QSM
signal distributions have also been linked to a chronic inflam-
matory response and glial activation in MS lesions,22 and it
would, therefore, be interesting to correlate longitudinal imag-
ing findings with markers of epileptogenicity and, ultimately,
histology to understand the potential role of inflammation in
tubers and how they contribute to epileptogenesis.

The study has a number of limitations. First, it is a small sin-
gle-center retrospective series that requires internal prospective
and external validation. The cohort was small, and only 18% of
subjects were seizure-free at last follow-up, indicating a complex

FIG 4. Illustrative case example. A, Illustration of bilateral SEEG implantation with a more left-sided electrode. B, Sagittal and axial T1 images
with overlying tuber segmentation. The 2 identified epileptogenic tubers that were subsequently resected are shown in red, while a third tuber
in green was not sampled but identified as potentially epileptogenic by the GEE model. C, Histograms of the QSM values of the 3 tubers shown
in B overlaid on the histograms of 15 other tubers from the same patient (in white). Note that they all seem to have a higher kurtosis.
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cohort. QSM is also inherently associated with artifacts, such as
from the cortical surface, which may have affected the results; de-
spite our attempts to reduce such artifacts, novel postprocessing
pipelines may help reduce them further.23 The utility of the
model would also be improved by understanding the biologic ba-
sis for increased kurtosis leading to epileptogenicity, such as post-
operative analysis of tissue mineral content. The tubers were
segmented using only the T1- and T2-FLAIR sequences. It is con-
ceivable that incorporating the QSM maps into the interpretation
of tuber characteristics may aid radiologic interpretation of the
nature and extent of tubers.

We were unable to include quantitative analyses of T1- and
T2-FLAIR signal characteristics, CT scan densities, and the SEEG
signals in this study, but these may be useful constructs for future
studies for quantitatively assessing associations between CT/MR
imaging signal characteristics and quantitative markers of SEEG
epileptogenicity. Existing SEEG markers of epileptogenicity
include cortico-cortical evoked potentials, neuronal spiking activ-
ity and fast ripples, and more in-depth analyses could relate QSM
characteristics to these.24-26 In addition, there may be a more
nuanced interpretation of SEEG in TSC that we have not consid-
ered; the ethos at our institution is to consider tubers as individual
entities being either involved or not involved in the seizure onset,
but we acknowledge that other schools may consider parts of
tubers or perituberal tissue to be epileptogenic; therefore, future
studies may seek to assess QSM signal characteristic distributions
within and around tubers as markers of epileptogenic tissue.
There is also a possibility of dynamic changes in QSM signals,
which were not captured in this study because the postoperative
imaging protocols did not include QSM in our institution.

CONCLUSIONS
Despite these limitations, this study provides important proof of
principle that quantification and assessment of tuber mineral con-
tent through QSMmay be a useful biomarker in the identification
of the putative epileptogenic tubers in TSC. Most important, our
results, that high kurtosis is associated with epileptogenicity with a
high specificity and low sensitivity, did not support our hypothesis
that epileptogenicity would be associated with increased calcium
and, therefore, a greater prevalence of lower QSM values. This
result does not refute the hypothesis that calcification is an impor-
tant marker in tuber epileptogenicity but may indicate a more
complex process. Increased QSM kurtosis could involve changes
in mineral content (eg, calcium and iron) and perhaps inflamma-
tion and blood flow changes, all of which may relate to epileptoge-
nicity. Larger cohorts, external validation, and correlation with
histologic and tissue mineral analysis are required to further this
work.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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