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INTRODUCTION
Ab-SfI'CICf- ) ) _ Recent developments in high-throughput molecular tech-
Radiogenomic imaging refers to the correlation be- niques promise to generate biomarkers driving the future

tween cancer imaging features and gene expression of personalized medicine!"™”. Gene expression profiling

and is one of the most promising areas within science ;s the potential to gather key information regarding
and medicine. High-throughput biological techniques

have reshaped the perspective of biomedical research
allowing for fast and efficient assessment of the entire
molecular topography of a cell’s physiology provid-
ing new insights into human cancers. The use of non-
invasive imaging tools for gene expression profiling of
solid tumors could serve as a means for linking specific
imaging features with specific gene expression pat-
terns thereby allowing for more accurate diagnosis and
prognosis and obviating the need for high-risk invasive
biopsy procedures. This review focuses on the medical
imaging part as one of the main drivers for the devel-

biology and its relationship to diagnosis, prognosis and
therapy. However, a main limitation of these techniques
is the need to acquire tissue for gene expression profiling
through invasive biopsy thereby limiting the clinical ap-
plication of this method in an everyday patient care set-
ting. In addition, in these biopsies samples are frequently
obtained from only a part of the lesion and therefore do
not entirely represent the lesion’s unique anatomic, func-
tional, and physiologic properties, such as size, location,
and morphology. Many of these features are obtained
in routine clinical imaging exams and are very useful for

opment of radiogenomic imaging. diagnosis, staging, and treatment planning. Although
these image features provide anatomical and morpho-

. . . . [4-6
© 2014 Baishideng Publishing Group Inc. All rights reserved. logical information, only few studies™" have generated a
“radiogenomics map” integrating the genomic and image
Key words: Radiogenomic imaging; Personalized medi- ~ data thereby introducing the field of “radiogenomics™ or
cine; Diagnostic imaging “radiogenomic imaging”[‘]. Specific radiological tumor

phenotypes can be used as surrogates for signatures of
Core tip: Radiogenomic imaging has the potential to gene expression. If imaging can be linked to these treat-
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ment-response gene-expression patterns routine clinical
imaging is able to predict the likely response to specific
chemotherapeutics and helps to choose the best form
and duration of treatment.

DIAGNOSTIC IMAGING AS A PLATFORM
FOR GENE EXPRESSION PROFILING

Radiologic imaging plays an important part in every stage

of cancer treatment. Besides screening, detection and
staging of disease, imaging is used to predict and evaluate
individual patient’s responsiveness to therapies in every
stage of cancer treatment. Diagnostic imaging is a safe
and accurate tool to noninvasively assess location, mor-
phology and physiology of tissues”. This crucial role for
imaging biomarkers in cancer treatment is reflected by
the fact that more than 90 percent of cancer patients are
evaluated by imaging. However, much of the data gener-
ated by radiologic imaging remains largely unspecific at
a molecular level. The integration of these noninvasive
imaging tools with functional genomic assays has the
power for a quick clinical translation of high-throughput
technology.

IMAGING FOR MIOLECULAR
ASSESSMENT OF TUMOR STAGING AND
DIAGNOSIS

A study by Kuo ¢z a/” in patients with liver cancer dem-
onstrated the relationship between imaging traits, histo-

pathologic markers, and several predefined gene-expres-
sion programs. The study found that a liver-specific gene
expression program was highly correlated with the imag-
ing trait “tumor margin score, arterial phase”. The data
suggest that this radiophenotype could potentially form
the basis to categorize hepatocellular carcinomas (HCCs).

Segal et al¥ also demonstrated that dynamic imaging
traits in computed tomography (CT) strongly correlated
with the global gene expression programs of primary
HCC. The authors managed to reconstruct 78% of the
gene expression profiles by combining twenty-eight imag-
ing traits, thereby showing cell proliferation, liver synthet-
ic function, and patient outcome. Therefore, noninvasive
imaging could decode genomic activity of human liver
cancers, allowing for a noninvasive, frequent and quick
molecular work-up on an individual level.

In patients with glioblastoma multiforme (GBM) Zinn
et al” introduced a new diagnostic imaging technique to
assess molecular cancer subtypes and genomic correlates
of cellular invasion using quantitative magnetic resonance
imaging (MRI) volumetrics and large-scale gene- and
microRNA expression profiling in GBM. Based on The
Cancer Genome Atlas, discovery and validation sets with
gene, microRNA, and quantitative

MRI data were created. Zinn ef a/” showed that in
patients with GBM the used fluid-attenuated inversion
recovery sequence reliably detected main cancer genomic

JBaishideng® W]R I WWW.ngnet.COm
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components responsible for cellular migration and inva-
sion. In addition it revealed genes and microRNAs highly
associated with mesenchymal transformation and invasion.
As cellular invasion is one of the main causes of treat-
ment failure, the surgical extent of resection and adjuvant
treatment planning are highly important. Thus, the authors
conclude that the used method has potential therapeutic
significance since successful molecular inhibition of inva-
sion will improve therapy and patient survival in GBM.

In a recently published study in patients with GBM
Jamshidi e# @/* could show that MRI, messenger RNA
expression and DNA copy number vatiation can identify
MR traits which are associated with some known high-
grade glioma biomarkers and associated with genomic
biomarkers that have been identified for other malignan-
cies but not GBM. Further work is needed to determine
the clinical value of these findings.

IMAGING FOR MOLECULAR
ASSESSMENT OF TUMOR PROGNOSIS

Radiogenomic imaging is a useful tool for molecular as-

sessment of tumor staging and diagnosis; however, for its
success in a clinical setting it is crucial that radiogenomics
has the potential to also impact clinical management. De-
spite much recent activity in developing imaging biomark-
ers of disease, it is challenging to link these biomarkers
to clinical outcomes as it takes years to obtain these out-
comes in cohort studies'”.

The above mentioned study by Kuo ¢ 2/ in patients
with HCC showed that the tumor margin score highly
correlated with a venous invasion gene expression pro-
gram as well as histologically-confirmed venous invasion.

A study by Diehn ¢ al” sought to correlate imaging
surrogates for gene-expression profiles with prognostic
implications in patients with GBM. The radiogenomic
maps showed a statistically significant overlap between
a survival-associated gene signature and an infiltrative
pattern of the edema on T2-weighted images. The hy-
perintense signal on the T2-weighted images allowed for
a clear differentiation between edematous and infiltrative
patterns reflecting the interface between a tumor and
the adjacent normal brain. In a second part of the study
another 110 GBMs were included; the results revealed a
correlation between the infiltrative radiophenotype and
a poor prognosis: a median survival of 390 d was found
for those without infiltrative pattern compared to 216 for
those with infiltrative pattern. The study shows a quick,
easy-to-use technique to discover prognostic imaging
biomarkers associated with underlying gene-expression
signatures.

A study by Gevaert e# al” explored the clinical prog-
nostic value of Radiogenomic imaging by looking at fea-
tures from non-small cell lung cancer (NSCLC) CT- and
positron emission tomography (PET)—cases[m]. Gevaert
et al” study comprised 26 patients with NSCLC whose
imaging features were comprehensively extracted and
statistically analyzed. To obtain survival data which were

August 28,2014 | Volume 6 | Issue 8 |



not available the authors derived prognostic conclusions
by using a genomically matched NSCLC case set with
known clinical outcomes from public databases'". Ge-
vaert ef al” demonstrated an imaging approach able to
quickly identify prognostically relevant image biomarkers
requiring only the paired acquisition of image and gene
expression data as well as the existence of a large public
gene expression data set where survival outcomes are
available. The authors conclude that by mapping image
features to gene expression data, it is possible to lever-
age public gene expression microarray data to determine
prognosis and therapeutic response as a function of im-
age features.

In a follow-up study Nair e 2/ analyzed Nuclear
factor-kB (NF-kB) protein expression in a group of 355
patients with NSCLC (365 tumor samples) with long-term
follow-up by means of immunohistochemistry (IHC) us-
ing a Tissue Microarray.

NF-kBp065 as well as a positive uptake of fluorode-
oxyglucose (FDG) was significantly associated with more
advanced stage, tumor histology and invasion. Higher
NF-kBp65 expression was associated with death by Ka-
plan Meier analysis (P = 0.06) while LDHA was strongly
associated with recurrence (P = 0.04). Increased levels
of combined NF-kBp65 and lactate dehydrogenase A
(LDHA) expression were synergistic and associated with
both recurrence (P = 0.04) and death (P = 0.03). The au-
thors conclude that NF-xB IHC was a modest biomarker
of prognosis that associated with tumor glucose metabo-
lism on FDG PET when compared to existing molecular
correlates like LDHA, which was synergistic with NF-kB
for outcome.

IMAGING FOR MIOLECULAR
ASSESSMENT OF OPTIMAL THERAPY

By using an integrated imaging-genomic approach Kuo
et al determined whether contrast-enhanced CT was
capable to assess imaging phenotypes which are associ-
ated with a doxorubicin drug response gene expression
program in patients with HCC. The authors included 30
HCCs into the study and scored them individually across
six predefined imaging phenotypes. An imaging pheno-
type related to tumor margins on arterial phase images
showed a significant correlation with the doxorubicin-
response transcriptional program (P < 0.05, 4 < 0.1). In
addition it was significantly associated with HCC venous
invasion and tumor stage (P < 0.05, 4 < 0.1). Tumors
with higher tumor margin scores were more strongly as-
sociated with the doxorubicin resistance transcriptional
program and had a greater prevalence of venous inva-
sion and worse stage. Tumors with lower tumor margin

scores, however, showed a converse relationship. The au-
thors conclude that CT has the potential to identify HCC
imaging phenotypes correlating with a doxorubicin drug
response gene expression program. As doxorubicin is a
standard treatment in regional therapies for patients with

HCC, the used imaging strategy could be used to guide
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HCC therapy on a tumor-by-tumor basis on the basis of
underlying tumor gene expression patterns.

The previously mentioned study by Diehn ez al” also
evaluated whether in patients with GBM the expres-
sion of a therapeutic target could be predicted based on
its imaging-gene-expression association. Activation of
specific gene-expression programs can be inferred from
imaging traits, thereby giving insights into tumor biol-
ogy on a tumot-by-tumor basis. The authors could reveal
potential imaging biomarkers for several classes of anti-
GBM therapeutic agents, including antiangiogenesis and
epidermal growth factor receptor-based therapies. In
addition, the results show that intratumoral heterogene-
ity of several gene-expression programs can be spatially
resolved by means of imaging, Furthermore, the authors
identified an imaging phenotype characterized by an in-
filtrative appearance that was associated with aggressive
clinical behavior and expression of genes involved in
central nervous system development and gliogenesis. As
this imaging approach is noninvasive and widely available
in clinical practice it can be applied to a broad range of
human disease processes.

CONCLUSION

Radiogenomic imaging has the potential to catalyze the
health system by creating imaging biomarkers that iden-
tify the genomics of a disease. The use of noninvasive

imaging as a surrogate for gene expression profiling is a
quick and reliable tool which has the potential to replace
high-risk invasive biopsy procedures. Additional studies
with larger numbers of patients are necessary to confirm
links between gene expression patterns and imaging fea-
tures permitting fast and reliable clinical diagnosis of tu-
mors as well as estimation of prognosis and decision for
optimal therapy.
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Application of modern magnetic resonance imaging org/10.4329/wjr.v6.i8.523

(MRI) techniques to the live fetus in utero is a rela-
tively recent endeavor. The relative advantages and
disadvantages of clinical MRI relative to the widely
used and accepted ultrasonographic approach are the ~ INTRODUCTION
subject of a continuing debate; however the focus of
this review is on the even younger field of quantita-
tive MRI as applied to non-invasive studies of fetal
brain development. The techniques covered under this
header include structural MRI when followed by quan-
titative (e.g., volumetric) analysis, as well as quantita-
tive analyses of diffusion weighted imaging, diffusion
tensor imaging, magnetic resonance spectroscopy and
functional MRI. The majority of the published work re-
viewed here reflects information gathered from normal ; o
fetuses scanned during the 3 trimester, with relatively ~ for studies of the central nervous system (CNS), which is
smaller number of studies of pathological samples relatively vulnerable to congenital anomalies. Progressive

The history of fetal magnetic resonance imaging (MRI)
in utero spans more than 3 decades, beginning with
clinically driven T1 and T2 weighted studies at relatively
low magnetic field published in the 1980%" . This was
followed by eatly echo planar imaging of fetal brains at-
tempted in the early 19905, Throughout this period,
the mainstay of fetal imaging for all organ systems has
been ultrasound, but the better contrast resolution of
MRI relative to ultrasound made it especially attractive

including common congenital pathologies such as ven- ~ improvements in imaging hardware and software, result-
triculomegaly and viral infection. ing in shortened scan times and increasingly wider choice

of imaging sequences, have made fetal brain MRI an
© 2014 Baishideng Publishing Group Inc. All rights reserved. increasingly valuable imaging tool in cases with uncertain
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diagnosis of CNS abnormalities”.

The biggest problem in acquiring reliable, reproduc-
ible and comprehensive MRI images of the fetal brain
has been motion. Early studies attempted to overcome
this problem by sedation of mother and/or fetus”
although this approach has obviously limited the wide-
spread use of the technique in clinical and research set-
tings. The breakthrough came with the development of
faster imaging techniques and sophisticated methods for
11 The Ultrafast sequences which
have been developed, including single shot fast spin
echo, fast spin echo and the half fourier single shot turbo
spin echo require a second or less per slice acquisition.

motion cotrrection

In these studies multiple stacks of slices are acquired at
different orthogonal orientations, providing a compre-
hensive view of the anatomy while allowing for manual
adjustment to fetal motion or gating to maternal breath-
ing. The most recent and ongoing developments in im-
age reconstruction and motion correction methods!™”
have enabled the adoption of all major MR approaches
currently used in adults to in utero studies; including
diffusion weighted imaging, tractography and MR spec-
troscopym’zﬂ consequently enabling the gathering of
unprecedented amounts of information on fetal brain
development in utero.

This review focuses on the budding filed of quan-
titative MRI and studies of the fetal brain aiming at the
establishment of normative databases relevant to normal
regional brain growth, connectivity and function and
their application to a deeper understanding of the etiol-
ogy, diagnosis and prognosis of fetal brain pathologies.

QUANTIATIVE MRI IN THE STUDY OF
NORMAL FETAL BRAIN DEVELOPMENT

Mapping regional and local patterns of normal fetal
brain growth

An early study using the Cavalieri method to estimate
whole brain volumes in a small cohort (# = 18) of third
trimester fetuses”” described a linear relationship be-
tween gestational age and whole brain volume, with a
growth rate averaging 2.3 mL/d. The first study to mea-
sure volume changes in brain hemispheric parenchyma,
cerebellum and ventricles of 27 normal, third trimester
fetal brains”™ revealed different, non-linear growth trajec-
tories for the three compartments, with a faster growth
of cerebral hemispheres relative to cerebellum and a
steady decrease in the ventricular/parenchymal volume
with increasing gestational age. Subsequent work by Gho-
lipour ef al” using supervised automated segmentation
of brain volumes in fetuses aged 19 to 37 wk compared
linear and non linear models and concluded that a qua-
dratic model provided the best fit to the data describing
the changes of fetal brain volume with gestational age.
Hu et a/™ also confirmed that the growth rates of the
cerebral volumes are region-dependent, with the frontal
and parieto-temporal regions growing significantly faster
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than other regions. More recent studies have added sub-
stantial amount of detail on normal fetal brain growth,
with the publication of a spatiotemporal atlas of MR
intensity, tissue probability and shape of the fetal brain""
and detailed descriptions of the growth of the fetal sub-
plate and other regions[z’z’m. Corbett-Detig e7 al™ exam-
ined subplate growth in relatively young (18-24 wk old)
fetuses and found that the occipital pole, ventral occipito-
temporal region, and planum temporale underwent the
most statistically significant increases in subplate thick-
ness, while the thickest region during this period was the
developing somatosensory/motor cortex.

A more detailed study of volumetric changes in the
growing fetal brain was published by Scott ez al™ examin-
ing volumes of cortical plate, subplate and intermediate
zone, germinal matrix, deep gray nuclei, and ventricles
from automatic segmentation of motion-corrected, 3D
reconstructed MRI scans from 39 normally developing
fetuses at gestational age (GA) ranging from 21 to 31.
The findings again show region-specific growth trajecto-
ries, with the cortical plate having the highest growth rate
(18%/wk).

The supratentorial volume, subplate and intermedi-
ate zone, germinal matrix and deep gray nuclei exhibited
similar growth rates of approximately 15%/wk while the
slowest growth rate was found for ventricles (9.2%/wk).
Interestingly, the authors did not find sex differences or
asymmetries in hemispheric volumes. This could be a
group size/power issue but may also indicate that such
difference only emerge later in brain development.

Quantitative studies of cortical folding
Hu ef o™ provided a regional quantification of cortical
shape development from a group of normal fetuses in
the gestational age range of 22-33 wk. They report faster
shape changes in the occipital lobe than in other regions
and conserved patterns of shape changes in gyri and
sulci, whereby the gyral surface smoothens, while the sul-
cal surface becomes more angular, with gestational age.
In addition, the authors report that smoothing of gyri is
related mainly to the changes in shape of gyral crowns.
Clouchoux e# /™ examined 7n vivo fetal cortical folding
patterns in healthy fetuses between 25 and 35 wk gesta-
tion, providing an explicit delineation of the sulcal pattern
as well as surface area and gyrification index. The findings
suggest an exuberant third trimester gyrification process
and a non-linear evolution of sulcal development.
Employing a younger group (GA 20-28 wk) of fe-
tuses, Habas ¢/ a/*) and Rajagopalan e 4/’ have been
able to detect eatly folding patterns and asymmetries in
fetal brain development. Their Tensor based morphom-
etry results show that fetal brain development exhibits a
distinct spatial pattern of anisotropic growth, with the
most significant changes in the directionality of growth
occurring in the cortical plate at major sulci. The authors
also report significant directional growth asymmetry in
the peri-sylvian region and the medial frontal lobe of the
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fetal brain.

Studies of water diffusion in the normal developing
brain

Regional differences and developmental changes in appar-
ent diffusion coefficients (ADC) have been the subject of
several studies conducted and published during the last
decade™™ ", All of the published studies report abso-
lute values for ADC in a similar range and detect a trend
towards a reduction in ADC with increased GA, which
could be explained by progressive myelination. However,
the relationship between ADC and GA appears to be
region-dependent and non-linear. Thus, whether a specific
study reports on significant changes of ADC with GA ap-
pears to depend on the range of developmental ages and
regions included in the analysis. To illustrate, Righini e a/*”
reported a mean ADC value of 1.96 £ 0.1 microm’/ms
(SD) in frontal white matter, 1.95 + 0.1 microm’/ms in
occipital white matter, and 1.56 + 0.1 microm’/ms in basal
ganglia of fetuses aged 22-35 wk, with a significant nega-
tive correlation between ADC and gestational age for basal
ganglia, and only a trend for frontal white matter. A subse-
quent study by another group involving fetuses between 31
and 37 wk gestation”” reported mean ADC values of 1.8
microm’/ms in the centrum semiovale, 1.2 microm’/ms in
the splenium of the corpus callosum and 1.1 microm®/ms
in the pyramidal tract, with mean fractional anisotropy (FA)
values of 1.1%, 3.8% and 4.7%, respectively. The authors
report a significant age-related decrease in ADC and an
increase in FA in the pyramidal tract and corpus callosum.
Manganaro ez a/*" measured ADC in the grey matter,
reporting mean ADC values from 1.76 X 10° mm®/s (at
week 19) to 0.89 X 10” mm’/s (at week 37), whereas in the
white matter, the values varied from 2.03 X 10” mm?/s (at
week 19) to 1.25 X 10° mm’/s (at week 37). Cartry et al*”
reported a linear inverse correlation existed between ADC
values and gestational age only in the occipital lobes of 22
normal fetuses scanned between 30 and 34 wk gestation.
This theme of region-dependent developmental changes
in ADC is reiterated in the largest and most recent study
of this kind, where Boyer ¢z a/*” described a study of 50
normal fetuses between 19 and 37 wk gestation. The au-
thors report that ADC values remained constant in the
basal ganglia, frontal, patietal, temporal and occipital white
matter and in the centrum semiovale while significant de-
creases wetre observed in the cerebellum, pons and thala-
mus with advancing menstrual age.

Development of regional connectivity

Tractography presents a bigger challenge for in utero fetal
imaging relative to other techniques since acquisition times
are longer and therefore studies are more susceptible to
motion artifacts” . Consequently, only a few recent
studies provide quantitative data from in utero studies of
neuronal pathways. Kasprian e 2/~ examined a group of
fetuses ranging in age from 18 to 37 wk and reported that
only in 40% of examined fetuses, diffusion tensor imag-
ing measurements were robust enough to successfully
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calculate and visualize bilateral, craniocaudally oriented
(mainly sensorimotor), and callosal trajectories in utero.
However, the successful studies resulted in a wealth of
quantitative information on fiber lengths, ADC, FA,
and eigenvalues at different anatomically defined areas.
FA values and the axial eigenvalue [lambda(1)] showed
a characteristic distribution, with the highest values for
the splenium, followed by the genu, the right and the left
posterior limb of the internal capsule. Intriguing evidence
for early asymmetry was also obtained, showing that the
right-sided sensorimotor trajectories were significantly
longer than on the left side, reflecting higher right-sided
lambda(1) values.

A more recent publications from the same group™”
reports on successful visualization and delineation of
sensorimotor tracts and the corpus callosum as well as
smaller fiber bundles, separating the internal capsule
fibers into thalamocortical fibers, corticopontine and cor-
ticospinal tracts and segregating the thalamocortical fiber
system to anterior, superior and posterior radiations. As-
sociation fiber tracts connecting ipsilateral cortical areas
were also successfully visualized.

Development of brain chemistry using MR spectroscopy
Development of the normal fetal brain in utero using
MR spectroscopy (MRS) has been studied by a number
of groups. The size of the voxel necessary to acquire reli-
able information limits the possibility of regional mea-
surements, so these studies mostly reflect whole brain
maturation. With this caveat, levels of choline (Cho), cre-
atine (Cr), myo-inositol (Myo-ins) and N-acetyl aspartate
(NAA) have been measured in utero in fetuses in the age
range of 22 to 41 wkP* Kok ez al* found no change
in the absolute level of Cr using an echo time of 135 ms
with 35 fetuses between 30 and 41 wk. In a later study™”,
the group reported absolute tissue levels of these me-
tabolites resemble values measured in preterm and term
babies, especially of relatively more mature brain regions,
from which most of the MR spectra have been obtained.
Brain maturation between 30 and 41 wk of gestation was
most cleatly reflected by increasing levels of the neuro-
nal marker NAA. Subsequent studies by Girard ez al™
confirmed that by 34 wk the fetal brain spectrum is com-
parable to that of a term born neonate, with dominant
resonances of Cho, Cr and NAA at a long echo time and
Myo-ins, Cho, Cr and NAA dominant resonances at a
short echo time. The authors further report that creatine
and phosphocreatine, compounds involved in energy me-
tabolism, both contribute to the Cr peak. In a study of
58 fetuses with a gestational age range of 22-39 wk, the
authors reported that Cr levels increased in the fetal brain
with increasing gestational age. However, this was only
found at a short echo time (30 ms) and not at a longer
echo time (135 ms).

Imaging developing brain function: Functional MRI

The feasibility of studying fetal brain activity with func-
tional MRI was demonstrated by Hykin ez a/*” just be-
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fore the turn of the century, reporting on responses to
maternal speech. This was followed by additional studies
reporting the detection of responses to visual®™ and vari-
ous auditory” ™" stimuli, which were detected between
33 and 34 wk of gestation. Functional connectivity (FC)
at rest was subsequently investigated by Schopf ez al™
in fetuses from 20 to 36 gestational weeks of age. The
authors report a bilateral occipital network and medial
and lateral prefrontal activity pattern that involved the
future Brodmann areas 9-11 and a hemispheric lateral-
ized network that involved the supetior temporal cortical
regions (Brodmann areas 22 and 39). Frequency oscilla-
tions were in the range of 0.01-0.06 Hz for all networks.
Thomason ¢ al”™” studied 25 healthy human fetuses in the
second and third trimesters of pregnancy (24 to 38 wk
of gestation) and reported the presence of bilateral fetal
brain FC as well as regional and age-related variation in
the strength of FC between homologous cortical brain
regions, which increased with advancing gestational age.
The authors also observed medial to lateral gradients in
fetal functional brain connectivity. Serensen ez al”" exam-
ined the fetal blood oxygen level dependent response to
maternal hyperoxia, demonstrating an increased oxygen-
ation in a number of human fetal organs while oxygen-
ation of the fetal brain remained constant. These studies,
together with findings from other modalities like fetal
electroencephalography and magnetoencencephalogra-
phy[Sgl are truly revolutionary since unlike information on
maturation of brain morphology and microstructure/
chemistry which can be obtained postmortem, the devel-
opment of function can only be studied 7 vivo.

QUANTIATIVE MRI IN THE STUDY OF
FETAL BRAIN PATHOLOGY

Fetal ventriculomegaly/hydrocephalus
The first quantitative MRI studies in ventriculomegaly
(VM) employed magentic resonance spectroscopy[sg’ﬁo].
Kok ¢z al” performed 'HMRS of the brain in 10 fetuses
with ventricular dilatation and 36 normal fetuses be-
tween 28 and 37 wk and found that the inositol: Cr ratio
was significantly lower in fetuses with hydrocephalus.
Roelants-van Rijn ez al™ examined the brain of six fe-
tuses with ventricular dilation and were able to detect the
presence of Lactate (Lac) in two of the six fetuses, two
had no Lac and two spectra were un-interpretable due to
contaminating lipid peaks.

The first study applying quantitative MRI to the
comparison of ventricular and parenchymal volumes

in cases referred because of VM and normal controls
revealed that fetal VM is not associated with decreases
in parenchymal volume™. Using conventional T1- and
T2-weighted imaging, Erdem ez al®" also found that
hydrocephalic fetuses had a normal signal pattern in ce-
rebral parenchyma, but their ADC values, derived from
diffusion weighted imaging, were significantly lower than
those reported for fetuses with normal brain. The larg-
est volumetric study of VM published to date'™”, which
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included postnatal outcomes in more than 300 fetuses,
revealed that ventricular, but not parenchymal, volume
was a significant predictor of live birth. The association
was stronger in isolated VM relative to VM with other
anomalies present. Most recently, the absence of changes
in parenchymal volume was confirmed in a cohort of
mild isolated VM using motion-corrected 3D reconstruc-

. . . 63
tion and automatic segrnentatlon[ ].

Congenital cytomegalo virus infection

A recently published study™ examined the maturation of
hemispheric and temporal lobe volumes in 27 congenital
cytomegalo virus (CMV) infected fetuses relative to GA-
matched normal controls, all scanned during the third
trimester. Temporal lobe volumes, normalized to whole
brain and co-varied with gestational age; were signifi-
cantly smaller in fetuses infected with CMV compared
to uninfected fetuses. Furthermore, Infection during the
1" and 2" trimester had a more pronounced effect than
infection during the 3" trimester. While Infected fetuses
with no MRI findings had significantly lower temporal
lobe/whole brain ratios than controls, the lowest tempo-
ral lobe/forebrain ratios were observed in fetuses with
CMV as well as overt findings such as cysts or gray mat-
ter heterotopy. These findings suggest a regional vulner-
ability to maternal immune activation in the fetal brain,
although the relationship between the results and neuro-
logical outcome still needs to be established.

Congenital heart disease

Limperopoulos ¢z a/* compared brain volume and me-
tabolism in 55 fetuses with Congenital heart disease
(CHD) and 50 normal fetuses (gestational age range
25-37 wk) with the use of 3-dimensional volumetric MRI
and proton MRS. they found progressive and significant
declines in gestational age-adjusted total brain volume
and intracranial cavity volume in CHD fetuses relative to
controls, as well as a significantly slower increase in the
NAA:Cho ratio. Predictors of lower NAA:Cho included
diagnosis, absence of anterograde aortic arch flow, and
evidence of cerebral lactate. In a subsequent study™ of
18 fetuses with hypoplastic left heart syndrome (HLHS,
a severe form of congenital heart disease) and 30 control
fetuses in the same age range, the authors found a pro-
gressive fall-off in cortical gray and white matter volumes
as well as subcortical gray matter in fetuses with HLHS.
These fetuses also showed significant delays in cortical
gyrification, whereby local cortical folding delays were de-
tected as early as 25 wk in the frontal, parietal, calcarine,
temporal, and collateral regions and appeared to precede
volumetric brain growth disturbances.

Intrauterine growth restriction

Quantitative studies of fetal organ growth in intrauterine
growth restriction (IUGR) confirmed the expected rela-
tive sparing of the brain. Damodaram ez a/°" measured
peripheral organs and brain volumes in 20 growth re-
stricted and 19 normal fetuses scanned at gestational age
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21-37 wk and found a significant reduction in fetal whole
body volume and volume of all internal organs except the
brain. A brain:liver ratio above 3.0 was associated with a 3.3
fold increase in risk of perinatal mortality. Interestingly, an
MRS study™® detected a lactate peak in the brain of the
most severely affected IUGR fetus which was consistent
with low oxygen content and high lactic acid concentra-
tion in umbilical blood obtained at delivery.

Ischemic stroke

The likelthood of detecting acute hypoxic-ischemic brain
lesions by prenatal magnetic resonance imaging is small.
However, a published case study'® reports on a fetus
with a vein of Galen arteriovenous malformation in
whom prenatal diffusion-weighted magnetic resonance
imaging at 33 wk of gestation clearly detected cerebral
acute ischemic lesions, associated with remarkable de-
crease of the average apparent diffusion coefficient.

Environmental toxicity

Quantitative MRI is uniquely suitable for the study of the
effects of exposure of pregnant women to environmen-
tal toxins and drugs on fetal brain development. A recent
study by Anblagan ¢z a/™” reported on the effects of ma-
ternal smoking during pregnancy on fetal organ growth
in 13 smokers and 13 non-smokers examined at 22-27
wk and again at 33-38 wk of gestation. Exposed fetuses
showed lower brain volumes at both time points, and the
effect size was larger in the 2™ visit, closer to the end of
gestation.

CONCLUSION

The adaptation of quantitative MRI techniques to fetal
brain imaging in utero is truly revolutionary, embodying
the potential to transform this area of basic and clinical
research and practice from the subjective, qualitative and
arbitrarily dichotomous identification of “lesions” and
“abnormalities” to the much richer and promising domain
of objective, continuous measurements of salient param-
eters reflecting different morphological, microstructural
and biochemical aspects of brain maturation. It is fair to
say that if fetal MRI is in its infancy, quantitative fetal MRI
is in its embryonic developmental stage, undergoing an
explosive phase of methods development, fine-tuning and
validation. Consequently, the majority of the published
work reviewed here reflects information gathered from
relatively small cohorts of normal fetuses scanned dur-
ing the 3" trimester, and the relatively smaller number of
studies of pathological samples to date offer very limited
or no postnatal follow-up. Further improvements in meth-
odology and safety are needed before these studies can be
extended to earlier fetal ages, affording a comprehensive
view of fetal brain development in utero. The progressive
accumulation of normative data bases and extended post-
natal follow-up are essential prerequisite for the future use
of quantitative MRI in the diagnosis, prognosis and pre-
natal treatment’ " of congenital brain disorders.
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Abstract

Osteomyelitis is a significant cause of morbidity in chil-
dren throughout the world. Multiple imaging modalities
can be used to evaluate for suspected osteomyelitis,
however magnetic resonance imaging (MRI) has dis-
tinct advantages over other modalities given its ability
to detect early changes related to osteomyelitis, evalu-
ate the true extent of disease, depict extraosseous
spread of infection, and help guide surgical manage-
ment. MRI has assumed a greater role in the evaluation
of osteomyelitis with the increase in musculoskeletal
infections caused by methicillin-resistant Staphylococ-
cus aureus which have unique imaging features that
are well-demonstrated with MRI. This review focuses
primarily on the use of MRI in the evaluation of osteo-
myelitis in children and will include a discussion of the
clinically important and characteristic findings on MRI
of acute bacterial osteomyelitis and related conditions.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Magnetic resonance imaging; Osteomyeli-
tis; Pediatrics; Infectious diseases

Core tip: Osteomyelitis is a significant cause of morbid-
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ity and mortality in children. Plain radiography and ra-
dionuclide bone scintigraphy, which have been the tra-
ditional imaging modalities for detecting osteomyelitis,
both have significant limitations. Magnetic resonance
imaging (MRI) is increasingly relied upon for detecting
osteomyelitis in children, due to its superior soft tissue
contrast for detecting early disease and extraosseous
complication, as well as its lack of ionizing radiation
exposure to patients. This article focuses on basic and
advanced MRI techniques for evaluating osteomyelitis,
as well as MRI imaging features of disease and their
impact on clinical management.

Pugmire BS, Shailam R, Gee MS. Role of MRI in the diagno-
sis and treatment of osteomyelitis in pediatric patients. World J
Radiol 2014; 6(8): 530-537 Available from: URL: http://www.
wjgnet.com/1949-8470/full/v6/i8/530.htm DOI: http://dx.doi.
org/10.4329/wjr.v6.i8.530

INTRODUCTION

Musculoskeletal infection is a significant cause of mor-
bidity and mortality in children throughout the world.
This category of disease encompasses both osteomyelitis
and septic arthritis, however this review will be primarily
focused on the former. Osteomyelitis is typically cat-
egorized as either hematogenous or non-hematogenous.
Hematogenous osteomyelitis typically occurs when cir-
culating pathogenic organisms take up residence in the
metaphyses of long bones due to sluggish circulation in
these regions. Non-hematogenous osteomyelitis, on the
other hand, results from direct inoculation of organisms
into bone due to penetrating trauma, open fractures, etc.
Acute hematogenous osteomyelitis (AHO) is the most
common type of musculoskeletal infection in children
with an estimated incidence of 1 case per 5000 children
per year in the United States'. It is primarily a disease
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of young children with approximately half of all cases
occurring in children 5 years of age or youngerm. Some
recent studies have indicated that the incidence of AHO
Is increasing with a concurrent increase in the number
of cases due to methicillin-resistant Staphylococcus anrens
(8. anrens) (MRSA) infections™. The signs and symptoms
of AHO in children are nonspecific and as such, imag-
ing frequently plays a significant role in the diagnosis and
management of this condition.

EPIDEMIOLOGY

Infection by S. aureus is the most common cause of os-

teomyelitis. Community acquired S. aureus is implicated
in most cases with 30% of these cases caused by com-
munity acquited MRSA (CA-MRSA)™. Other organisms
that cause osteomyelitis include Streptococcus pneunoniae,
Streptococcus pyogenes, Psendomonas aeruginosa and Bartonella
benselae. Salmonella 1s an important cause of osteomyelitis
in patients with Sickle cell disease. Gram-negative bacte-
ria and group B streptococci are common causes in new-
borns and Kingella Kingae in the first two years of agem.

PATHOPHYSIOLOGY

Hematogenous osteomyelitis is the most common type

of osteomyelitis in children™. This occurs when an infec-
tion elsewhere in the body spreads to the bone iz the
bloodstream. Risk factors for development of hematog-
enous osteomyelitis include trauma, prematurity, urinary
tract infections, vascular catheters and immunodeficien-
cies. The blood vessels in the metaphyses have sluggish
flow and discontinuous endothelium, which predispose
to infection'”. The most common bones to be affected
are the fastest growing bones that have highly vascular-
ized long bone metaphyses and metaphyseal equivalents.
Common sites include the distal femur, proximal tibia,
proximal humerus and distal radius. Most cases start with
a focal infection in the metaphyseal marrow which pro-
gresses to local decalcification and bony destruction. Oc-
casionally, multiple foci may be infected which eventually
coalesce. This infection can spread within the marrow
cavity and as the pressure increases within the marrow
cavity, the infection can spread through Haversian canals
in the cortex into the subperiosteal space, giving rise to a
subperiosteal abscess. Similarly, the infection can traverse
the periosteum and infect the adjacent soft tissues leading
to pyomyositis. Infection may also spread across the phy-
sis into the epiphysis and joint space'”.

The first stage of osteomyelitis occurs with vascular
congestion, intravascular thrombosis and increased in-
traosseous pressure. Next is the suppurative stage where
pus traverses the Haversian canals and forms a subperios-
teal abscess. Subsequently a sequestrum may form when
the periosteal and endosteal blood supply is compro-
mised from increased pressure and vascular obstruction.
This may lead to formation of an involucrum: new bone
growing from the periosteum. Depending on medical or
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surgical treatment at this point the infection may resolve
or progress with complications.

The site of osteomyelitis varies with patient age and
is related to the blood supply. In early infancy osteomy-
elitis occurs in epiphyses and metaphyses and epiphyseal-
equivalent regions. Transphyseal vessels are present in
infants younger than 18-24 mo of age, which allow easier
spread of infection across the physis from the metaphysis
to the epiphysis™”. This is the reason that infantile osteo-
myelitis frequently involves the epiphysis and joint space.
It is important to note that this is not the most common
cause of septic arthritis, which more often results from
direct hematogenous synovial seedingm. During early
infancy, isolated involvement of the epiphyseal growth
plate can occur. Infection of the epiphyseal growth plate
during infancy can result in growth disturbance. In the
2-16 years age group, osteomyelitis is most often located
in the rnetaphysesm.

IMAGING APPROACH TO
OSTEOMYELITIS

Osteomyelitis in children demonstrates abnormalities
on nearly all imaging modalities, including radiography,
ultrasound, computed tomography, radionuclide bone
scintigraphy, and magnetic resonance imaging (MRI). The
conventional approach to the imaging evaluation of sus-
pected AHO in the past has been radiography followed
by bone scintigraphy if the radiographs were negative.
In this algorithm, MRI was typically been reserved for
cases of poor treatment response or suspected vertebral
diskitis-osteomyelitis. However, due to multiple factors,
including the rise of rapidly aggressive and invasive mus-
culoskeletal infections with CA-MRSA, this approach
may no longer be ideal” (Figure 1).

As a first line modality radiography is useful for ex-
cluding other differential diagnoses such as trauma or
tumor, however radiographs are insensitive for the detec-
tion of early osteomyelitis. Radiography may be normal
in cases of osteomyelitis up to 14 d after the onset of
infection and even then, only 20% of cases demonstrate
radiographic abnormalities after this two-week delaym.
Additionally, the early radiographic findings, including
soft tissue swelling, vague bony lucency, and periosteal re-
action, may be subtle and may not reflect the true extent
of disease.

Triple-phase bone scintigraphy using 99mTc-meth-
ylene diphosphonate (99mTc-MDP) can demonstrate
evidence of infection as soon as 24 h after onset and
also has the advantage of being able to depict multiple
sites of infection. Osteomyelitis typically manifests as
increased radiotracer uptake on all phases (angiographic,
blood pool, and delayed) of the triple-phase examina-
tion. However 99mTc-MDP scintigraphy is limited by
poor anatomic detail and is insensitive for the detection
of abscesses and extraosseous involvement. Further-
more, the sensitivity of 99mTc-MDP scintigraphy for
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Figure 1 Acute osteomyelitis secondary to methicillin-resistant Staphy-
lococcus aureus infection. A: Coronal T2-weighted image of the left humerus
shows bone marrow edema (solid arrow) as well as a periosteal fluid collection
(dashed arrow) consistent with periosteal abscess; B: Axial T1-weighted post-
contrast image shows both enhancement of the bone marrow (solid arrow) as
well as extensive periosteal and soft tissue abscess formation (dashed arrows)
which is characteristic of methicillin-resistant Staphylococcus aureus infection.

the diagnosis of osteomyelitis, which in the past has been
reported to be as high as 80%", may be decreasing with
the increasing incidence of MRSA infections that tend to
have significant soft-tissue involvement”. Positron emis-
sion tomography with 18-fluorodeoxyglucose appears to
be sensitive (95%) and specific (87%) for the diagnosis
of osteomyelitism, however it has limited availability and
involves a significant amount of radiation exposure.
Scintigraphic studies using white blood cells labeled with
indium-111 or 99mTc hexamethylpropyleneamine oxime
require relatively large volumes of blood and are not used
frequently in younger children.

In contrast to the modalities listed above, MRI is both
sensitive for the detection of early osteomyelitis (Figure
2) and can also accurately depict the extent of disease
as well as any associated abscess or soft-tissue extension
without the risks associated with radiation exposure. MRI
combines high-resolution anatomic delineation of the
medullary space, cortex, and periosteum with high soft
tissue contrast for detection of edema and fluid. Pre-
operative MRI has been shown to reduce operative time
and extent of surgical exposure in cases requiting surgical
debridement"”. MRI does have distinct disadvantages in
children including long scan times and susceptibility to
motion artifacts which necessitate sedation or anesthesia
in young children (approximately 6 mo to 8 years of age).
Additionally, MRI is contraindicated in some patients
with metallic foreign bodies and certain types of implant-
ed hardware. However, the overall superiority of MRI
in evaluating osteomyelitis is reflected in recent clinical
practice guidelines which indicate that MRI is the imaging
modality of choice for the detection of osteomyelitis and
associated infection of the extraosseous soft tissues' .
As such, the current best imaging approach for suspected
osteomyelitis is radiography followed by MRI.

MRI TECHNIQUE

Multiple variations of MRI protocols for the evaluation
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Figure 2 Early acute osteomyelitis. A: Coronal proton-density weighted im-
age of the right ankle of a 12-year-old male shows a subtle area of decreased
intramedullary signal along the lateral aspect of the calcaneus (long arrow); B:
Axial T2-weighted image with fat suppression demonstrates more conspicuous
bone marrow edema (arrowhead); C: Coronal post-contrast T1-weighted image
with fat suppression shows an area of enhancement corresponding to the bone
marrow edema. Bone biopsy revealed bacterial osteomyelitis.

of osteomyelitis exist, however the essential sequences
include both multiplanar T1 and T2-weighted fast-spin
echo ot turbo spin-echo (FSE/TSE) sequences and short-
tau inversion recovery (STIR) or T2-weighted FSE/TSE
sequences with fat-suppression (T2-FS). STIR and T2-
FS sequences are particularly helpful for increasing the
conspicuity of bone marrow edema and fluid collections.
There is some controversy regarding when to use gado-
linium in infants and children with suspected osteomy-
elitis. Intravenous gadolinium contrast does not appear
to improve the sensitivity or specificity for the diagnosis
of osteomyelitis overall. Recent studies suggest that if
the fluid-sensitive images (e.g., STIR, T2-FS) are normal,
gadolinium enhancement provides no additional diagnos-
tic value">"™. If the fluid-sensitive images are abnormal,
however, gadolinium enhancement is of value in increas-
ing confidence in the diagnosis of an abscess (if present)
and planning of the approach to abscess aspiration and
drainagemj. Despite these recent studies that suggests
that gadolinium contrast administration may not be need-
ed for all cases, there are some specific indications for
which contrast is always indicated. In cases of suspected
vertebral osteomyelitis, contrast is necessary to assist in
the differentiation of abscess in the epidural space or
paravertebral masses from inflammatory masses'” (Figure
3). Additionally, epiphyseal growth plate involvement by
osteomyelitis may sometimes only be seen on gadolinium
enhanced T1 sequences and not seen on non-contrast
T1 and fluid sensitive sequences or on radiography or
bone scintigraphy. Active epiphyseal infection manifests
as one or more areas of decreased or no enhancement
of the epiphyseal cartilage which otherwise should en-
hance uniformlym’w]. As mentioned above, infection of
the epiphyseal growth plate during infancy can result in
growth disturbance and therefore gadolinium use in this
age group is advised.

Because it is frequently difficult to precisely localize
sites of involvement by clinical exam, especially in in-
fants, an initial large field-of-view coronal STIR or T2-FS

August 28,2014 | Volume 6 | Issue 8 |



Figure 3 Chronic vertebral diskitis-osteomyelitis secondary to S. typhi. A:
Sagittal T1-weighted image shows abnormally decreased T1 marrow signal in
the L1 and L2 vertebral bodies (arrow) and loss of the L1-2 disk space (arrow-
head); B: Sagittal T2-weighted image with fat suppression shows abnormally
increased T2 signal in the L1 and L2 vertebral bodies (solid arrow) with loss
of normal T2 intervertebral disk signal (arrowhead). T2 hyperintensity anterior
to the spine (dashed arrow) likely represents adjacent soft tissue edema; C:
Sagittal T1-weighted image after intravenous contrast shows intramedullary
enhancement in the L1 and L2 vertebral bodies (solid arrow) with soft tissue
enhancement anterior to the spine (dashed arrow).

Figure 4 Acute osteomyelitis of the hip. A: Coronal fast spin echo inversion
recovery image shows T2-hyperintense marrow edema in the left femoral me-
taphysis (solid arrow) with a small round very intense focus of T2 signal (arrow-
head) which is consistent with an intraosseous abscess. Surrounding soft tissue
edema (dashed arrow) is also noted; B: Coronal T1-weighted post-contrast im-
age in the same patient shows enhancement in the metaphyseal bone marrow
(solid long arrow), peripheral enhancement of the abscess (arrowhead), and
surrounding soft tissue enhancement (dashed arrow). Note enhancement of the
left femoral head (solid short arrow) which indicates adequate perfusion.

sequence of the general region of concern can be used to
help localize the site(s) of disease followed by a tailored
evaluation of the involved areas. In cases of suspected
osteomyelitis affecting the lower extremities, imaging of
the contralateral extremity may also be considered: ab-
normalities in the contralateral extremity are common,
however they may not affect clinical managementm.
Whole-body MRI (WBMRI) may be indicated in cases
of suspected multifocal involvement such as in cases of
severe CA-MRSA infections, which frequently involve
multiple sites, or in cases of suspected chronic multifo-
cal recurrent osteomyelitis (CRMO). WBMRI is typically
performed using a series of coronal STIR acquisitions
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Figure 5 Osteomyelitis with subperiosteal abscess. A: Sagittal T2-weighted
image with fat suppression shows a large subperiosteal abscess (solid arrow)
with adjacent soft tissue edema (arrowhead); B: Axial T1-weighted image
shows heterogeneous T1 hypointense marrow signal (solid arrow). Note small
T1 hyperintense focus in the posterior subperiosteal fluid collection (arrowhead)
indicative of a fat globule; C: Axial T1-weighted post-contrast image demon-
strates peripheral enhancement of the subperiosteal abscess (solid arrow), sig-
nificant periosteal elevation (arrowhead) and adjacent soft tissue inflammation
(dashed arrow).

obtained in multiple anatomic stations using receiver
coils spanning the entire body, with the scan table moved
through the magnet between stations. The images from
each station are then digitally fused at points of overlap
to create a single whole body image stack.

MRI FEATURES OF ACUTE
OSTEOMYELITIS

Because MRI is able to detect early marrow involvement,
it is an important modality for detection of osteomyelitis
in early stages. Additionally, MRI is helpful for detection
of fluid collections and abscesses that may occur in the
marrow, subperiosteal region or in soft tissues. Anatomi-
cal information provided by MR can be helpful for drain-
age and surgical treatment. Tl fat saturation gadolinium-
enhanced images will show non-enhancement of fluid
and pus with peripheral enhancement.

The earliest finding of osteomyelitis on MRI is bone
marrow edema and T2 and STIR sequences are very im-
portant for detecting these eatly changes (Figures 2 and 4).
MRI is also sensitive for detection of periosteal elevation
and the presence of a subperiosteal fluid collection or
abscess (Figure 5). Distinguishing normal hematopoietic
marrow from abnormal marrow can be challenging in
certain situations because of the normal hematopoietic
marrow often seen in the metaphyses in children. Normal
hematopoietic marrow T1 signal should be hyperintense
relative to muscle. If there is marrow infiltration or ede-
ma, the T signal is generally isointense ot hypointense to
muscle (Figure 6). Normal hematopoietic marrow should
appear similar in adjacent or contralateral metaphyses.
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Figure 6 Early acute osteomyelitis. A: Coronal T1-weighted image of the right
knee of a 4-year-old male shows ill-defined areas of low T1 signal in the bone
marrow in the lateral femoral metaphysis (arrow) and lateral epiphysis (arrow-
head); B: Coronal T1-weighted post-contrast image in the same patient shows
associated enhancement in these areas (white arrow and arrowhead) as well as
some periosteal reaction, indicated by periosteal enhancement (black arrow).

Figure 7 Osteomyelitis secondary to open fracture. A: Coronal T1-weighted
image of the left distal tibia shows a displaced fracture of the distal tibial meta-
diaphysis (solid arrow) with associated bone marrow edema (dashed arrow);
B: Coronal T2-weighted image of the same patient shows a fluid collection
adjacent to the fracture (solid arrow) with T2 hyperintense marrow edema
(dashed arrow); C: Coronal T1-weighted post-contrast image shows peripheral
enhancement surrounding the above-mentioned fluid collection, consistent with
an abscess (solid arrows).

Imaging of the contralateral body part is often help-
ful for this and is more easily obtained during imaging
of the pelvis and lower extremities. Since detailed small
structure anatomical information is less important during
evaluation of osteomyelitis (OM), imaging with a body
coil should be considered if large field of view imaging
would be helpful.

Pelvic osteomyelitis often occurs in metaphyseal equiv-
alents such as the ischiopubic synchondrosis, pubic sym-
physis, triradiate cartilage, iliac apophyses and adjacent to
the sacroiliac joint. Involvement of adjacent soft tissues,
muscles and bowel is not uncommon and MRI is helpful
in imaging the extent and often the source of infection.

CHRONIC OSTEOMYELITIS

Chronic infections of bone may be indolent and have

minor signs, symptoms and serologic abnormalities.
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Figure 8 Transphyseal methicillin-resistant Staphylococcus aureus os-
teomyelitis with intraosseous abscess. A: Coronal T1-weighted image of the
right ankle shows an area of T1 hyperintensity in the distal tibial metaphysis
with central T1 hypointensity (solid long arrow) indicative of abscess formation.
T1 hypointensity is seen surrounding this area in metaphysis (solid short arrow)
and in the epiphysis (dashed arrow) indicative of transphyseal spread; B: Coro-
nal T2-weighted image with fat suppression shows an area of T2 hypointensity
with central T2 hyperintensity (solid long arrow) corresponding to the areas of
abnormal T1 signal in A. T2 hyperintensity in the distal metaphysis (solid short
arrow) and epiphysis (dashed arrow) are consistent with edema. T2 hyperinten-
sity in periosteum and adjacent soft tissues indicating inflammation (arrowhead);
C: Coronal T1-weighted image post contrast shows a lack of enhancement in
the central distal metaphysis consistent with necrosis and abscess formation
(solid long arrow). Enhancement is seen peripherally in the distal metaphysis
and epiphysis (solid short arrow and dashed arrow). Enhancement in perios-
teum and adjacent soft tissues indicating inflammation (arrowhead).

However, cases of chronic osteomyelitis may be severe,
incapacitating and difficult to treat. Chronic osteomyelitis
may occur after the following: acute osteomyelitis, trauma
(Figure 7), joint replacement, orthopedic hardware (ex.
used in fracture reduction), and mycobacterium tubercu-
losis or syphilis infections. Chronic osteomyelitis is de-
fined if symptoms persist after one month of appropri-
ate antibiotic treatment or if there is persistent infection
after one month of inadequate treatment.

Imaging chronic osteomyelitis is helpful to evaluate
the extent of infection within bone and surrounding
soft tissues, identification of an abscess, sequestrum and
sinus tract (Figure 8). Sequestra of cortical bone appear
as low signal on T1, T2 and STIR and do not enhance.
Imaging findings of chronic osteomyelitis include Brodie
abscess, thick petriosteum, sequestrum/necrotic bone
fragments, and cloaca/draining tract (Figure 9). Sequestra
of cancellous bone also do not enhance but are relatively
hyperintense to cortical sequestra on T1, T2 and STIR.
Granulation tissue, soft tissue inflammation and sinus
tracts are all T1 hypointense, T2 and STIR hyperintense
and enhance with gadolinium.

Brodie’s abscesses are usually metaphyseal and appear
as a fluid filled cavity with an enhancing lining, rim of
low signal sclerosis and petipheral edema (Figure 10). A
“penumbra sign” has been described with Brodie abscess
and results from the lining of granulation tissue around
the abscess that is T1 hyperintense relative to the abscess
cavity. A “double-line sign” has also been described on
T2 and STIR images representing hyperintense granula-
tion tissue surrounded by low signal sclerosis.
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Figure 9 Chronic patellar osteomyelitis with abscess and sequestrum.
A: Sagittal proton-density-weighted image of the right knee shows an abscess
cavity in the patella (solid arrow) with a central low-density focus consistent with
a sequestrum (dashed arrow). There is also disruption of the anterior cortex
with spread of infection into the prepatellar bursa (arrowhead); B: Sagittal T2-
weighted image with fat suppression again shows the intraosseous abscess
(solid long arrow) with central T2 hypointense sequestrum (dashed arrow) and
extension of infection into the prepatellar soft tissues (arrowhead). A knee joint
effusion is more apparent on this image (solid short arrow); C: Sagittal T1-
weighted post-contrast image shows enhancement of the synovium (solid short
arrow) indicative synovitis, likely from intra-articular extension of infection.

Figure 10 Osteomyelitis with intraosseous and soft tissue abscess sec-
ondary to methicillin-resistant Staphylococcus aureus infection. A: Axial
T2-weighted fat suppressed image shows intraosseous abscess cavity (solid
arrow) with rim of surrounding edema and large surrounding soft tissue fluid
collection (dashed arrow). Note T2 hypointense rim (arrowhead) forming the
“double-line” sign; B: Axial T1-weighted post-contrast image shows peripheral
enhancement associated with the intraosseous abscess (solid arrow) and soft
tissue abscesses (dashed arrows).

Sclerosing osteomyelitis of Garre is a type of chronic
bone infection manifesting primarily with bony sclerosis.
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Figure 11 Chronic recurrent multifocal osteomyelitis. A: Coronal short-tau
inversion recovery image from whole body magnetic resonance imaging (lower
extremity station) shows areas of bone marrow edema in the distal femur and
proximal tibia; B: Coronal T2-weighted fat suppressed image with smaller field
of view again demonstrates the bone marrow edema as well as two areas of
very hyperintense T2 signal in the femur and tibia which may represent intraos-
seous abscesses (solid arrows), though these are not typically found in chronic
multifocal recurrent osteomyelitis. Involvement of the epiphysis is apparent at
both sites (dashed arrows).

CHRONIC RECURRENT MULTIFOCAL
OSTEOMYELITIS

Chronic recurrent multifocal osteomyelitis is a non-bac-
terial, noninfectious inflammation of bone that has been
characterized as an auto-inflammatory disease. Cultures
do not show an infectious source and biopsy shows non-
specific inflammation. Antibiotics do not alter the course
of the disease and symptoms are better treated with anti-
inflammatory medications. Frequent sites of involvement
include the metaphyses of the long bones, clavicles, spine
and pelvis. Other sites include the mandible, scapula, tibs,
sternum, hands and feet. Radiographic findings typically
include lysis and sclerosis. Since this disease frequently
involves multiple sites, some of which are asymptomatic,
WBMRI is recommended both to help aid in the diagno-
sis with multifocal involvement and document the extent
of disease. During the active phase, there is bone marrow
edema and often periostitis and soft tissue inflammation.
MRI can show transphyseal disease, which can lead to
physeal bars affecting growth and angular deformities
(Figure 11). Joint effusions, synovitis cartilage and sub-
chondral bone erosions may also be seen. Larger fluid
collections, abscess, sinus tracts and sequestra are not
typical features of CRMO and are more often seen with
bacterial osteomyelitis'"”.

DIAGNOSTIC CHALLENGES

Differentiating osteomyelitis from Ewing sarcoma can
often be challenging. The fact that children often do not
present with the classic signs and symptoms of an infec-
tion makes the clinical differentiation between these two
diagnoses difficult. Plain film findings of both osteomy-
elitis and Ewing sarcoma are often similar with an aggres-
sive intramedullary process destroying normal cancellous
and cortical bone creating a moth eaten and permeative
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Figure 12 Ewing sarcoma. A: Coronal T1-weighted image of the left tibia
shows a long segment of intramedullary T1 hypointensity (solid arrow). Note
abrupt transition to normal marrow signal inferiorly (arrowhead); B: Coronal fast
multi-planar inversion recovery image of the same patient shows very intense
T2 signal in the marrow cavity (solid arrow) with extraosseous extension (dashed
arrow); C: T1-weighted post-contrast image shows very heterogeneous intra-
medullary enhancement associated with this lesion (solid arrow).

Figure 13 Langerhans cell histiocytosis. A: Coronal T1-weighted image of
the left femur shows a long segment of marrow T1 hypointensity (arrow) and
cortical erosion/expansion (arrowhead); B: Sagittal short-tau inversion recovery
image from the same patient shows very intense T2-signal in the marrow cavity
(arrow). T2 hyperintensity in the periosteum (arrowhead) is indicative of perios-
teal reaction; C: Axial T1-weighted image post contrast shows intense enhance-
ment of the periosteum (arrow).

appearance. MRI can be helpful in differentiating be-
tween these two aggressive diseases. Both may produce
periostitis, periosteal elevation, adjacent soft tissue mass
and effacement of fat planes. Soft tissue enhancement,
cystic and necrotic foci and cortical destruction are found
in both diseases and are less reliable at differentiation.
The presence of fat globules within the infiltrating mar-
row process or in a subperiosteal location is a feature of
osteomyelitis more often than neoplasia® (Figure 5). A
recent study by Henninger 7 al™ showed that all cases
of Ewing sarcoma had a sharp or defined margin of the
bone lesion between normal bone and edematous/af-
fected bone on T1 which was not present in cases of
osteomyelitis (Figure 12).

Langerhans cell histiocytosis often has a very similar
appearance to osteomyelitis with an aggressive lytic lesion
with ill-defined borders and surrounding inflammatory
changes (Figure 13). A process centered in the diaphysis
favors langerhans cell histiocytosis over OM. However,
differentiation from Langerhans cell histiocytosis, lym-
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phoma and leukemia can be challenging and biopsy 1s
necessary for definitive diagnosis. Fractures, bone infarcts
and healed osteomyelitis may pose a diagnostic challenge
in differentiating between active osteomyelitis due to
common features.

ADVANCED MRI TECHNIQUES

As noted above, the current protocols for MRI of sus-
pected osteomyelitis utilize standard T'1 and T2-weighted,
STIR, and sometimes contrast-enhanced sequences. More
advanced imaging techniques such as diffusion-weighted
imaging (DWI), dynamic contrast-enhanced (DCE) MRI,
and MR spectroscopy can be used as well, however their
role is currently not well defined. A potential application
for DWI would be characterization of fluid collections
associated with osteomyelitis as abscesses characteristi-
cally demonstrate restricted diffusion on DWI. Addition-
ally, DCE-MRI could potentially be used to identify areas
of soft tissue necrosis, femoral/humeral head avascular
necrosis, or possibly increase sensitivity for detection of
CA-MRSA infection in non-ossified growth cartilage.
Whole body MRI with digital merging of multiple ana-
tomic stations can be helpful for assessment of multiple
sites of disease as well as suspected cases of CRMO.
Further research is needed to define the utility of these
imaging techniques in this setting;
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The goal in brain tumor surgery is to remove the maxi-
mum achievable amount of the tumor, preventing dam-

age to “eloquent” brain regions as the amount of brain 4 can differentiate residual tumor from surgically
tumor resection is one of the prognostic factors for time induced changes and thus overcome this remaining un-
to tumor progression and median survival. To achieve certainty in high grade brain tumor resection.

this goal, a variety of technical advances have been in-
troduced, including an operating microscope in the late
1950s, computer-assisted devices for surgical navigation Ulmer S. Intraoperative perfusion magnetic resonance imaging:
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terpretation of these intraoperatively acquired magnetic
resonance images. To overcome this uncertainty, perfu-
sion techniques [dynamic contrast enhanced magnetic
resonance imaging (DCE-MRI), dynamic susceptibility

contrast magnetic resonance imaging (DSC-MRI)] have INTRODUCTION
been introduced that can differentiate residual tumor ~ The goal in brain tumor surgery is to remove the maxi-

from surgically induced changes at the rim of the resec- mum achievable amount of the tumor, preventing dam-
tion cavity and thus overcome this remaining uncer- age to “eloquent” brain regions, as the amount of brain
tainty of intraoperative MRI in high grade brain tumor tumor resection is one of the prognostic factors for time
resection. to tumor progression and median survival™?. Preop-
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Figure 1 Surgically induced intraoperative contrast leakage. Reprinted from Neurolmage with permission®. A: T1-weighted magnetic resonance (MR) image of the
initial resection control. Residual tumor was depicted (not shown), neuronavigation was updated and the residual tumor was removed; B: T1-weighted MR image in identical
orientation as in (A) of the second intraoperative resection control. At the border of the resection cavity there is contrast enhancement of previously non-enhancing tissue (ar-
rows), which is caused by the neurosurgical resection leading to a leakage phenomenon. Perfusion maps of rCBV (C) and rCBF (D) at the second resection control demon-
strate no elevated values in areas of contrast enhancement but complete resection of the tumor. rCBV: Regional cerebral blood volume; rCBF: Regional cerebral blood flow.

eratively acquired magnetic resonance (MR) images can
nicely delineate the tumor extent and adjacent anatomical
structures. The application of an operating microscope
in the late 1950s™" revolutionized neurosurgery. Further
advances included computer-assisted devices for surgical
navigation'”
inglGJ to incorporate and correct for brain shift during the
resection of the lesion. However, surgically induced con-
trast enhancement along the rim of the resection cavitym
hampers interpretation of these intraoperatively acquired
MR images (Figure 1). To overcome this uncertainty,
perfusion techniques have been introduced. Dynamic
susceptibility contrast magnetic resonance imaging (DSC-
MRI) is a T2*-weighted technique that enables calcula-
tion of regional cerebral blood flow (+CBF) and regional
cerebral blood volume (rCBV) maps. The measurement
takes only 1 min, 20 s and does not extend the overall
scanning procedure. It can be applied various times as it
is independent of T1-effects after saturation, has proven
to be as reliable as preoperatively performed DSC-
MRI® and can distinguish residual tumor form surgi-
cally induced artefacts. Dynamic contrast-enhanced T1-
weighted perfusion (DCE-MRI) has alternatively been
used intraoperatively"’. The beauty of this approach
that requires more time than DSC-MRI (also at 3T) is
that there is a by-product with the acquired T'1-weighted
images as the slope of contrast enhancement can eas-
ily be analyzed without the need for additional software.

and, more recently, intraoperative imag-
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A quickly climbing slope depicts residual tumor tissue.
However, the following still needs to be proven: can the
DCE-MRI be repeatedly applied, is analysis unaffected
by the commonly used absorbable hemostats (such as
surgical®, Ethicon 360), and can it reliably differentiate
other sources of contrast enhancement over time, such
as bleedings. Both techniques, however, can differentiate
residual tumor from surgically induced changes at the rim
of the resection cavity and thus overcome the remaining
uncertainty of intraoperative MRI in high grade brain tu-
mor resection.

The extent of tumor resection is one of the prog-
nostic factors for time to tumor progression and me-
dian survival for patients with both high and low grade
gliomas“’zj. Various attempts have been undertaken to
achieve the maximum resection of a lesion. Most of
them atre imaging-based. Beginning in 1980, intraopera-
tive ultrasound was the first imaging modality guiding
neurosurgical procedures”. Preoperatively acquired im-
ages were integrated in computer-assisted devices for
surgical navigation beginning in 1986, Prior to resection
of a lesion, an “image-to-patient” registration is neces-
sary to align the MRI coordinates with the patient’s head
position in the OR. However, due to brain shift during
the resection of the lesion, or leakage of CSE, these pre-
operatively acquired images were progressively imprecise
over time. The double-donut was the first intraoperative
MRI system at the Brigham and Women’s hospital in
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Boston in 1997, This enabled an update of the under-
lying anatomy at any time during the resection of a le-
sion, including an update of the navigation system. One
major drawback, besides the costs of such a system, is
that there is a surgically induced contrast enhancement
along the resection cavity margin in intraoperatively
acquired T1-weighted images after contrast administra-
tion that can hamper judgment concerning the differ-
entiation between residual solid tumor or just surgically
induced artefact, especially taken together with the well
known brain shift that may also preclude the comparison
with preoperatively acquired images. Another approach
that found wide acceptance was the use of intravenous
administration of 5-aminolevulinic acid"", leading to
tumor fluorescence intraoperatively that also resulted in
more complete tumor removal. However, lack of vis-
ible fluorescence in the adjacent tissue is not as highly
predictive of normal tissue as biopsy proven'?. Thus,
some centers (where available) use both complementary
methods. However, the contrast enhancement in these
intraoperative images remains a challenge with conven-
tional imaging only.

INTRAOPERATIVE SETUP

Instead of using the double-donut setup, which requires
that the surgeon is within the magnetic field thus requit-

“twin operating theatres” have
[13,14]

ing non-magnetic tools!”,
been proposed for both low and more recently high
field systems, with the need to transfer the patient be-
tween the imaging and surgical site. This has become the
setup of choice in most institutions™ "
move the magnet towards the surgical site''”. Lower field

1 although some

systems with permanent magnets are also in use!™, which
is a compromise but does not allow advanced imaging
(see below). To use the conventional neurosurgical setup,
including neuronavigation, microscope and conventional
ferromagnetic instruments, the patient has to be outside
the 0.5 mT or 5-Gauss line of the magnet during the sur-
gical procedures to avoid a pull of ferromagnetic objects
into the bore of the scanner, especially when the patient
is positioned for scanning. Also, these objects interfere
with imaging and can hamper image quality, causing ar-
tefacts. Dynamic sequences like DSC-MRI require a high
field scanner (1.5 T or more), which come in “closed-
bore” designs. Head fixation devices need to be MR-
compatible. Whenever the surgeon wants an update,
MRI can be performed after removing all ferromagnetic
objects and sterile coverage of the craniotomy.

ADVANCED INTRAOPERATIVE MRI

To define residual tumort, various approaches have been

performed using advanced imaging techniques. It has
been demonstrated that patts of brain tumors do not en-
hance as biopsy proven'” which can be depicted by MR
spectroscopy (MRS), a technique that is very susceptible
to artefacts and also time consuming, However, it helps to
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delineate typical changes associated with brain tumors and
to define the real extent of a lesion more precisely than
the use of conventional MR imaging only. Recently, this
had been used intraoperatively to identify residual tumor
with a sensitivity of 85.7% and specificity of 100%™,
However, air filled (resection) cavities might preclude
MRS, or small residual tumor areas might be missed, and
it is impossible to map the complete rim of a resection
cavity intraoperatively due to time restraints, thus the area
to be monitored has to be defined.

Perfusion imaging in clinical routine is most com-
monly performed as DSC-MRI-weighted perfusion,
which is T2*-weighted or as DCE-MRI. Both techniques
are most commonly used for stroke imaging but also in
neuro-oncology and intraoperatively.

DSC-MRI

DSC-MRI enables calculation of regional maps for rela-
tive blood volume and flow by administering conven-

tional MR contrast agents while T2*-weighted images (z.e.,
40 images/slice) are being acquired. In areas of blood-
brain barrier breakdown (such as brain tumors), distinct
zones with increased cerebral blood flow and volume
can be depicted, which correspond to neovascularization
and active metabolism within the tumot™ . Prior to the
DSC measurement, 2 cc of contrast agent are injected
for reduction of the T1 effect (saturation). For perfusion
imaging, the contrast agent is administered as a bolus,
followed by a saline flush with a flow rate of 5 cc/s dut-
ing a dynamic susceptibility-dependent T2*-weighted GE
EPI sequence (i.e., TR/TE = 17/8 ms; FOV 240 mm;
matrix 128 X 128; EPI factor = 17, number of slices 30
with slice thickness of 3.5 mm, duration: 1 min 20 s,
These data are then transferred to a workstation to create
maps of the rCBF and rCBV and to measure the mean
transit time of the contrast agent passing through the
brain®” based on the tissue dilution theorem. As absolute
quantification is not yet possible, ratios to the unaffected
hemisphere or adjacent tissue are created to judge the
perfusion data. As T2*-weighted images are susceptible
to artefacts caused by air fluid levels (such as resection
cavities) or air filled spaces (like sinus), its intraoperative
application required a multistage approach. Initially, a
phantom study was performed using a model with a rig-
orous air water level that showed only moderate artefacts.
In a second step, a model with continuous laminar flow
was used that showed susceptibility artefacts close to the
tubes (overestimation of perfusion adjacent to vessels'™.
In patients, residual tumor was depicted intraoperatively
by DSC-MRI", which is independent of brain shift and
surgically induced disruption of the blood brain barrier
and was proven by histology. In a third step, the reliabil-
ity of intraoperatively acquired data was demonstrated
in a series of patients with high grade gliomas who had
undergone pre- and intraoperative DSC-MRI with some
residual tumor in the early intraoperative resection con-
trol®™”. Ratios of identical areas within the tumor tissue
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did not differ significantly between pre- and intraopera-
tively acquired data. Furthermore, there was a high cor-
relation of the analyzed tCBV and rCBF ratios between
pre- and intraoperative MRI exams. Intraoperatively,
flexible two-channel surface coils were used, whereby one
part was placed below the patient’s head at the beginning
of the operation and the second part adjusted prior to
intraoperative scanning on the craniotomy defect, both
draped in a sterile fashion. DSC-MRI was performed in
1 min 20 s, which did not extend overall intraoperative
MR imaging. Intraoperative sedation (such as propo-
fol anesthesia) reduces the absolute values of CBF and
CBYV; however, the ratios between tumor and unaffected
contralateral tissue remain constant™”. DSC-MRI can be
repeated various times as previously used contrast agent
leads to a desired saturation of T1 effects but does not
influence T2*-weighted images.

DCE-MRI

Dynamic contrast-enhanced T1-weighted perfusion MR
imaging (DCE-MRI)""* is the other commonly used pet-
fusion technique. In DCE-MRI, k-trans is analyzed, which
is the transfer coefficient (endothelial permeability surface
product). DCE-MRI requires various sampling points
over time and usually takes much longer than DSC-MRI.
T1 is reduced by clinically used contrast agents, lead-
ing to a signal intensity increase in T1-weighted images.
Thus, DCE-MRI measures contrast agent concentra-
tion as a function of time. Very recently, DCE-MRI was
used intraoperatively at a 3 T MR scanner"’. The used
setup took 3 min and 45 s for the perfusion sequence.
In addition to a pharmacokinetic modelling, the authors
analyzed the slope of the signal intensity increase in these
T1-weighted images. Residual solid tumor could be dis-
tinguished from surgically induced contrast enhancement
at the rim of the resection border by a quickly climbing
slope in tumors, compared to a low-amplitude undulat-
ing curve in brain tissue as proven by histology. This
may have great potential as it is obviously much easier
to apply and analysis of the slope of contrast enhance-
ment does not require any additional software as such
programs come with the scanner software. However, it
still has to be proven whether or not DCE-MRI can be
repeatedly applied in the unlikely event of multiple resec-
tion controls, whether analysis is affected by commonly
used absorbable hemostats (such as surgical®, Ethicon
360), and also if it can reliably differentiate other sources
of contrast enhancement over time, such as bleedings.

CONCLUSION

The goal in brain tumor surgery is to remove the maxi-

mum achievable amount of the tumor, preventing dam-
age to “eloquent” brain regions, as the amount of brain
tumor resection is one of the prognostic factors for
time to tumor progression and median survival"?, Pre-
operatively acquired MR images can nicely delineate the
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tumor extent and adjacent anatomical structures. The ap-
plication of an operating microscope in the late 19505
revolutionized neurosurgery. Further advances included
computer-assisted devices for surgical navigation™ and,
more recently, intraoperative imaging[()J to incorporate and
correct for brain shift during the resection of the lesion.
Howevert, sutgically induced contrast enhancement along
the rim of the resection cavity[7J hampers interpretation
of these intraoperatively acquired MR images. To over-
come this uncertainty, perfusion techniques have been
introduced. DSC-MRI is a T2*-weighted technique that
enables calculation of rCBF and rCBV maps. The mea-
surement takes only 1 min 20 s and therefore does not
extend the overall scanning procedure. It can be applied
various times as it is independent of T1-effects after
saturation, has proven to be as reliable as preoperatively
performed DSC-MRI™, and can distinguish residual
tumor from surgically induced artefacts. DCE-MRI has
also been used intraoperatively as an alternative"’. The
beauty of this approach that requites more time than
DSC-MRI (also at 3 T) is that there is a by-product with
the acquired T'1-weighted images as the slope of contrast
enhancement can easily be analyzed without the need
for additional software. A quickly climbing slope depicts
residual tumor tissue. However, it still has to be proven
that DCE-MRI can be repeatedly applied, that analysis is
unaffected by commonly used absorbable hemostats (such
as surgical®, Ethicon 360), and that it can also reliably
differentiate other sources of contrast enhancement over
time, such as bleedings. Both techniques can differentiate
residual tumor from surgically induced chances at the rim
of the resection cavity and thus overcome the remaining
uncertainty of intraoperative MRI in high grade brain tu-
mor resection.
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Abstract

Over the past two decades, advances in cross-sectional
imaging such as computed tomography and magnetic
resonance imaging (MRI) have dramatically changed the
concept of gastrointestinal imaging. MR is playing an
increasing role in the evaluation of gastrointestinal dis-
orders. MRI combines the advantages of excellent soft-
tissue contrast, noninvasiveness, functional information
and lack of ionizing radiation. Furthermore, recent devel-
opments of MRI have led to improved spatial and tem-
poral resolution as well as decreased motion artifacts. In
this article we describe the technical aspects of gastroin-
testinal MRI and present a practical approach for a well-
known spectrum of gastrointestinal disease processes.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The implementation of fast and ultra-fast
sequences and dedicated advanced imaging protocols
render magnetic resonance imaging (MRI) an excel-
lent tool for gastrointestinal (GI) imaging. State of the
art MRI/magnetic resonance enterography has rapidly
emerged as successful gastrointestinal imaging modal-
ity, offering detailed anatomic and morphologic infor-
mation and also permitting evaluation of extra-luminal
manifestation and extension of disease. The lack of
ionizing radiation makes MRI the preferred modality in
many GI disease processes. In this article we describe
the technical aspects of gastrointestinal MRI and pres-
ent a practical approach for a well-known spectrum of
gastrointestinal disease processes.

Liu B, Ramalho M, AlObaidy M, Busireddy KK, Altun E, Ka-
lubowila J, Semelka RC. Gastrointestinal imaging-practical
magnetic resonance imaging approach. World J Radiol 2014;
6(8): 544-566 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i8/544.htm DOI: http://dx.doi.org/10.4329/
wjr.v6.i8.544

INTRODUCTION

Medical imaging of the gastrointestinal (GI) tract is cru-
cial for the diagnosis of GI diseases. Historically, barium
techniques have been the only available method. Al-
though many diagnoses have been made on the basis of
these exams, the diagnostic performance of these exams
for certain abnormalities has been disappointing'’.

Over the past two decades, advances in cross-section-
al imaging such as computed tomography (CT) and mag-
netic resonance imaging (MRI) have dramatically changed
the concept of GI imaging. Recently, developments in
endoscopic techniques, especially the advent of capsule
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Figure 1 Coronal T2-weighted single shot fast spin echo and coronal balanced steady state free precession images. Good bowel distension is achieved with
the administration of peroral fluid (A and B). Balanced steady state free precession sequence (B) is robust to flow voids; in addition to its ability to demonstrate fine
anatomical details including bowel thickness, mesenteric vessels and lymph nodes; even without the use of spasmolytic agents.

endoscopy (CE) have made it possible to provide direct
mucosal visualization of the GI tract. However, CE also
has such limitations in disease localization, and is contra-
indicated in patients with suspected of bowel stricture or
obstruction”,

MR and CT techniques optimized for small bowel
imaging are playing an increasing role in the evaluation
of gastrointestinal disorders. Several studies have shown
the advantage of these techniques over traditional barium
fluoroscopic examinations. Cross-sectional techniques
have several advantages, including their ability to display
the entire thickness of the gastric and bowel wall, visualize
the deep pelvis ileal loops without superimposition, and
evaluate the mesentery and petienteric fat. Another intrin-
sic advantage is the possibility to assess solid organs and
provide a global overview of the abdominopelvic cavity.

The preference of MR over CT is mainly based on
available resources and public policies. However, simi-
lar to fluoroscopic procedures, CT is associated with
patients’ radiation exposure. With the increasing aware-
ness of radiation exposure, there has been a more global
interest in implementing techniques that either reduce or
climinate radiation exposure™. This may be of particu-
lar importance in radiosensitive patient population with
chronic inflammatory bowel disease; who may require
multiple studies over a lifetime'. As a result, MRI has
become increasingly important as a method of evaluating
various gastrointestinal disease processes’.

MRI combines the advantages of excellent soft-tissue
contrast, noninvasiveness, functional information and
lack of ionizing radiation. Furthermore, recent develop-
ments of MRI have led to improved spatial and temporal
resolution as well as decreased motion artifacts”. In this
article we describe technical aspects of gastrointestinal
MRI and present a practical approach for a well-known
spectrum of gastrointestinal disease processes.

PRACTICAL ASPECTS OF
GASTROINTESTINAL MRI TECHNIQUE

Similar to other imaging techniques, adequate luminal
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distension is desirable since pootly distended loops can
simulate” or hide pathologic processes; especially in less
experienced hands. Two different techniques to provide
sufficient luminal distension of the small bowel have
been proposed: MR enteroclysis and MR enterography.
MR enteroclysis is associated with excellent image qual-
ity because of superb bowel distension achieved by fluid
administration after nasojejunal intubation. However,
the placement of the catheter is unpleasant and stressful
for the patient. The improved distention achieved with
enteroclysis does not necessarily translate into an im-
provement in diagnostic effectiveness™” and peroral fluid
administration results in effective and most often satis-
factory means of achieving small bowel distention. One
advantage of MR enteroclysis may reside in the detection
of mesenteric small bowel tumors """,

Three groups of contrast agents can be utilized to
achieve distension and are classified as positive (bright
lumen), negative (dark lumen), or biphasic contrast
agents. Biphasic contrast agents (water-based) are usu-
ally preferred because they are easy to implement and
provide excellent signal characteristics, resulting in bright
lumen on T2-weighted and dark lumen on T1-weighted
sequences. Tap water is frequently used as a biphasic
contrast agent, especially when imaging the upper gas-
trointestinal segment (stomach, duodenum and proximal
jejunum); however, it is rapidly reabsorbed in the small
intestine, leading to a poor distension of the distal jeju-
num and ileum. In order to slow intestinal absorption of
water, higher-osmolality and viscosity agents are routinely
added"*™. After a 4 to 6-h fast, patients are asked to
drink between 1000 mL and 1500 mL of intraluminal
contrast (Figure 1); 45 to 55 min prior to examination.
Metoclopramide (20 mg) may be added directly to the
oral contrast to promote gastric emptying. Adverse ef-
fects are rare, usually mild and transitory, and experienced
mainly after the termination of the MR examination”.,

Some patients cannot tolerate the ingestion of high
volumes of oral contrast; in our experience, we found
that luminal distension is not as critical as on CT and the
MR examination can still be performed even if only a
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small volume has been ingested.

Patients undergoing magnetic resonance enterography
(MRE) should be examined in prone position. This posi-
tion may facilitate separation of small bowel loops while
decreasing the volume of peritoneal cavity to be image
and, as a result, the number of coronal sections to be ac-
quired"”, Hence, acquisition times and consequently the
time span for breath holding can be decreased. However,
many patients may not tolerate lying prone in the MR
scanner, and therefore supine position is almost always
adequate.

Gastrointestinal MR evaluation is based on the ultra-
fast imaging generally applied for body MRI. Body MRI
is still based on T1-weighted and T2-weighted sequences
plus or minus fat-suppression and postgadolinium T1-
weighted sequences. A combination of single-shot fast/
turbo spin-echo T2-weighted and gradient recalled echo
(GRE) T1-weighted sequences with intravenous gadolini-
um enhancement and fat-suppression result in consistent
image quality of the gastrointestinal tract. Two- or three-
dimensional balanced steady-state free precession (bSSEFP)
sequences ate additionally collected as part of the MRE
protocol.

Single-Shot tutbo spin echo (TSE)/FSE T2-weighted
sequences are very robust to motion and usually acquired
with and without fat-saturation. These sequences have
high sensitivity for fluid and are crucial to depict edema
in or adjacent to the bowel wall. This is especially impot-
tant in Crohn’s disease (CD), which can be regarded as a
matker for active inflammation. Single-shot sequences are
susceptible to flow artifacts, and thus intraluminal flow
voids can be seen (Figure 1).

Because bSSFP sequences are relatively robust with
regard to motion artifacts and intraluminal flow voids,
these sequences are performed in the beginning of the
study prior to glucagon or intravenous contrast adminis-
tration. These sequences can be performed quickly and
are complementary to single-shot TSE/FSE sequences
and the preferred pulse sequence to evaluate the mesen-
tery. The ratio of T1/T2 contrast provides images that
appear primarily T2-weighted, with very high signal for
all types of fluid. This feature allows good evaluation of
the bowel wall, particularly in the definition of edema
and of bowel wall layering appearance. Cine-analysis can
also be performed with this technique allowing supple-
mentary functional information. We generally acquire
15-25 frames per section location during free breathing.
These images may then be displayed as a cine loop to as-
sess bowel motility to exclude or confirm fixed stenoses,
segmental dilatation, and detect adhesions.

T1-weighted GRE MRI represents the core of the
body MR protocol. Since these sequences are quite
prone to bowel motion artifacts, spasmolytic agents (e.g.,
Glucagon® or Buscopan®) should be administered intra-
venously immediately before image acquisition. Busco-
pan® is less expensive; howevet, it is not Food and Drug
Administration approved and therefore not available
in the United States. These sequences are performed
as either 2D or 3D techniques, and on newer MR sys-
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tems, the most commonly used is the 3D-GRE with
fat-suppression. Post-contrast coronal and axial images
are also acquired. Our protocol includes an arterial and
interstitial phase in the coronal plane and an enteric (early
hepatic-venous) phase (circa 50 s) in the axial plane.
Gadolinium-enhanced T1-weighted images are helpful
to detect both intestinal tumors and inflammatory bowel
diseases with high sensitivity!”.

Diffusion-weighted imaging (DWI) has been increas-
ingly used for body MRI. Initial studies underline a pos-
sible value of DWT also for small bowel imaging, aiding
in the assessment of disease activity™"”. A set of coronal
diffusion-weighted images (b = 0-50 s/ mrnz; b = 600-800
s/ mrnz) may be added to the protocol, depending on the
indication of the examination and preference of the radi-
ologist. This is especially important in pregnant patients
those with contraindications to gadolinium administra-
tion (Figure 2).

PRACTICAL APPROACH TO
INFLAMMATORY CONDITIONS-SMALL

BOWEL
cD

CD is a chronic relapsing inflammatory disease of the
gastrointestinal tract involving all layers of the bowel wall
and may be classified as active inflammatory (without fis-
tulas or strictures), penetrating, or fibrostenotic disease™”
Although any segment of the gastrointestinal tract may
be involved with CD, it most commonly involves the ter-
minal ileum, and frequently in association with disease in
the right colon.

Endoscopy and histologic examination have served as
the standard approach for the diagnosis of CD; however,
diagnosing lesions in the small bowel between the distal
duodenum and mid ileum has been a challenge. Further-
more, the major disadvantage of endoscopic methods
endoscopic tests and biopsies will evaluate the mucosa
but do not evaluate inflammation or fibrosis within the
submucosa or deeper tissues. Currently, CT enterography
and MRE are the only two imaging modalities that enable
the visualization of submucosal tissues throughout the
entire small bowel; however, as stated above, MRE does
not expose patients to ionizing radiation and it provides
additional technical and diagnostic advantagesm.

The following important questions can be addressed
on MRE: (1) extent of small and large bowel involve-
ment; (2) distinction between active inflammatory and
fibrotic stricturing disease; (3) recognition of penetrating
disease + extramural complications; (4) evaluation of re-
sponse to medical therapy; and (5) detection of recurrent
disease following surgery.

A relatively simple and accurate approach for evalu-
ation of CD activity is based on the association of T2-
weighted and post-gadolinium T1-weighted sequences.
This combination allows comprehensive evaluation and
discrimination between quiescent disease and active in-
flammation and for evaluation of complications includ-
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Figure 2 Active distal ileal Crohn’s disease. Axial diffusion weighted imaging (A) (b = 150) and (B) apparent diffusion coefficient map as well as (C) axial and (D)
coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a long segment of distal ilial diffuse thickening associated with diffusion restriction (A and
B) as well as significant contrast enhancement (C) and vasa recta engorgement (comb sign) (D) in keeping with active Crohn’s disease. GRE: Gradient recalled echo.

Figure 3 Enhancement of bowel wall layers in active Crohn’s disease. Coronal (A) and (B) axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images during
the (A) arterial and (B) enteric in a patient with active Crohn’s disease. There is extensive mucosal enhancement involving the affected terminal ileum (arrows, A), reflecting
active disease. Enteric phase images (B) shows serosal enhancement providing the tri-laminar appearance of active disease (arrows, B). GRE: Gradient recalled echo.

- 21,22
ing abscesses or fistulas®".

Findings perceived on post-gadolinium T1-weighted
images

Increased mucosal enhancement has long been one of
the most important findings and is the most sensitive
finding of disease activity, which may approach 100%
sensitivity™ ", Imaging findings of mucosal enhance-
ment; bowel wall edematous thickening (> 3 mm); and
enhancement of different bowel layers, termed “mural
stratification”, are classic features of active small bowel
disease™”” (Figure 3). Quantitative bowel enhancement
parameters were found to correlate highly with histologic

. . . [30]
and endoscopic disease severity””.
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Other findings include stranding extending into the
mesenteric border fat and engorgement of the hyperemic
vasa recta surrounding the inflamed bowel segment (comb
sign) and reactively enlarged and hyper-enhancing mesen-
teric lymph nodes.

Perceived on T2-weighted images
Bowel wall thickening with increased T2-signal within or
adjacent to the abnormal bowel on fat-suppressed images
indicates active inflammation®, Other sings include fluid
accumulation in adjacent intraperitoneal and mesentetic
spaces (Figure 4).

Fibrofatty proliferation or creeping of the mesenteric
fat along the mesentery and onto the involved bowel seg-
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Figure 4 Active Crohn’s disease. A and B: Coronal T2-weighted single shot fast spin echo without and with fat suppression and © coronal balanced steady state
free precession image as well as coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (D) arterial and E: interstitial phases. There is ab-
normal bowel wall thickening and edema involving distal ileal segments, associated with small fluid collection in the adjacent mesentery (A and B), engorgement of the
mesenteric vessels (comb sign) (C-E), and extensive mucosal enhancement (D and E), in addition to the presence of enhancing mesenteric lymph nodes, in keeping

with active Crohn’s disease.

Figure 5 Active Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession (bSSFP) images as well
as (C) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is an abnormal segment of distal ileal thickening with
diffuse submucosal increased T2 signal intensity (arrows, A) displaying high signal intensity, consistent with edema. The bSSFP image (B) doesn’t demonstrate sub-
mucosal edema, but clearly depicts mesenteric lymph nodes and comb sign, associated with extensive mucosal enhancement (arrows, C), reflecting disease activity.
Fibrofatty proliferation around the affected ileal segments is also seen. GRE: Gradient recalled echo.

ment (Figure 5) suggests a chronically inflamed bowel
loop, a sign mostly seen in chronic disease. However,
when it is associated with engorged perpendicular distal
mesenteric vessels (comb sign), it is considered surgically
pathognomonic for the disease and highly specific for ac-
tive CD". Comb sign is usually well depicted on bSSFP
sequences (Figure 5).

Practical interpretive approach to a thickened bowel
wall segment
Active inflammation: Bowel wall thickening and en-
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hancement on post-gadolinium T1-weighted images, plus

high signal intensity on T2-weighted fat-suppressed im-
21 s

ages” (Figures 4 and 5).

Chronic disease without active inflammation: Bowel
wall thickening and reduced and homogeneous enhance-
ment on post-gadolinium T1-weighted images without a
layering enhancement; plus low T2-signal intensity on fat-
suppressed images with possible stenosis with obstruc-
tion and occasionally sacculations or dilated amorphous
bowel loops. In the fibrostenotic disease subtype, MRE
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Figure 6 Chronic Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession (0SSFP), images as well
as coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) arterial and (D) interstitial phases. There is an intermediately low T2 signal inten-
sity bowel wall thickening involving the distal ileum (A), also well-appreciated on bSSFP image (B), showing negligible enhancement on post-gadolinium images (arrows,
C and D), consistent with chronic fibrotic segment without superimposed inflammation. A pre-stenotic dilatation is observed. GRE: Gradient recalled echo.

demonstrates a fixed narrowing of the involved bowel
with associated wall thickening and marked pre-stenotic
dilatation™. On MRE cine imaging, fibrotic strictures ap-
pear as aperistaltic bowel segment that often demonstrate
fixed mural thickening and luminal narrowing; these
sequences help to differentiate a fibrotic stricture from
small bowel obstruction secondary to spasm associated

with active inflammatory disease” (Figure 6).

Chronic disease with active inflammation: These fea-
tures can ovetlap with active inflammation and sometimes
only distinguished upon further short-term follow-up
post-trial medical treatment. Acute on chronic involve-
ment is suggested by marked enhancement of the mucosa
with substantial low T2 signal intensity and minimal en-
hancement of the outer layer; therefore, appreciation of
these findings may have a role in the evaluation of acute
exacerbations of CD. The presence of sub-mucosal intra-
mural fat deposition, which is also related to prior or on-
going chronic inflammation, can be accurately identified
when combining features from steady state free preces-
sion as well as T2-weighted images with and without fat-

suppression (Figure 7).

Complications of CD

Complications of CD are also well shown in MRE and
include: fistulas, phlegmons, abscesses and bowel ob-
struction. Fistulas and sinus tracts are demonstrated by
the high signal intensity of their fluid content on steady-
state free-precession and single-shot fast/tutbo spin echo
T2-weighted images, and enhancement of the linear tract
on the post gadolinium T1-weighted sequences. Entero-
enteric (Figure 8) and entero-colic fistulas are not un-
common. Fistulous communication with adjacent pelvic
organs can also be seen. They should be suspected when
crowded retracted and angulated small bowel loops are
appreciated; known as star sign. Deep fissuring ulcers are
occasionally appreciated, and better see on bSSFP images.
Extra-enteric collections and abscesses (Figures 9 and 10)
can be recognized by their fluid content and increased
wall enhancement on post-gadolinium images. The ir-
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regular morphology of an abscess cavity and appreciation
of its rounded configuration on multiple planes allows
distinction from tubular-shaped bowel.

Identifying active inflammation is rarely an interpre-
tive problem in MRE. However, active inflammation can
mask underlying fibrosis related to chronic disease of the
bowel wall. In the setting of active inflammation, short-
term MRE follow-up may be implemented to confirm
improvements of active inflammation and to then evalu-
ate the presence of unmasked chronic fibrotic disease™.
It is important to identify fibrotic strictures because these
are unresponsive to medical therapy and oftentimes re-
quire surgical intervention.

Assessment of inflammatory activity of CD is impoz-
tant to identify patients with active inflammation so that
appropriate medical therapy may be prescribed. Given the
advent of new medications some with serious side effects
such as tumor necrosis factors alpha inhibitors, objective
measures of activity are needed to justify their use and
judge their effectiveness. Currently, there is no gold stan-
dard for determination of CD activity. Various authors
have proposed MRE-based scoring systems for the assess-
ment of inflammatory activity that includes features such
as bowel wall thickening, lumen narrowing and the num-
ber of peri-intestinal lymph nodes™ ", However, these
evaluation algorithms are relatively demanding, which may
ultimately limit clinical utilization. Quantitative bowel en-
hancement parameters were found to correlate highly with
histologic and endoscopic disease severity™, Although
the perfusion analysis seems to be an accurate tool and
correlates well with clinical parameters, it is relatively time
consuming and requires special software and image post-
processing. A recent study by Taylor ez al™ outlines an-
other difficulty regarding perfusion analyses of the bowel
wall. The use of DWI may also help in assessing disease
severity and is thought to be a promising tool, especially if
the use of a contrast agent is contraindicated"”.

For clinical follow-up of patients with CD, MRE is
the preferred examination of choice due to lack of ioniz-
ing radiation and allowance of more frequent monitoring,
which is important given the costs and side effects asso-
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Figure 7 Acute on chronic Crohn’s disease. A: Coronal and (B) axial T2-weighted single shot fast spin echo (SSFSE) as well as (C) coronal fat-suppressed T2-
weighted SSFSE and (D) coronal fat-suppressed interstitial post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is distal small bowel
segment which demonstrates diffuse thickening and luminal narrowing (arrows, A), associated with submucosal high signal intensity on T2-weighted images (A and B)
and with low-signal intensity on the fat-suppressed T2-weighted images (C), related to submucosal fat deposition, in keeping with chronic Crohn’s disease. There is
also a superimposed increased mucosal enhancement in affected bowel segments (arrows, D) and comb sign post-gadolinium images (D), reflecting disease activity,
in keeping with acute on top of chronic disease. GRE: Gradient recalled echo.

Figure 8 Enteroenteric fistula in active Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession
images as well as (C) axial and (D) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) enteric and (D) interstitial phases. There is
short-segment terminal ileal wall thickening (A and B), which shows extensive mucosal enhancement (C and D). There is also a linear tract extending from the in-
volved segment to an adjacent ileal loop, showing increased enhancement, consistent with enteroenteric fistula (arrows, C and D). GRE: Gradient recalled echo.
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Figure 9 Abscess formation complicating active Crohn’s disease. A: Coronal; B: Sagittal; C: Axial T2-weighted TSE images; D: Axial; E: Sagittal fat-suppressed
post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. Here is evidence of thickened small bowel loop segment and interloop mesenteric high T2
signal fluid collection (A, arrows, B and C) is noted, associated with rim enhancement (arrows, D and E) in keeping with mesenteric abscess formation complicating
active Crohn’s disease. GRE: Gradient recalled echo.

Figure 10 Active distal ileal Crohn’s disease with complex fistulization and iliopsoas abscess formation. A and B: Coronal; C: Axial fat-suppressed post-gado-
linium 3D-GRE T1-weighted images. There is evidence of terminal ilial thickening and enhancement in keeping with active Crohn’s disease, associated with complex
ilecileal and ileosigmoidal fistula formation (star sign, arrow, A and B) as well as iliopsoas inflammation and abscess formation (arrowheads, A, B and C). GRE: Gradi-
ent recalled echo.

ciated with medical treatment (Figure 11). Furthermore, small intestinal mucosa with impaired function™. The
MRE is also adequate for detection of recurrent disease disease may present at any age and may show a wide
following surgery (Figure 12). range of clinical presentations of variable severity. The

diagnosis of celiac disease can be challenging due to a
wide range of clinical manifestations and the lack of

specificity. Although the diagnosis is confirmed by small-

CELIAC DISEASE

Celiac disease is a permanent gluten-sensitive enteropathy intestine biopsy, patients who are referred for MRE with
of the gastrointestinal tract that affects the small intestine nonspecific gastro-intestinal complaints might have celiac
in genetically susceptible individuals. It is a systemic dis- disease as the underlying pathology.

ease that may entail a variety of autoimmune disorders; MRE allow the visualization of the entite small bow-
the most important finding is an inflamed and flattened el, and can demonstrate findings useful to suggest the
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Figure 11 Imaging followup in a patient with Crohn’s disease. A and E: Coronal T2-weighted single shot fast spin echo; B and F: Coronal balanced steady state
free precession images; C and G: Coronal; D and H: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is evidence of active Crohn’s disease
involving a long segment of the terminal ileum (A, B, C and D) in form of diffuse wall thickening and submucosal mucosal enhancement (arrows, C and D). Four-
month re-evaluation shows interval decreased wall thickening and significant decreased mucosal/serosal enhancement, consistent with favourable response to medi-
cal therapy. GRE: Gradient recalled echo.

Figure 12 Recurrent Crohn’s disease post-surgery. A: Coronal; B: Axial T2-weighted single shot fast spin echo images; C: Coronal balanced steady state free
precession; D: Coronal fat suppressed post-gadolinium 3D-GRE T1-weighted images. The patient is post distal ileal resection with a low-lying ileocolic anastomosis.
The remaining distal ileum displays signs of active inflammation, namely bowel wall thickening and submucosal edema (A and B) associated with mucosal and serosal
increased enhancement post-gadolinium (D) in keeping with recurrent Crohn’s disease post-surgery. GRE: Gradient recalled echo.
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Figure 13 Type 2 Gluten-sensitive enteropathy (Celiac disease). A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free preces-
sion images show an abnormal ileal fold pattern with substantial decrease in the number of jejunal folds suggesting the diagnosis of celiac disease. Concomitantly,
jejunal and ileal segments with increased mural thickening and stratification are seen (arrows, B), consistent with superimposed active inflammation.

Figure 14 Gluten-sensitive enteropathy (celiac disease). A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession; C:
Coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is abnormal ileal fold pattern with increased number of folds
mimicking the appearance of the jejunum (ileal jejunization) in keeping with the diagnosis of celiac disease. GRE: Gradient recalled echo.

diagnosis of celiac disease in symptomatic adult patients.
Among these findings, fold-pattern abnormality is the
most distinctive""*?. Furthermore, because there atre dis-
eases that can resemble celiac disease histologically, MRE

1 such as

can help in excluding other disease entities
lymphoma. Due to greater contrast resolution, MRE may
be the preferred method of evaluation.

Fold-pattern abnormalities can best be assessed on
bSSFP and single-shot fast/tutbo spin-echo T2-weighted
pulse sequences. A decreased number of jejunal folds (less
than three folds per inch) or complete flattening of the
folds can be seen in celiac disease (Figure 13). Also, the
ileal folds can be increased (more than 5 folds per inch), a
sign called “ileal jejunization” (Figure 14). Jejunoileal fold
pattern reversal is present when both ileal jejunization
and a decreased number of jejunal folds are present in the
same patient. This fold-pattern reversal is very specific for
celiac disease"". However, less specific imaging findings
can be seen including strictures, lymphadenopathy, and
petienteric stranding. Also, intussusception, visible as the
“double halo sign” of bowel-within-bowel, and enlarged
lymph nodes (> 1 em)™*? are frequently encountered.

Small bowel lymphomas are associated with the
concomitant presence of celiac disease™ and should be
suspected in cases in which considerable enlargement of
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lymph nodes (> 2 cm) are identified.

MISCELLANEOUS

Infectious diseases of the small bowel are the most

prevalent disease processes in the small bowel after CD.
Yersinia enterocolitica and Campylobacter jejuni represent the
most common pathogens. Because of the increasing
number of immunocompromised patients, the spectrum
of pathogens has become wider during the past decades,
including Mycobacterium avium-intracellulare, Cryp-
tosporidium species, and cytomegalovirus. Infectious
diseases may mimic CD; because they often manifest as
terminal ileitis. Hence, clinical features always need to be
considered in order to establish the correct diagnosisw.
The small bowel is highly sensitive to radiation expo-
sure, with the ileum showing the lowest radiation tolet-
ance. Radiation enteritis typically affects the distal illeum
and is often associated with rectosigmoid involvement*”
(Figure 15). The rectum is affected more frequently than
the small bowel in pelvic radiotherapy, where proctitis is
estimated to occur in 19% of cases' . Typical imaging
findings include luminal narrowing with small bowel ob-
struction and pre-stenotic dilatation as well as symmetric
wall thickening and edema. Gadolinium-enhanced T1-
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Figure 15 Radiation proctocolitis. A: Coronal; B: Axial; C: Sagittal T2-weighted TSE. The rectum and distal sigmoid colon demonstrates increased wall thickness
with intermediate signal intensity on T2-weighted images (arrows, A, B and C). This patient underwent hysterectomy and radiation therapy. These findings are compat-

ible with radiation proctocolitis. TSE: Turbo spin echo.

weighted images reveal increased enhancement in the
affected bowel wall. Furthermore, submucosal edema
can be depicted in early-stage radiation enteritis on T2-
weighted images. Care is required to exclude malignancy,
especially lymphoma, suggested by mass-like thickening,

. . . . 45
infiltration of adjacent tissues, and nodal enlargement[ ],

PRACTICAL APPROACH TO
INFLAMMATORY CONDITIONS-LARGE
BOWEL

Inflammatory bowel disease

CD and Ulcerative Colitis (UC) are the two main forms
of chronic inflammatory bowel disease (IBD)" with
20%-25% of diagnoses being made during childhood™".
Ileocolonoscopy with biopsy is the primary tool to make
the diagnosis of colonic IBD. However, as mentioned
above, intramural changes and extra-luminal abnormali-
ties cannot be appreciated. Furthermore, concomitant
small bowel involvement must be excluded.

Given the present role of MRE in small bowel CD,
we believe that MRE * colonic enema (MR colonogra-
phy) might have a similar role in colonic IBD. Often, the
degree of distension of the large bowel achieved with
oral contrast agents is suboptimal; however, previous re-
ports have shown high sensitivity for differentiating type
and severity of colonic IBD with comparable diagnostic
accuracy to endoscopym]. Furthermore, a recent meta-
ztnalysisl51J suggested that MRI is a potentially effective
method even without the administration of colonic en-
ema. Recently, Rimola e# al’ demonstrated that MRE in
combination with a water-based enema is adequately able
to assess disease activity in patients with established CD
(Figure 16). Current evidence suggests adequate accuracy
in evaluating disease activity in established IBD patients.
Initial diagnosis and additional differentiation between
UC and CD has not been defined yet. MRI findings of
UC are similar to those of CD. UC is chronic inflamma-
tory bowel disease restricted to the mucosa and distinc-
tively limited to the colon (Figures 17 and 18) with a pre-
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dictable distribution, Ze., the disease begins in the rectum
and extends proximally in a continuous fashion to involve
part or the entire colon (pancolitis). In case of pancolitis,
a backwash ileitis may also be present.

Diverticulitis

MRI can effectively diagnose acute diverticulitis, with re-
ported sensitivity of 86% to 94% and specificity of 88%
to 92%". Tt is likely that continually improving MRI
techniques may result in higher sensitivity and specific-
ity in the future. Buckley ez al” described MRI findings
in patients with acute colonic diverticulitis, identifying
findings similar to CT: bowel wall thickening, pericolic
stranding, presence of diverticula (Figure 19), and pres-
ence of complications such as perforation and abscess
formation””. MRI is also comparable to CT in its ability
to identify alternative diagnosesM.

Appendicitis
Traditionally, acute appendicitis has been diagnosed on
the basis of clinical findings. Despite having high sensi-
tivity (up to 100%), clinical evaluation has relatively low
specificity (73%)"”. The exact role of imaging in the set-
ting of suspected appendicitis is still a matter of debate.
CT is the preferred imaging technique for the diagnosis
and assessment of appendicitis in the United States"”
and has been shown to reduce the negative-finding ap-
pendectomy rate from 24% to 3%"". There are several
individual CT findings that suggest a diagnosis of appen-
dicitis like appendiceal enlargement (> 6 mm in diameter)
that has a high positive predictive value™. Likewise, the
sensitivity of adjacent fat infiltration is high for the di-
agnosis of appendicitis™”. However, the visualization of
an appendicolith has been shown to have a low positive
predictive value for the diagnosis of appendicitis””. Com-
plications, such as petrforated appendicitis, extraluminal
gas or abscess can be diagnosed with high specificity®”.
If appendicitis can be ruled out, the most common alter-
native imaging-based diagnoses ate gynecologic diseases,
diverticulitis, colitis, or epiploic appendagitis®".

MRI has demonstrated promising accuracy for the
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Figure 16 Crohn’s colitis. A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession images; C: Coronal; D: Axial fat-
suppressed post-gadolinium 3D-GRE T1-weighted images. There is a segmental uniform thickening of the transverse colon associated with submucosal edema (A
and B), mucosal hyper-enhancement, and engorgement of the supplying mesenteric vessels (C and D) in keeping with active Crohn’s colitis. Also of note is the focal

hyper-enhancement of the terminal ileum (C). GRE: Gradient recalled echo.

Figure 17 Active colonic ulcerative colitis. A: Axial diffusion-weighted imaging (b = 650 s/mm?); B: ADC map images. There is diffuse thickening involving the colon
associated wish diffuse mucosal diffusion restriction (arrows A) in keeping with active ulcerative colitis. ADC: Analog-digital conversion.

assessment and diagnosis of appendicitis, albeit in a rela-
tively small series of patients, who often were pregnant
(Figure 20)'”. A recent study showed that the accuracy
of conditional or immediate MRI was similar to that of
conditional CT in patients suspected of having appendi-
citis'” However, due to the non-wide availability of MRI
systems, relative lack of required expertise and extensive
cost-effectiveness studies; the role of MRI is somewhat
limited. At this time, MRI is used in only select cases at
many institutions, primarily after ultrasound yields nondi-
agnostic findings in pregnant women.

As in CT, the inflamed appendix and surrounding tis-
sues show marked enhancement on gadolinium-enhanced
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T1-weighted fat-suppressed images. Recently, Leeuwen-
burgh e al*” suggested that the most significant MRI
features of acute appendicitis include appendix enlarge-
ment (diameter > 7 mm), peti-appendiceal fat stranding,
and restricted diffusion of appendiceal wall; the presence
of all these three features on MRI leads to a correct diag-
nosis of 96%, whereas their absence practically rules out
appendicitis.

GASTRIC AND SMALL BOWEL TUMORS

Gastric tumors
Adenocarcinoma: Gastric carcinoma is one of the most
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Figure 18 Chronic ulcerative colitis. A: Axial in-phase T1-weighted; B: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is diffuse rectal
submucosal increased T1 signal (arrow, A), which demonstrates low signal on fat-suppression (arrow, B), but no significant arterial enhancement (B), in keeping with

chronic ulcerative colitis. GRE: Gradient recalled echo.

Figure 19 Left colonic diverticulitis. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat-suppressed T2-weighted SSFSE; C: Axial and D: Cor-
onal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is wall thickening of the descending colon (A), with pericolonic
free fluid, better depicted on axial T2-weighted SSFSE image (B). Post-gadolinium images (C and D) show marked enhancement of the left colon, with pericolonic
enhancement including the pre-renal fascia. Coronal postgadolinium image (D) shows left colonic diverticula and associated bowel wall and vasa recti engorgement

(arrows), consistent with inflammation. GRE: Gradient recalled echo.

common causes of cancer-related death worldwide. Bor-
rmann proposed the original classification of advanced
gastric cancer in 1926 based on macroscopic evaluation
of the tumor. Advanced gastric cancer was classified by
Borrmann as fungating (type 1), excavated (type 2), ulcet-
ated infiltrating (type 3), and diffusely infiltrating (type 4)
based on shape and infiltration margin. The prognosis
of this disease depends on a variety of factors including
Borrmann classification®,

It is generally accepted that the goals of MRI is
to demonstrate the primary tumor, but also assess the
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depth of invasion and detect extra gastric disease!"".

On gadolinium-enhanced fat-suppressed T1-weighted
images, the tumor shows heterogeneous enhancement
compared to normal gastric wall. Infiltrative tumors (linitis
plastica) enhances modestly (Figure 21). In contradistinc-
tion, other morphologic types enhance more intensely;
however, these tend yet to be better demonstrated in the
arterial phase, as normal gastric mucosa tends to enhance
substantially. Previous studies have shown that MRI
has similar diagnostic accuracy in the in the diagnosis
and preoperative staging of gastric cancer compared to
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Figure 20 Acute appendicitis in a pregnant patient. A: Coronal; B: Sagittal; and C: Axial single shot fast spin echo (SSFSE) T2 as well as D: fat-suppressed SS-
FSE T2 images. There is a blind-ended tubular structure at the retrocecal region (arrows, A, B) associated with uniform, diffuse wall thickening and dilatation, reaching
up to 13 mm in diameter (C and D) as well as periappendiceal edema and small periappendiceal fluid (A-D) collection, in keeping with acute appendicitis. Edema and
fluid appear significantly more conspicuous on fat-suppressed images (arrows, D). Noted is a gravid uterus (A).

Figure 21 Gastric adenocarcinoma. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat suppressed T2-weighted SSFSE; C: Axial arterial; D:
Interstitial post-gadolinium 3D-GRE T1-weighted images. There is diffuse heterogeneous wall thickening of the stomach (A and B) with heterogeneous enhancement (C
and D) consistent with linitis plastica. GRE: Gradient recalled echo.

multidetector CT". Maccioni ¢z /" have shown similar accuracy for gastric cancer was superior for MRI (60% #s
detection rate of gastric lesions; however, the T staging 48%). This aspect has been previously described by Sohn
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Figure 22 Metastatic malignant gastric gastrointestinal stromal tumors. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat suppressed T2-
weighted SSFSE; C: Pre- and post-gadolinium 3D-GRE T1-weighted images during the (D) arterial and (E) interstitial phases. There is a hyperintense mass within the
wall of the gastric antrum, which abuts the edge of the left lobe of the liver; Central necrosis is seen (arrowheads, A and B). Multiple liver lesions show heterogeneously
increased T2 signal and hypervascular characteristics, fading to isointensity on late phase of enhancement, consistent with metastases. GRE: Gradient recalled echo.

et al™ showing a slightly improved accuracy with MRI
(73.3% v5 66.7%). The presence of involved lymph nodes
is acknowledged to be an independent factor of poor
prognosis. The overall accuracy for nodal staging with
MRI is similar to that attained with CT'*"",

Gastrointestinal stromal tumors: Gastrointestinal stro-
mal tumors (GISTs) are the most common mesenchymal
neoplasms, which can occur anywhere in the GI tract.
Approximately 60%-70% of GISTs occur in the stomach,
followed by the small intestine at 25%-35%""". GISTs can
either grow into the mucosa causing ulceration ot pro-
trude towards the serosal side””. These are solid tumors
that can undergo liquefactive necrosis and intratumoral
hemorrhage. On MRI, the tumor’s large size coupled
with intense enhancement and regions of necrosis are
typical features of GISTs. Moreover, MRI may be help-
ful in determining the organ of origin in large tumors, as
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well as detecting metastases of GISTs involving the liver
and peritoneum (Figure 22). Also, MRI can provide ad-
ditional information on the tumor response to medical

treatment .

Lymphoma: The stomach is the most commonly in-
volved site in GI tract, followed by the small bowel (ileo-
cecal region) and rectum”, Diffuse gastric wall thicken-
ing is almost always present in gastric lymphoma (Figure
23). Lymphoma also has other characteristics including
homogeneous T2 signal intensity, substantial lymph
nodes enlargement, and splenomegaly””.

Small bowel tumors

The incidence of primary tumors is low, accounting for
approximately 1% to 3% of all gastrointestinal tumors.
Although small bowel tumors are rare, they are com-
monly considered in the differential diagnosis of small
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Figure 23 Non-Hodgkin lymphoma of the stomach. A: Coronal T2-weighted single shot fast spin echo (SSFSE) and (B) axial fat-suppressed T2-weighted SSFSE
images. There is marked, diffuse, asymmetric gastric wall thickening with smooth outlines, predominantly involving the gastric body and antrum, associated with mildly
increased heterogeneous T2 signal intensity (arrowheads, A and B), large conglomerate nodal mass at the gastrohepatic ligament (long arrow, A), and multiple enlarged
retroperitoneal lymph nodes (short arrows A and B). Constellation of findings is diagnostic of non-Hodgkin gastric lymphoma with diffuse abdominal lymphadenopathy.

bowel disease because of their nonspecific presenting
symptoms such as pain, obstruction, bleeding, and weight
loss.

Secondary intestinal tumors, which originate from
other parts of the body and metastasize to the small in-
testine, are clinically common and may cause symptoms
similar to primary intestinal neoplasmsm. MRE has been
shown to be a useful technique for the study of sus-
pected bowel masses'”. Factors that affect the diagnostic
performance of a specific modality include the size and
characteristics of the tumor, extra-enteric extension, and
eventual small bowel obstruction. The degree of dis-
tention and motion artifacts also influences the quality
of the study. Although there is paucity of data regard-
ing the sensitivity of MRE for the detection of small-
bowel masses, one study showed no significant difference
between MRI and wireless capsule endoscopy for the
detection of large, clinically significant polyps in patients
with polyposis syndromes with additional advantage of
improved localization with MRE!",

On MRE, hyper-enhancing masses are usually well
depicted when biphasic enteric contrast material is ad-
ministered. Although any tumor may appear as focal
intraluminal mass, location along the GI tract (duodenal,
jejunal, or ileal), as well as focal areas of bowel wall thick-
ening or areas of increased mural enhancement, suggest
the presence of a tumoral mass. For example, a peduncu-
lated or predominantly exophytic mass suggests a gastro-
intestinal stromal tumor'™ (Figure 24), while an exophytic
mass combined with adjacent lymphadenopathy with or
without significant dilatation of the small bowel suggests
small bowel lyrnphornam (Figure 25). Carcinoid tumors
arise from neuroendocrine precursors or small bowel
wall and may manifest as hypervascular masses, often in
the ileum or as enhancing carpet lesions, mimicking the
wall thickening of CD. Mesenteric carcinoid metastases
demonstrate a desmoplastic reaction that may contain
eccentric calcifications (not depicted on MRE) or may be
clustered near the mesenteric root!” (Figure 206). Carci-
noid metastases to the liver can appear hypervascular and
usually show washout on the delayed imaging mimicking
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hepatocellular carcinomas (Figure 26). Adenocarcinomas
assume a variety of shapes but are generally located in
the proximal small bowel (Figure 27) and typically result
in proximal dilatation greater than that observed with
other neoplasms.

COLORECTAL TUMORS

Colorectal adenocarcinoma

Ninety-six percent of colorectal cancers are adenocar-
cinomas™. A combination of thin-section 3D-GRE
fat-suppressed gadolinium-enhanced T1-weighted and
high-resolution T2-weighted fast-spin echo (FSE) pro-
vides excellent information about tumor size, bowel wall
involvement, peri-tumoral extension, and lymph node de-
tection; especially for tumors located proximally to rectal
ampulla”*",

MRI has established itself as the primary method for
local staging as well as preoperative planning and post-
neoadjuvant assessment of the rectal cancers. Rectal
cancer MRI evaluation requires a dedicated protocol. The
only sequence that is required is a high-resolution T2-
weighted fast spin echo. Sagittal plane images are initially
acquired, followed by axial and coronal images perpen-
dicular to the rectal wall at the level of the tumor, termed
short- and long-axis images, respectively. With high-reso-
lution T2-weighted imaging as a gold standard sequence,
it proved to be superior in T' staging, especially when the
patient’s comfort and acceptance are taken into consider-
ation™*, The ability of MR to delineate the mesorectal
fascia and related structures makes it effective to accu-
rately predict curative resection of the rectal cancer™™,

Practical aspects of rectal cancer MR staging include
tumor size evaluation, longitudinal and axial localization,
tumor extent through the rectal wall layers, extramural
invasion of the mesorectal fat and/or mesorectal fas-
cia as well as deep pelvic organs invasion or anal canal
extension in case of low lying rectal tumors. Short-axis
T2 high-resolution imaging is critical for more accurate
tumor (T) staging and yields higher accuracy for deeper
tumoral extension (13-4) (Figure 28); however, transrec-
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Figure 24 Jejunal gastrointestinal stromal tumor. A: Coronal and (B) axial T2-weighted single shot fast spin echo, and (C) coronal balanced steady state free pre-
cession images as well as (D) coronal and (E) axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a well-defined intramural, exophytic mass
lesion arising from the proximal jejunum, in a patient with malrotation, which demonstrates intermediately increased T2 signal (arrow, A, B), early moderate hypervas-
cularity (D) and progressive enhancement (E) post-gadolinium associated with a tiny central area of necrosis in keeping with jejunal gastrointestinal stromal tumor.
Lack of proximal bowel obstruction is consistent with its eccentric origin. GRE: Gradient recalled echo.

Figure 25 Jejunal lymphoma. A: Coronal and (B) axial T2-weighted single shot fast spin echo, (C) coronal balanced steady state free precession, and (D) coronal
fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a short segment of proximal jejunal circumferential, irregular, asymmetric wall thickening
resulting in luminal narrowing (arrowheads, A) and demonstrates and intermediate T2 signal (A and B) and mild enhancement post-gadolinium (D) in keeping with a
pathologically proven jejunal lymphoma. GRE: Gradient recalled echo.
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Figure 26 Mesenteric carcinoid. A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession; C and D: Coronal arterial;
E: Axial enteric; F: Coronal interstitial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a large mesenteric mass encasing the superior mes-
enteric artery and its branches (arrow, B) associated with desmoplastic reaction and small bowel retraction noted on pre-contrast images (A, B), which demonstrates
hypervascular (C) and typical sunburst margins (D). Liver metastases are seen with the typical wash-in (D) and washout (F) appearance mimicking the appearance of
hepatocellular carcinoma. GRE: Gradient recalled echo.

Figure 27 Jejunal adenocarcinoma. A: Axial T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession images as well as axial
fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) hepatic arterial dominant and (D) hepatic venous phases. There is significant circumfer-
ential, irregular, asymmetric wall thickening of the proximal jejunum with exophytic extension (arrows, A and B) and hypovascular enhancement pattern (C and D) in
keeping with a pathologically proven jejunal adenocarcinoma. GRE: Gradient recalled echo.
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Figure 28 Stage T3 rectal cancer. A and B: Axial high-resolution T2-weighted images as well as axial (C) diffusion-weighted imaging (b = 650 s/mm?) and (D) ADC
map images. There is a large polypoidal mass lesion arising from the right anterolateral lower rectal wall (A and B) with two foci of tumoral extension beyond the low-
signal serosal layer (arrows, B) that show diffusion restriction (C and D) in keeping with stage T3 rectal tumor. ADC: Analog-digital conversion.

tal ultrasound has higher reported accuracy in superficial
tumors (T1-T2)"™, A limitation of MR is its inability to
easily differentiate T2 from eatly T3 tumors and certainly
cannot differentiate between T1 and T2 cancers™. With
the advent of endorectal coils, the T staging accuracy has
been reported to be between 70%-90%"****" however,
patient’s compliance, limited availability and cost contrib-
ute to its less wide application™. MRI has 92% accuracy
in predicting circumferential resection margin when a
cutoff point of 1 mm is used™. Nodal involvement can
be evaluated using MRI, which rely on short-axis nodal
measurement, signal heterogeneity of the cortex, mar-
ginal irregularity, or surrounding fat infiltration. The use
of superparamagnetic iron oxide particles appears to be
promising[sgl. Studies also showed that diffusion weighted
imaging and perfusion imaging are useful in following-
up tumor treatment response including assessing the re-
sponse to neoadjuvant therapy and determining residual
disease or local tumor recurrence” . The main difficulty
in assessing the response to chemoradiation is the distinc-
tion between fibrosis with and without residual tumor”".
Studies evaluating the ability of MRI after chemoradia-
tion to predict tumor clearance from the mesorectal
fascia have shown a high negative predictive value of
100%, at the expense of many false-positives leading to
a low positive predictive value (PPV) of 50%-60%".
Two studies reported a PPV of 83% and 91% and the
PPV increased to 94% when > 70% volume downsiz-
ing was combined with MR morphological changes[%’gﬂ.
The detection of very small volumes of disease remains
a problem with techniques that only give information on
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morphological data. Although 18-Fludeoxyglucose posi-
tron emission tomography provides additional functional
information, it cannot solve the problem of detection of
residual tumor in fibrosis, as shown by a study on the as-

. 8
sessment of clearance from the mesorectal fascia””.

Benign lesions of the small and large bowel

Some lesions have typical features on MR imaging, which
is crucial for a correct diagnosis. For instance, hemangio-
mas are typically strongly hyperintense on T2-weighted
MR images; lipomas or tumors with a marked fat content
will show high T1 signal intensity that suppresses on fat-
suppressed T1-weighted images (Figure 29). However,
many other benign neoplasms such as leilomyomas, fi-
bromas and neurogenic tumors may be indistinguishable
from other hypervascular lesions on MRE/MRI.

CONCLUSION

The implementation of fast and ultra-fast sequences and
dedicated advanced imaging protocols render MRI an
excellent tool for GI imaging; State of the art MRI/MRE
has rapidly emerged as successful gastrointestinal imaging
modality; offering detailed anatomic and morphologic
information and also permitting evaluation of extra-

luminal manifestation and extension of disease. These
features have now been shown to alter physician level of
confidence and management procedures including medi-
cal or surgical approaches.

The lack of ionizing radiation makes MRI the pre-
ferred modality in many GI disease processes, especially
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Figure 29 Duodenal lipoma. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial GRE in-phase; C: Opposed-phase T1-weighted; D: Axial fat-
suppressed 3D-GRE T1-weighted images. Small, well-defined, intra-luminal, duodenal mass lesion; which demonstrates intermediately high signal on SSFSE (arrow, A),
high signal intensity on the in-phase T1 weighted image (B), no drop of signal on the opposed-phase images (C), and homogenously low signal intensity on the fat-

suppressed image (D) in keeping with duodenal lipoma. GRE: Gradient recalled echo.

in young patients in the setting of CD, considering that
the majority will undergo frequent imaging evaluation.
Pregnant patients and those with iodinated contrast agents
allergy or decreased renal function may also benefit from
MRI. The main drawbacks may be related to relative non-
wide availability at present time, economic constrains, and
need for highly subspecialized radiologists.

Whenever cross-sectional imaging is requested, es-
pecially MRI or CT, the current trend is to weigh the
strengths and weaknesses of both techniques considering
a risk-benefit analysis. The choice of a diagnostic tech-
nique should be determined taking in account patient’s
age, clinical status and estimated follow-up exams.
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Abstract

Imaging of the temporomandibular joint (TMJ) is con-
tinuously evolving with advancement of imaging tech-
nologies. Many different imaging modalities are cur-
rently used to evaluate the TMJ]. Magnetic resonance
imaging is commonly used for evaluation of the TMJ]
due to its superior contrast resolution and its ability
to acquire dynamic imaging for demonstration of the
functionality of the joint. Computed tomography and
ultrasound imaging have specific indication in imaging
of the TMJ. This article focuses on state of the art im-
aging of the temporomandibular joint. Relevant normal
anatomy and biomechanics of movement of the TMJ]
are discussed for better understanding of many TMJ]
pathologies. Imaging of internal derangements is dis-
cussed in detail. Different arthropathies and common
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tumors are also discussed in this article.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Temporomandibular joint; Magnetic reso-
nance imaging; Imaging; Computed tomography; Anat-
omy; Pathologies

Core tip: “Imaging of the temporomandibular joint: An
update” is a thorough review of the imaging techniques
and imaging appearances of normal anatomy, anatomic
variation and pathologies of the temporomandibular
joint (TMJ). Numerous images are appropriately used
for illustration of the key concepts of TMJ imaging. Nice
blend of exquisite details and beautiful illustrative im-
ages is the main feature of this article. The purpose of
this article is easy understanding of many difficult as-
pects of imaging of the TMJ.

Bag AK, Gaddikeri S, Singhal A, Hardin S, Tran BD, Medina
JA, Curé JK. Imaging of the temporomandibular joint: An up-
date. World J Radiol 2014; 6(8): 567-582 Available from: URL:
http://www.wjgnet.com/1949-8470/full/v6/i8/567.htm DOI: http://
dx.doi.org/10.4329/wjr.v6.i8.567

INTRODUCTION

Pain related to the temporomandibular joint (TMJ) is
common in the general population. Only about 3%-7%
of the patients with pain related to TM] seek medical
attention'"?, Although TM]J disorders or dysfunctions
are the most common clinical conditions for imaging
referrals, pathologies specific to the bone and the joints
are also common. Different imaging modalities are avail-
able to image the TM]J, each with inherent strengths and
weaknesses. Magnetic resonance imaging (MRI) is the
most widely used and is diagnostic technique of choice.
In this article, we review the imaging techniques, anatomy
pathology involving the TM] with special emphasis on
MRI findings.

August 28,2014 | Volume 6 | Issue 8 |



Bag AK et a/. Imaging of the temporomandibular joint

Anterior

Figure 1 Anatomy of the cranial component of temporomandibular joint.
A: Photograph of skull specimen; B: 3-D volume rendered image obtained from
a temporal bone Redline demonstrates the capsular attachment. AE: Articular
eminence; GF: Glenoid fossa; LB: Lateral border; PEP: Preglenoid plane; PGP:
Postglenoid plane; T: Tubercle.

Embryology and development of TMJ

The TM]J is one of the last diarthrodial joints to appear in
utero and does not emerge in the craniofacial region until
the 8" week of gestation. The maxilla, mandible, muscles
of mastication, and biconcave disc develop embryologi-
cally from the first branchial arch through the 14" week
of gestation. The TM] is considerably underdeveloped at
birth in comparison to other diarthrodial joints making
it susceptible to perinatal and postnatal insults. The joint
continues developing in the eatly childhood years as the
jaw is utilized for sucking motions and eventually chewing,

ANATOMY OF TMJ

The TM] is a ginglymoarthrodial synovial joint (latin:gin-
glymus = hinge joint) that allows both backward and for-
ward translation as well as a gliding motion”. Similar to
the other synovial joints in the body, the TM] has a disk,
articular surfaces, fibrous capsule, synovial fluid, synovial
membrane, and ligaments. What makes this joint unique
is the articular surfaces are covered by fibrocartilage in-
stead of hyaline cartilage. The articular surfaces of the
TM] are formed inferiorly by the mandibular condyle and
superiotly by the glenoid fossa (also known as mandibu-
lar fossa) and articular eminence of the temporal bone.

Articular surfaces
The mandibular component consists of the ovoid con-

Baishidenge ~ WIR | www.wjgnet.com

dylar process that is 15-20 mm wide in the transverse
dimension and 8-10 mm wide in the antero-posterior
dimension”. The appearance of the mandibular condyle
is extremely variable between patients and in different age
groups.

The cranial component of the TM]J lies below the
squamous portion of the temporal bone anterior to tym-
panic plate. The articular fossa is formed entirely by the
squamous portion of the temporal bone. The posterior
part of the articular fossa is elevated to form the pos-
terior articular ridge. In most individuals the posterior
articular ridge becomes thicker on the lateral aspect and
forms a cone shaped projection known as postglenoid
process (PGP). The tympanosquamosal fissure lies at the
posterior and lateral part of the glenoid fossa, between
the squamous and tympanic portion of the petrous bone
and separates the articular surface form the nonarticular
surface of the glenoid fossa. Along the medial aspect of
the glenoid fossa is the petrotympanic fissure anteriotly
and the petrosquamous fissure posteriorly. The articu-
lar eminence (AE) forms the anterior boundary of the
glenoid fossa. The AE is a transverse bony bar anterior
to the glenoid fossa and medial to the posterior margin
of the zygomatic process. The anterior slope of the AE
is known as the preglenoid plane (PEP) and rises gently
from the infratemporal surface of the squamous bone.
The mandibular condyle and the articular disk travel an-
teriorly to the summit of the AE and onto PEP during
wide mouth opening. The gentle anterior slope facili-
tates smooth backward movement of the condyle and
disk from the anterior position back to neutral position.
The articular tubercle is a small bony knob at the lateral
aspect of the AE where the lateral collateral ligament
attaches. The lateral border of glenoid fossa is slightly
raised from the fossa joining the anterior tubercle with
the PGP (Figure 1).

Articular disk

The articular disk is round or oval, biconcave, avascular
fibrocartilage between the condyle and glenoid fossa. The
disk is considerably thinner centrally in the intermediate
zone. The triangular anterior band is approximately 2
mm in thickness and blends with the joint capsule. The
posterior band is approximately 3 mm in thickness and
continues as bilaminar zone (also known as retrodiscal
region and posterior attachment), which consists of su-
petior fibroelastic layer (also known as temporal lamina)
that attaches to PGP and an inferior fibrous layer (also
known as the inferior lamina) that attaches to the poste-
rior condylar neck. The superior layer prevents slipping
of the disk during wide mouth opening and the inferior
layer prevents excessive rotation of the disk over the con-
dyle. Both the lamina are separated by loose elastic fibers
with blood vessels and nerves. These fibers attach to the
posterior joint capsule and augments disk retraction dur-
ing mouth closing, The bands are longer in the mediolat-
eral dimension than in the antero-posterior dimension'”.
The smaller anterior band attaches anteriotly to the joint
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Figure 2 Normal anatomy. Sagittal proton density weighted closed mouth and
open mouth view of magnetic resonance imaging. A: On the closed mouth view,
the disk is located posterior to the articular eminence (the letter, a). It can be
noted that the “bow-tie” shape of the disk: Thicker anterior band (red arrow) and
posterior band (white arrow) with a thinner central zone (orange arrow). Bilami-
nar zone (BZ) is located posterior to the posterior band. It can also be noted
that the inferior joint compartment (white arrowhead) between the disk and the
mandibular condyle (the letter, b) and superior joint compartment (red arrow-
head) between the articular eminence and the disk; B: On the open mouth view
(in a different patient), the thinner intermediate zone (red arrow) of the disk is
interposed between the articular eminence (the letter, a) and the condylar head
(the letter, b) in a “bow-tie” fashion. Orange arrowhead demonstrates temporal
lamina and black arrowhead indicate inferior lamina.

capsule, condylar head, and AE. Some patients have an
additional antero-medial attachment to the superior belly
of the lateral pterygoid muscle. Unlike its anterior and
posterior attachments, the disk is not attached to the joint
capsule medially and laterally. Instead, the disk is firmly
attached to the medial and lateral poles of the mandibu-
lar condyle. This allows simultaneous movements of the

disk and the condyle (Figure 2).

Muscles

The muscles of mastication (medial and lateral ptery-
goids, masseter, and temporalis) in addition to other ac-
cessory muscles help opening and closing of the jaw*.,
The lateral pterygoid in conjunction to the stylohyoid,
mylohyoid and geniohyoid muscles is used to open the
jaw. The temporalis, medial pterygoid, and masseter mus-
cles close the jaw. The lateral pterygoid, part of the mas-
seter muscle and the medial pterygoid assist in the ante-
rior translation of the mandible. The protrusive muscles
(helping forward movement) are used alternately to move
the jaw laterally from side to side. Individual muscle ori-

gins and attachments are listed below!™.
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Jaw-closing muscles/adductors

The masseter is the strongest muscle of mastication
and has two parts that blend together anteriorly. The
superficial part originates from the anterior two-thirds
of the zygomatic arch and inserts on the lower one-third
of the lateral surface of the mandibular ramus. The deep
part originates from the entire zygomatic arch and inserts
on the upper two-thirds of the ramus.

The medial pterygoid courses parallel to the masseter
along the medial aspect of the mandible. The anterior
part arises from the lateral surface of the palatine pyra-
midal process and the maxillary tuberosity. The posterior
part originates from the pterygoid fossa and the medial
surface of the lateral pterygoid plate. The medial ptery-
goid inserts on the inferomedial surface of the mandibu-
lar ramus.

The temporalis muscle originates from the temporalis
fossa and inserts on the coronoid process and inner side
of the mandibular ramus. The fibers also attach directly
to the medial side of the coronoid process and ramus.

Jaw-opening muscles/abductors

The lateral pterygoid muscle has two bellies. The superior
belly originates from the infratemporal surface of the
greater wing of sphenoid. The inferior belly originates
from the lateral surface of the lateral pterygoid plate.
There is a wide gap between the two heads of the lateral
pterygoid muscle that come together anterior to the TM]J.
The fibers from the superior head primarily attach to
the anteromedial surface of the mandibular neck at the
pterygoid fovea. Additionally, in some patients part of
the superior head directly attaches to the superomedial
aspect of the joint capsule and extends to the anterome-
dial aspect of the articular surface. All of the fibers of
the inferior head attach to the pterygoid fovea. Variability
in the attachment of the lateral pterygoid muscle is re-
ported with insertions of the muscle described only to
the condyle or to the condyle, capsule, and the disk””.

The supetior belly helps maintain the physiologic po-
sition of the disk in the open mouth position. This is ac-
complished by pulling the disk forward with a combined
translation and rotation while exerting forward pressure
on both the condyle and the disk thus stabilizing their
relationship to each other. The inferior belly pulls the
condyle forward out of the fossa. When the inferior belly
alternately contracts, this produces lateral movement of
the jaw.

The digastric muscle has a posterior and an anterior
belly united by an conjoined tendon. The posterior belly
is attached to the mastoid process of the temporal bone
and extends to the hyoid bone becoming continuous with
the intermediate tendon. A fibrous loop attached to the
hyoid holds the tendon in place. The anterior belly ex-
tends from the tendon to the digastric fossa on the lower
aspect of mandible near the symphysis. Contraction of
the digastric muscles pulls the symphysis menti back-
wards producing the retrusive and opening movements
of the mandible.

The geniohyoid, myolohyoid, stylohyoid and infra-
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hyoid muscles also have supportive role in mandibular
movements that are beyond the scope of this review.

Biomechanics of TWJ movements

Jaw movement involves a high level of interaction and
coordination between bilateral mandibular condyles, disk,
muscles, and ligaments of the joints. The functional in-
teractions within the TM]J are complex and incompletely
understood"""". A simplistic view of the complex inter-
actions in open and closed mouth positions is described
below.

In a normal joint, the thin intermediate zone of the
disk is always interposed between the condyle and the
temporal bone in both the closed-mouth and open-mouth
positions. This is for the prevention of articular damage.

In the closed mouth position, the condyle is centered
in the glenoid fossa. The disk is interposed between the
condyle inferiorly and the glenoid fossa superiorly. The
articular eminence is anterior to the disk (Figure 2). The
normal disk is positioned such that the anterior band
is in front of the condyle and the junction of the pos-
terior band and bilaminar zone lie immediately above
the condylar head near the 12 o’clock position“’3‘4’9’12’14].
However, some controversy exists over the range of
normal position of the disk™*"** Drace e o/ suggest
that the junction of the posterior band and bilaminar
zone should fall within 10 degree of vertical to be within
95 percentile of normal. There is significant variation in
relationship of the posterior band and bilaminar zone in
normal population, resulting in inappropriate classifica-
tion of anterior disk displacement“()’m. Rammelsberg
et al'" suggest that disk positions of up to +30° from
the vertical be considered normal. Many other authors
have proposed that the intermediate zone be the point
of reference so that in a normal joint it is interposed
between the condyle and the temporal bone in all joint
positions“’m’zm. Comparing to the different disk posi-
tions of 12, 11 and 10 o’clock, Orsini ez @/ found the
intermediate zone criterion for disk displacement to be
more stringent. Recently Provenzano Mde ef al”” have
suggested similar conclusions (Figure 2).

IMAGING TECHNIQUES

A variety of modalities can be used to image the TMJ.
This includes non-invasive imaging modalities such as
conventional radiographs, ultrasound, Computed tomog-
raphy (CT) and MRI to more invasive imaging such as
arthrography. Each imaging modality has its uses.
Conventional radiographs have a limited role in evalu-
ation of the TM]J. They can be used to evaluate only the
bony elements of the TM]J. They do not give useful in-
formation when it comes to the non-bony elements such
as cartilage or adjacent soft tissues. They also do not give
useful information concerning joint effusions, which are
commonly associated with pain and disc displacements.
Another disadvantage concerning conventional radio-
graphs is the problem of superimposition of adjacent
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structures. Many different views such as the submento-
vertex, transmaxillary, and the transcranial are used to
reduce superimposition.

Ultrasound is a less expensive and easily performed
imaging modality that can be used to evaluate the TM]J.
This is simple way to look for the presence of a joint
effusion”". Ultrasound is also used to evaluate cartilage
as well as disk displacement with both open and closed
mouth imaging[zﬂ. It is used for image-guided injections
for both diagnostic and therapeutic purposesm. Typi-
cally, a linear transducer of 8 MHz or higher is ideal. The
patient should be lying supine with the transducer placed
parallel to a line extending from the tragus of the ear to
the lateral surface of the nose over the TM].

CT is useful to evaluate the bony elements of the
TM] as well as the adjacent soft tissues. CT'is ideal for the
evaluation of fractures, degenerative changes, erosions,
infection, invasion by tumor, as well as congenital anoma-
lies®'. A typical imaging protocol is: 120 kV, 100 mA,
1 mm collimation, 1 mm/rotation (pitch), and imaged
with a closed mouth. CT also allows 3D reconstructions,
which can be used for evaluating congenital anomalies
and fractures”. CT is predominantly done when there
is suspicion of bony involvement from the MRI and if
primary bony pathologies are suspected clinically. Rela-
tive advantages of CT over MRI include, exquisite bone
details and 3D assessment of congenital, traumatic and
postsurgical conditions.

Clinical evaluation of the TM]J can be nonspecific due
to overlap of symptoms between internal derangement
and myofacial pain dysfunction". MRI should be part of
the standard evaluation when an internal structural joint
abnormality is suspected because MRI provides high reso-
lution and great tissue contrast. This allows for a detailed
evaluation of the anatomy was well as biomechanics of
the joint through open and closed mouth imaging'".

For optimal imaging of the TM], small bilateral sur-
face coils with small field of view are used to achieve
higher signal to noise ratio and simultaneous bilateral ac-
quisition. Closed mouth coronal and axial T1 sequences
are needed to evaluate the overall anatomy and bone
marrow as well as the adjacent soft tissues to exclude
other adjacent pathology. In our institution, axial T1 is
obtained as a localizer"!. Bilateral closed mouth and open
mouth T2, proton density (PD) and dynamic sequences
are obtained in a oblique sagittal plane. In our institu-
tion, dynamic images are obtained as rapid acquisition of
static images using a single shot fast spin echo (SSFSE)
proton density sequence during progressive opening
and closing of the mouth. These images are displayed
sequentially as a cine loop. Mouth opening devices such
as Burnett opening devices may be used for incremental
opening of the mouth controlled by the patient. It can
be argued that passive mouth opening with a Burnet
device might not reproduce the physiologic conditions
occurring during mouth opening given the possible role
of the lateral pterygoid muscle in disc stabilization dur-
ing mouth opening. Oblique imaging entails 30° medial
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Table 1 Temporomandibular joint magnetic resonance imaging protocol

Plane Sequence Slice thickness TR TE Mouth open/closed
Axial T1 2 mm, 0 skip 500 Minimal Closed
Coronal T1 3 mm, 0.5 skip 500 Minimal Closed
Bilateral Sag Oblq T2 and PD 3 mm 3500 Min and 85 Closed and open
Bilateral Sag Oblq T2 3 mm 1180-2000 64 Dynamic cine

PD: Proton density; TE: Echo time; TR: Repetition time.

from the true sagittal plane’. Please see the table for
specific MRI protocol. A total of 8 sequences will need
to be performed (Table 1).

Arthrography is an invasive imaging technique to
evaluate the TMJ. This imaging modality requires injection
of radiopaque contrast into the TM] under fluoroscopic
guidance. Once the contrast is injected, the joint can be
evaluated for adhesions, disk dysfunction, as well as disk
perforation based on how contrast flows in the joint. This
modality is rarely used today because MRI can be used to
evaluate the TM] without being invasive, exposing the pa-
tient to a possibility of allergic reaction from the contrast,
possibility of infection, or using radiation.

IMAGING APPEARANCE OF NORMAL
™J

MRI

On MRI, marrow fat in the condyle has a high T1 signal
intensity. The cortical bone and the disk have low signal
intensity on both T'1 and T2 weighted images because of
low proton density and short T2""”. Sometimes high T2
and PD signal intensity can be seen in the central pot-
tion of the disk similar to a centrally hydrated vertebral
disk™". The disk is otherwise homogeneous, hypointense
and biconcave in shape. The center of the posterior band
may be slightly hyperintense due to presence of loose
areolar tissue (Figure 2).

The disk’s posterior attachment has higher signal in-
tensity than muscle on proton density and T weighted
images secondary to fatty tissue. The bilaminar zone is
visible as intermediate signal intensity structures.

In closed mouth position, the junction of the poste-
rior band and posterior attachment normally lies above
the condylar head near the 12 o’clock position. The pos-
terior band and retrodiskal tissue are best depicted in the
open mouth position. In open mouth position, the intet-
mediate zone lies between the condyle and the articular
eminence and the posterior band is against the posterior
surface of the condyle™” (Figure 2).

The supetior belly of lateral pterygoid attaches to the
anterior band of the disk. The inferior belly of the lateral
pterygoid attaches to the anterior surface of the condylar
neck with a thin linear hypointense fibrous band. This
band is seen just inferior to the position of the disk,
and can sometimes be mistaken for the disk, particulatly
when the disk is medially or laterally displaced™.

In the coronal plane, the disk is crescent shaped and
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its medial and lateral borders ate attached to the respec-
tive aspects of the condylar head and joint capsule. The
lateral and medial capsules do not demonstrate any out-
ward bulges beyond the borders in normal condition!**.

PATHOLOGIES RELATED TO ANATOMIC
VARIATIONS

Anatomic variations in the TM] can be symptomatic
and/or have implications duting arthroscopy and sutgery.

There can also be several variations in the appearance of
the mandibular condyles including intra-individual varia-
tions between the two sides. The disease processes can
be developmental, due to remodeling related to maloc-
clusion, trauma or other secondary developmental abnor-
malities”.

Bifid condyle

A bi-lobed or duplicated mandibular head is an infre-
quently encountered incidental imaging finding, While
the etiology is unknown, theories include reminiscence
of congenital fibrous septum and peripartum or eatly
childhood trauma. The duplicated heads may lie in either
an antero-posterior or transverse orientation. Dennison ez
al” have suggested that the term “bifid condyle” should
be reserved for describing multiple condyles in the sagit-
tal plane only. No treatment is required for asymptomatic
patients. However surgery may be performed if there is
displacement of the disc or ankylosis of the joint space

(Figure 3).

Foramen of Huschke

In some individuals there may be persistence of a de-
velopmental defect in the tympanic plate. The tympanic
plate is present as an incomplete U-shaped cartilaginous
ring at birth. Over time the ossification proceeds laterally
and posteriorly leaving a defect in the floor of the exter-
nal meatus, called the foramen tympanicum (foramen of
Huschke). With growth of the mastoid process, this de-
fect changes in position from inferior to anterior and usu-
ally closes by the 5" year of life. Rarely, a 3-4 mm defect
persists and is found to be located at the antero-inferior
aspect of the external auditory canal and posteromedial
to the TMJ. These patients can present with a defect or
polyp on the anterior wall of the external auditory canal
(EAC) or with salivary otorrhea during mastication. TM]
tissue may also herniate into the EAC during mastica-
tion”**, During arthroscopy, there can be inadvertent
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Figure 3 Bifid condyle. Coronal reformatted computed tomography image
through the temporomandibular joint (TMJ) demonstrates bifid left mandibular
condyle. It can be noted that one of the condyles (arrow) is smaller than the
other. Advanced degenerative changes are noted in bilateral TMJ.

Figure 4 Foramen of Huschke. Sagittal reformatted computed tomography
image through the temporomandibular joint demonstrates a focal defect (arrow)
in the tympanic plate.

Figure 5 Idiopathic condylar resorption. Coronal reformatted computed to-
mography image through the temporomandibular joint of a young patient dem-
onstrates bilateral severe condylar resorption (arrows) without any evidence of
degenerative changes within the joint.

passage into the EAC resulting in otologic complications.
This foramen also can act as a path of communication
between the EAC and TM] or infratemporal fossa allow-
ing the spread of infection, inflammation or tumor”**’

(Figure 4).

Condylar hypoplasia
Aplasia and hypoplasia of the mandibular condyle is
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secondary to non-development or underdevelopment
of the condyle and can be congenital or acquired. Con-
genital aplasia or hypoplasia of the mandibular condyles
is a rare anomaly and usually occurs as a part of more
widespread 1 and 2™ branchial arch anomalies (e.g.,
Treacher-Collins syndrome). Acquired condylar hypopla-
sia may be secondary to local factors (trauma, infection,
radiation) or systemic factors (toxic agents, rheumatoid
arthritis, mucopolysaccharoidosis)””, Traumatic vaginal
delivery has been implicated as a cause of hypoplasiam.
Hypoplasia may involve one or both of the condyles.
Unilateral disease produces mandibular rotation or tilt
and associated facial asymmetry. The diagnosis of bi-
lateral condylar hypoplasia may be delayed secondary
to facial symmetry. Hypoplastic condyles are frequently
complicated with ankylosis””.

Idiopathic condylar resorption

Idiopathic condylar resorption (also known as condylysis
or “cheerleader syndrome”) is primarily a disease of TM]
affecting teenage girls. There is rapidly progtressive con-
dylar erosion resulting in widening of the joint space with
the chin becoming less prominent from retrognathia”.
Many causes have been hypothesized including estrogen
influence on osteogenesis, avascular necrosis, and TM]
internal derangement. Orthognathic surgery has been
implicated as a cause of the disease but also is one of the
corrective approaches for idiopathic condylat resorption

(Figure 5).

Condylar hyperplasia

Condpylar hyperplasia is a rare disorder characterized
by increased volume of the mandibular condyle, and
is frequently associated with increased volume of the
ramus and mandibular body™. Condylar hyperplasia is
usually a unilateral process. This disease presents in the
second and third decades of life during brisk periods of
osteogenesis suggesting a hormonal influence upon the
growth disturbance. Trauma has also been implicated in
asymmetric condylar hyperplasia due to hypervasculatity
during healing producing inducing excessive osteogenesis.
The hyperplasia produces facial asymmetry with the chin
rotating away from the affected side™. Resection of the
hyperplastic condyle causes the abnormal growth to cease
and restores facial symmetry (Figure 6).

Extensive pneumatization

Extensive pneumatization of the mastoid bone can in-
volve the glenoid fossa and articular eminence. Knowl-
edge of extensive pneumatization is necessary prior to
surgery to prevent perforations. Complications can oc-
cur during TMJ surgery due to forceful flap retraction,
dissection or with placement of screws in cases where
fossa-eminence prostheses are reqtlired[31’32]. Pneumatiza-
tion can also provide a path of minimal resistance and fa-
cilitate the spread of pathological tumors, inflammation,
infection or fracture into the joint. For these reasons, a
CT must be performed prior to TM] surgery when ex-
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Figure 6 Condylar hyperplasia. Panoramic reformation of the source com-
puted tomography data including both the temporomandibular joints of a young
patient demonstrates hyperplasia of the left condyle (arrowhead) in comparison
to the right side. Associated hypertrophy of the ramus and the neck (arrow) of
the left hemi-mandible is also noted.

Figure 7 Extensive pneumatization. Coronal reformatted computed tomog-
raphy image through the right temporomandibular joint demonstrates almost
complete pneumatization of the glenoid fossa except the central part.

tensive pneumatization is detected in the panoramic ra-

diographs”™*? (Figure 7).

INTERNAL DERANGEMENT OF TMJ

Internal derangement (ID) is defined as a mechanical
fault of the joint that interferes with smooth joint func-
tion. This is attributed to abnormal interaction of the
articular disc, condyle and articular eminence. Associ-
ated clinical features include articular pain and articular
noises””. Disc displacement is the most common cause
of ID, though not all displaced discs ate associated with
derangement and not all derangements are caused by disc
displacement™. Additionally, it is not clear whether the
displaced disk is related to onset, progression or cessation
of the pain. Loose bodies and adhesions in the joint can
also result in derangement. Up to 34% of asymptomatic
volunteers can have anterior disc displacement and 23%
of patients with derangement can have normal disc posi-
tion"". In most large MRI series approximately 80% of
patients referred for diagnostic imaging of the TMJ dem-
onstrate some form of disk displacement” ", MRI is the
imaging modality of choice for the diagnosis of internal
derangement with an accuracy of 95% in assessing the
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disc position and form and 93% accuracy in assessing the
osseous changesm]

Disc displacement

The disc displacement is categorized based on the rela-
tion of the displaced disc with mandibular condyle. The
displacement can be anterior, anterolateral, anteromedial,
lateral, medial and posterior”™. The most common pat-
tern of disc displacement are either anterior and antero-
lateral accounting for more than 80% of the causes’!
The disc displacement can be subclassified as anterior
displacement with reduction (ADR) or anterior displace-
ment with no reduction (ADNR) based on restoration of
a normal relationship between the condyle and the disc
on mouth opening (Figures 8 and 9). The disc displace-
ment can be either complete or partialm. If the entire
mediolateral dimension of the disc is displaced, it is re-
ferred to as complete displacement. On the other hand if
only the medial or lateral portion of the disc is displaced,
it is referred to as partial displacement. Partial disc dis-
placement is commonly seen with ADR. Frequently the
lateral part of the disc is displaced anteriorly while the
medial part of the disc remains in normal position (rota-
tional disk displacement)™’,

In ADR, the anteriotly displaced disc returns to the
normal position on mouth opening producing a “recip-
rocal click” (Figure 9). In ADNR, there is limited mouth
opening and deviation of the jaw to the affected side
(closed lock). Over time, stretching or perforation of the
retrodiscal tissue causes deformation of the disk leading
to an improvement in jaw excursion and reduced lateral
deviation during mouth opening (Figure 10A). The pos-
tetior band of the disc remains anterior to the condyle
even with mouth openingm. There is increased associa-
tion of degenerative changes in the TM] with the ADNR.
Although TMJ disorder with ADR and normal condylar
cortical bone may be stable for decades, it will eventually
progress to ADNR. In a study with 55 patients, de Lecuw
et al™ have demonstrated 75% of the patients with long
history (approximately 30 years) of TM] internal de-
rangement have ADNR.

The exact mechanism for a disc displacement is un-
known although trauma with injury to the posterior disc
attachment is considered to be the most likely cause.
Unenhanced MRI is the imaging modality of choice for
evaluation of ID. During the early stage of ID the disc
retains its normal shape, but over time it becomes de-
formed by thickening of the posterior band and thinning
of the anterior band. This produces in a biconvex, teat-
drop shaped or a rounded disc. The disc maintains a nor-
mal biconcave shape as long as it remains on top of the
condyle during mouth opening?. Hence, presence of an
irregular and rounded disc almost always indicates disc
disease™. Other MRI findings that suggest disc disease
include disc flattening, decrease in the normal intermedi-
ate to high signal intensity of the disc™ and presence of
tear or perforation in the chronic stage.

Posterior disc displacement is a rare entity and acco-
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Figure 8 Anterior displacement with reduction. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates
anterior displacement of the disk (arrow) in front of the mandibular condyle (the letter, c); B: Sagittal proton density weighted MRI in the open mouth position demon-
strates reduction of the disk (arrow) between the articular eminence (the letter, a) and the mandibular condyle (the letter, c).

Figure 9 Anterior displacement with no reduction. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demon-
strates anterior displacement of the disk (arrow) related to the articular eminence (the letter, a) and anterior to the mandibular condyle (the letter c); B: Sagittal proton
density weighted MRI in the open mouth position demonstrates no reduction of the disk (arrow) between the articular eminence (the letter, a) and the mandibular con-
dyle (the letter, c).

Figure 10 Other types of disk displacement. A: Posterior disk displacement. Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed
mouth position demonstrates posterior displacement of the disk (arrow) in relation to the mandibular condyle (the letter, c); B: Lateral disk displacement. Coronal pro-
ton density weighted demonstrates lateral displacement of the disk (arrow) in relation to the mandibular condyle (the letter, c); C: Pseudodisk. Sagittal proton density
weighted MRI in the closed mouth position demonstrates anterior displacement of the disk (arrow) in front of the mandibular condyle (the letter, c). The thickening of
the posterior attachments (arrowheads) superior to the mandibular condyle is seen as “pseudodisk”.

unts for only 0.01% to 0.001% of all disc displacements'. information is important before image interpretation as
The major clinical sign is a sudden onset of locked jaw in previous posterior disk plication can be mistaken for an
open position. MRI is helpful in the diagnosis by dem- acquired posterior disk displacement.

onstrating displacement of the postetior band beyond 1° Anterolateral and antero-medial disk displacements
clock position” (Figure 10A). Review of patient’s clinical are grouped under rotational displacements while the
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Figure 11 Stuck disk. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates apparently normal position
of the disk (arrow) in relation to the mandibular condyle (the letter, c). The letter “a” demonstrates the articular eminence; B: Sagittal proton density weighted MRI in
the open mouth position demonstrates no anterior movement of the disk (arrow) with the mandibular condyle (the letter, c), i.e., “stuck” to the glenoid fosssa. The ar-

ticular eminence is denoted with letter “a”.

pure lateral and medial displacements are grouped under
sideways displacement*”. Tsolated lateral displacement
is rare (Figure 10B). Again these rotational and sideways
displacements can be complete or partial and with or
without disc reduction. Anterolateral displacement is the

most common pattern®”,

Pseudodisk

A pseudo-disk is present in some patients with an anteri-
otly displaced disk. This has been postulated as an adap-
tive reaction to anterior disk displacement within the pos-
terior disk attachment followed by subsequent connective
tissue hyalinization that!"" appears as a band-like structure
of low signal intensity replacing the normally bright signal
of the posterior disk attachment™* (Figure 10C).

Stuck disc

The “stuck disc” is a pathologic condition characterized
by an immobile disc in relation to the glenoid fossa and
the articular eminence. This is present in both open and
closed mouth positionsm and 1s likely related to the adhe-
sions. It can occur with or without disc displacement and
can be associated with pain and joint dysfunction due to
limitation of condylar translation"**”. This diagnosis can
be missed unless the TM] is imaged in both open and
closed mouth positions (Figure 11). Sagittal oblique cine
imaging is particularly useful in evaluation of stuck disk.

Perforated disc

Disc perforation is reported in 5% to 15% of deranged
joints disc displacements”™. It is more common in pa-
tients with ADNR than in ADR"" and is usually seen
in patients with advanced arthrosis. The prevalence of
a perforated disc is higher in women than in men and
prevalent in individuals over 80 years of agem. MRI
findings of disc perforation include disc deformity
(100%), disc displacement (81%), condylar bony changes
(68%), joint effusion (23%) and non-visualization
of temporal posterior attachment (TPA) of the disc
(65%-68%)"". Conventional and MR arthrogram can be
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helpful in the diagnosis of a disc perforation by demon-
strating opacification of both the joint compartments
from a single lower compartment injection. If the disk
petforation is suspected a fat suppressed T2 weighted
MRI can be obtained in sagittal and coronal plane[SSJ.
Absence of stretching/straightening of the postetior
temporal disk attachment on mouth opening also sug-
gests disk perforation.

Joint effusion

Joint effusion represents an abnormally large accumu-
lation of intra-articular fluid and is commonly seen in
symptomatic patients. A small amount of joint fluid
can be seen in asymptomatic patientslso]. An effusion is
more prevalent in painful than in non-painful jointsm.
Although not all patients with joint pain have effusion,
patients with large effusions commonly experience pain
and disc displacement””.

T2 weighted MR sequence is the best sequence for
the assessment of joint effusion. An early joint effusion
is commonly seen surrounding the anterior band but
larger effusions can occupy both superior and inferior
joint space. A large effusion may have diagnostic value as
it outlines the disc and sometimes even the disc perfora-
tion as well as retrodiscal tissue producing “arthrographic
effect”’””. Gadolinium enhanced T1 weighted imaging
can be helpful in distinguishing a plain joint effusion
from synovial proliferation. In patients with inflamma-
tory arthropathies with associated synovial proliferation,
the proliferating synovium enhances while the effusion
does not™.

Thickening of lateral pterygoid muscle attachment
(double disk sign)

The exact role of lateral pterygoid muscle (LPM) in the
TM] function is still controversial although its suggested
role is in generation of side-to-side and protrusive jaw
forces”. There are electromyographic studies showing
hyperactivity in the inferior attachment of the LPM in
patients with TM] internal derangementm. Several mot-
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Figure 12 Double disk sign (thickening of the lateral pterygoid muscle).
Sagittal closed mouth proton density image demonstrates anterior displace-
ment of the disk (arrow head). The thickened lateral pterygoid muscle near the
mandibular condylar (the letter, a) attachment appear as linear hypointense
structure (white arrow) inferior to the disk in the same orientation giving the ap-
pearance of “double disk”. The articular eminence is denoted with letter “b”.

Figure 13 Osteochondritis dessicans. Axial computed tomography scan
through the level of the temporomandibular joint demonstrates a tiny bone frag-
ment (arrow) at the anterior aspect of the disk. It can be noted that there are
linear lucency surrounding the bone fragment.

Figure 14 Loose bodies. Sagittal reformation of the axial dataset demon-
strates multiple “loose bodies” in the joint cavities, anteroinferior to the articular
eminence (black arrow) and immediately posterior to the mandibular condyle
(white arrow).

phologic changes to the superior and inferior bellies of
the LPM on MRI have been described. These include
hypertrophy, atrophy and contractures in patients with
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ADNR of the TMJ with these morphologic changes hav-
ing a significant association with the clinical symptoms
of pain or restricted jaw opening[()m. It is suggested that
there is significant association between the anterior disc
displacement and attachment of the supetrior LPM to the
disc alone and not to the condyle!"’. The interpreting ra-
diologist should be aware of a potential pitfall of mistak-
ing the thickened inferior LPM to an anteriorly displaced
disc (“double disc sign”)" (Figure 12).

Osteochondritis dissecans and avascular necrosis
Osteochondritis dissecans (OCD) and avascular necrosis
(AVN) of the mandibular condyle are similar pathologic
entities likely represent a spectrum of the same patho-
physiology™. Common clinical features of OCD/AVN
of the mandibular condyle include pain and joint disabil-
ity™. Pain is commonly over the joint and along the third
division of the trigeminal nerve. Other symptoms include
ipsilateral headache, earache and spasm of masticator
muscles. These can occur with or without limitation of
joint movements'”.

MRI is the modality of choice for assessment of OCD/
AVN of the mandibular condyle!®”. There is decreased
marrow signal on T1 weighted sequences in cases of
AVN. T2 weighted sequences demonstrate variable signal
characteristics with early AVN, healing and OCD. Eatly
AVN consistently exhibits high signal on T2WI and acute
OCD typically demonstrated a hypointense central frag-
ment surrounded by a zone of higher signal on both
T1W and T2W sequences'”. Although MRI is 78% sensi-
tive and 84% specific for the diagnosis of AVN, the posi-
tive predictive value is only 54% because condylar scle-
rosis secondary to advanced TM] degenerative changes
have similar MRI appearancesm. Radiologic changes of
OCD and AVN of the mandibular condyle are frequently
associated with joint effusion and internal derangement

of the disc™ (Figure 13).

Loose bodies

Loose bodies in a synovial joint can be due to primary
or secondary synovial chondromatosis. The primary type
1s associated with spontaneous cartilaginous metapla-
sia in the synovium, while the secondary type is due to
incorporation of osteocartilaginous loose bodies in the
synovium in the setting of degenerative joint disease!™
Common clinical symptoms associated with loose bodies
include pain, periauricular swelling, decreased range of
jaw motion, crepitation and unilateral deviation of the
jaw during mouth opening®’.

Panoramic radiographs of the TMJ may or may not
demonstrate loose bodies®. High resolution CT"™ or
MRI™ can demonstrate small loose bodies within the
TM joint space (Figure 14).

Hypermobility

Patients with a hypermobile TM] can present with an
inability to close the jaw (open lock) after wide opening
of the jaw. This occurs as a result of translation of the
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Figure 15 Ankylosis. Coronal reformation of the axial dataset demonstrates
complete ankylosis of the right temporomandibular joint (TMJ) and near com-
plete ankylosis of the left TMJ with subtle residual joint space at the center (black
arrow).

condyle beyond the margins of the anterior attachment
of the TMJ capsule. Entrapment of the condyle along
the anterior slope of the articular eminence results due to
various biomechanical constraints, particulatly masticator
muscle activitym.

In acute cases, there is little need for imaging studies
as the open lock is clinically evident with a relevant clini-
cal history of wide jaw opening or trauma. In chronic
cases MRI can give information about the height and
steepness of the articular eminences as well as the shape
and position of the disc™.

Ankylosis

Ankylosis of the TM] can be due to fibrous adhesions or
a bony fusion resulting in the restriction of jaw motion.
It can occur as a sequel of previous infection, trauma
surgery” and in patients with juvenile idiopathic arthritis
or bifid mandibular condyles. MR arthrography is useful
for the evaluation of fibrous adhesions and three-dimen-
sional CT scan is necessary for surgical planning when
bony fusion is suspected (Figure 15).

TMJ ARTHRITIS

Similar to other synovial joints in body, the TM] is fre-
quently involved in different inflammatory arthritides.
Degenerative arthritis and arthritis secondaty to crystal-
line deposition disease are also common in TMJ. Arthritis
secondary to infection or trauma can occur at the TM].
Arthritis of TMJ is discussed based on the pathophysi-
ologic mechanism.

Inflammatory arthritis

Juvenile idiopathic arthritis: Juvenile idiopathic arthri-
tis (JIA) is the most common rheumatic disease in child-
hood affecting gitls more frequently than boys. The dis-
ease predominantly affects synovial joints. There are two
peaks of onset, first being between the ages of 1 and 3
years and the second peak between 8 and 12 years' . The
TMJ is involved in 17% to 87% of patients with JTA™.
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JIA can be systemic, polyarticular and pauciarticular. The
TM]J is more commonly involved in patients with polyar-
ticular joint involvement”. The typical presentation of
TM]J involvement includes pain, joint tenderness, crepi-
tation, stiffness and decreased range of motion. Bony
ankylosis can develop in some patients as a late disease
manifestation.

Orthopantomogram, CT, MRI and ultrasound have
been used to evaluate TMJ JIA. Orthopantomogram and
CT predominantly identify the bony erosions second-
ary to TMJ involvement. Both these techniques involve
radiation exposure to young patients. MRI and ultra-
sound have gained popularity in evaluation of the TM]
in patients with JIA because these techniques have better
soft tissue resolution allowing earlier diagnosis of TM]
involvement without any ionizing radiation. Acute TM]
arthritis typically demonstrates joint effusion and synovial
thickening on T2 weighted imaging without any bony
changesm]. Enhancement of the joint or periarticular
tissue is not a specific sign of acute TM] arthritis be-
cause abnormal joint enhancement can be present even
in healthy patientsm. Condylar resorption can be better
evaluated on non-fat suppressed T1 weighted sequence
and suggests a more chronic TM] arthritis'™ (Figure 16).

Rheumatoid arthritis: Rheumatoid arthritis (RA) is a
chronic inflammatory disorder that predominantly affects
the periarticular tissue such as synovial membrane, joint
capsules, tendon, tendon sheaths and ligaments. Internal
joint components are secondarily involved. The preva-
lence of RA in the general population is approximately
2%-2.5% with female predominance. The peak onset of
disease is 40-60 years and approximately 50%-75% of
patients with RA have TMJ involvement'”,

RA is a slowly progressive disease of insidious onset
with progtessive destruction of the articular/petiarticu-
lar soft tissue and the adjacent bones resulting in joint
deformity. The TMJ is involved at a later stage of dis-
ease. TMJ involvement causes deep, dull aching pain in
the preauricular area, especially during chewing. Limited
range of motion and morning stiffness can be presentm.
The mandibular condyle gradually resorbs as the disease
progresses.

Radiographic features of RA include loss of joint space,
condylar destruction, flattening with anterior positioning
of the condyle. There may be flattening of the articular
eminence and erosion of the glenoid fossa. Synovial pro-
liferation is an eatly process in RA and can distinguish it
from other types of arthritis”™”. Synovial proliferation is
readily seen on MRI and can be seen in all patients””. A
joint effusion is also comparatively more common in RA.

Degenerative (osteo)arthritis

Osteoarthritis (OA) is a chronic degenerative disease that
characteristically affects the articular cartilage of synovial
joints and is associated with simultaneous remodeling
of the underlying subchondral bone with secondary in-
volvement of the synovium. Osteoarthritis is the most
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Figure 16 Juvenile idiopathic arthritis. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates increased
signal at the mandibular condyle (the letter, c), extensive thickening of the synovium (the letter, s) in the retrodiscal regions. It can be noted that the thickening and
increased signal of the synovium at other places (arrowheads); B: Sagittal fat suppressed post contrast T1 weighted MRI in the closed mouth position demonstrates
enhancement of signal at the mandibular condyle (the letter, c), enhancement and extensive thickening of the synovium (the letter, s) in the retrodiscal regions. There

is thickening and enhancement of the synovium at other places (arrowheads).

Figure 17 Degenerative changes. Sagittal reformation of the axial dataset
demonstrates deformity of the mandibular condyle (the letter, c), extensive scle-
rosis of the articular eminence (the letter, a) and severe loss of joint space.

common joint pathology affecting the TM][SO]. There is
a clear disparity between radiographic evidence of OA
and symptoms. Population based studies demonstrate
that minimal condylar flattening is present in up to 35%
of asymptomatic patients while approximately 11% of
patients have TM] OA-related symptoms™”.

The most common symptom of TMJ OA is pain dur-
ing chewing. The pain usually starts in the periarticular
soft tissue and the masticator muscles that are in protec-
tive reflex spasm. Fatigue of masticator muscles, trismus,
decreased range of motion, difficulty opening the mouth
and joint crepitations are other common symptoms.

Radiologic hallmarks of TM]J OA are articular surface
cortical bone irregularity, erosion and osteophyte forma-
tion®"!. Erosion is radiologically defined as focal area of
decreased density at the cortical margin of the articular
surface of the mandibular condyle and the subchondral
region. Osteophyte formation typically occurs at a later
stage in the disease and can stabilize and broaden the
surface area of the joint in an attempt to better with-
stand axial loading forces. Different imaging modalities
have been used with varying degree of success. There is
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still no general consensus as to which imaging modality

should be the gold standard® (Figure 17).

Metabolic arthritis/crystalline arthropathies

Calcium pyrophosphate dehydrate deposition dis-
ease: Calcium pyrophosphate dehydrate deposition dis-
ease (CPPD) is a metabolic arthropathy caused by the de-
position of calcium pyrophosphate dehydrate crystals in
and around joints, especially within the articular cartilage
and fibrocartilage™,

The spectrum of TMJ involvement ranges from as-
ymptomatic disk calcification to a marked destruction of
the joint with erosive changes in the mandibular condyle
and the adjacent skull base. Common symptoms include
pain and preauricular swelling with occasional hearing
loss. Chewing can exacerbate the pain. Other less com-
mon symptoms include TM] clicking, tinnitus, and maloc-
clusion.

The radiographic appearance of CPPD is variable.
Computed tomography demonstrates calcium deposition
in the disk or periarticular tissue. On MRI, CPP deposits
typically appear as hypointense material both on T1 and
T2 weighted sequences. CT and MRI show erosions near
both the condyle and fossa with adjacent CPPD depos-
its™. The erosions may extend into the skull base and
into the middle cranial fossa. Involvement of other joints
with chondrocalcinosis is a clue to the diagnosis. The
differential diagnosis includes synovial chondromatosis,
synovial osteochondroma, and osteosarcoma (Figure 18).

Infectious arthritis

TM]J infection is usually secondary to direct extension of
infection from the adjacent tissue into the joint. Systemic
infections such as tuberculosis and syphilis can rarely
involve the TMJ. TMJ infection is more common in the
setting of immunosuppression and presence of other
systematic diseases such as diabetes mellitus, rheumatoid
arthritis and intravenous drug use, ez.
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Figure 18 Calcium pyrophosphate dehydrate deposition disease. Coronal
reformation of the axial dataset demonstrates destruction of the left temporo-
mandibular joint with erosion and deformity of both the mandibular condyle and
the glenoid fossa. There is extensive extensive calcium pyrophosphate dehy-
drate deposition disease medial to the joint space (arrow).

Figure 19 Synovial chondromatosis. Sagittal reformation of the axial dataset
demonstrates extensive cloud-like calcification (arrows) filling and expanding
the joint space anterior to the mandibular condyle (the letter, c). Calcification is
also present posterior to the mandibular condyle.

TUMORS AND TUMOR-LIKE CONDITIONS
OF THE TMJ

Tumors and tumor-like conditions can affect the TM]J.
These conditions may have similar presentations such as
pain, swelling, and limitation of motion.

Synovial chondromatosis
Synovial chondromatosis (SC) is a benign condition with
chondrometaplasia of the synovial membrane and for-
mation of cartilaginous nodules. These nodules can be-
come detached and form loose bodies which later calcify.
Synovial chondromatosis typically involves large joints,
such as the knee, hip, and elbow. It is uncommon for the
temporomandibular joint to be affected by SC. SC typi-
cally involves the superior compartment of TM] while
involvement of the inferior compartment is rare and
secondary to perforation of the articular disc. Uncom-
mon findings include erosion of the mandibular condylar
head, temporal skull base, and intracranial extension.
Patients typically present with preauricular pain, swell-
ing, inflammation, limitation of motion, and articular
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noises. Some patients also report neurologic dysfunction,
such as headache and hearing loss.

The diagnosis of TM] synovial chondromatosis is
difficult since it is a rare disease and can have similar
findings to more common diseases, such as chondrocalci-
nosis, osteoarthritis, and chondrosarcoma. The radiologic
findings of SC include calcified loose bodies, soft tissue
swelling, widening of the joint space, irregularities of the
joint surface, and sclerosis of the glenoid fossa and/or
mandibular condyle. CT typically shows calcified nodules
surrounding the mandibular condyle with degenerative
changes of the condyle™. MRI typically shows mixed
solid and fluid signal related to the metaplasia of the
synovial tissue and the fluid component of the accumu-
lated synovial sectetions. The calcified nodules are T1/T2
hypointense with a surrounding T2 hyperintense effusion
and proliferative synovium, which enhances after contrast
administration. MRI is preferred in evaluation of SC over
CT because of the ability to detect non-calcified loose
bodies, lack of radiation, and visualization of the articular
disc™ (Figure 19).

Treatment is surgical removal of the loose bodies
and excision of the metaplastic synovium. In end stage
SC without synovial metaplastic activity, the treatment is
often non-surgical with therapy aimed towards symptom
relief.

Pigmented villonodular synovitis

Pigmented villonodular synovitis (PVNS) is a benign,
non-neoplastic proliferative disorder of the synovial
membranes of joints, bursae, and tendon sheaths. The
disease is typically monoarticular and can involve any
joint but is most often seen in the knee. Primary PVNS
of the TM]J is rare. There are two forms of PVNS: nodu-
lar and diffuse. The most common nodular patterns of
PVNS include giant cell tumor, xanthoma, xanthogranu-
loma, and myeloplaxoma, which affect a focal part of
the synovium®. Diffuse PVNS affects neartly the entire
synovium.

The exact etiology of PVNS is unclear. It was origi-
nally postulated to be an inflammatory response to an
unknown stimulus. Other theories attribute it to repeti-
tive intra-articular hemorrhage from trauma, altered lipid
metabolism, or a benign neoplastic proliferation.

PVNS commonly presents as a slowly growing and
non-tender swelling of the affected joint. Patients with
involvement of the TM]J, can present with a preauricular
mass with swelling, pain, tenderness, clicking, otalgia, and
hearing loss.

The most sensitive method for the detection of PV-
NS is by MRI demonstrating T1/T2 hypointensity and
blooming on the GRE sequences from paramagnetic
hemosiderin deposition[%]. There may be moderate to
intense inhomogeneous enhancement of the synovium.
CT findings are usually nonspecific with bone erosion,
subchondral cysts, and a soft tissue mass" . A joint effu-
sion may be dense from the hemosiderin. The differential
diagnosis of PVNS on MRI includes synovial chondrom-
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atosis, rtheumatoid arthritis, synovial sarcoma, hemophilia,
and synovial hemangioma.

Primary and secondary neoplasms, and other lesions
Osteochondroma is the second most common neoplastic
lesion affecting the TM]. Osteochondroma, osteoma, and
condylar hyperplasia are often difficult to differentiate
both clinically and on imaging. MR and CT may delineate
the exact extent of the tumor and its relationship to ana-
tomic structures within the TM]J.

Synovial cysts, ganglion cysts and simple bone cysts
may also occur. Many benign primary bone neoplasms,
such as chondroblastoma, osteoma, osteoid osteoma,
osteoblastoma, ossifying fibroma and aneurysmal bone
cyst can also involve the TMJ. Malignant primary bone
neoplasms are extremely rare in TM]J but include chon-
drosarcoma and osteogenic sarcoma. There also can be
extension of tumors from adjacent structures into the
TMJ. Tumors from the external ear and parotid gland can
extend into the TM]J. Less than 1% of all tumors metasta-
size into the maxillofacial region. Adenocarcinoma is the
most common metastatic tumor of the jaw, making up
about 70% of cases. Reported metastasis to TM] includes
breast, renal, lung, colon, prostate, thyroid, and testicular
primary.

CONCLUSION

Imaging of TM] should be performed on a case by case
basis depending upon clinical signs and symptoms. MRI
is the diagnostic study of choice for evaluation of disk
position and internal derangement of the joint. CT scan
for evaluation of TM] is indicated if bony involvement is
suspected and should be judiciously considered because
of radiation risk. Understanding of the TM] anatomy,
biomechanics, and the imaging manifestations of diseases
is important to accurately recognize and manage these
various pathologies.
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Abstract

In acute promyelocytic leukemia, differentiation thera-
py based on all-trans-retinoic acid can be complicated
by the development of a differentiation syndrome (DS).
DS is a life-threatening complication, characterized by
respiratory distress, unexplained fever, weight gain, in-
terstitial lung infiltrates, pleural or pericardial effusions,
hypotension and acute renal failure. The diagnosis of
DS is made on clinical grounds and has proven to be
difficult, because none of the symptoms is pathogno-
monic for the syndrome without any definitive diagnos-
tic criteria. As DS can have subtle signs and symptoms
at presentation but progress rapidly, end-stage DS clini-
cal picture resembles the acute respiratory distress syn-
drome with extremely poor prognosis; so it is of abso-
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lute importance to be conscious of these complications
and initiate therapy as soon as it was suspected. The
radiologic appearance resembles the typical features of
cardiogenic pulmonary edema. Diagnosis of DS remains
a great skill for radiologists and haematologist but it
is of an utmost importance the cooperation in suspect
DS, detect the early signs of DS, examine the patients’
behaviour and rapidly detect the complications.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Differentiation syndrome; All-trans-retinoic
acid syndrome; Chest X-ray and computed tomography;
Lungleukemic infiltrates; Acute promyelocytic leukae-
mia; Promyelocytic leukemia/retinoic acid receptor-o

Core tip: Aim of this review is to illustrate the spectrum
of chest imaging findings which lead to suspect a di-
agnosis of differentiation syndrome, which arise in pa-
tients suffering of Acute Promyelocytic Leukemia after
treatment with all-trans-retinoic acid or other differenti-
ating drugs, in order to facilitate the differential diagno-
sis with other life-threatening pulmonary complications
occurring in this subset of highly immunocompromised
patients.

Cardinale L, Asteggiano F, Moretti F, Torre F, Ulisciani S, Fava C,
Rege-Cambrin G. Pathophysiology, clinical features and radio-
logical findings of differentiation syndrome/all-trans-retinoic acid
syndrome. World J Radiol 2014; 6(8): 583-588 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i8/583.htm DOI:
http://dx.doi.org/10.4329/wjr.v6.i8.583

LEARNING OBJECTIVES

The treatment of acute promyelocytic leukemia with
agents capable of inducing the differentiation of leu-
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kemic cells can be complicated by a peculiar syndrome,
named differentiation syndrome (DS); this was previ-
ously classified as retinoic acid syndrome, as all-trans-
retinoic acid (ATRA) was the first agent to be involved
in this complication. DS is a syndrome of cardiac and
respiratory distress which represents a life-threatening
complication, and is associated with severe morbidity and
mortality; so early diagnosis and immediate therapeutic
intervention are essential in reducing the risk of death".

In this work we illustrate the imaging findings on
chest X-ray, and in standard or high-resolution com-
puted tomography (CT) useful to suggest this uncom-
mon diagnosis. The aim of this work is to underline the
importance of an early diagnosis of DS, to show how
radiologists can confirm the diagnosis of DS, to stimulate
the cooperation and communication between radiologists
and clinicians.

BACKGROUND

Acute promyelocytic leukemia (APL), identified as acute
myeloid leukaemia (AML) M3 by the French-American-
English classification, is an acute myeloid disorder due to

a maturative block of myeloid precursor at the promy-
clocytic stage, leading to peculiar clinical manifestations,
and characterized by a reciprocal balanced translocation
between chromosome 15 and 17 #15, 17)”. APL repre-
sents about 10% of all AML in United States and Europe
ang&s more frequent in adults; median age at diagnosis is
40",

The finding of a translocation #15, 17), with a conse-
quent transcriptional fusion between promyelocytic leu-
kaemia (PML) gene and retinoic acid receptor-o. (RA4Ra)
gene, responsible of the maturative and differentiative
stop, offered the basis to develop a specific target therapy
with retinoic acid. PML-RARq, rearrangement is detect-
able in approximately 95% of APL cases””,

APL is usually a primitive disorder, but there are also
cases of APL arising following a previous exposure to
chemotherapy or radiotherapy[s’()].

On the clinical side APL represents a hematologic
emergency because of its typical presentation with pancy-
topenia and a life-threatening disseminated intravascular
coagulation, that enforces a quick start of treatment, even
before a cytogenetic and molecular diagnosis. Diagnosis
of APL is usually based on peripheral blood and bone
marrow morphology, supported by typical laboratory and
clinical picture. Confirmation then comes from the mo-
lecular finding of PMIL-RARq rearrangement. Treatment
of APL is based on the association of ATRA with con-
ventional chemotherapy (usually anthracyclines), or with
arsenic trioxide (ATO). Since the introduction of ATRA
in the treatment, the complete remission rate raised up to
90% and the 5-year disease free survival to 74%'”,

Induction treatment with ATRA and ATO, either as
a single agent or in combination with cytotoxic drugs,
can induce the DS™ in 2% to 31% of APL patientsm’m,
while the association with chemotherapy compared with
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Table 1 Signs and symptoms

Differentiation syndrome: Sign and symptoms

Elevated white blood cell count Weight gain > 5 kg
Dyspnea Bone pain
Respiratory distress Headache

Fever Hypotension

Pulmonary edema
Pulmonary infiltrates
Pleural and pericardial effusion

Congestive heart failure
Acute renal failure
Hepatotoxicity

ATRA as single-agent lead to a reduction risk of DS (9%
vs 18%-25%)">", Mortality due to DS has declined from
30% to 2%-10% because of the eatly recognition and
clinical intervention!”. Notably, DS is rarely seen during
consolidation and maintenance phases“z’m’m.

The pathophysiology of DS is not completely under-
stood. Both ATRA and ATO exert their action by deg-
radation of the PML-RARa fusion product. As a conse-
quence, malignant leukemic cells undergo differentiation
and final maturation"®"”.

Exposition to ATRA and ATO cause continued gen-
eration of inflammatory cytokines and adhesion mol-
ecules, with the consequent extravasation into the tissues
from the blood. Increased in cytokine and adhesion mol-
ecules level also occurs in liver, heart and spleenm’m.

DS is typically diagnosed during the first induction
treatment, more often 10 to 12 d after therapy start, with
a range of 2 to 46 dMEE Main symptoms at presen-
tation are fever, respiratory failure and fluid retention
with weight increase, occurring in around 80% of the
cases' """, Additional common findings are lung infiltrates
(50%), pericardial and pleural effusions (30%) and acute
renal failure (10% of the cases)'”. DS has to be distin-
guished from other clinical conditions which may occur
in the setting of acute leukaemia, including pulmonary
infection, leukostasis, and heart failure. Diagnosis of DS
is made when three or more of the symptoms and signs
listed in Table 1 are present. Clinical management and
outcome are greatly influenced by early pharmacologi-
cal treatment. Dexamethasone must be used at a dos-
age of 10 mg twice daily 7 as soon as DS is suspected.
Steroid treatment should continue until DS resolves, and
then the dosage can be gradually tapered in the follow-
ing weeks??. Hemodynamic and ventilatory support
is also indicated in severe cases, which may require ad-
mission at the intensive care unit. In Table 2, modified
from!”, the measures to be taken at suspicion of DS are
reported. Discontinuation of treatment with ATRA (or
ATO) is mandatory in severe DS cases'’l. Corticosteroid
are commonly used as DS prophylaxis, although there
is no evidence that such treatment may ameliorate the
morbidity and mortality of DS. However, in patients with
leukocytosis at diagnosis (white blood cells > 5 X 10°/1),
preemptive steroids administration has been shown use-
ful in reducing incidence and severity of DS. No definite
risk factors for developing DS were found, but a close
monitoring of patients presenting with hyperleukocytosis
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Figure 1 Correlation between white blood cell count and chest X-ray. Note that the worsening of chest X-ray is directly linked with the fall of white blood cell due
to the massive differentiation during the onset of differentiation syndrome. References: Institute of Radiology, Department of Clinical and Biological Sciences of Uni-
versity of Turin, AOU S. Luigi Gonzaga, Regione Gonzole 10, 10043 Orbassano, Torino, Italy. WBC: White blood cells.

Table 2 Measures at suspicion of differentiation syndrome

Measures at suspicion of DS

Chest X-ray, renal function (creatinine and urea), hepatic function (amino
transferases and bilirubin), blood cell counts, coagulation test, oxygen
saturation

Weight monitoring

Ventilatory support/ Oz supplementation

Blood pressure maintenance measures

Fluid restriction (renal failure)

Steroid administration at first suspicion: dexamethasone 10 mg twice
daily until clinical resolution, then tapered dose for a few days
Suspend ATRA or ATO in severe cases, which can be restarted after
clinical improvement. If DS recurs after restart, ATRA must be defini-
tively discontinued during induction

Some patients have DS that is refractory to corticosteroids. There are yet
no widely accepted alternatives to it. It seems reasonable to employ, in
the future, agents that block migration, adhesion or transmigration of
APL cells. References: Institute of Radiology, Department of Clinical and
Biological Sciences of University of Turin, AOU S.Luigi Gonzaga, Regione
Gonzole 10, 10043 Orbassano, Torino, Italy. DS: Differentiation syndrome;
ATRA: All-trans-retinoic acid; ATO: Arsenic-trioxide.

is recommended”™”.

A better knowledge and early identification of DS,
with rapid initiation of treatment, allowed to obtain a
decrease in mortality associated with APL in the recent
years.

IMAGING FINDINGS

As stated before, there are no clinical signs or laboratory
tests to diagnose DS, nor is there a radiological finding
pathognomonic for DS.

Radiologic features may be explained by the proposed
hypotheses of pathophysiology of the DSP. Most of
the patients with DS showed cardiomegaly, widening of
the vascular pedicle width, increased pulmonary blood
volume, peribronchial cuff, ground-glass opacity, septal
lines, and pleural effusion: these findings are similar to
those of congestive heart failure with pulmonary edema,
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but they could also probably be produced by leukemic
lung infiltration and endothelial leakage™”.

If the disease progresses, acute respiratory distress
syndrome develops. Diffuse alveolar damage and massive
intra-alveolar hemorrhage were found in a necropsy pa-
tient study by Frankel ¢z 2/”. Endothelial cell damage, in-
cluding intra-alveolar oedema, intra-alveolar hemorrhage,
and fibrinous exudate, were found by Tallman ez al” and
by Nicolls e al’". Others histological analysis of lungs re-
ported extensive interstitial and alveolar lung infiltration
by maturing myeloid cells, endothelial cells damage, oede-
ma, hemorrhage, and fibrinous exudates that correspond
in poorly defined centrolobular nodules and ground-glass
opacity with or without interlobular septal thickening.

To our knowledge only a few cases are reported
describing the CT aspect in DS: Davis ez al™” reported
CT findings in three patients with DS. CT findings were
peripheral nodules reticular and ground-glass opacity and
pleural effusions. They also reported the case of a patient
with DS who developed pneumothorax[zs].

In mild DS, lesions are prevalent in the lower lobes,
while in severe DS, lesions are ubiquitary, with no differ-
ence within peripheral or central regions'™”.,

In Figure 1, we present the correlation with radiologi-
cal findings and white blood cells (WBC). The pathogen-
esis of DS suggest that this syndrome is due to a massive
lung interstitial invasion by leukemic cells. The finding
of a negative peak of WBC nearly contemporary to the
massive lung oedema seems to confirm this theory.

Patients with PML and DS have an highly compro-
mised immune system; therefore, it is not a rare event to
find other concurrent pathologic conditions as pneumo-
nia or fungine infections which can confound the radio-
logical picture of DS/ATRA syndrome.

CT findings of ATRA syndrome are nonspecific (Fig-
ure 2).

All findings have differential diagnoses: leukemic infil-
trates, drug toxicity, pulmonary edema, hemorrhage, can
all have similar appearances.
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A

Figure 2 Photograph. A: Chest X-ray shows subtile patchy ground glass opacities of the middle inferior lung fields; B: Computed tomography scans of the same
patient as Figure 4 shows patchy ground glass opacities (a, b and c) with interlobar septal thickening (arrows in d). References: Institute of Radiology, Department of
Clinical and Biological Sciences of University of Turin, AOU S.Luigi Gonzaga, Regione Gonzole 10, 10043 Orbassano, Torino, Italy.

Figure 3 Supine Chest X-ray showing bilateral, asymmetrical patchy con-
solidation. Septal lines and pleural effusions are absent. Based on the only
radiologic features, it would be difficult to differentiate one fromacute respiratory
distress syndrome or hemorrhage on these findings. References: Institute of
Radiology, Department of Clinical and Biological Sciences of University of Turin,
AOU S.Luigi Gonzaga, Regione Gonzole 10, 10043 Orbassano, Torino, Italy.
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Although the imaging features are not characteristic,
in combination with the clinical picture, they may con-
tribute to the eatly identification of DS and consequently
to its fast resolution (Figures 3 and 4).

CONCLUSION

Diagnosis of DS requires a great skill for radiologists and
hematologists, and cooperation and treatment is of ut-
most importance when DS is confirmed.

Chest X-ray still remains the first imaging step, but
often, in mild cases, it is not sufficient.

In summary chest X-ray features include increased
cardiothoracic ratio and vascular pedicle width, interstitial
edema with peribronchial cuffing and Kerley lines.

The chest CT is useful to evaluate the lung paren-
chyma and also to discover other signs of severity, as
pericardial and pleural effusions, and sometimes to find
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Figure 4 Chest X-ray in patient with differentiation syndrome showed mild
cardiomegaly and increased pulmonary vascular marking in both lungs
with thickening of small fissure and minimal pleural effusion on the right
side seen as obliteration of right costo-phrenic angle: These findings
are similar to those of congestive heart failure with pulmonary edema. In
contrast with congestive heart failure the time for the complete healing is long,
and is similar to that of interstitial pneumonia or acute respiratory distress syn-
drome. References: Institute of Radiology, Department of Clinical and Biological
Sciences of University of Turin, AOU S.Luigi Gonzaga, Regione Gonzole 10,
10043 Orbassano, Torino, Italy.

others concurrent lung infections.

Take home message: (1) Suspect DS in patient with
acute APL under treatment with ATRA and/or arsenic
trioxide; (2) Detect the eatly signs of DS to confirm the
clinical diagnosis; (3) Examine the patient’s behaviour;
and (4) Rapidly detect and treat the complications.
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Abstract

Consciousness is a prismatic and ambiguous con-
cept that still eludes any universal definition. Severe
acquired brain injuries resulting in a disorder of con-
sciousness (DOC) provide a model from which insights
into consciousness can be drawn. A nhumber of recent
studies highlight the difficulty in making a diagnosis in
patients with DOC based only on behavioral assess-
ments. Here we aim to provide an overview of how
neuroimaging techniques can help assess patients with
DOC. Such techniques are expected to facilitate a more
accurate understanding of brain function in states of
unconsciousness and to improve the evaluation of the
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patient’s cognitive abilities by providing both diagnostic
and prognostic indicators.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Disorders of consciousness; Neuroimaging;
Magnetic resonance imaging; Transcranial magnetic
stimulation/electroencephalography; Minimally con-
scious state; Vegetative state/unresponsive wakeful-
ness syndrome

Core tip: In this review we show the main ways neuro-
imaging techniques contribute to both understanding
the neural correlates of consciousness and detecting
possible consciousness residual in severly traumatic
brain injured patients. In particular, we make refer-
ence to the latest research in terms of both improving
the diagnosis of patients with disorder of conscious-
ness, and understanding the brain processes underlin-
ing consciousness, such as a broad and more complex
than previously thought alteration of brain connectivity
architecture.

Di Perri C, Thibaut A, Heine L, Soddu A, Demertzi A, Laureys
S. Measuring consciousness in coma and related states. World
J Radiol 2014; 6(8): 589-597 Available from: URL: http:/www.
wjgnet.com/1949-8470/full/v6/i8/589.htm DOI: http://dx.doi.
org/10.4329/wjr.v6.i8.589

INTRODUCTION

Consciousness is a multifaceted and ambiguous concept,
which is often the focus of passionate multi-disciplinant
debates. Consciousness is thought to represent an emer-
gent property of reciprocal connections between special-
ized areas of the grey matter within cortical and subcorti-
cal networks!". To date, there is no universal definition for
consciousness covering all its essential characteristics',

making everything particularly tricky and challenging
when facing this specific topic and the related disorders.
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There are, in fact, some exceptional cases in which
these two components ate dissociated. On the one hand,
in the rapid eye movement stage of sleep, wakefulness is
impaired while internal awareness is relatively spared. On
the other hand, in vegetative state (VS), now also coined
unresponsive wakefulness syndrome UWS)”, in mini-
mally conscious state (MCS) and in some more transient
states such as absence seizures, complex partial seizures or
somnambulism, awareness is impaired while wakefulness
is spared (Figure 1) The interest in understanding the
neuropathology of such latter states, and in particular VS/
UWS, is twofold. Firstly, VS/UWS patients offer a lesion
approach to the study of human consciousness in terms
External (ECN) Internal (DMN) of identifying the neural correlate of awareness”. These
patients represent cases of awareness suppression but,
unlike coma patients, exhibit intact wakefulness. Secondly,
VS/UWS patients represent a clinical challenge, in terms
of both diagnosis,and prognosis.

We aim to review here the knowledge of (un) con-
Figure 1 The two main components of consciousness: wakefulness and sciousness obtained by studying disorders of conscious-
awareness. Correlation betwgen wakefqlness, related to the brainstgm, and ness (DOC) following brain injury (coma, VS/UWS, and
awareness, related to the cortico-thalamic network. In most pathological and MCS). We will focus mainly on structural and functional

physiological states, the two components are linearly correlated along the spec- . . . . . .
trum of consciousness. However, they are dissociated in some cases. Vegeta- neuroimaging studies and we will pinpoint how develop-

VS/UWS
Sleepwalking
Absence and

complex partial

seizure

Sleep stage 1-2

Sleep stage 3-4

Wakefulness = brainstem

REM sleep

anesthesia
Coma

Awareness = cortico-thalamo network

tive state/unresponsive wakefulness syndrome (VS/UWS); minimally conscious ing such techniques could improve both scientific and
state (MCS); emergence of MCS, EMCS. Adapted from ref. [3,4]. EMCS: clinical perspectives in DOC (Table 1).
Emerge from minimally conscious state; ECN: Executive control network; DMN: We searched the MEDLINE database for Engli—

Default mode network; REM: Rapid eyes movement.

sh-language reports published between 2002 and April

2014 which used the terms “disorders of conscious-

We here adopt a perspective where consciousness is ness”, “vegetative state”, “minimally conscious state”,
clinically defined as having two components: awareness “neuroimaging”, “magnetic resonance imaging (MRI)”,
and arousal”. Arousal, also called wakefulness, refers to “positron emission tomography (PET)”, “transcranial
the level of alertness (clinically determined by eye open- magnetic stimulation (TMS)” and “T'MS/electroencepha-
ing), whereas awareness refers to the content of con- lography (TMS/EEG)”. We reviewed the full text of all
sciousness (clinically determined by command following the original articles, reviews, catly-release publications and

or non-reflex motor behaviour such as eye tracking or
localized responses to pain)”. Arousal is anatomically
related to structures in the brain and specifically in the
brainstem and hypothalamus, whereas awareness has

been shown to be related to a wide fronto-parietal net- CLINICAL ENTITIES OF DISORDERS OF

work encompassing associative cortices and, more spe- CONSCIOUSNESS
cifically, to the intrinsic connectivity of this network and

associated citations retrieved, and relevant papers found
in the authors’ own files.

the connectivity between the fronto-parietal associative Disorders of consciousness are characterized by a pro-
cortices and the thalamus™”. In physiological states, there longed impaired unconsciousness following an acquired
is an intimate positive correlation between arousal and severe brain injury. These conditions are more and more
awareness. Sleep is the best way to describe the relation- frequent in the clinical setting due to progress in emet-
ship between these two components: the less awake we gency medicine and lifesaving technologies which have
become as we move towards deep sleep, the less aware we led to a better survival rate after severe brain damagem]

become of our surroundings and ourselves”. Based on Patients surviving severe brain damage may end up
this, subjects in pathological and pharmacological coma in a coma. This state may arise following structural or
(.e., anesthesia) are not conscious because they cannot be metabolic lesions to the brainstem reticular system or
awakened, even after noxious stimulation". Similarly, un- due to widespread bilateral cerebral damagem. Patients in
der sedation (a drug-dose dependent impairment of con- ~ coma show continuous absence of eye opening and any
sciousness) and in hypnotic state (a suggestion-dependent spontaneous or stimulus induced arousal or voluntary
alteration of conscious experience), subjects report an behavioural responses. Hence, they are neither awake
altered state of awateness as they move towards lower ~ nor aware. Coma is a time-limited condition (it usually
levels of arousal®®. Hence, arousal seems to be essential does not last longer than a few weeks) leading either to
for awareness to emerge, Ze., one needs to be awake in brain death (i.e., permanent loss of brainstem functions),
order to be aware. However, being awake is not sufficient a VS/UWS or the recovery of consciousness. Patients in
in order to be aware. a VS/UWS have recovered wakefulness (as evinced by
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Novel neuroimaging techniques in patients with DOC give important key insights into both the understanding of consciousness and the differential di-

agnosis of clinical DOC entities, given that behavioural assessment alone can sometimes be incorrect and imprecise
Conventional MRI and DTI investigates the structural properties of the brain and the white matter integrity. These studies showed mainly a predictive

rather than diagnostic value

PET activations show a critical role of a wide frontoparietal associative network for the emergence of consciousness
fMRI employing active paradigm detects covert awareness in approximately 17% of unresponsive patients at bedside. However, there is a high risk of
false negative. fMRI employing passive paradigm shows also a prognostic value. fMRI during resting state shows a broad alteration of brain connectiv-

ity, implying both decreased and increased connectivity in patients with DOC

TMS-EEG shows a high diagnostic value even at single subject level

DOC: Disorders of consciousness; MRI: Magnetic resonance imaging; DTI: Diffusion tensor imaging; PET: Positron emission tomography; fMRI: Functional

magnetic resonance imaging; TMS-EEG: Transcranial magnetic stimulation coupled with electroencephalography.

eye opening) but their motor responses are only reflexive
and, therefore, do not indicate conscious awareness' .
VS/UWS has been said to be permanent 12 mo after
traumatic brain injury and 3 mo following non-traumatic
brain damage, making chances of recovery very low'"’
However, this has recently been challenged”. It is now
suggested that one substitute the term “permanent” with
the association of the injury etiology (traumatic »s non
traumatic) and the length of time since onset, as these
factors appear to influence outcome. Non traumatic pa-
tients generally have the wotst outcome. From VS/UWS,
patients may progress into a MCS. This may either be the
endpoint of their improvement or a provisional stage on
the way to further recovery of consciousness' . MCS is
a condition of severely altered consciousness charactet-
ized by minimal, inconstant yet definite behavioural signs
of awareness of self and the surroundings. Based on the
level of their purposeful behavioural signs, MCS patients
were recently subcategorized as MCS plus (showing com-
mand following, intelligible verbalizations or non-func-
tional communication) and MCS minus (showing visual
pursuit, localization of noxious stimulation or contingent
behaviour such as appropriate smiling or crying to emo-
tional stimuli)'”, Patients may emerge from MCS once
they regain the ability to reliably communicate and/or use
objects in a functional manner' . Although there is some
evidence suggesting that patients in a MCS have better
chances of recovery than patients in a VS/UWS, at pres-
ent, we are not in a position to refer to possible temporal
boundaries of irreversible MCS!"”.

DOC must be differentiated from locked in syndrome
(LIS). This is a rare state which usually follows a brain
stem lesion with massive damage to the cortico-spinal
and cortico-bulbar pathways, and classically results in loss
of control of all voluntary muscles except for extrinsic
eye muscles, making it possible for them only to commu-
nicate with small eyelid movements™**",

Differential diagnosis of the above mentioned clini-
cal DOC entities raises important ethical and medical
questions such as end-of-life decision and pain treat-
ment' “**!, Nowadays, the gold standard for assessing
the level of consciousness is the clinical assessment of
patients’ behavioural responsiveness. Since responsive-
ness is only indirect proof of consciousness (lack of
responsiveness does not necessarily imply lack of con-
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sciousness), reliance on these behavioural markers entails
significant challenges and may lead to misdiagnoses. Clin-
ical studies have shown that up to 40% of patients with
a diagnosis of VS/UWS may in fact tetain some level of
awareness” ", and the main causes of misdiagnosis are
associated with patient’s disabilities, such as paralysis and
aphasia, fluctuation in arousal level, difficulty differentiat-
ing between reflexive and involuntary movements and
the non-use of standardized and sensitive clinical scales
such as the Coma Recovery Scale-Revised (CRS-R)*".
Furthermore, conventional brain structural imaging stud-
ies have shown highly variable and heterogencous results
in patients with DOC, suggesting that a specific brain re-
gion cannot be unequivocally related to awareness™. This
knowledge has lead to the search for other non-clinical
assessment techniques which can enable us to better un-
derstand brain function in these patients and to overcome
the limits of behavioural assessment in the detection of
possible retained consciousness in unresponsive patients.

NEUROIMAGING STUDIES IN DOC

Functional neuroimaging methods have made it possible
to objectively study cognitive processing in the absence
of behavioural reports. PET measures different aspects
of metabolic function according to the type of admin-
istered radioactive tracer. Structural conventional MRI
and diffusion tensor imaging (DTI) reveal the structural
properties of the brain and the white matter integrity re-
spectively. Functional MRI (fMRI) quantifies brain func-
tion detived from blood-oxygen-level dependent (BOLD)
changes. TMS/EEG allows us to non-invasively stimulate
a subset of cortical neurons and to measure the effects
of this perturbation on the rest of the brain®>" (Table 2).

Below we will refer to the neuroimaging studies that
have been most frequently adopted to infer covert cogni-
tive abilities in behaviourally non responsive DOC patients.

PET

"Fluorodesoxyglucose-PET (FDG-PET) studies were
the first to demonstrate massive decrease in brain me-
tabolism in patients with DOC. Using PET in resting
state conditions, it was shown that patients in VS/UWS
exhibit a decrease in brain metabolism of up to 40%
of the normal value”. Nevertheless, recovery from the
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Table 2 Main strength and limits of the different techniques

Technique Strenght Limits
PET Relatively direct measure of brain activity Tonizing, radioactive tracer, low spatial and temporal resolution expensive
MRI No use of ionizing. Permits both high resolution study of Indirect measure of brain activity (functional)
structural brain (DTI) and fMRI employing active, passive Sensitive to movement and artifacts, impractical (application precluded in
and resting state paradigms patients with contraindication), expensive
TMS-EEG  Practical (no important contraindications) gives information  Sensitive to muscle artifacts

at single subject level

PET: Positron emission tomography; MRI: Magnetic resonance imaging; TMS-EEG: Transcranial magnetic stimulation coupled with electroencephalogra-

phy; DTI: Diffusion tensor imaging; fMRI: Functional magnetic resonance imaging.

Figure 2 Brain areas where metabolism is impaired in vegetative state/un-
responsive wakefulness syndrome patients compared to controls (areas
in red), superimposed in a structural 3D image. P < 0.05, family wise error
corrected.

VS/UWS does not coincide with the recovery of global
metabolic levels. Instead it seems that some areas ate
more important to consciousness than others. In fact, pa-
tients suffering from DOC show dectreased metabolism
in a widespread network encompassing frontoparietal ar-
eas, such as in the lateral prefrontal and postetior parietal
regions as well as midline anterior cingulate/mesiofrontal
and posterior cingulate/precuneal associative cortices
(Figure 2)"*. Importantly, recovery from the VS/UWS
parallels connectivity restoration in these areas (cortico-
cortical) and between these regions and the thalamus
(thalamo-cortical)™.

FDG-PET cannot yet disentangle between VS/UWS
and MCS at the single subject. However, it has shown to
be highly sensitive in identifying patients in MCS®” and
displaying a correlation between metabolism in the above
mentioned awareness network and the CRS-R score of
the patientspsj.

There is now growing evidence suggesting that this
awareness network can be subdivided into two different
networks: the intrinsic [default mode network (DMN)]
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and the extrinsic awareness network [executive control
network (ECN)]. The extrinsic awareness network en-
compasses the lateral fronto-patietal brain regions and is
related to sensory awareness or awareness of the envi-
ronment. The intrinsic awareness network (most widely
known as the DMN) encompasses mainly the medial
prefrontal cortex and the precuneus and bilateral poste-
rior parietal cortices and is related to internal awareness
or self-related processes, such as mind-wandering and
autobiographical thinkingm‘m. More recently, it has been
demonstrated that patients in MCS retain metabolism in
the lateral fronto-parietal areas whilst midline regions are
highly dysfunctionalm]. As such, this data suggests that,
at group level, patients in MCS display altered self-aware-
ness besides their abilities to, at least to a certain extent,
interact (but not communicate) with their surroundings.
Furthermore, patients who are considered to be in MCS
minus showed impairment of the left dominant hemi-
sphere, possibly correlated to aphasia, consistent with
their command-following impairment''”,

PHO-PET studies using passive auditory and noxious
stimulation™*, have furthermore highlighted a peculiar
disconnecton in VS/UWS patients between the primary
sensory areas and these large-scale associative fronto-
parietal cortices, which are thought to be essential for
conscious perception”. In contrast, patients in MCS show
a partial preservation of this large-scale associative fronto-
parietal network!™. Furthermore, PET studies employing
nociceptive stimuli have highlighted an activation of the
pain matrix in MCS patients similar to that observed in
healthy controls, suggesting a possible perception of pain
in this patient category. By contrast, activation in VS/
UWS was limited to the primary sensory areas'”.,

Structural MRI
MRI with conventional sequences (T'1-TSE, T2-TSE,
FLAIR) is the method of choice to detect brain edema,
contusion, hematomas, herniation, hemorrhage, hydro-
cephalus, or hemorrhagic shearing lesion due to diffuse
axonal injuries common in post-traumatic patients (T2*
sequences). Nevertheless, in an emergency setting, the
computed tomography scan is preferable in some cases
due to its accessibility, speed of acquisition, and sensitiv-
ity to acute hemorrhagic lesions that require a surgical
approach™"",

Some studies have highlighted the predictive value
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of the classical conventional sequences. For example,
the number of lesions detected by FLAIR and T2* se-
quences has been shown to be inversely correlated with
the Glasgow Coma Scale (GCS) of traumatic patients in
a coma. The presence of lesions in the corpus callosum
and the dorsal midbrain has been shown to be correlated
with lack of recovery at group level in coma patientsf47’48].
However, these methods have failed to explain why some
patients in a VS/UWS and/or in a MCS have no or mini-
mal brain lesions. This highlights the lack of specificity
and sensitivity of conventional MRI in DOC, which
alone cannot be considered a reliable tool for assessing
this patient category.

Recently developed DTI techniques can reveal struc-
tural damage in tissue that appears normal in convention-
al-MRI.

These techniques have been able to predict scores
on the GCS and successfully classify VS/UWS and MCS
patients into their appropriate diagnostic categories with
an accuracy of 95%". Furthermore, recent multicentric
studies have demonstrated that DTI is better at predicting
outcome for both traumatic and anoxic patients at 1 year
follow up from injury than structural and clinical assess-

50,51
ment""”

I An other study evaluated the combination of
DTI and MR-spectroscopy as a tool for predicting long-
r2l showing that a
prediction of non-recovery after 1 year could be calculated
with up to 86% sensitivity and 97% specificity when taking
into account both DTT and MR-spectroscopy values.

With regards to diagnostic accuracy, a recent study
used DTI to assess the neuropathology of patients in
VS/UWS and MCS 7z vivo and to identify measurements
that could potentially distinguish the patients in these
two groupsm. The MCS and VS/UWS patients appeared
to differ significantly in subcortical white matter and
thalamic regions (measured using diffusivity maps) but
appeared not to differ in the brainstem. DTT results pre-
dicted scores on the GCS and successfully classified the
patients into their appropriate diagnostic categories with
an accuracy of 95%™. Furthermore, DTI proved to be
helpful for characterizing etiologic differences in patients
in VS/UWS, demonstrating that DTT abnormalities in
the brainstem were confined to the traumatic brain in-
jured group”,

These studies suggest that DTI-MRI techniques can
quantify white matter integrity and support the possible
benefit of using these methods for an eatly classification
of this patient population.

term outcome of traumatic patients

fMRI

In the last few years PET activation studies have been
largely replaced by fMRI non-ionizing techniques. Acti-
vation studies using visual, auditory and somatosensory
stimuli have revealed high level cortical activation encom-
passing the associative cortices in patients in MCS, similar
to that observed in healthy controls®. In contrast,
only low level cortical activation, limited to the primary
sensory areas, was detected in VS/UWS. The minority
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of patients in VS/UWS with high level cortical activation
often showed signs of recovery on the long term follow

up[ss"%]. Besides the prognostic value of this technique,

active fMRI paradigms have recently been performed to
detect covert awareness in patients who are behaviourally
unresponsive by investigating signs which are indepen-
dent from motor command following, and in some cases

o 7 [57-59
even establishing yes-no communication” ",

For instance, a recent fMRI study using mental im-
agery tasks (imagining playing tennis »s spatial navigation
around one’s house) showed that in a large cohort of
54 patients with DOC, 5 were able to willfully modulate
their brain activity. Furthermore, one behaviourally VS/
UWS patient was able to use this technique to correctly
respond with yes (by imagining playing tennis) or no (by
imagining visiting the rooms of his house) to autobio-

graphical questions during the fMRI scanning””. Ap-

proximately 17% of patients diagnosed as in VS/UWS
following behavioural assessment seem to be able to fol-
low commands when the commands involve a change in
blood oxygenation level dependent response, rather than
overt motoric behaviour. Similarly, a further study using
selective auditory attention showed that 3 patients (2 in
MCS and 1 in VS/UWS) were able to convey their ability
to follow commands, and the one in VS/UWS was even
able to correctly communicate answers to several auto-

biographic binary questions[(’o]

Despite their potential diagnostic and prognostic
value, active fMRI paradigm in terms of detecting covert
awareness has remained mostly controversial. Indeed,
without a comprehensive understanding of the neural
correlates of awareness, the absence of cortical activa-
tion to external stimuli does not necessarily coincide with
absence of awareness. Indeed, out of 31 MCS patients

described in the study by Monti ez al™", only one was able

to willfully modulate his brain activity. This could be due
to the fact that patients may be asleep during the scan, or
due to patients’ disabilities, such as aphasia (patients can-

not understand the task), ez

In this context, the other fMRI paradigms commonly
performed which partially overcome this latter limit are
passive, measuring brain responses to external sensory
stimulation (e.g., auditory, somatosensory and visual) whilst
the subject is not performing any mental task. An example
is the brain activation elicited by the patient’s own name
spoken by a familiar voice. This is a salient auditory stimu-
lus which has been preferred due to its attention-grabbing
properties. For example, using the own-name paradigm,
it was shown that 2 out of 7 patients in VS/UWS and
all 4 patients in MCS not only showed activation in the
primary auditory cortex, but also in higher order associa-
tive temporal areas, which are thought to be implicated

in the conscious processing of the incoming stimuli

Interestingly, these 2 patients in VS/UWS subsequently
recovered to MCS. The absence of higher activation did
not unequivocally coincide with the absence of awareness
as sensory deficits, such as deafness, could have led to a

false negative.
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Control
q(FDR) < 0.05
“m -

VS/UWS

8.00
(28) P < 0.01

Figure 3 Default mode network in vegetative state/unresponsive wake-
fulness syndrome, minimally conscious state, healthy controls-sagittal
view™. In vegetative state/unresponsive wakefulness syndrome (VS/UWS),
the anterior cingulate cortex (ACC) and posterior cingulate cortex (PCC) are
hypoconnected to the default mode network (in blue) and hyperconnected to
the fronto-insular cortex (in red), axial view. Correlation from random effect (P <

0.01) and clustered corrected (P < 0.05) results based on general linear model

maps with seed region of interest comparing VS/UWS to healthy controls®”.

MCS: Minimally conscious state.

Resting-state fMRI is a non invasive technique used
to investigate the spontaneous temporal coherence in
BOLD fluctuations related to the amount of synchro-
nized neural activity (Z.e., functional connectivity) between
distinct brain locations, in the absence of input or output
tasks'®'!. This technique has been increasingly used in the
analysis of patients with DOC, mainly because it is not
invasive and it surpasses the requirement for motor out-
put or language comprehension. Among the several func-
tional networks that have been detected so far'™, DMN
has been the first to attract scientific attention. To date,
resting state fMRI studies suggest that activity of this net-
work is generally lower as a function of the level of con-
sciousness. It has been demonstrated, for example, that
the connectivity of this network is correlated to the level
of consciousness, ranging from patients in VS/UWS (low
connectivity) to patients in MCS and to healthy controls
(higher connectivity)®’ (Figure 3). In addition, DMN
connectivity could not be found in a brain dead patient,
which highlights the neural origin of these MRI sig-
nals'”’. Recently, more networks at resting state have been
investigated in DOC, such as the bilateral fronto-parietal
or executive control networks, salience, sensorimotor, au-
ditory, visual systems, and the cerebellar network. It was
found that, besides DMN, the bilateral executive control
networks and the auditory system were also significantly
less identifiable (in terms of spatial and neural properties)
in patients with DOC compared to healthy controls, and
showed consciousness-level dependent decreases in func-
tional connectivity across the spectrum of DOC™,

Interestingly, it has been found that the resting brain
is characterized by a switch between the dominance of
the DMN (linked to “internal” or self-awareness) and
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the ECN (linked to “external” or environmental aware-

%67, when one shows activation, the other does not
and vice-versa. More recently, it was found that such
spontaneous anticorrelated patterns are closely related
to mentation and behavioral status. This means that
DMN activity is linked to behaviorally report of internal
awareness whereas ECN activity is related to behavioural
ratings for external awareness”. The decrease in anticor-
related pattern in disordered consciousness supports the
functional relevance of anticorrelated patterns to the
phenomenological complexity of consciousness'”.

Alongside the investigation of reduced connectiv-
ity is the presence of hyper-connectivity patterns, which
might also be indicative of brain function. In fact, it has
recently been demonstrated that, together with DMN
hypoconnectivity, the subcortical limbic system (including
the orbitofrontal cortex, insula and hypothalamus) exhib-
its paradoxically increased fMRI connectivity in patients
with DOC when compared to healthy controls'® (Figure
3). This could point to a more complex scenario of brain
connectivity architecture in the emergence of conscious-
ness, where hypoconnectivity may only represent a single
aspect.

ness

TMS-EEG
Unfortunately, fMRI-based techniques are impractical.
The fact that a scanner is needed limits its use to hospital
settings and precludes use in patients with pace makers,
metal implants or those in a critical condition in intensive
care units.

In this context, EEG recording associated with TMS
is a promising way to assess cerebral connectivity and it
may be especially useful for assessing the level of con-
sciousness in patients with DOC as it does not require a
scanner and it does not rely on the subject’s ability to pro-
cess sensory stimuli, to understand and follow instructions
or to communicate. In addition, this technique permits
consciousness assessment at single subject level, unlike the
majority of fMRI and PET studies™".

TMS-EEG can measure brain complexity by non-in-
vasively stimulating a subset of cortical neurons (through
TMS) and can immediately measure the effects of this
perturbation on the rest of the brain (through high den-
sity EEG)™”,

Based on the level of consciousness, the perturbation
will show either cortical interaction related to preserva-
tion or loss of information and/or integration. For ex-
ample, in patients in VS/UWS, when stimulating a super-
ficial region of the cerebral cortex, TMS either induced
no response or triggered a simple, local EEG response,
indicating a breakdown of effective connectivity (Z.e., of
the influence that one brain region exerts on another™",
similar to that observed in deep sleep and anesthesia™ ™).
In contrast, for patients in MCS, TMS triggered complex
EEG activations which sequentially involved distant
cortical areas, similar to activations recorded in patients
in LIS and healthy awake subjects. Recently, these TMS-
EEG responses have been practically quantified by the
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perturbational complexity index (PCD"™. This index has
demonstrated its potential as a unified measurement scale
to grade the level of consciousness. The PCI, in fact, es-
timates the amount of information contained in the inte-
grated response of the thalamo-cortical system to a direct
TMS perturbation™. Empirically, it showed to provide
a data-driven metric that can discriminate level of con-
sciousness in single subjects under different conditions:
below 0.31 for unconsciousness, above 0.51 for healthy
consciousness and in the between for MCS.

CONCLUSION

In the last decade we have witnessed the development
and the validation of standardized behavioural scales,
together with neuroimaging and neurophysiological
techniques to better understand the variable conditions
of patients with DOC. The need to objectively measure
phenomena associated with consciousness has promoted
an increased use of these neuroimaging and neurophysi-
ological tools in this patient population. Here we have
reviewed the basic principles of how the main neuroim-
aging techniques (PET, structural MRI, fMRI and TMS-
EEG), provide us with important insights into brain
function in DOC patients. Since every single technique
gives us specific and different information, we support
the integration of structural and functional neuroimag-
ing techniques, in order to have a broader and more
holistic vision of both the disease and the single patient
under our care. Furthermore, we expect that in the near
future, with a wider use of standardized behavioural
scales and the development of multimodal neuroimag-
ing techniques, there will be a drop in diagnosis-error.
Finally, the application of these methodologies at the
single subject level, as clinical reality requires, is one of
the next challenges.
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Abstract

In single photon emission computed tomography-based
three-dimensional radiotherapy (SPECT-B-3DCRT), im-
ages of Tc-99m galactosyl human serum albumin (GSA),
which bind to receptors on functional liver cells, are
merged with the computed tomography simulation im-
ages. Functional liver is defined as the area of normal
liver where GSA accumulation exceeds that of hepato-
cellular carcinoma (HCC). In cirrhotic patients with a
gigantic, proton-beam-untreatable HCC of = 14 cm in
diameter, the use of SPECT-B-3DCRT in combination
with transcatheter arterial chemoembolization achieved
a 2-year local tumor control rate of 78.6% and a 2-year
survival rate of 33.3%. SPECT-B-3DCRT was applied to
HCC to preserve as much functional liver as possible.
Sixty-four patients with HCC, including 30 with Child B
liver cirrhosis, received SPECT-B-3DCRT and none ex-
perienced fatal radiation-induced liver disease (RILD).
The Child-Pugh score deteriorated by 1 or 2 in > 20%
of functional liver volume that was irradiated with = 20
Gy. The deterioration in the Child-Pugh score decreased
when the radiation plan was designed to irradiate <
20% of the functional liver volume in patients given
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doses of = 20 Gy (rVaoey). Therefore, rVaey < 20%
may represent a safety index to prevent RILD during
3DCRT for HCC. To supplement rVzosy as a qualitative
index, we propose a quantitative indicator, F20ey, which
was calculated as Fasy = 100% x (the GSA count in
the area irradiated with = 20 Gy)/(the GSA count in
the whole liver).

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Functional image-guided radiotherapy;
Galactosyl human serum albumin; Dose-volume histo-
gram; Three-dimensional radiotherapy; Hepatocellular
carcinoma

Core tip: Three-dimensional conformal radiotherapy,
which is designed to preserve functional liver, can be
visualized by single photon emission computed tomog-
raphy with Tc-99m-galactosyl human serum albumin
(GSA). This treatment modality has promising thera-
peutic effects for hepatocellular carcinomas (HCCs) of
> 14 cm in diameter that are unmanageable by proton
beam therapy. A treatment plan designed to irradiate
< 20% of the functional liver volume (r.Vaoey < 20%)
did not cause radiation-induced liver disease. There-
fore, rV2ey < 20% may be a useful safety marker for
three-dimensional radiotherapy of HCC of various sizes.
It is also possible to estimate the effects of radiothera-
py on the liver by dividing the GSA count in the region
of the liver irradiated with = 20 Gy by the GSA count
of the entire liver.

Shirai S, Sato M, Noda Y, Kumayama Y, Shimizu N. Incorporat-
ing GSA-SPECT into CT-based dose-volume histograms for
advanced hepatocellular carcinoma radiotherapy. World J Radiol
2014; 6(8): 598-606 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i8/598.htm DOI: http://dx.doi.org/10.4329/
Wjr.v6.18.598
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INTRODUCTION

The development of computed tomogtraphy (CT) has
contributed to radiation treatment (RT) planning by its
ability to reveal the precise location of target tissue and
at-risk organs in three dimensions, thus enabling dose-
volume histograms (DVHs) to be created!". The intro-
duction of DVHs has had significant benefits in terms
of better target control and reduced adverse effects.
However, even in cases where a DVH was used, RT may
cause radiation-induced liver disease (RILD), which is
sometimes fatal, in patients with advanced hepatocellular
carcinoma (HCC)®”, In the normal tissue complication
probability model, which is used to predict disorders
based on the DVH, the volume-adverse effect coeffi-
cient is relatively large (0.32-0.40)", Therefore, attempts
to reduce the irradiation volume do not always prevent
RILD"™Y, Furthermore, the proportion of irradiated nor-
mal liver relative to the entire normal liver (N\ol/Gy) often
fails to predict RILD™*,

The onset of RILD was commonly attributed to the
presence of liver cirrhosis in patients with HCC™”. For
example, Tkai ¢z al” reported marked variability in the
function of normal liver in patients with liver cirrhosis
and in patients with portal vein tumor thrombus (PVTT),
which led to the adoption of a surgical therapeutic strat-
egy. Radiation oncologists generally use and rely upon
CT-based DVH. Many radiation oncologists may not
acknowledge or cope with the possible variations in liver
function in normal liver.

Because single photon emission computed tomogra-
phy (SPECT) with liver scintigraphy reflects the function
of normal liver”, we anticipated that SPECT could be
used to evaluate localized liver function. Nanashima e# 2/
reported that SPECT images obtained using Tc-99m-ga-
lactosyl human serum albumin (GSA) provided a better
assessment of local liver function than conventional CT
images. Furthermore, Shuke ¢z a/” reported that GSA was
the best radioisotope for evaluating liver function by scin-
tigraphy. Therefore, we merged SPECT images obtained
using GSA (GSA-SPECT) with CT simulation images to
prepare isodose curves. We then used the merged images
for treatment planning for HCC, including cases with
PVTT, hepatic vein tumor thrombus (HVTT) and/or
bile tract tumor thrombus (BTTT)"*'", We refer to this
approach as SPECT-based three-dimensional conformal
radiotherapy (SPECT-B-3DCRT).

The aim of this article is to describe the technical
details, safety and efficacy of SPECT-B-3DCRT. We also
describe its potential limitations and possible strategies to
overcome its limitations.

COMBINING RT WITH TRANSCATHETER
ARTERIAL CHEMOEMBOLIZATION

Transcatheter arterial chemoembolization (TACE) is
pethaps the most widely performed multidisciplinary
therapy for unresectable HCC"”. However, because
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TACE is commonly ineffective in patients with HCC =
5 c¢m in diameter or HCC with blood vessel invasion">",
we combined SPECT-B-3DCRT together with TACE in
such patients, with the aim of improving treatment out-
comes!"'". Namely, TACE was applied for intrahepatic
metastasis out of the radiation field. RT is also applied to
metastases in bone, liver and brain. Accordingly, TACE
plus RT is an effective multidisciplinary therapy for pa-
tients with otherwise limited treatment options' " **'%,

DEFINITION OF FUNCTIONAL LIVER

There is increasing research into the use of GSA in
internal medicine and surgery in the context of hepatol-
ogym’lgj, but it has been overlooked in relation to RT.
When we first considered applying GSA-SPECT to RT,
we found no reliable studies describing the potential rela-
tionship between GSA and RT. However, we found some
studies describing the use of Tc-99m-macroaggregated
albumin in RT of lung cancer. Although different ra-
dioisotopes are used for different cancers, these eatlier
reports highlighted the need to select an appropriate
radioisotope and evaluate organ function before com-
mencing RT"*?" The first step for evaluating liver
function involved fusing the SPECT image to the CT
simulation image. The state of the liver varies consider-
ably in HCC patients, ranging from normal liver function
to Child C cirrhotic liver''”. Therefore, the next step was
to establish a definition of functional liver. Unfortunately,
a universal definition of functional liver cannot be used
because the extent of cirrhotic liver varies considerably
among patients. Christian ¢/ a/"”' proposed a threshold
for organ function in individual organs. Based on a study
by Sawamura ef al” we defined functional liver as the
region of the liver in which radioisotope accumulation
exceeded that of the HCC, while dysfunctional liver was
defined as the region of the liver in which radioisotope
accumulation was similar to that of the HCC!"!"! (Figures
1 and 2). This definition of functional liver was therefore
qualitative but not quantitative.

SPECT-B-3DCRT TECHNIQUE

The current Japanese guidelines for RT of HCC recom-
mend that small HCCs are irradiated with 80-90 Gy in
40-45 fractions™. However, surgical hepatectomy and
radiofrequency ablation (RFA) are also used to treat
small HCCs. At our institute, RT is generally requested
for HCCs that cannot be managed surgically or by RFA,
especially in patients with giant HCCs with intrahepatic
metastasis and liver cirrhosis. All the patients in this se-
ries were asked by the surgeon and/or hepatologists to
undergo radiotherapy because of the presence of PVTT.
The administration of sorafenib was limited to liver
function of Child-Pugh A classification and the cost of
sorafenib, approximately 6000 dollars per month, was
a financial burden on the patients. Surgical hepatic lo-
bectomy was not scheduled because of the presence of
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Figure 1 A 58-year-old man with hepatocellular carcinoma with a maximum diameter of 18.0 cm. A: Contrast-enhanced computed tomography; B: Single
photon emission computed tomography with Tc-99m-galactosyl human serum albumin before radiotherapy; C: The merged image of A and B. The regions (1) without
GSA accumulation in B correspond to main tumor located in the left lobe. The regions (2) of high accumulation in B correspond to functional liver. These regions were
identified using the merged image (C); D: Dose distribution based on the CT simulation; E: GSA-SPECT image obtained 2 mo after RT shows regions without GSA
accumulation (1) along the two high-dose beams, with preservation of functional liver (2); F: The extent of radiation-induced dysfunctional liver is shown as the gray
area with a black border and was determined by comparing B and E. GSA: Galactosyl human serum albumin; SPECT: Single photon emission computed tomography;
CT: Computed tomography; RT: Radiotherapy.

Figure 2 A 53-year-old man with hepatocellular carcinoma with a maximum diameter of 16.5 cm. A: Contrast-enhanced computed tomography; B: Single pho-
ton emission computed tomography with Tc-99m-galactosyl human serum albumin before radiotherapy; C: The merged image of A and B; The regions (1) without GSA
accumulation in B correspond to main tumor located in the right lobe. The regions (2) of high accumulation in B correspond to functional liver. These regions were
identified using the merged image (C); D: Dose distribution based on the CT simulation; E: GSA-SPECT image obtained 2 mo after RT shows regions without GSA
accumulation (1) along the two high-dose beams, with preservation of functional liver (2); F: The extent of radiation-induced dysfunctional liver is shown as the gray
area with a black border and was determined by comparing B and E. GSA: Galactosyl human serum albumin; SPECT: Single photon emission computed tomography;
CT: Computed tomography; RT: Radiotherapy.

intrahepatic metastases in the other lobe. Namely, treat- for medical and social reasons. Therefore, we prescribed
ment of surgery and internal medicine were not indicated 45 Gy (18 fractions, 2.5 Gy/fraction) for the main tumor
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Figure 3 Estimated probability of radiation-induced liver disease or a
deterioration in the Child-Pugh score by = 1 point according to percent-
age of functional liver irradiated with = 20 Gy (r.Vzuey). Probability values
were estimated by logistic regression analysis. RILD: Radiation-induced liver
disease.

and the vessel tumor thrombus to prevent RILD!"""
(Figutes 1 and 2). If the tumor size and/ot type necessi-
tated applying a greater dose to functional liver than was
initially planned, we decided to omit some of the tumor
from the irradiation field, providing that the omitted vol-
ume was < 5% of the whole tumor and was treated by
TACE". Our objective was to avoid RILD in such cases.
Furthermore, to account for respiratory mobilization™”,
the clinical target volume margin was routinely set 2-3
cm greater than the gross tumor volume margin. We also
reduced the margin for respiration mobilization from 2-3
cm to 1 cm by asking the patients to hold their breath
at the end of expiration""""!, To minimize the effects
of respiration, the patient practiced breath holding for
10-15 s at the end of expiration until the position could
be maintained with a maximum variance of 5 mm under
X-ray fluoroscopic monitoring, Treatment planning was
also designed to reduce the radiation exposure to the
liver" '), Tn short, the beam angle and dose preserved the
functional volume visualized using the merged SPECT-
CT image. We conducted SPECT-B-3DCRT in 64 pa-
tients with HCC, including 30 patients with Child B liver
cirrhosis. We confirmed that a deterioration in the Child-
Pugh score of 1 or 2 only occurred in patients when >
20% of the entire functional liver volume was irradiated
with = 20 Gy (Figures 3 and 4)""%. Figure 3 depicted
the abrupt rise of rLVacy from approximately 20% and
Figure 4 depicted r.Va6y of 20% corresponded to the
cutoff value in receiver operating characteristic analysis.
Therefore, our treatment plan specified that < 20% of
the functional liver volume would be irradiated with =
20 Gy to minimize the deterioration in the Child-Pugh
scote.

The stomach, intestine, spinal cord and kidneys are at-
risk organs during liver RT™*!. The use of supplemen-
tary beams and/or setting a couch angle of < 90° helped
to reduce irradiation of the stomach, intestine and spinal
cord to < 38.25 Gy, while < 30% of the total volume
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Figure 4 Receiver-operating characteristic curve for the percentage of
functional liver volume irradiated with = 20 Gy (r.VV206y). The optimal cutoff
value for r.Va0ey was 20% for predicting radiation-induced liver disease or a de-
terioration in the Child-Pugh score of = 1 point. At this cutoff value, sensitivity
and specificity were 0.867 and 0.857, respectively. The area under the receiver-
operating characteristic curve was 0.923 (P < 0.001). Journal of Gastroenterol-
ogy and Hepatology Research gave assurance that the copyright for this figure
is retained by the authors.

of both kidneys was exposed to = 20 Gy[m’m.

The merged SPECT-CT images provided us with
an unexpected but promising finding. The growth of
gigantic HCCs is coupled with significant destruction of
functional liver, especially of the tissue surrounding the
tumor. Consequently, the target tissue becomes greater
and it becomes easier to preserve functional liver with ap-
propriate treatment planm'ngmj.

TREATMENT OF HCC = 14 CM IN
DIAMETER

Japanese RT guidelines suggest proton beam irradiation
to treat HCC of = 5 cm™. Sugahara e al™ reported that
proton beam therapy brought about 2-year local tumor
control rate of 87% and 2-year survival rate of 36%.
These results seem to surpass our results below. However,
median tumor size of their study was 11 cm (range, 10-14
cm) and proton beam therapy is not indicated for HCC
of = 14 ¢cm". That is the reason why we introduced
treating HCC of = 14 c¢m using SPECT-B-3DCRT. We
assessed the merged SPECT-CT images for HCC of =
14 cm in diameter and found that the majority of func-
tional liver was localized to the non-main HCC-bearing
lobe rather than the main HCC-bearing lobe!™ (Figures
1 and 2). Our clinical research indicated that SPECT-B-
3DCRT did not affect liver function when = 80% of
functional liver was located in the non-main HCC-bearing
lobe!™. In 12 patients who received SPECT-B-3DCRT,
the local tumor control rate was 78.6% and the 2-year
survival rate was 33.3%, without setious adverse effects
(Figure 5). Based on these findings, we recommend the
use of SPECT-B-3DCRT for patients with gigantic (=
14 ¢cm) HCC that cannot be managed by resection or
proton beam therapy.
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Figure 5 Kaplan-Meier analysis of the local control rate of the irradiated
tumor and the survival in 12 cases of hepatocellular carcinoma exceeding
14 cm following single photon emission computed tomography-based
three-dimensional radiotherapy. Cancer and Clinical oncology gave assur-
ance that the copyright for this figure is retained by the authors.

TREATMENT OF HCC 5-14 CM IN
DIAMETER

If functional liver is predominantly located in the non-
main HCC-bearing lobe, SPECT-B-3DCRT can be per-
formed without significant concerns, as described above.
However, in some patients, the majority of functional
liver is located in the main HCC-bearing lobe. If the
main HCC-bearing lobe is the right lobe and > 50% of
functional liver volume is in the main HCC-bearing lobe,
the treatment strategy should be developed very carefully.

We treated 26 patients with HCCs of 5-14 cm with
PVTT, leading to the control rate of 92.2% of the PVIT
and 1-year and 2-year survival rate of 44.4% and 30%,
respecrivelylm]. Figure 6 shows a typical patient with an
HCC of 5-14 c¢m in diameter. This patient had a right
PVTT. SPECT revealed that 85% of functional liver was
in the right lobe adjacent to the PVTT. If the RT plan
was prepared for normal liver using CT images alone, we
would expect that short-axis beams (hypothetical main
beams, Figure 6F) would result in less irradiation of
normal liver than that with long-axis beams (actual main
beams, Figure 6C). nt.Vaocy would be 30.8% for the long-
axis beam plan and 23.1% for the short-axis beam plan.
However, r.Vacy based on SPECT images was 23.8%
for the long-axis beam plan and 43.7% for the short-axis
beam plan (Figure 7). Therefore, in this patient, RT using
short-axis beams would likely cause RILD.

Cheng et al” reported that 17/89 (19.1%) and 7/89
(7.9%) patients who received 3DCRT with treatment plan-
ning without SPECT experienced RILD and fatal RILD,
respectively. In the study by Liang ez a/”, 17/109 (15.6%)
and 13/109 (11.9%) patients developed RILD and fatal
RILD, respectively. In our series, 3/64 (4.7%) and 0 pa-
tients (0%) who received SPECT-B-3DCRT experienced
RILD and fatal RILD, respectivelym. Therefore, we
believe that GSA-SPECT helps to predict and may ulti-
mately reduce the risk of non-fatal and fatal RILD.
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TREATMENT OF HCC < 5 CM IN

DIAMETER

SPECT-B-3DCRT can be applied to HCC of < 5 cm
with PVTT, HVTT and/or BTTT. In this situation,
functional liver surrounds the main tumor and is there-
fore likely to be damaged by RT. Regrettably, as we en-
countered no patient with HCC < 5 cm with pvTT!M,
we described the content of radiotherapy for HCC <
5 cm by referring to other manuscripts. Mornex ez al”
reported that 3DCRT caused Grade 4 toxicity in 2/11
(22%) Child B patients and Grade 3 toxicity in 3/16 (19%)
Child A patients with a HCC < 5 cm in diameter. There-
fore, smaller HCCs require more careful treatment plan-
ning than larger HCCs. In this context, we consider that
treatment planning with rLVacy < 20% is an important
approach for preserving functional liver (Figures 3 and 4).
If FLVaGy is > 20% of the planned volume of the main
tumor to be irradiated, we suggest that the treatment plan
is revised to omit part of the main tumor. This residual

part of the tumor can be treated by TACE instead".

LIMITATIONS OF FUNCTIONAL LIVER

If merged SPECT-CT images are available, the concept
of functional liver is particularly useful for treatment
planning in individual patients. However, functional liver
is a qualitative rather than quantitative concept, making
it difficult to compare data on functional liver among in-
stitutes. Therefore, an objective definition of functional
liver should be established and standardized.

DOSE-FUNCTION HISTOGRAM AND

FUNCTIONAL COUNT RATE (Fay)

Sugahara ef al' used GSA SPECT to evaluate the func-
tion of the right and left lobes before surgical hepatec-
tomy in a quantitative manner by determining the liver
uptake of GSA relative to the total dose of GSA injec-
tions. Christian ez a/"” and Seppenwoolde ez al”" used
lung perfusion SPECT for treatment planning and evalu-
ated the extent of functional lung. Therefore, software
has been developed to determine the dose-function his-
tograms (DFH) from perfusion SPECT images for use in
treatment planning for lung cancer™.

Based on these previous reports, we propose functional
count rate (Fey) as a quantitative index of functional liver.
Foy is defined as the percentage of the functional liver rate
in the DFH and is based on "Gy, the percentage of liver
volume in the DVH. Foy is calculated using the following
formula: Foy = 100 X (GSA count in the area of the liver
indicated by the isodose curve)/(GSA count for the entire
liver). Because we use r.Vacy < 20% as a qualitative safety
marker, Faocy was calculated for the patient presented in
Figure 8. For this patient, FaoGy, NLV20cy and Fr.V206y were
22.2,20.6 and 18.1, respectively. We consider that, because
DFH and Fay link the area of the isodose cutrve to liver
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Figure 6 Distribution of functional liver and treatment planning for a 60-year-old male with hepatocellular carcinoma and liver cirrhosis of Child-Pugh
grade A. A: Contrast-enhanced computed tomography shows a PVTT in the right first portal vein originating from the right posterior sub-segment branch of the portal
vein; B: GSA-SPECT taken before RT at the same level as A confirms that functional liver (2) is unevenly distributed between the anterior and lateral sides of the right
PVTT. 1 = dysfunctional liver; C: The two main radiation beams were angled in the left-anterior to right-posterior direction (20 Gy) and in the right-posterior to left-
anterior direction (18.25 Gy beam); D: GSA-SPECT image obtained 2 mo after RT shows functional liver (2) and preservation of the right anterior sub-segment. This
image also shows that the extent of dysfunctional liver has increased in the right posterior and left medial sub-segments; E: The extent of radiation-induced dysfunc-
tional liver is shown as the dark gray area; F-I: Hypothetical treatment planning; F: The hypothetical main beams are angled in the right-anterior to left-posterior direc-
tion (solid lines), unlike the actual beams (dotted lines); G: The hypothetical radiation beams are angled in the right-anterior to left-posterior direction (20 Gy) and in
the left-posterior to right-anterior direction (18.25 Gy). Although the radiation-induced destruction of normal liver can be estimated, it is difficult to predict the extent of
radiation-induced destruction of functional liver from CT simulation alone; H: GSA-SPECT image together with the hypothetical main beams; I: The gray area indicates
the extent of radiation-induced dysfunctional liver likely to be induced by the hypothetical main beams. The relative difference in the destruction of functional liver
between the real and the hypothetical treatment plans can be estimated by comparing E and |. PVTT: Portal vein tumor thrombus; GSA-SPECT: Galactosyl human
serum albumin-single photon emission computed tomography with Tc-99m-galactosyl human serum albumin image; RT: Radiotherapy; CT: Computed tomography.
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Figure 7 Comparison of dose-volume histograms between actual treatment plans (solid lines) and hypothetical treatment plans (dotted lines). A: Com-
parison of the DVH for normal liver. In this case, the percentage of the normal liver irradiated with = 20 Gy (v.Vaoey) was 23.1% for the hypothetical treatment plan vs
30.8% for the actual treatment plan. Therefore, irradiation of normal liver is lower for the hypothetical treatment plan than for the actual treatment plan; B: Comparison
of the DVH for functional liver. In this case, the percentage of functional liver irradiated with = 20 Gy (r.V0ey) was 43.7% for the hypothetical treatment plan vs 23.8%
for the actual treatment plan. Therefore, irradiation of functional liver is lower for the actual treatment plan than for the hypothetical treatment plan. The difference be-
tween nVaoey and rLV2ocy in these two settings is due to the uneven distribution of functional liver. DVH: Dose-volume histograms; HCC: Hepatocellular carcinoma.
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Figure 8 Quantitative analysis of radiation-induced dysfunctional liver. A: Computed tomographic image of a 52-year-old man with a recurrent tumor thrombus in
the main portal vein after undergoing left hepatectomy for hepatocellular carcinoma; B: Isodose curves used for treatment planning; C: Faey was calculated from the GSA
count of the entire liver and the area within the 20 Gy isodose curve; D: Fzey was calculated from a single photon emission computed tomography with Tc-99m-galactosyl
human serum albumin image using the formula: F20ey = 100 x (GSA count in the area of the liver within the 20 Gy isodose curve)/(GSA count for the entire liver); E: In this
patient, Fzoey was 22.2%. GSA: Galactosyl human serum albumin; DVH: Dose volume histogram; DFH: Dose function histogram; HCC: Hepatocellular carcinoma.
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function in a quantitative manner, they could replace
DVH and 16y as gold-standard methods for evaluating
the effects of RT on liver function. However, further
studies are needed to confirm the clinical utility of DFH
and Fay in treatment planning for patients with HCC and
liver dysfunction.

CONCLUSION

SPECT-B-3DCRT combined with TACE can be per-
formed in patients with HCC of any size, together with
a PVTT, HVTT and/or BTTT, offering improved safety
and therapeutic outcomes compared with existing mo-
dalities. Although rLVaoy < 20% is a qualitative assess-
ment, it is a useful safety marker for predicting the risk of
RILD. We also consider that DFH and Fay are promising
quantitative markers for predicting the effects of SPECT-
B-3DCRT in patients with HCC.
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Abstract

Cone beam computed tomography (CBCT) has often
been used to determine the quality of craniofacial
bone structures through the determination of mineral
density, which is based on gray scales of the images
obtained. However, there is no consensus regarding
the accuracy of the determination of the gray scales
in these exams. This study aims to provide a literature
review concerning the reliability of CBCT to determine
bone mineral density. The gray values obtained with
CBCT show a linear relationship with the attenuation
coefficients of the materials, Hounsfield Units values
obtained with medical computed tomography, and
density values from dual energy X-ray absorciometry.
However, errors are expected when CBCT images are
used to define the quality of the scanned structures be-
cause these images show inconsistencies and arbitrari-
ness in the gray values, particularly when related to
abrupt change in the density of the object, X-ray beam
hardening effect, scattered radiation, projection data
discontinuity-related effect, differences between CBCT

Baishidenge ~ WIR | www.wjgnet.com

devices, changes in the volume of the field of view
(FOV), and changes in the relationships of size and
position between the FOV and the object evaluated.
A few methods of mathematical correction of the gray
scales in CBCT have been proposed; however, they do
not generate consistent values that are independent of
the devices and their configurations or of the scanned
objects. Thus, CBCT should not be considered the ex-
amination of choice for the determination of bone and
soft tissue mineral density at the current stage, par-
ticularly when values obtained are to be compared to
predetermined standard values. Comparisons between
symmetrically positioned structures inside the FOV and
in relation to the exomass of the object, as it occurs
with the right and left sides of the skull, seem to be
viable because the effects on the gray scale in the re-
gions of interest are the same.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Tomography; Cone-Beam computed to-
mography; Bone mineral density; Reproducibility of
results

Core tip: The development of cone beam computed
tomography (CBCT) has allowed for more frequent use
of these images in dentistry for the evaluation of den-
tomaxillofacial structures. Yet, there is no consensus
regarding the accuracy of CBCT to determine mineral
density of craniofacial bone structures, although this
technique has been used for this purpose in several
types of analyses. According to the studies available
to date, it may be concluded that CBCT should not be
considered the examination of choice for the determi-
nation of mineral density of osseous and soft tissues,
especially when values obtained are compared with
predetermined standard values.
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INTRODUCTION

Bidimensional radiographic methods (periapical, oc-
clusal, panoramic and cephalometric radiographs) are
widely used in dentistry; however, they do not provide
visualization of the regions of interest without the su-
perimposition of structures and consequent camouflage
of anatomical details. The advent of images acquired
from computed tomography (CT) has made more precise
quantitative and qualitative evaluation of the adjacent
structutres possible“’z].

Although the use of CT is routine in medical practice,
this examination has not been extensively widespread in
dentistry, due to the presence of image artifacts, high cost,
complexity of the examination and high dose radiation.

The development of cone beam computed tomog-
raphy (CBCT), used for the evaluation of dentomaxil-
lofacial structures, has allowed for more frequent use
of these images in dentistry because it is a less complex
device that produces images with satisfactory resolution,
with little artifact incidence and lower dose of radiation'.

Multislice and cone beam CT images are frequently
used to determine mineral density of craniofacial bone
structures” . Yet, there is no consensus regarding the
accuracy of CBCT for this type of analysis. While some
studies advocate its use!'"', others advocate that CBCT
is not an adequate tool for this type of evaluation be-
cause the intensity values of CBCT are influenced by the
characteristics of the systeml4’13’16] and by the scanned
objectm’lsl. This study aims to provide a literature review
concerning the reliability of CBCT for the determination
of bone mineral density of craniofacial structures.

BONE MINERAL DENSITY

Mineral density is determined by the amount of min-
eral mass contained in a certain volume of a structure,
described in units of mass per area (in bidimensional
images) or per volume (in tridimensional images), where
only mineral content is considered"”. Several methods
may be used to determine bone mineral density, including
digital image analysis of microradiographs, single photon
absorciometry, dual photon absorciometry, dual energy
X-ray absorciometry (DEXA) and quantitative ultra-
sound”*. However, these procedures present with limi-
tations inherent to the techniques used because density is
determined through images of superimposed structures,
not producing tridimensional information™*".
Nowadays, multislice computed tomography (MSCT)
is one of the most useful medical imaging techniques for
the acquisition of data regarding not only bone density,
but the density of all the tissues of the body. In these ex-
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aminations, density is desctibed in hounsfield units (HU)
and represents the relative density of a body tissue ac-
cording to a calibrated gray-level scale based on HU val-
ues of the air (1000 HU), water (0 HU) and dense bone
(+1000 HU)*. HU values are directly related to the mass
absorption coefficient of different tissues”™ and, despite
some variation””, these values may be used for the de-
termination of density of the tissues with a high degtree
of accuracy" and sensitivity, detecting density differ-
ences of 1% or less”™. However, the gray scale can vary
between different scanners and with different energies on
the same MSCT scanner™. The factor with the highest
influence on the determination of the gray scale is the
energy of the X-ray beam (kVp), which is directly related
to the capacity of penetration of the primary beam. The
bigger the energy of the X-ray beam, the bigger and
more uniform its penetration will be, resulting in smaller
variation of attenuation, smaller contrast of images, and
smaller density of the structures evaluated. The adequate
setting of the energy applied allows for the determination
of a correct density” .

CONE BEAM CT

After the development of CBCT, a less complex device
with low operational cost and reduced radiation emis-
sion®™ ™ used for the acquisition of tridimensional im-
ages of dentomaxillofacial structures by Mozzo ez al,
the indication of medical CT for the evaluation of these
structures decreased considerably, especially due to the
higher radiation dose applied to the patient during im-
age acquisition[m’?’z]. Thus, CBCT has been proposed
as a diagnostic method for the determination of bone
mineral density!™'""**** Gray values obtained with
CBCT are used in an analog way as the HU values for the
determination of mineral density"” and show a linear re-
lationship with the attenuation coefficients of the materi-
als"™" HU values obtained with medical CT""'** and
density values from DEXA",

Despite the correlation between gray values obtained
with MSCT and CBCT, etrors are expected when CBCT
images are used to define the density of scanned struc-
tures’” because these images present with inconsisten-
cies and arbitrariness of gray values"**", especially when
related to abrupt changes of density in the object*?,
X-ray beam hardening effect™ " scattered radiation™”
and projection data discontinuity-related effect™, making
the validity of the measurements obtained questionable
(Table 1).

In CBCT, the abrupt and discrepant variation of the
attenuation coefficient of the X-rays in the scanned struc-
tures, as occurs in the presence of metallic structures,
creates artifacts in the images, which are characterized by
dark and bright streaks in the vicinity of the metal object.
Once these artifacts exhibit a different color from that of
the structure to be analyzed, they are responsible for the
inconsistencies in the gray values in the areas where they
are present“s’m A

Another source of artifacts in CBCT images is the
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Table 1 Factors that might lead to inconsistencies and

arbitrariness of grey values on cone beam computed tomography
images

Ref.

Nackaerts et al'¥

Factors

Variation in the devices
Image-acquisition settings
Relationship between the object evaluated and FOV
The position held by the region of interest

Mah et al™ Variation in the devices

Reeves et al™

Abrupt changes of density in the object
Projection data discontinuity-related effect
Variation in the CBCT devices
Image-acquisition settings
Relationship between the object evaluated and FOV
Projection data discontinuity-related effect
Relationship between the object evaluated and FOV
The amount of exomass
The dimensions of the FOV

The amount of exomass

Katsumata ef al™

Bryant et al""”

Katsumata ef al™

Pauwels et al™

X-ray beam hardening effect
Projection data discontinuity-related effect
Variation in the devices
Schulze et al*! Abrupt changes of density in the object
X-ray beam hardening effect
Scattered radiation
Pauwels et al*”

Goodsitt et al™

Abrupt changes of density in the object
X-ray beam hardening effect
Scattered radiation

11501

Liu et a The position held by the region of interest

CBCT: Cone beam computed tomography; FOV: Field of view.

phenomenon of X-ray beam hardening. In CBCT, when
the beam of X-rays made up of broad spectrum pho-
tons reaches a certain material, the low energy photons
are easily absorbed, altering the spectrum of the beam.
Once the X-ray beam reaches a specific point or area of
the object by different angles, varied alterations in the in-
tensity of its energy spectrum occur before it strikes the
detector, generating different readings of the attenuation
coefficient of this point, and may produce dark streaks
in the images obtained. Besides causing artifacts in
the images, when the low energy photons are absorbed,
the X-ray beam gains energy, passing through the tissues
more easily, causing an underestimation of the attenua-
tion coefficient and producing dark areas in the imagesm].

An underestimation of the attenuation coefficient
due to the occurrence of darker gray values also occurs
as a consequence of scattered radiation. When the X-ray
beam interacts with the object being evaluated, some
photons are diffracted from their original position and
strike the detector in a random way. This scattered radia-
tion is added to the primary radiation of the X-ray beam,
overestimating the intensity measured by the system
and underestimating the attenuation coefficient of the
object, affecting the obtained values of density"!. CBCT
devices have bigger detectors than the MSCT because
the X-ray beam of the former is conical and of the latter
is in the shape of a fan, favoring the occurrence of scat-
tered radiation™

Another type of artifact related to CBCT images is
known as projection data discontinuity-related artifact,
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which occurs when FOV is smaller than the scanned
object. First, during the system rotation for the image
acquisition, the X-ray beam strikes the parts of the object
located outside the FOV, creating peripheral bright-band
near the boundary of the FOV"*™ this effect being di-
rectly related to the mass and spatial distribution of ma-
terials or tissues outside the FOV!'”.

Besides the presence of artifacts and the inconsis-
tency of the gray values attributed to the characteristics
of CBCT, vatiation in the devices™™™', Image-acquisition
settings“’lél, and the relationship between the object
evaluated and FOV™'"™ may also influence in the images
obtained because alterations of these variables are associ-
ated with low reproducibility of gray values. Due mainly
to the integration between some of these characteristics,
in most instances, variables are not adequately controlled
in the studies of reliability of values of density in CBCT.

At present, there are several models of CBCT de-
vices in the market and significant fluctuations in gray
values were demonstrated when different equipment was
comparedm’m. Each CBCT scanner has its own factors
of exposition and image reconstruction (FOV, kVp, mA,
voxel size, exposure time). Some are fixed, others are
vatiable!"™”, making it difficult or even impossible for
studies on determination of density in CBCT to draw
conclusions for all the systems used™.

According to Pauwels ez al™ some CBCT devices
with specific protocols of exposition generate stable gray
values which may be related to HU and density. However,
as with medical CT, the determination of gray values is
specific to the scanner, depending on the calibration of
the devices.

The determination of the dimensions of the FOV
in CBCT is very variable due to its different applicabil-
ity in dentistry. This adaptation of the size of the FOV
according to the demand of the examination is a great
advantage of the system because it exposes the patient
to a minimum amount of radiation in order to evaluate
the region of interest. However, it may have significant
implications in the gray values of the structures, with
small volume FOVs associated with reduced values of
density"™.

The decrease of gray values in the smallest FOV may
be explained by the reduction of the diameter of the X-ray
beam so as to irradiate only the region of interest™*,
This X-ray beam limitation may lead to the dectease of
the amount of low-energy photons and to the increase
in the capacity of penetration of X-rays""’, resulting in a
relative reduction of the value of attenuation of X-rays
and gray values™!

The manipulation of the dimensions of the FOV
may also alter the amount of exomass, mass present
outside the FOV during image acquisition, which is as-
sociated with the variability of the gray values in CBCT
71 Katsumata ef al'™ reported a significant
variation of the gray values when objects of different

examinations
mass were evaluated with different FOV volumes, where

the greater volume FOV provided the elimination of the
exomass, resulting in less variability of the gray values.
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The variability of the gray values associated with the exo-
mass may be explained by the projection data discontinu-
ity caused by the variation of the superimpositions of the
non-homogeneous and non-symmetrical tissues outside
the FOV along the rotation of the X-ray beam during
image acquisition" ",

Another factor that may be related to the variability
of the gray values in CBCT is the position held by the
region of interest (specific area of measurement of den-
sity) inside the FOV. This variability occurred when den-
sity was determined in vatious places of a homogenecous
% and with more intensity when the same ob-
ject was scanned repeatedly in different positions inside
the FOV under the same exposure conditions,

Despite the many variables that may affect image
quality and the determination of gray values in CBCT ex-
aminations, great effort has been made in obtaining valid

structure

gray values in these images. Studies have described meth-
ods for mathematical correction of gray levels in CBCT
examination using as reference X-ray attenuation coeffi-
cients of standardized materials'™"”, gray values obtained
P05 "and even cotrection
5152 ey
owing to different configurations of image acquisition,
which may be specific for each CBCT device or altered
for several applications of these examinations in den-

in conventional CT' examination
algorithms during or after image acquisition

tistry, the correction methods of gray values obtained in
CBCT still do not generate consistent values which are
independent of the devices and their configurations or

of the scanned objects[15’5m.

CONCLUSION

According to the studies available to date, it may be
concluded that CBCT should not be considered the ex-
amination of choice for the determination of mineral

density of osseous and soft tissues, especially when val-
ues obtained are compatred with predetermined standard
values. Comparisons between symmetrically positioned
structures inside the FOV and in relation to the exomass
of the object, as with the right and left sides of the skull,
seem to be viable because the effects on the gray values
in the regions of interest are the same.
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Abstract

Like other parts of the gastrointestinal tract (GIT),
duodenum is subject to a variety of lesions both con-
genital and acquired. However, unlike other parts of
the GIT viz. esophagus, rest of the small intestine and
large intestine, barium evaluation of duodenal lesions is
technically more challenging and hence not frequently
reported. With significant advances in computed to-
mography technology, a thorough evaluation including
intraluminal, mural and extramural is feasible in a sin-
gle non-invasive examination. Notwithstanding, barium
evaluation still remains the initial and sometimes the
only imaging study in several parts of the world. Hence,
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a thorough acquaintance with the morphology of vari-
ous duodenal lesions on upper gastrointestinal barium
examination is essential in guiding further evaluation.
We reviewed our experience with various common and
uncommon barium findings in duodenal abnormalities.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Barium study; Duodenum; Upper gastroin-
testinal tract; Small bowel; Pathology

Core tip: Barium evaluation of duodenal pathologies is
technically more challenging than rest of gastrointesti-
nal tract. Barium study still forms an initial and integral
part of evaluation as it provide useful clues to the diag-
nosis and guide further evaluation. This article should
alert the radiologist to consider various common and
uncommon duodenal pathologies in the correct clinical
setting to guide the clinician for further investigations
to ensure correct diagnosis and enable appropriate
treatment.

Gupta P, Debi U, Sinha SK, Prasad KK. Upper gastrointestinal
barium evaluation of duodenal pathology: A pictorial review.
World J Radiol 2014; 6(8): 613-618 Available from: URL: http://
www.wjgnet.com/1949-8470/full/v6/i8/613.htm DOI: http://
dx.doi.org/10.4329/wjr.v6.i8.613

INTRODUCTION

Duodenum is often an overlooked segment of the gas-
trointestinal tract (GIT) as much of the GIT Radiology
literature has focused on the esophagus, stomach, distal
small bowel and colon. Duodenum like other parts of the
GIT is affected by a variety of pathologic conditions in-
cluding congenital, inflammatory and neoplastic diseases.
While some of the congenital abnormities like duplica-
tions and diverticulae are usually asymptomatic, others
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Figure 1 Upper gastrointestinal barium study reveals that the duodenojeju-
nal flexure does not cross the left of the midline suggestive of malrotation.

Figure 2 Widening of the duodenal C-loop is noted. Ultrasonography (not
shown) showed a well-defined cystic lesion suggestive of duplication. This is a
non-specific barium finding.

like annular pancreas and malrotation may manifest in
the first decade of life. Inflammatory involvement of the
duodenum results from peptic ulcer disease, Crohn’s dis-
ease (CD) and adjacent inflammatory conditions. Duo-
denal neoplasms ate rare and malignant tumors are much
more common than benign tumors. Although, there are
no specific signs of the various duodenal pathologies on
upper GIT barium series, barium evaluation still forms an
integral part of evaluation of patients in several parts of
the world due to easy availability and relatively less cost.
However, computed tomography (CT) and endoscopy
have a greater sensitivity and specificity in detecting duo-
denal pathologies. CT, in particular provides information
about both intramural and extramural disease processes.
When used as an initial imaging tool, barium examination
does provide useful clues to the underlying pathophysi-
ological processes and as such guide the choice of further
tests. Barium examination of duodenum may be contra-
indicated in suspected leak, history of recent surgery or
acute trauma. In these situations, water soluble contrast
study replaces barium study. Correct diagnosis requires
a thorough knowledge of the appearance of disease
processes of duodenum on barium studies. We present
a brief barium pictorial review of common and uncom-
mon duodenal lesions.
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ANATOMY

Except for the bulb, duodenum is a retroperitoneal struc-
ture. It lies within the anterior pararenal space. Forming
a C-loop segment around the pancreatic head, this 30 cm
tube extends from pylorus to the ligament of Treitz. It is
arbitrarily divided into four parts based on their anatomic
otientation. The relationship of the proximal and distal
end to the spine is important. The pyloric end of the
duodenum lies to the right of the spine and the duodeno-
jejunal (DJ) flexure to the left of the pedicle of the spine.

CONGENITAL ANOMALIES

Midgut malrotation

The embryological basis is inadequate rotation of the
intestinal loop around the axis of the superior mesenteric
artery (SMA) during fetal life, around 10" week of devel-
opment. Malrotation may occur as an isolated congenital
anomaly or as a part of visceral situs anomalies'"’. In
practical terms, malrotation can be classified into three
types: non-rotation, malrotation and reverse rotation'”.
Former, the most common type is usually asymptomatic
and incidentally detected and is imprecisely labeled as
non-rotation. Reverse rotation is rare.

Upper gastrointestinal (UGI) batium study is accurate
for detection of malrotation. The D] junction does not
cross the midline and is below the duodenal bulb (Figure
1). Delayed evaluation usually shows abnormal location
of the right colon. Though abnormal position of caecum
is suggestive, normal position does not exclude the diag-

o L 3
nosis as it can be normally location in 20% cases".

Duplication

Most common site for duplication in the GIT is ileoce-
cal region. Duodenal duplication is relatively uncommon
congenital anomaly, accounting for less than 10% of all
GIT duplicationsm. It is typically located along the mes-
enteric aspect of the first and second parts of the duode-
num. On barium evaluation, extrinsic mass effect is noted
on the duodenum and greater curvature of the stomach
(Figure 2). Though rare, communication with the duode-
num can be found. The barium findings are non-specific.
Difterential diagnosis include choledochal cyst, pancre-
atic lesions including pancreatic masses, pseudocyst, ¢z
and large duodenal diverticulum. A specific diagnosis can
be made on high resolution ultrasonography if classical
multi-layered appearance (gut signature) is seen®.

Diverticulum

Duodenal diverticulum can be congenital or acquired. It
is a frequent incidental finding detected in about 5% of
upper GIT barium studies'”. The most common site is
along mesenteric border of second part of duodenum
near the ampulla of Vater. It is seen as barium filled out
pouching along the medial aspect of the second part of

duodenum, although other locations are not uncommon

(Figure 3).
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Figure 3 Barium filled out pouching is noted along the medial aspect of
the second part of the duodenum (arrow) suggestive of a duodenal diver-
ticulum.

Figure 4 Upper gastrointestinal barium study (A) shows a band like ex-
trinsic narrowing of the first part of the duodenum (arrow), axial computed
tomography image (B) reveals the anomalous position of the portal vein
anterior to the duodenum (arrow) suggestive of preduodenal portal vein.

Preduodenal portal vein

It usually occurs in association with other congenital
malformation, most commonly malrotation, pancreatic,
splenic and cardiac anomalies. The portal vein passes
anterior to the duodenum and pancreatic head”. On bar-
ium study, it appears as an extrinsic linear impression on
the proximal duodenum or obstruction of the proximal
duodenum (Figure 4A). The correct diagnosis is made by
contrast enhanced CT that shows the abnormal location
of portal vein (Figure 4B).

Annular pancreas
The embryologic basis of the annular pancreas is a defect
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Figure 5 Upper gastrointestinal barium study (A) demonstrates smooth
circumferential extrinsic narrowing of the second part of the duodenum (ar-
row), axial computed tomography image (B) shows pancreatic parenchyma
incompletely surrounding the duodenum (arrow), features suggestive of
partial annular pancreas.

in the normal rotation of the ventral pancreatic anlage.
The result of this aberration is encircling of the second
part of duodenum by pancreatic tissue. The annulus
encircles the duodenum partially or completelym. Patho-
logically, it is usually loosely applied to the serosa of the
duodenum. In extreme cases, the pancreatic tissue is in-
terdigitated with the wall of the duodenum. On barium
study, it produces a smooth or tapered narrowing of the
second part of the duodenum (Figure 5A). The diagno-
sis is confirmed by cross-sectional imaging, usually a CT
scan (Figure 5B).

Duodenal web

There are several varieties of webs: complete duodenal
atresias (imperforate webs), wind sock webs and webs
with central or eccentric apertures. The most common
sites of web are in vicinity of the ampulla either pream-
pullary or postampullary location (Figure 6). Upper GIT
barium study shows the abnormality as a short segment
transverse filling defect in the descending duodenum.

Brunner gland hyperplasia

Brunner’s gland hyperplasia is a frequent asymptomatic
finding on upper GIT barium evaluation. It is seen as soli-
tary or multiple nodular filling defects that are typically less
than 5 mm in diameter in the proximal duodenum. When
extensive, the nodules lead to a cobblestone ot Swiss-
cheese pattern (Figure 7). The differential diagnoses for
such filling defects in the duodenum include heterotopia,
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Figure 6 A short segment narrowing (arrow) suggestive of a web is noted
at the junction of first and second part of duodenum. In addition, multiple
diverticula are seen at the medial aspect of the second part of the duodenum
(arrowheads).

Figure 7 Multiple nodular filling defects are noted in the duodenal cap
(arrow) along with fold thickening in the second part of the duodenum.
These findings suggest a diagnosis of Brunner gland hyperplasia.

nodular lymphoid hyperplasia, multiple adenomas in famil-
ial adenomatous polyposis, hamartomas in Peutz-Jeghers
syndrome, carcinoid tumors and metastatic deposits.

ACQUIRED DISEASES

Inflammatory diseases

Peptic ulcer disease: Duodenal ulcers (DUs) are com-
mon and affect neatly one-tenth of the adult population.
DUs are almost always benign. This is unlike gastric ul-
cers where 5% of the ulcers can be malignant. Though
endoscopy is the most sensitive and specific method for
diagnosis of suspected DUs, it is invasive and costly.
Double-contrast UGI barium study still remains a use-
ful alternative to endoscopylloj. More than 90% of DUs
occur in the duodenal bulb and neatly 50% of these oc-
cur on the anterior wall. Ulcer craters are seen as well-
defined round or ovoid pools of barium, surrounded by
a symmetrical mound of edematous mucosa. Adjacent
radiating mucosal folds converge to the edge of the cra-
ter. Healed ulcer leads to deformity of the bulb (Figure
8A). The uncommon variety of DUs, postbulbar ulcers
are usually located along the medial aspect of the second
part of duodenum above the ampulla of Vater (Figure
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Figure 8 Upper gastrointestinal barium study shows deformity of the
duodenal cap (A), stricture is noted at the junction of first and second part
of the duodenum (B). These findings are secondary to healed bulbar (A) and
post bulbar duodenal ulcers (B).

8B). Diagnosis on barium study is hampered by location;
however indentation of the lateral wall of the duodenum
opposite the ulcer due to spasm offers a clue,

Tuberculosis: Duodenal tuberculosis (IB) comprises 2%
of gastrointestinal TB. Clinically, the patients are divided
into two groups: those having dyspeptic symptoms and
those with obstructive symptoms. In the former group,
barium findings include: luminal narrowing, ulcerations
and extrinsic compression. These changes typically spare
the proximal duodenum. Less frequently, scarring of
duodenal cap, widening of the C-loop are noted. In the
group with obstructive symptoms, findings include lumi-
nal narrowing of varying degrees (Figure 9) or cut off at
junction of second and third part of duodenum resem-
bling the SMA syndrome.

Concomitant tuberculous involvement of rest of the
GIT is faitly common. Associated involvement of bili-
ary tract can be noted (Figure 9). This takes the form of
air in the common bile duct or reflux of barium into the
biliary tree.

CD: CD affects the upper GIT mucosa in 20%-40% of
patients. Eatly disease leads to irregular thickening, edema
and cobblestone appearance. With disease progression,
there is fibrosis and stenosis of the involved segment. Fi-
nally a string sign may develop. There are three patterns
of involvement in advanced disease. The first and the
most common pattern is the contiguous involvement of
stomach and duodenum!". Other two patterns are isolat-
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Figure 9 There is narrowing of the distal second part of the duodenum
with reflux of barium into the common bile ducts. This patient had concomi-
tant involvement of the ileocecal junction (not shown). Histopathology revealed
a diagnosis of gastrointestinal tuberculosis.

Figure 10 A long segment narrowing with irregular outline and proximal
dilatation is noted in the fourth part of duodenum. In addition few strictures
are also noted in proximal jejunum. Detailed evaluation in this patient revealed
a diagnosis of Crohn's disease.

Figure 11 Mild luminal narrowing with ulceration is noted in the proximal
duodenum. Computed tomography of this patient (not shown) revealed mural
thickening of the duodenum with cystic changes suggestive of cystic dystrophy.

ed involvement of proximal and distal duodenum (Figure
10). Less common findings are development of fissures,
pseudodiverticulae and reflux of contrast into the biliary
tree. Advanced gastroduodenal involvement may lead to
pseudo-Billroth I appearance.
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Figure 12 Upper gastrointestinal barium study shows cut off of the duo-
denum at the junction of second and third part with collapsed distal duo-
denum suggestive of superior mesenteric artery syndrome.

Extrinsic inflammatory or neoplastic diseases affect-
ing the duodenum: Nonspecific duodenal wall thicken-
ing may occur in inflammatory conditions of pancreas
or gall bladder. In addition, adjacent neoplastic processes
can involve duodenum, e.g., pancreatic adenocarcinoma.

Duodenal dystrophy: This entity is associated with
groove pancreatitis, a variant of chronic pancreatitis. It is
characterised by the presence of multiple cystic lesions in
the duodenal wall that is thickened because of chronic in-
flammation"”. Barium findings are non-specific and dem-
onstrate only stenosis of the involvement segment with
or without irregularity of outline (Figure 11). Endoscopic
ultrasound is the modality of choice. CT shows thickened
duodenal wall between the duodenal lumen and pancreas.
Cystic lesions are noted within the thickened wall.

SMA syndrome

SMA syndrome is a rare condition characterised by acute
angulation of SMA leading to compression of the third
part of the duodenum between the SMA and the aorta”.
The basic etiological factor is loss of abdominal fat due
to a vatiety of debilitating conditions. Upper GIT barium
study shows extrinsic compression of the third part, dila-
tation of the proximal duodenum and a collapsed small
bowel distal to the impression of SMA (Figure 12).

Neoplasms

Duodenal tumors account for about one-third of small
bowel neoplasm. Overall small bowel tumors comprise
only 5% of the gastrointestinal tumors. Benign tumors
are rare. These include adenomatous polyp, lipoma and
leiomyoma. Primary adenocarcinoma is the most com-
mon malignant lesion of the duodenum and is usually
found in the periampullary region"* (Figure 13). It pres-
ents as either a polypoidal mass causing filling defect or
an irregular, annular constricting lesion with deformity
of the lumen and mucosal irregularity. Rare malignant
lesions include lymphoma (Figure 14) and malignant gas-
trointestinal stromal tumors.
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Figure 13 A mass is noted in relation to the medial aspect of the first and
second part of the duodenum with ulceration (arrow). In addition stricture
with mucosal irregularity is seen in distal third part of duodenum. Endoscopic
biopsy revealed adenocarcinoma.

CONCLUSION

Duodenal pathologies are distinct from those in rest of
the GIT. Upper gastrointestinal barium study comprises
one of the initial methods of evaluation of duodenal
pathologies. Though, not entirely specific for a particular
pathological entity, barium studies do provide a fairly
good idea about the underlying disease pattern and guide
further management.
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Abstract

AIM: To reveal angiographic findings to predict the re-
sult of balloon test occlusion (BTO).

METHODS: The cerebral angiograms of 42 consecu-
tive patients who underwent cerebral angiography in-
cluding both the Matas and Allcock maneuvers and BTO
were retrospectively analyzed. Visualization of the an-
terior cerebral artery (ACA) and the middle cerebral ar-
tery (MCA) by the cross flow on the tested side during
the Matas or Allcock maneuver was graded on a 5-point
scale. Circle of Willis (COW) anatomy with respect to
the presence/absence of a collateral path to reach the
tested internal carotid artery (ICA) was classified into
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four categories. A univariate logistic analysis was used
to analyze the associations between each angiographic
finding and the BTO result. Sensitivity, specificity, accu-
racy, positive predictive value, and negative predictive
value for each finding were calculated.

RESULTS: Five patients (12%) were BTO-positive and
the remaining 37 patients (88%) were BTO-negative.
Visualizations of the ACA and MCA as well as the COW
anatomy were significantly associated with the BTO re-
sult (P = 0.0051 for ACA, P = 0.0002 for MCA, and P <
0.0001 for COW anatomy). In particular, good MCA vi-
sualization and the presence of an anterior connection
(collateral path to the tested ICA from the contralateral
ICA via the anterior communicating artery) in the COW
were highly predictive for negative BTO (negative pre-
dictive value = 100% for both).

CONCLUSION: A BTO result may be predicted by an-
giographic findings including ACA/MCA visualization and
COW anatomy.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Balloon test occlusion; Cross flow; Circle of
Willis; Anterior circulation; Posterior circulation

Core tip: Balloon test occlusion (BTO) is widely per-
formed to assess the ischemic tolerance among pre-
operative patients. It is safe and useful, however, it
sometimes carries the risk of thrombosis, dissection
and infarction. Our study revealed that visualizations of
the anterior cerebral artery and middle cerebral artery
(MCA) as well as the circle of Willis (COW) anatomy
were significantly associated with the BTO result. In
particular, good MCA visualization and/or the presence
of an anterior connection [collateral path to the tested
internal carotid artery (ICA) from the contralateral ICA
via the anterior communicating artery] in the COW
were highly predictive for negative BTO.
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INTRODUCTION

The treatment of skull base lesions such as tumots, aneu-
rysms, and traumatic lesions may require internal carotid
artery (ICA) sacrifice!”. Pretherapeutic knowledge of
carotid artery dependence is essential in these patients,
since vascular bypass or alternative surgical approaches
may be necessary in those unable to tolerate ICA sacri-
fice. Balloon test occlusion (BTO) is an angiographic test
to evaluate ischemic tolerance after permanent occlusion
of an ICA™, During BTO, the cetebral hemisphere ip-
silateral to the tested ICA may be perfused by collateral
blood flow, depending on the development of collateral
pathways including the circle of Willis (COW). Although
BTO is widely accepted, it sometimes carries the risk of
thrombosis, dissection and infarction”. We hypothesized
that the BTO results can be predicted by angiographic
findings. Therefore the purpose of the present study was
to test whether angiographic findings can be used to pre-
dict BTO results.

MATERIALS AND METHODS

Subjects

Kyushu University Institutional Review Boatd for Clinical
Research approved this retrospective study. Between 1996
and 2011, BTO was performed in 77 patients at Kyushu
University Hospital. Among them, those who underwent
both the Matas maneuver (angiography of the non-tested
ICA during manual carotid compression on the tested
side) and the Allcock maneuver (angiography of the ver-
tebral artery during manual carotid compression on the
tested side) were selected. The cerebral angiograms of
42 consecutive patients (17 male and 25 female patients;
mean age, 54.2 years; median, 57 years; range 25-70
years) were thus included in this retrospective analysis.
Of the 42 BTO procedures, the right ICA was tested in
23 patients, and the left ICA was tested in 19 patients.
The diagnosis at the time of treatment included 13 ICA
aneurysms and 29 tumors (18 meningiomas, 3 schwanno-
mas, 2 pituitary adenomas, 2 cervical lymph node meta-
static tumors, 2 thyroid tumors, 1 chondrosarcoma and 1
hemangiopericytoma).

Angiographic procedure

A 5 Fr or 5.5 Fr femoral introducer was inserted in the
right femoral artery to perform the cerebral angiogra-
phy using a digital subtraction angiography (DSA) unit
(DFP-200A; Toshiba Medical Systems, Tokyo, Japan and
AXIOM Artis zee Biplane system; Siemens AG, Health-
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care Sector, Forchheim, German) with a 5 Fr diagnostic
catheter (TERUMO Clinical Supply, Gifu, Japan and
Hanaco Medical, Tokyo). After the femoral punctures,
3000 IU of heparin was systematically administered
intra-arterially by bolus, followed by an additional intra-
arterial infusion of 1000 IU/h. For each patient, both
Matas and Allcock maneuvers as well as a complete bi-
plane DSA study including bilateral common and ICAs
and vertebrobasilar system were performed. Angiogram
of external carotid artery was added when necessary. A
total of 8 to 10 mL of iodinate contrast [iopamidol 300
mgl/mL (Topamiron™, Bayer, Osaka, Japan)] was in-
jected at 4 to 5 mL/s for the ICA angiography, and 10 to
12 mL at 5 to 6 mL/s was used for the vertebral artery

(VA) angiography.

BTO procedure

The cervical portion of the tested ICA was occluded up
to 20 min using a 5 Fr balloon catheter (balloon size 8
mm; head hunter/BHW type, MOIYAN balloon cath-
eter; Miyano Medical Corp., Kobe, Japan). The balloon
was carefully inflated under fluoroscopic observation.
Complete occlusion was confirmed by an angiogram
through the balloon catheter. The patient then underwent
a continuous neurologic evaluation throughout the ex-
amination. The neurologic evaluations were performed
by clinical neurospecialists who maintained continuous
verbal dialogues with the patient and were continu-
ously evaluating the patient’s muscle strength, sensation,
cognition, and cranial nerve function during the testing
period. Electroencephalographic (EEG) monitoring was
performed in 36 patients. The balloon was immediately
deflated when any neurologic deficit or EEG abnormal-
ity was detected. In such cases, the BTO was judged to
be positive. The BTO was considered negative when the
patient tolerated the 20-min occlusion.

Image evaluation

Two board-certified radiologists (Kazufumi Kikuchi and
Osamu Togao) reviewed all angiographic images obtained
during the Matas and Allcock maneuvers in a consensus
reading, and they evaluated the visualization of the ante-
rior cerebral artery (ACA) and the middle cerebral artery
(MCA) on the tested side by the cross flow. Visualization
of the ACA and the MCA was graded on a 5-point scale
according to the established anatomical segment of each
artery (A1-4 for the ACA and M1-4 for the MCA™). Tt
was graded as A0/MO when no visualization of each at-
tery was noted. The best arterial visualization during the
Matas and Allcock maneuver was chosen as the repre-
sentative of each artery (ACA and MCA). Subsequently,
the Grading was classified as either poor (Grades 0-2) ot
good (Grades 3-4). The same two board-certified radiolo-
gists evaluated the COW anatomy. The COW anatomy
was classified into four types (Types 0-3) according to the
presence/absence of an anterior connection (connection
between the right and left ICAs via the anterior commu-
nicating artery) and the presence/absence of a postetior
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Type 0 Type 1

o

Type 2

Type 3

Figure 1 Classification of circle of Willis anatomy. Type 0: Neither an anterior connection nor a posterior connection is present; Type 1: Only a posterior con-
nection is present; Type 2: Only an anterior connection is present; Type 3: Both anterior and posterior connections are present. Note the black vessel represents the

tested internal carotid artery.

Table 1 Results of anterior cerebral artery visualization by

cross flow and the balloon test occlusion outcome

Table 2 Results of middle cerebral artery visualization by
cross flow and the balloon test occlusion outcome

ACA visualization BTO-positive (%) BTO-negative (%) Total (%)

MCA visualization  BTO-positive (%) BTO-negative (%) Total (%)

Poor Grade 0 2(5) 0 (0) 2(5)
Grade 1 0(0) 0(0) 0(0)
Grade 2 1(2) 1(2) 2(5)

Good Grade 3 0(0) 5(12) 5(12)
Grade 4 2(5) 31 (74) 33 (78)

Total 5(12) 37 (88) 42 (100)

Poor Grade 0 3(7) 1(2) 409)
Grade 1 12 0(0) 12
Grade 2 12 3(7) 4(9)

Good Grade 3 0(0) 12 (29) 12 (29)
Grade 4 0(0) 21 (50) 21 (50)

Total 5(12) 37 (88) 42 (100)

Significant differences (P = 0.0051; 95%CI: 0.13-7.61) was seen between the
ACA visualization and the BTO outcome. ACA: Anterior cerebral artery;
BTO: Balloon test occlusion.

connection (connection between the tested ICA and basi-
lar artery) (Figure 1). Subsequently, the COW anatomy
was classified into pootly-developed (either Type O or 1)
and well-developed (either Type 2 or 3).

Statistical analysis

We performed a univariate logistic analysis to determine
the associations between each angiographic finding and
the BTO result (positive »s negative). We calculated the
sensitivity, specificity, accuracy, positive predictive value,
and negative predictive value of ACA/MCA visualization
by cross flow (poor us good) and COW anatomy (pootly
developed #s well-developed) for predicting the BTO re-
sult. For all analyses, P < 0.05 was considered significant.

RESULTS

Five patients (12%) were BTO-positive and the remain-
ing 37 patients (88%) were BTO-negative. The BTO-
induced abnormalities wetre hyposthenia (7 = 3), aphasia
(7 = 3), loss of consciousness (7 = 2), slow brain waves (#
= 2) and facial paralysis (# = 1). In all patients, the neu-
rological deficits disappeared immediately after balloon
deflation.

Tables 1 and 2 summarize the visualization of the
ACA and MCA, respectively. Among the four patients
with poor ACA visualization, three (75%) wete BTO-
positive, whereas among the 38 cases with good ACA
visualization, only two (5%) were BTO-positive (Table
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Significant differences (P = 0.0002; 95%CI: 0.07-14.19) was seen between
the MCA visualization and the BTO outcome. MCA: Middle cerebral ar-
tery; BTO: Balloon test occlusion.

1). Among the nine patients with poor MCA visualiza-
tion, 5 (56%) were BTO-positive, whereas none (0%) of
the 37 patients with good MCA visualization were BTO-
positive. For both the ACA and the MCA, poor visual-
ization by cross flow was significantly associated with a
positive BTO result (P = 0.0051; 95%CI: 0.13-7.61 for
ACA, P = 0.0002; 95%CI: 0.07-14.19 for MCA, respec-
tively). Visualization of cross flow to the ACA (either
poor or good) predicted BTO results with a sensitivity of
60.0%, a specificity of 97.3%, an accuracy of 92.9%, a
positive predictive value (PPV) of 75.0%, and a negative
predictive value (NPV) of 94.7%. Similarly, visualization
of cross flow to the MCA showed a sensitivity of 100%,
a specificity of 89.2%, an accuracy of 90.5%, a PPV of
55.6%, and an NPV of 100%.

Table 3 shows the comparison of COW anatomy and
BTO results. Both (100%) of the two patients with Type
0 COW anatomy had a positive BTO outcome. Among
the six patients with Type 1 anatomy, 3 (50%) were BTO-
positive. Among the 34 patients with well-developed
COW (either Type 2 or Type 3 anatomy), none (0%) was
BTO-positive. The logistic analysis showed that pootly-
developed COW was significantly associated with positive
BTO result (P < 0.0001; 95%CI: 0.31-3.21).

When the COW anatomy was classified into poorly-
developed and well-developed, the sensitivity, specific-
ity, accuracy, PPV, and NPV were 100%, 91.9%, 92.9%,
62.5%, and 100%, respectively.

Figures 2 and 3 show representative patients with
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Figure 2 A 30-year-old patient with left skull base meningioma (Grade A4, M4; circle of Willis Type 3; balloon test occlusion negative). In the right internal
carotid artery injection, both the anterior cerebral artery and the middle cerebral artery on the left are well visualized by a cross flow via the anterior communicating

artery (A) and the posterior communicating artery (B).

Figure 3 A 50-year-old patient with left skull base meningioma and an incidental left internal carotid artery aneurysm (Grade A4, M0; circle of Willis Type 1;
balloon test occlusion negative). No cross flow is visualized in the right middle cerebral artery by either left internal carotid artery (ICA) (A) or vertebral artery (VA)
(B) injection. The right anterior cerebral artery is well visualized by left ICA injection (A) but not by VA injection (B). This patient complained of right facial paralysis and

aphasia 8 min after the balloon occlusion was inflated.

Table 3 Circle of Willis anatomy and the balloon test occl-

usion outcome

COW anatomy BTO-positive (%) BTO-negative (%) Total (%)
Poorly- Type 0 2(5) 0 (0) 2 (5)
developed  Typel 3(7) 3(7) 6 (14)
Well- Type 2 0 (0) 4 (10) 4(10)
developed  Type3 0(0) 30 (71) 30 (71)
Total 5(12) 37 (88) 42 (100)

Significant differences (P < 0.0001; 95%CI: 0.31-3.21) was seen between the
COW anatomy and the BTO outcome. COW: Circle of Willis; BTO: Balloon
test occlusion.

negative and positive BTO, respectively.

DISCUSSION

Therapeutic occlusion of the ICA remains an important
procedure”". In such cases, temporary BTO is impera-
tive to evaluate ischemic risks before complete blockage
is performed""™". The introduction of clinical BTO of
the ICA was associated with significant reduction in post-
occlusion morbidity; a review of the literature comprising
516 patients demonstrated that the use of BTO of the

Baishidenge ~ WIR | www.wjgnet.com

ICA reduced the morbidity of permanent ICA occlusion
from 26% to 13%!"”. However, complications due to
BTO have been reported, and the incidence of neuro-
logical deficits during BTO ranges from 3.2% (3) to 3.7%
(2). The risk of complication would rise when the wall of
the ICA is under a pathological condition such as severe

atheromatous disease!'” or vulnerability due to Ehlers-

Danlos syndrome'"".

Our present results demonstrate that for both the
ACA and the MCA, poor visualization by cross flow
was significantly associated with a positive BTO result.
In particular, MCA visualization showed a high sensitiv-
ity (100%) and NPV (100%). Poor development of the
COW was significantly associated with a positive BTO
result. Similarly to MCA visualization, COW anatomy
showed a high sensitivity (100%) and NPV (100%). Both
of the two patients with Type 0 COW anatomy were
BTO-positive. Among the patients with Type 1 anatomy
(only a posterior connection is present), 50% (3/6) were
BTO-positive, whereas none of those with Type 2 (only
an antetior connection is present) anatomy (0/4) were
BTO-positive. This finding indicates that the anterior cir-
culation has a greater effect on the risk of ischemic com-
pared to the posterior circulation, as indicated in other
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studies"™*".

Our results showed that good MCA cross-flow vi-
sualization and well-developed COW anatomy (i.e., the
presence of the anterior connection) were highly predic-
tive of a negative BTO result. In this study, angiographic
findings during the Matas and Allcock maneuvers were
evaluated. However, it is apparent that the predictive
value of these two findings (good MCA cross-flow visu-
alization and well-developed COW anatomy) would be
applicable to angiograms obtained without carotid com-
pression. When either of these two predictive findings is
present, avoidance of BTO may be considered, especially
in patients at a high risk for complications associated
with BTO. Conversely, poor visualization of ACA/MCA
and poortly-developed COW anatomy were frequently
associated with a positive BTO result (Tables 1-3). BTO
should be performed carefully in patients with those an-
glographic findings.

This study has several limitations. First, the number
of patients is limited. Moreover, due to the retrospective
nature, patient selection biases may be present. There
may be technical variability in manual carotid compres-
sion. Incomplete compression might have resulted in
poor cross flow visualization. We compared the angio-
graphic findings with BTO results, but not directly with
ischemic events following permanent ICA occlusion. In
the majority of our patients, subsequent permanent oc-
clusion was not performed. Neurological evaluation and
EEG monitoring were used to detect ischemia during
the BTO. We did not use perfusion imaging techniques
during the BTO, which would provide precise informa-
tion about localized ischemia that may not be detected by
neurological assessment.

In conclusion, angiographic findings during Matas
and Allcock maneuvers including the ACA/MCA visual-
1zation by cross flow and the COW anatomy were signifi-
cantly correlated with the BTO result. Good visualization
of the MCA by cross flow and the presence of the ante-
rior connection in the COW are predictive for negative

BTO.

COMMENTS

Background

Balloon test occlusion (BTO) is an angiographic test to evaluate ischemic
tolerance after permanent occlusion of an internal carotid artery (ICA). BTO is
widely accepted, it sometimes carries the risk of thrombosis, dissection and
infarction. The authors hypothesized that the BTO results can be predicted by
angiographic findings.

Research frontiers

The data revealed that visualizations of the anterior cerebral artery (ACA) and
middle cerebral artery (MCA) as well as the circle of Willis (COW) anatomy
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Abstract

Dual-energy computed-tomography (DECT) has been
suggested as the method of choice for imaging urinary
calculi due to the modality’s high sensitivity for detect-
ing stones and its capability of accurately differentiat-
ing between uric-acid (UA) and non-UA (predominantly
calcium) stones. The clinical significance of the latter
feature relates to the differences in management of
UA vs non-UA calculi. Like calculi, ureteral stents are
assigned color by the dual-energy post-processing
algorithm, which may lead to improved or worsened
stone visualization based on the resulting stent/stone
contrast. Herein we depict the case of a nephrolithiasis
patient with bilateral stents, each with different color,
clearly displaying the effect of stent color on stone vi-
sualization. Further, three-dimensional reconstruction
of the DECT images illustrates advantages of this en-
hancement compared to conventional two-dimensional
computed tomography. The resulting stent/stone con-
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trast produces an unanticipated potential advantage of
DECT in patients with urolithiasis and stents and may
promote improved management decision-making.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Ureteral stent; Dual-energy computed-to-
mography; Dual-energy computed-tomography; Kidney
stones; Nephrolithiasis

Core tip: Dual-energy computed-tomography is a re-
cently introduced technique for imaging kidney stones.
Ureteral stents are also characterized by the dual-
energy (DE) algorithm and, like calculi, are assigned
color. The resulting stent/stone color contrast may lead
to either improved or worsened stone visualization in
patients with urolithiasis and stents. This case report
illustrates different DE characterization of stents based
on their type, and the resulting effects on stent/stone
contrast. The awareness of the DE characterization of
different stent types allows for stent selection that im-
proves stone visualization.

Ibrahim EH, Haley WE, Jepperson MA, Wehle MJ, Cerni-
gliaro JG. Characterization of ureteral stents by dual-energy
computed tomography: Clinical implications. World J Radiol
2014; 6(8): 625-628 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i8/625.htm DOI: http://dx.doi.org/10.4329/
Wjr.v6.i8.625

INTRODUCTION

Dual-energy computed-tomography (DECT) is a recently
introduced technique for imaging urinary calculi. This

technology utilizes the material change in attenuation
between two peak X-ray energies to create color-coded
material-specific images; in the case of urinary calculi, it
is capable of distinguishing uric acid (UA) from non-UA
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Figure 1 Conventional and dual-energy computed tomography images of kidney stones and ureteral stents. Conventional computed tomography (top) and
dual-energy computed-tomography (DECT, bottom) images showing the advantage of DECT for stone visualization and identification of composition. The solid and
dashed arrows point to stones and stents, respectively. The different stent and stone colors in the left kidney enhanced stone visualization, while the visualization of
the stone in the right kidney is compromised because it has the same color as the stent. The small cubes in the bottom show the view orientation in the 3D [Anterior (A);

and Foot (F)].

stones' . Prior to the introduction of this technology, uri-
nary stone composition could not be reliably determined
except by attaining stone material for analysis'™”, The
clinical significance of pre-intervention determination of
stone composition lies in the fact that medical dissolution
therapy may be helpful in the case of UA calculi, and may
obviate the need for surgical procedures that are often re-
quired for treatment of non-UA calculi®”.

In cases of ureteral obstruction or procedures involv-
ing the ureter, stent placement is commonly required.
Ureteral stents are also characterized by the dual-energy
(DE) algorithm; those with similar attenuation change as
UA stones are assigned one color (eg., red) while those
with change in attenuation similar to non-UA stones are
assigned another color (e.g., blue). We have previously re-
ported a list of the DE characteristics of commonly-used
ureteral stents"™. The resulting potential for stent/stone
color contrast creates an unanticipated advantage of
DECT in patients with urolithiasis and stents. The stent/
stone contrast may either lead to enhanced (the stent and
stone have different colors) or camouflaged (both stent
and stone have the same colot) stone visualization. In this
report, we present, to our knowledge for the first time, an
interesting case of a patient with bilateral stents charac-
terized by DECT with different colors, for whom DECT
helped identify the calculi and stone composition.

CASE REPORT

The protocol for conducting this study was approved by
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the Mayo Clinic institutional review board. A 78-year-old
female presented with bilateral ureteral stents following
ureteroscopic removal of obstructing left-side ureteral
calculus, and prior stenting on right-side for obstructing
renal pelvis calculus (left-side stent: Boston-Scientific;
right-side stent: Cook-Amplatz). The images were ac-
quired on a Definition-Flash Siemens computed tomog-
raphy (CT) scanner in dual-energy mode. The DECT
peak tube potentials (kVp) were set to 80 kV and 140 kV,
and the scan was conducted using a dedicated renal stone
imaging protocol. Continuous non-contrast images were
obtained from the level of the diaphragms to the pubic
symphysis. The data was reconstructed on a workstation
provided by the manufacturer using the Syngo software
(VE 306A). Axial and coronal reconstructions were made
using a mixed (low and high kVp) dataset with 5 mm
slice-thickness/2.5 mm slice-interval (axial) and 3 mm
slice-thickness/2.5 mm slice-interval (coronal). Material-
specific image reconstructions in the axial- and coronal-
planes were made at 1 mm slice-thickness/0.8 mm slice-
interval and D30f convolution kernel. The DE post-
processing algorithm assigns color based on the ratio of
X-ray attenuations from the two tube potentials using a
3-material (UA, calcium, urine) decomposition algorithm.
The capability of DECT to characterize (and color code)
the stones and stents is appreciated when conventional
CT images are compared to the DECT characterized im-
ages, as shown in Figure 1. Note also the limitation of
the two-dimensional images in Figure 1 as they show only
parts of the stents and stones that lie inside the imaging
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Figure 2 Three-dimensional reconstruction of dual-energy computed tomography images of kidney stones and different types of ureteral stents. Different
views of the stent/stone boundary from three-dimensional reconstruction of the dual-energy computed-tomography images. The left and right stents appear red and
blue, respectively, while all stones appear blue due to their non-uric-acid composition. The different colors of the stent and stone in the left kidney allow for better stone
visualization (arrows) than in the right kidney where both the stent and stone have the same color. [Anterior (A)-Posterior (P); and Left (L)]

plane; this is better resolved by three-dimensional image
reconstruction as shown in Figure 2.

The scan revealed a 1 cm calculus in the posterior in-
terpolar region of the left kidney and a 9 mm calculus in
the left anterior lower pole calyx, as well as several non-
obstructing calculi bilaterally. The dual-energy character-
ization showed all calculi to be of non-UA composition
(blue color), while the left and right stents appeared red
and blue, respectively. While the images showed excellent
stent/calculus color contrast in the left kidney (stent ap-
pears red and calculi appear blue), there was virtually no
observed color contrasting in the right kidney (both stent
and calculi appear blue). The effect of the stent/stone
contrast on calculus visualization is appreciated when the
images are viewed from different angles as illustrated in
the three-dimensional reconstructed images in Figure 2,
where calculus in the right kidney is totally camouflaged
by the stent when viewed from certain angles.

DISCUSSION

DECT scanners acquire data simultaneously from two
X-ray tubes (operating at different potentials) and detec-
tor arrays that are mounted near perpendicular angles'”,
DECT is advantageous compared to conventional CT for
nephrolithiasis imaging due to the modality’s additional
capability of characterizing the stone composition a
priori and without increasing radiation dose, which allows
for optimizing the treatment decision-making (DECT is
nearly 100% accurate for distinguishing UA from non-
UA stones > 3 mm)*”, Nevertheless, the situation is
more complicated in patients requiring stents, as they ap-
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pear colored in the resulting images based on their indi-
vidual DE characterization”. Herein, we depict an inter-
esting and illustrative case with bilateral stents that were
assigned different colors in the resulting DECT images
(Boston Scientific stent left ureter and Cook-Amplatz
stent right ureter). Stent coloring may be an advantage
when the stent and calculus are assigned different colors,
as the stone is better recognized with better appreciation
of its size and shape. On the other hand, the situation
may be worsened when both stent and stone are assigned
the same color, as the stent may conceal or camouflage
the stone and/or its boundary. In the latter case, prema-
ture stent removal in the presence of potential obstruct-
ing stone fragments could follow. Accordingly, awareness
of the DE characterization of different stent types allows
for appropriate stent selection in patients with known
stone composition. The potential for stent/stone color
contrast connotes a possible advantage of DECT in pa-
tients with urolithiasis requiring a stent and may thereby
promote improved management decision-making,

COMMENTS

Case characteristics

A 78-year-old kidney stone female patient with bilateral ureteral stents.
Clinical diagnosis

Nephrolithiasis with dysuria, hematuria, and bilateral flank pain.

Differential diagnosis

Acute kidney injury with bilateral obstructing stones requiring bilateral stents.
Laboratory diagnosis

Lab results showed serum creatine of 2.8 mg/dL; urine culture: > 100000
cfu/mL Escherichia coli; urinalysis: > 182 wbc/hpf, > 182 rbc/hpf, pH 5.5, 2+
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protein.

Imaging diagnosis

Bilateral moderate hydronephrosis and hydroureter and multiple large renal cal-
culi bilaterally: large right renal pelvic stone 2 cm x 1.6 cm x 1.2 cm with dilated
calyces distally; 7 mm ureteral calculus mid/distal left ureter.

Pathological diagnosis
Stone analysis by infrared spectroscopy revealed stone composition of
90%/10% of calcium oxalate monohydrate/calcium phosphate (apatite).

Treatment

The patient underwent ureteroscopic removal of obstructing left-side ureteral
calculus with stent placement as well as stent placement on the right side for
obstructing renal pelvis calculus.

Related reports

Dual-energy computed-tomography (DECT) is capable of distinguishing uric
acid (UA) from non-UA stones; moreover, a recent report provided dual-energy
characteristics of commonly used ureteral stents.

Term explanation

DECT is a recently introduced technique for imaging urinary calculi, whereby
the material change in attenuation between two peak X-ray energies is used to
create color-coded material-specific images.

Experiences and lessons

This case report shows the potential advantage of DECT in patients with uro-
lithiasis requiring a stent, where selection of the stent type based on its dual-
energy characteristics improves the resulting stent/stone color contrast for
better management decision-making.

Peer review

This report shows the capability of DECT to distinguish kidney stones by color-
coding the stones and ureteral stents as compared to conventional computed
tomography. This technology is novel and useful in determining the stone type,
a distinction that is important for determining the optimal treatment strategy.
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Abstract

Pancreatico-duodenal artery (PDA) pseudoaneurysms
are rare vascular conditions with high mortality rates
after rupture and they are frequently secondary to pan-
creatitis, surgery, trauma or infection. Due to the high
risk of rupture and bleeding, it is mandatory to treat
all pseudoaneurysms, regardless of their size or symp-
tomatology. First option of treatment is open surgical
repair, but it has high mortality rate, especially in he-
modynamically unstable patients. In the recent years,
percutaneous ultrasonography (US)- or computed to-
mography-guided thrombin injection was proposed as
an alternative method for treating visceral aneurysms
and pseudoaneurysms, but few reports described this
therapy in case of peri-pancreatic pseudoaneurysms.
We present a rare case of pseudoaneurysm of the PDA
in a patient with no previous history of pancreatitis nor
major surgery but with an occlusive lesion of the ce-
liac axis. To the best of our knowledge this is the first
reported case of PDA pseudoaneurysm successfully
treated in emergency by single transabdominal US-
guided injection of thrombin after failed attempts of
percutaneous catheterization of the feeding vessel of
the pseudoaneurysm.
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Core tip: We present a rare case of pseudoaneurysm
of the pancreatico-duodenal artery (PDA) in a patient
with no risk factors but with an occlusive lesion of the
celiac axis. To the best of our knowledge this is the
first reported case of PDA pseudoaneurysm success-
fully treated in emergency by single transabdominal ul-
trasonography-guided injection of thrombin after failed
attempts of percutaneous catheterization of the feeding
vessel of the pseudoaneurysm.

Barbiero G, Battistel M, Susac A, Miotto D. Percutaneous throm-
bin embolization of a pancreatico-duodenal artery pseudoaneu-
rysm after failing of the endovascular treatment. World J Radiol
2014; 6(8): 629-635 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i8/629.htm DOI: http://dx.doi.org/10.4329/
Wjr.v6.i8.629

INTRODUCTION

Pancreatico-duodenal artery (PDA) pseudoaneurysms are
potentially life-threatening but rare vascular conditions,
accounting for 2% of splanchnic artery aneurysms and
with mortality rates after rupture of 15%-50%!"".

They are mostly due to pancreatitis, surgery, trauma,
infection, iatrogenic lesions, vasculitis and atherosclero-
sis”, but also to the presence of a celiac axis or common
haepatic artery stenosis/occlusion, known as Sutton-
Kadir syndrome'®”. These lesions may be identified by
means of different imaging techniques [ultrasonography
(US), computed tomography (CT), magnetic resonance
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Figure 1 Axial contrast-enhanced computed tomography showing pan-
creatico-duodenal artery pseudoaneurysm (arrow) before the treatment.

imaging (MRI) and digital subtraction angiography
(DSA)].

Due to the high risk of rupture and bleeding and the
absence of predictive factors, it is recommended to treat
all pseudoaneurysms, regardless of their size or symp-
tomatologylsj. Open surgical repair, consisting of resec-
tion, ligation, exclusion, bypass or endo/organ resection,
has high-mortality rate and is applied in hemodynamically
unstable patients or as secondary approach after failed
transcatheter embolization”.

In the recent years, with the development of materi-
als and techniques in the field of interventional radiology,
percutaneous endovascular management of such a pseu-
doaneurysm is becoming the first-line treatment, with
low morbidity and mortality"'".

Percutaneous US- or CT-guided injection is an alterna-
tive method for treating visceral aneurysms and pseudoa-
neurysms' ), but few reports described this therapy in
case of superior mesenteric artery (SMA) or PDA pseu-
doaneurysmsp’%zsj.

To the best of our knowledge, this is the first re-
ported case of a PDA pseudoaneurysm percutaneously
treated by direct thrombin injection by US guidance after
failing of endovascular treatment.

CASE REPORT

An 82-year-old woman was in a peripheral hospital two
days before for cerebral haemorrhage and was admitted
in emergency to our central hospital with the suspicion
of acute bleeding. During the hospital stay routine labo-
ratory investigation revealed severe anaemia with haemo-
globin drop to 6.0 g/dL and contrast-enhanced thoraco-
abdominal CT scan was performed on a 64-slice multi-
detector Siemens scannet. It identified an oval, rounded
mass within the pancreatic head with slow centrifugal
contrast-enhancement, presumed to be a bleeding pseu-
doaneurysm with a haematoma and a small haemoperito-
neum around the spleen (Figure 1). The feeding artery to
the pseudoaneurysm was identified as a PDA, given the
area of distribution and the origin from SMA. The pa-
tient’s surgical history was unremarkable and did not have

Baishidenge ~ WIR | www.wjgnet.com

630

Figure 2 Selective superior mesenteric artery catheterization showing
pancreatico-duodenal artery pseudoaneurysm (arrow) but the feeding ves-
sel could not be identified.

history of chronic pancreatitis.

At the admission the patient underwent to endotra-
cheal intubation but was hemodynamically stable. Due to
her age and clinical co-morbidities, open surgery was not
the best option and an attempt with endovascular proce-
dure was decided.

Angiography was performed using Siemens equip-
ment (Axiom Artis U, Siemens AG, Forchheim, Ger-
many). Under local anaesthesia (lidocaine 2%), using
the Seldinger technique, a selective SMA catheterization
(Cobra Glidecath, 5F, 65-cm-long, Terumo, Tokyo, Ja-
pan) with a hydrophilic guidewire (0.035”, 150-cm-long,
Terumo) confirmed the pseudoaneurysm of 2-cm on di-
ameter of the PDA area (Figure 2). Both the examination
of the SMA made in different projections, including the
lateral view and superselective catheterization (Progreat,
2.7F, 130-cm-long, Terumo, Tokyo, Japan) of at least 4
proximal branches did not show the pseudoaneurysm so
that the feeding vessel could not be identified.

Selective catheterization (Radifocus guidewire, 0.035”,
150-cm-long, and Cobra Glidecath, 5F, 65-cm-long,
Terumo) of the celiac artery (CA) was performed, but
the gastroduodenal artery (GDA) was not depicted, be-
cause of a close stenosis of the take-off of CA from the
abdominal aorta.

Since we were not able to identify and catheterize the
feeding vessel, and considering the patient’s high-risk clin-
ical condition, percutaneous embolization with thrombin
injection was suggested. The procedure was performed
after local anaesthesia (lidocaine 2%) and a Chiba needle
(Ecojekt 18G, 20-cm-long, HS Hospital Service, Aprilia,
Latina, Italy) was inserted into the pseudoaneurysmal sac
through the anterior abdominal wall under US guidance
(MyLab, Esaote, Genova, Italy) and 2 ml. (1000 IU) of
human thrombin (Tisseel, Baxter AG, Rome, Italy) were
injected. During the injection, the anechoic area of pseu-
doaneurysm turned into hypoechoic area and the colour
signals disappeared because of immediate thrombosis
was achieved on the US control (Figure 3).

A final SMA selective control DSA performed at the
end of the procedure confirmed complete exclusion of

August 28,2014 | Volume 6 | Issue 8 |



Barbiero G et a/. Percutaneous thrombin embolization of pancreatico-duodenal pseudoaneurysm

CFM F 2.5 MHZz G 46%
PRF  1.4kHz
PRS 4

G 22%

G xv <

VIA PRS 3 PRC 3-B-A
FP M

134mm XV 3
RC /3/1 PRS 4
T 0 C 0

PRC M/ 1
FP 3

PRE 1.3 KHZ

PRS 6

Figure 3 Two-dimensional B-mode ultrasonography (A) and color-Doppler ultrasonography (B) showing pancreatico-duodenal artery pseudoaneurysm

(arrows) before and after percutaneous thrombin injection, respectively.

Figure 4 Axial contrast-enhanced computed tomography showing pan-
creatico-duodenal artery pseudoaneurysm (arrow) 1 wk after the treatment.

the pseudoaneurysm with no endoleak and preserved
perfusion of the SMA.

Finally, haemostasis of the puncture site at the right
common femoral artery (CFA) was obtained using a vas-
cular closute device (Angioseal 6F, Saint Jude, MN, United
States).

Thrombotic or immunologic complications of throm-
bin were not observed. A 1-wk follow-up abdominal CT
scan showed a completely thrombosed PDA pseudoan-
eurysm with no endoleak or recurrence of bleeding, and
preserved flow through the SMA branches (Figure 4).
Patient’s condition was stable and the blood test normal-
ized. Doppler ultrasound examinations at 2 wk and 3 mo
confirmed thrombosis of the pseudoaneurysm, without
any echographic signs of blood flow within.

Patient was discharged from the intensive cate unit
and she is now under careful clinic and imaging follow-up.

DISCUSSION

Natural history of the visceral false aneurysms is poten-
tially the rupture and a lethal abdominal haemorrhage,
with a rupture rate of 50% and a mortality rate up to
80%"",

Causes of SMA ancurysm and pseudoaneurysm for-
mation include chronic pancreatitis, atherosclerosis, trau-
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ma, surgery, biopsy, infection, collagen vascular disease,
medial necrosis, arthritis and dissection.

Symptoms depend on the location and include ab-
dominal pain, melena, body loss, internal haemorrhage
and hypovolemic shock due to pseudoaneurysm rupture.

Our patient did not have history of chronic pancre-
atitis and was suspected to have an internal haemorrhage
because of onset of severe anaemia and lacking a wors-
ening of the brain haemorrhage.

Imaging techniques for the diagnosis of pseudoa-
neurysms include US, CT, MRI and DSAM; this shows
precise location, morphology, size of the sac, feeding col-
lateral vessels and efferent arteries if present, and enables
immediate endovascular treatment.

PDA or SMA pseudoaneurysms require immediate
treatment due to a high mortality, up to 90%, in the case
of not treatment"” and it includes open surgical repair
and non surgical procedures.

Surgical treatment, traditionally a first-line therapy op-
tion™”
fection, haemorrhage and long rehabilitation time. Deep
retropetitoneal and retroduodenal position of the vessels
involved in peri-pancreatic aneurysms is technically chal-
lenging for the surgeon and as much as 70% of the PDA
anecurysms are not detected at surgerym.

Non surgical management includes endovascular
and percutaneous techniques”. At present endovascular
treatment is considered the first choice for embolization
of PDA and SMA pseudoaneurysm and the technical
success ranges from 56% to 100%"". Coils, gelfoam,
thrombin, glue (N-butyl-cyanoacrylate), stent-graft and
Amplatzer vascular plug (AVP, ev3, Plymouth, Unites
States), are different materials for endovascular manage-

, 1s invasive and is associated with high risk of in-

ment and the choice depends on the vascular anatomy of
the target lesion and the patient’s clinical condition"".
Recently, 2 new agents have been used for endovascu-
lar treatment of aneurysms and pseudoancurysms: ethyl-
ene vinyl alcohol copolymer (Onyx, Micro Therapeutics,
Irvine, CA, Unites States)”™ and a multilayer flow modu-
lator stent (Cardiatis, Multilayer, Bruxels, Belgium) b1
When antegrade superselective catheterization of the
feeding vessel of the PDA pseudoaneurysm fails owing

August 28,2014 | Volume 6 | Issue 8 |



Barbiero G et a/. Percutaneous thrombin embolization of pancreatico-duodenal pseudoaneurysm

“parrey wisAnoueopnasd oy JO YoULIq SUIPIJ 9Y) JO UONLZIFNYIELd 2ANNd9[sIadns 1nq ‘wonossfoid weaq sfes-x
otp o Lambrqo Suisueyd pue Ja101pEd o1 Jo odL) pue odeys Sue[dor osfe ‘wsAnouropnasd oy Jo [9ssoA FuTpady oy Affearydessordue Aynuopr 01 parduwone om 9sed IO U
“sz-1: FOREZIOQUUD [LLI21ILSUER) PI[Ie] J915e 21npad0id puodas se A[fensn ‘Swsdmourop
-nasd pue swsdmoue £3913e [e39981A Supean) Jo s130dox may 93e 230y g | VD Ay JO swskimaueopnasd druoSoner JO JUIWIEdN Y JOJ PISN SEA POYIIW SIYY ISIY IV
*20uepmM3 17) ¥0 §() Fopun uondsfur uiquory Aq Honezoquud snodueIndrad ot ST swsAinouropnasd o) JO JUSWSEURW JLNISLAOPUD 01 Uondo dAneuIae Uy
._zéwamizocmow:um&
pue swisfmoue ([ JO 1uowdo[PAdp o) FNOAEY 18} STONEIN[E IWEUAPOWDY sasned pue ([ oy Jo AydoniodLy £3oresuadwod 1uonbasuod saonput y7) 92U JO BONINIISO
[ewrxoxd ‘payyodar | pv jo pes| pue | gv /2 BONNG SY Y d JO UONEZLINYIED PEITOIIDI PINO[[L JOU PIP YY) oY} JO BISHO 9y} J¥ SISOUNS 950[d ¥ juaned mo ur Kpreumiojun)
*$noa3eaueApe 9q AJ[enualod pPnod (o) U3 WOIJ S[ASSIA [eFNL[[0d JO Aem Aq Y([J 92 JO UONLZIINOYIED OPLIs0omnar v Ksonjol [9ss9A 03

J[BIN (A ‘O[eWd 1 ‘wisIjoquid Areuown g J @3nen) :0) ‘uonezijoquud 1ajayjedsuel], ;) [, ‘Aydex
-8owoy payndwo) : 1D ‘punosenyn :gn ‘A1ajre [eusponpodneanue] 1y J J ‘Aldire [eusponpooneanued 1oLRju] (Y] ‘A191e [eusponpooneamnued touadng 1y (JS ‘A1)re duejussaur Jouedng (yAS ‘A1s)re [eusponpomnses) [y o

(sn) owr g oN ON ON $s9000G 0001 uewmg] D81 papm3-sn 0z I vad a 1] 11odoy aseD Jussag
(P ¥eg pagads  pagads popms
ueaw) UMOW U ON ON payoads joN ssa00Ng payoads j0N JON JON -oronp + 5 PpoywadsioN ¢  vAd peywedsioN pegmadsijoN v 9 mesneypjuey
S[10D
our ;g S[oD (owr 1) sox oN $59000G 0002 auraog 97 +papmd-sn 05 I vao N 69 l? 42 eueSe]
uonoafur paymwads  payoads VINS
(ID ynm) owr g uiquoay], (oydnmu) sax  paymadsjoN §5900Ng payads 10N 10N J0N papmS-1D pagwadsioN ¥ /vVAD poumadsioN paymads joN [gul? #2 UOSTOYPIN
paymads VINS
paymads JoN ON ON payads jo0N ssa00Ng 00% uewnyy 10N popm8-gn pegmadsioN 1 /vadO poymwadsioN pagads joN (enl? 19 BSOY 2
(a1
payads  pajrey 1o3e) VINS
(3d 10§ y1eap) pGL  UMOWY JON (U ¥2) sk payads JoN §5900Ng 00s¥ aurAog 10N papm3-1D peywedsioN ¢ /vVAD peypadsioN peymwedsioN [enl? 12 BSOY 2
payads vad
(10) owr g oN ON oN ssoong  pagmadsioN  uewmpy 10N pepm3-sn 0cxsc 1 /vao N 9% gt 12 UeRTIEIN
(1D) owr g ON ON ON $$300Ng 000T auIA0g D pepms-1D QL x 0¢ I vddl W qag [yl 42 SWRT[IIM
(o
paymnads pajrey 1a3je)
(ID) owr ON ON ON §S900NG 00cT 10N X 44 papms-1D 9% x 19 I vdads W LL gt #2 TWSSSBYD
(@301
d[paau pajre;y 193je)
(sn) owr 9 ON ON ON §5900Ng 0091 aurAog reurds pepms-sn G x¥rx09 I  VINS 4 67 wal? #2 psurdozg
ured payads
(1D)>m T ON ON [europqe prA ssadong poymadsjoN 10N 9T popm3-1D gex0or T vao N T ul? 12 U8y 3095
uopdafur  (our 9 ur seurm paymads
(1D) ow 9 UIquIOIY [, 0M]) SOX J[qe[reAe JoN $S900NG 08z uewngj 10N popm3-sn  dqe[ieAIoN I VINS  9[qe[leARION  [qe[IBARION v 12 SUOnSWIY
paymwads  payoads
(1D) M 01 ON SUON ON §5900Ng 000% 10N 10N papms-1D 0€ x 0¢ I  Vvdd W (44 [nl? #2 TOZBUEN
(sn)sim g ON ON oN ssaong 000T auraog Y44 pepm3-sn o€ I vao 4 08 il 2 moxreds
(poysaw) dn-mojjo] IudunedNdY  SuIpad|qoy $109JJ9 3SIIAPY  Insdi geipaww]  (N) ¥s0q  uiquioay] JIPBdN anbiuydd | (wuw) 3z1Ig ON A1)y  xdsjuaned (1K) ase juaned PEN|

uonddful uiquioay)y snoduendiad yiim pajeass swsKinaueopnasd dneadnueduad jo Arewwins aamesdi] | dqel

August 28,2014 | Volume 6 | Issue 8 |

632

WIJR | www.wjgnet.com

JRaishideng®



Barbiero G et a/. Percutaneous thrombin embolization of pancreatico-duodenal pseudoaneurysm

After exclusion of open surgery approach for high
risk-surgery patient, a non-vascular procedure was pro-
posed, by means of percutaneous thrombin injection
directly into the pseudoaneurysmal sac.

Thrombin is a clotting factor formed in coagulating
form from prothrombin, which hydrolyzes bonds of
fibrinogen and allows polymerization of the fibrinogen
to form a fibrin clot. The commercially used product is
a solution of a sterile protein substance that includes hu-
man fibrinogen and artificial aprotinine, which must be
mixed with a human thrombin solution in the presence
of calcium. After the injection, it acts immediately: the
clot is bio-absorbable, and the risk of infection, tissue
necrosis or inflammation is minimized.

The first report on the use of thrombin for percuta-
neous embolization of aneurysms of both peripheral and
visceral arteries was in 1986 from Cope ez al'”.

Afterwards this technique was applied to treat sev-
eral visceral aneurysms and pseudoaneurysms, and type
II and type I endoleak following endovascular repair of
abdominal and thoracic aortic aneurysms. Potential com-
plications of thrombin use are distal thrombosis, visceral
artery occlusion and immunologic reactions'”. Given the
risk of distal embolization, the use of embolic protection
device was suggestedps]. It is advised to evaluate the free
flowing component of the total volume of the pseudoa-
neurysm, and the quantity of thrombin to prevent the
leakage of thrombin from the sac™.

The Table 1 presents an overview of the literature
where peri-pancreatic pseudoaneurysms were treated by
transabdominal thrombin injection US- or CT-guided,
along with volume and type of the used thrombin, re-
sults, complications and follow up.

In the majority of cases 1000-1500 1U of thrombin
were injected into the pseudoaneurysmal sac and the hu-
man thrombin is today preferred to bovine thrombin for
a minor risk of anaphylactic reaction. In one case addi-
tional use of coils was suggested for the embolisation of
the afferent attery, to prevent the possible reperfusion of
the pseudoaneurysmm].

CT usually provides appropriate guide to percutane-
ous procedure, but US-guide allows real-time evaluation
of the amount of thrombin being injected and of the
patency of the pseudoaneurysmal sac. Furthermore US-
guided injection allows real-time visualization of the
needle track, lowing the risk of accidental puncture of
bowel, vascular or organs.

Thrombin injection resulted in complete thrombosis
and exclusion of the majority of the treated pseudoan-
eurysmal sacs, even during the follow up imaging control
with US or CT scan, although the longest follow-up
period was of 24 mo. There were not major complica-
tions referred to transabdominal access because of use
of small calibre needles, except for our study in which
we used an 18 G needle because only an 18 G US-guide
was available in emergency. Table 1 shows important risk
of carly rebleeding of the treated pseudoancurysm that
required at least one additional thrombin injection, re-
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ported by some Authors™ ", These results indicate the
importance of a close post-embolization follow-up with
US or CT, required to identify high-risk patients, who
need further treatment.

In conclusion, transabdominal thrombin injection
could be the first line treatment when the incannulation
or identification of the feeding vessel of peri-pancreatic
pseudoaneurysm failed, especially in patients not candi-
date for open surgical approach™”. Moreover, in these pa-
tients, this treatment could be considered as “bridge-to-
surgery” allowing the stabilisation of the ruptured vessel
and the further surgical treatment.

COMMENTS

Case characteristics

An 82-year-old woman with cerebral haemorrhage was admitted in emergency
with the suspicion of acute bleeding.

Clinical diagnosis

Severe anaemia (haemoglobin drop to 6.0 g/dL) but haemodynamically stable.
Differential diagnosis

Increasing of the cerebral haemorrhage, thoraco-abdominal source of bleeding.
Laboratory diagnosis

Haemoglobin = 6.0 g/dL; haemodynamically stable.

Imaging diagnosis

Contrast-enhanced thoraco-abdominal computed tomography scan showed an
oval, rounded mass of 2-cm on diameter within the pancreatic head with slow
centrifugal contrast-enhancement, presumed to be a bleeding pseudoaneurysm
with a haematoma and a small haemoperitoneum around the spleen.
Pathological diagnosis

Selective angiography of the superior mesenteric artery confirmed a pancreati-
co-duodenal artery pseudoaneurysm.

Treatment

The patient was treated with 2 mL (1000 1U) of human thrombin percutaneously
injected into the pseudoaneurysmal sac under ultrasonography (US) guide.
Related reports

Few reports described peri-pancreatic pseudoaneurysms treated by percutane-
ous US-guided thrombin injection after failing of the endovascular treatment.
Term explanation

Pancreatico-duodenal artery pseudoaneurysm, or false aneurysm, is a vessel
diameter dilatation without all vessel wall layers and is the consequence of a
vessel wall disruption limited only by the adventitia or by the surrounding tissues.
Experiences and lessons

Pancreatico-duodenal artery pseudoaneurysm embolization by percutaneous
US-guided thrombin injection is feasible after failing of the endovascular treat-
ment, especially in patients not candidate for open surgical approach.

Peer review

This report describes a successful percutaneous US-guided treatment of the
rare pancreatico-duodenal artery pseudoaneurysm after a failed endovascular
approach.
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are other seties of P values, P < 0.05 and “P < 0.01 are used. A third
seties of P values can be expressed as P < 0.05 and P < 0.01. Other
notes in tables or under illustrations should be expressed as 'E’E°F;
or sometimes as other symbols with a superscript (Arabic numer-
als) in the upper left corner. In a multi-curve illustration, each curve
should be labeled with @, o, m, 0, A, /\, ez, in a certain sequence.
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