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Abstract

Pancreatic ductal adenocarcinoma is the most common
malignant tumor of the pancreas. The remaining
pancreatic tumors are a diverse group of pancreatic
neoplasms that comprises cystic pancreatic neoplasms,
endocrine tumors and other uncommon pancreatic
tumors. Due to the excellent soft tissue contrast reso-
lution, magnetic resonance imaging (MRI) is frequently
able to readily separate cystic from noncystic tumors.
Cystic tumors are often easy to diagnose with MRI;
however, noncystic non-adenocarcinoma tumors may
show a wide spectrum of imaging features, which
can potentially mimic ductal adenocarcinoma. MRI is
a reliable technique for the characterization of pan-
creatic lesions. The implementation of novel motion-
resistant pulse sequences and respiratory gating
techniques, as well as the recognized benefits of MR
cholangiopancreatography, make MRI a very accurate
examination for the evaluation of pancreatic masses.
MRI has the distinctive ability of non-invasive assessment
of the pancreatic ducts, pancreatic parenchyma, nei-
ghbouring soft tissues, and vascular network in one
examination. MRI can identify different characteristics
of various solid pancreatic lesions, potentially allowing
the differentiation of adenocarcinoma from other benign
and malignant entities. In this review we describe the
MRI protocols and MRI characteristics of various solid
pancreatic lesions. Recognition of these characteristics
may establish the right diagnosis or at least narrow the
differential diagnosis, thus avoiding unnecessary tests or
procedures and permitting better management.

Key words: Pancreatic nodules; Malignant; Lymphoma;
Benign; Magnetic resonance imaging; Adenocarcinoma;
Pancreas; Neuroendocrine; Solid pseudopapillary tumor;
Metastases

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.
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other solid pancreatic lesions occur. Less common solid
primary pancreatic tumors and non-neoplastic disease
processes that may be diagnosed with relatively high
specificity employing magnetic resonance imaging
(MRI). The radiologist must be familiar with their MRI
appearance to correctly diagnose them, or suggest them
in the differential diagnosis when appropriate, since it
may change substantially the approach, prognosis and
patient management.

Al Ansari N, Ramalho M, Semelka RC, Buonocore V, Gigli S,
Maccioni F. Role of magnetic resonance imaging in the detection
and characterization of solid pancreatic nodules: An update.
World J Radiol 2015; 7(11): 361-374 Available from: URL: http://
www.wjgnet.com/1949-8470/full/v7/i11/361.htm DOI: http://
dx.doi.org/10.4329/wjr.v7.i11.361

INTRODUCTION

Pancreatic ductal adenocarcinoma is the most common
malignant tumor of the pancreas, accounting for
85%-90% of all malignant pancreatic tumors and is the
4™ most common cause of cancer death worldwide™.
The remaining 10%-15% of pancreatic tumors is
a varied group of neoplasms that comprises cystic
pancreatic neoplasms, endocrine tumors and other
uncommon pancreatic tumors. Magnetic resonance
imaging (MRI) is reliable for the characterization of
solid and cystic pancreatic lesions. Due to the excellent
soft-tissue contrast resolution, MRI is able to readily
separate cystic from noncystic tumors. Cystic tumors are
frequently easier to diagnose since they often possess
typical imaging findings allowing an accurate and
reliable prospective diagnosis. Noncystic noncarcinoma
tumors may show a wide spectrum of imaging features,
which most often are distinct from the features of
ductal adenocarcinoma. Infrequently they may possess
features that simulate carcinoma, and therefore clinical
history and laboratory parameters are always important
to be aware of. In this review we describe the typical
MRI characteristics of various solid pancreatic lesions,
which will aid in differentiation of adenocarcinoma from
other benign and malignant entities. Recognition of these
characteristics often may establish the right diagnosis or
at least narrow the differential diagnosis, which will allow
better patient management and avoid unnecessary tests
or procedures.

We herein describe the typical MRI findings of ductal
adenocarcinoma, of less common solid primary pancr-
eatic tumors, and of non-neoplastic disease processes
that may simulate ductal adenocarcinoma.

CLASSIFICATION OF PANCREATIC
TUMORS

According to the World Health Organization classifi-
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cation, pancreatic tumors are classified depending on
the cell lineage they arise from. The tumors may have
an epithelial or nonepithelial origin.

Tumors with epithelial origin include the exocrine
pancreas: (1) ductal cells, including ductal adeno-
carcinoma with its different histopathological variants,
and mucinous and serous cystic tumors; (2) acinar
cells, including acinar cell carcinoma (ACC) and mixed
acinar-endocrine carcinoma; or (3) uncertain origin,
including solid pseudopapillary tumor (SPT) and pancre-
atoblastoma or the endocrine pancreas (functioning and
nonfunctioning tumors).

The nonepithelial tumors include neoplasms such
as primary lymphoma and tumors of mesenchymal cell
origin (hemangioma, lymphangioma, sarcoma, lipoma,
etc.).

There are also nonpancreatic tumor lesions in origin
that might involve the pancreas, including malignant
lesions such as metastasis or secondary lymphoma, and
benign lesions such as intrapancreatic splenule.

MRI EVALUATION OF THE PANCREAS

MRI is a reliable technique for the characterization of
pancreatic lesions. The implementation of novel motion-
resistant pulse sequences and respiratory gating
techniques, as well as the recognized benefits of MR
cholangiopancreatography, make MRI a very accurate
examination for the evaluation of pancreatic masses.
MRI has the distinctive ability of non-invasive assess-
ment of the pancreatic ducts, pancreatic parenchyma,
neighbouring soft tissues, and vascular network in one
examination.

MRI of the pancreas should be performed with state
of the art scanners using high field strength (1.5T or
3T) units®* with phased-array torso coils and parallel
imaging to maximize signal to noise ratio and permit for
superior spatial resolution and faster acquisition times.

3T systems allow higher spatial resolution and
provide the highest post-contrast imaging quality and
temporal resolution of the pancreas, which is important
when evaluating small focal pancreatic lesions'*, and
looking for vascular involvement or encasement.

The typical MRI protocol for the assessment of the
pancreas commonly includes coronal and transverse T2-
weighted single-shot echo train spin echo (SS-ETSE),
transverse T2-weighted fat suppressed fast spin echo
or SS-ETSE, transverse in-phase and out-of-phase T1-
weighted spoiled gradient echo (GRE), and transverse
T1l-weighted fat suppressed three-dimensional (3D)
GRE images, obtained before and after contrast injection
during the late arterial, portal-venous and interstitial
phases. Magnetic resonance cholangiopancreatography
(MRCP) is routinely added to abdominal protocols to
assess ductal obstruction, dilatation or luminal outline.
This sequence combination provides comprehensive
evaluation of a full range of pancreatic disease processes.

T2-weighted SS-ETSE sequences such as half-
Fourier acquisition snapshot turbo spin-echo offer

November 28, 2015 | Volume 7 | Issue 11 |



anatomic display of the common bile duct (CBD) and
pancreatic duct on coronal and transverse plane images.
This sequence is important to evaluate fluid content,
which most often allows clear separation of cystic and
solid content lesions, as well as complications such as
the assessment of the complexity of pancreatic fluid
collections.

Pre- and post-contrast T1-weighted GRE sequences
are typically obtained as a fat-suppressed 3D-GRE
technique, allowing high-quality dynamic imaging of
the pancreas. The main benefits of these sequences
include the ability to obtain thinner slices (2-3 mm) and
to perform multiplanar imaging, essential to assess and
characterize focal pancreatic masses with < 1 cm in size
and to evaluate diffuse pancreatic disease™>".,

3D MRCP images are obtained in an oblique coronal
projection following the plane of the main pancreatic
duct, with the complementary benefit of being able to
generate multiplanar maximum intensity projection and
volume rendering imaging. This approach delineates
longer segments of the pancreatic duct. MRCP depicts
well the biliary and pancreatic ducts allowing optimal
evaluation of ductal contour and dilatation, as well as
abnormal duct pathways”®. The combination of tissue
imaging sequences and MRCP generate comprehensive
information on pancreatic disease.

For the diagnosis of biliary disease, the secretin
enhanced MRCP is routinely performed as part of the
workup of patients with known or suspected pancreatic
disease such as acute and chronic pancreatitis, con-
genital variants of the pancreaticoduodenal junction,
and intraductal papillary mucinous neoplasms and
follow-up of patients after pancreatectomy, in many
centers. Secretin is well tolerated, and side effects are
rarely seen™*3,

MRI is a non-ionizing cross-sectional imaging method
with a safer intra-venous contrast profile in compa-
rison to computed tomography (CT). This is especially
important in patients at higher risk of radiation injury
(e.g., younger patients) especially those requiring
repeated imaging follow-up.

Some gadolinium based contrast agents (GBCAs)
are associated with nephrogenic systemic fibrosis. Avoid-
ance of GBCAs exposure is the best approach for high-
risk patients!** including patients with acute or advanced
chronic kidney disease. Also, is has been reported that
the incidence of immediate hypersensitivity reactions
to MR GBCAs was 0.079%, and the recurrence rate
of hypersensitivity reactions was 30% in patients with
prior reactions!*®). It is a very low percentage if we
compare it to iodinate contrast media but however it
should be considered.

New motion-resistant MRI techniques provide
adequate images even in patients that are not able to
suspend respiration™®, Preliminary studies demonstrated
that in patients who unable to suspend respiration, new
imaging techniques for MRI, such as radial 3D-GRE
acquired in a free breathing fashion, may be useful for
pancreatic MR imaging and aid the radiologist in the
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detection and characterization of pancreatic focal lesions.

Normal pancreatic parenchyma displays high T1
signal intensity due to the presence of aqueous pro-
tein®®*, which is accentuated on fat-suppressed GRE
sequences. The normal pancreas typically shows uniform
hyperintense enhancement on arterial phase images,
fading overtime to become isointense to the liver on
interstitial phase images (Figure 1),

In the elderly, the high T1 signal intensity of the
pancreas may be diminished and be lesser than that
of the liver, reflecting fibrosis resultant from the aging
process™.

Pancreatic ductal adenocarcinoma

Ductal adenocarcinoma is the most common malignant
pancreatic neoplasm and accounts for almost 90% of all
malignant pancreatic tumors. Males are affected twice as
often as women and the peak age of occurrence is in the
7™ to 8" decades of life™™®. At clinical presentation, 2/3 of
patients have an advanced tumor stage. This may justify
why pancreatic adenocarcinoma shows a poor prognosis,
with a 5-year survival rate of 5%, Despite advances in
patient management and new chemotherapy regimens,
surgery remains the only curative treatment!'?,

The appearance of the typical ductal adenocarcinoma
is an irregular, small focal solid mass (2-3 cm) without
necrosis or hemorrhage. It is a heterogeneous and
poorly enhancing mass with a tendency for local infiltr-
ation, including vascular encasement.

Near 60%-70% of ductal adenocarcinomas of the
pancreas involve the pancreatic head, 10%-20% are
found in the body and 5%-10% in the tail. Diffuse
pancreatic involvement occurs in 5% of the cases®”.

Spin-echo images are limited in the detection of
pancreatic adenocarcinoma. On T2-weighted images,
tumors are usually slightly hypointense relative to the
background pancreatic parenchyma and consequently
challenging to visualize. Ductal adenocarcinomas
appear as low signal intensity lesions on noncontrast
fat-suppressed T1-weighted images and usually well
delineated from normal background pancreas, which is
high in signal intensity!"”***%,

Detection of adenocarcinoma is better performed on
the arterial phase images, where the lesion will enhance
to a lesser degree than the adjacent background
pancreas (Figures 2 and 3), due to the abundant fibrous
stroma and scarce tumor vascularity'®. The increased
volume of the extracellular space and the venous drain-
age of tumors compared to normal pancreatic tissue are
responsible for the near isointense appearance of ductal
adenocarcinoma on the interstitial phase™.

In general, large pancreatic tumors tend to persist
low in signal intensity (Figure 2) on interstitial phase
images, whereas the signal intensity of smaller tumors
is more variable and may range from hypointense to
minimally hyperintense on this phase (Figure 3).

Obstruction of the main pancreatic duct by the
pancreatic adenocarcinoma, which may be seen even
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Figure 1 Normal pancreas. Axial T2-weighted SS-ETSE (A), pre-contrast fat-suppressed T1-weighted (B) GRE and post-gadolinium fat-suppressed T1-weighted
gradient echo images acquired in the arterial (C) and venous (D) phases of enhancement. The normal pancreas is high in signal intensity on T1-weighted images
(B) due to the presence of aqueous protein in the pancreatic acini. A uniform capillary blush is apparent on the immediate post-gadolinium image (C). T2-weighted
sequences allow the depiction of the pancreatic duct. SS-ETSE: Single-shot echo train spin echo; GRE: Gradient echo.

Figure 2 Pancreatic ductal adenocarcinoma. Axial post-gadolinium fat-suppressed T1-weighted images obtained in the arterial phase (A) and interstitial phase
(B) image, and coronal maximum intensity projection image of MRCP (C). There is a hypovascular tumor arising in the pancreatic head (arrow, A) that obstructs the
common bile duct and pancreatic duct (double duct sign). This sign is well depicted in the MRCP images (C). MRCP: Magnetic resonance cholangiopancreatography.

with small tumors, results in tumor-associated chronic levels are unique to ductal adenocarcinoma and allow
pancreatitis. Many times, the pancreatic parenchyma correct diagnosis with high accuracy.
distal to pancreatic adenocarcinoma is atrophic and Although it is non-specific, obstruction of the main

low in signal intensity compared to normal pancreas, pancreatic duct is one of the most important signs of
due to chronic inflammation, progressive fibrosis and ductal adenocarcinoma. The concurrent dilatation of
diminished proteinaceous fluid of the gland®?*., Inthese ~ the pancreatic and hepatic duct may frequently occurs
cases, depiction of the tumor is poor on noncontrast T1- when the pancreatic cancer develops in the cephalic
weighted fat-suppressed images; nevertheless, arterial region, thus depicting the so called “double duct sign”, in
phase images are very helpful in the discrimination of the some cases this may be the only sign, if the pancreatic
size and extent of pancreatic ductal adenocarcinomas, tumor is very small. Possible differential diagnosis in this
as tumors almost always enhance less than the adjacent case includes an acute or chronic papillitis®' and the
chronically inflamed pancreas”?%. These imaging  ampullary carcinoma'®.

characteristics along with substantial increase of CA 19.9 Regarding tumor resectability, radiologists should
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Figure 3 Pancreatic ductal adenocarcinoma. Axial T2-weighted single-shot echo train spin echo (A), pre-contrast fat-suppressed T1-weighted (B) gradient echo
(GRE) and post-gadolinium fat-suppressed T1-weighted GRE images acquired in the arterial (C) and venous (D) phases of enhancement. There is a solid nodule in
the head of the pancreas, which is more conspicuous in the pre-contrast and arterial phase T1-weighted images (B, arrow, C), consistent with ductal adenocarcinoma.
Note that this lesion might be imperceptible on T2-weighted images (A) and venous phase images (D).

evaluate certain MRI findings and describe them in the
MRI report: (1) distant metastases, frequently to the
liver, peritoneum, lung and paraortic lymph nodes; (2)
infiltration of neighboring structures, including stomach,
colon, spleen; (3) invasion of the peripancreatic arteries,
including celiac trunk, hepatic artery, superior mesenteric
artery; and (4) invasion of the peripancreatic veins,
including portal and superior mesenteric vein*+?>2%,

State of the art MRI is suitable to detect and cha-
racterize focal ductal adenocarcinoma smaller than 1
cm??+2271 which tend to appear as small non-contour-
deforming pancreatic lesions. Detection of this early
manifestation of disease is difficult or impossible to
identify with multiphasic current-generation CT**%),

Endoscopy ultrasound has been widely used in dete-
ction of clinically suspected pancreatic lesion; together
with fine needle aspiration, it has been reported to
be the best diagnostic method for small pancreatic
neoplasms. Unfortunately this is an invasive and an
operator-dependent-technique and is not yet widely
used™,

It is very important to differentiate adenocarcinoma
from other benign and malignant entities, because the
clinical management and prognosis varies according to
the type of pathology'**!l. Some lesions require surgery
or imaging follow-up, whereas other lesions are clini-
cally irrelevant, not requiring further evaluation and/or
treatment.

JBaishideng® W]R I WWW.ngnet.COm

BENIGN LESIONS THAT MAY SIMULATE
DUCTAL ADENOCARCINOMA

Pancreatic lipomatosis

Pancreatic lipomatosis is a condition related to fatty
infiltration/replacement of the pancreatic parenchyma,
and is commonly seen in the elder, especially in obese
patients. Involvement is normally diffuse but occasionally
it may simulate a neoplastic lesion. The anterior aspect
of the head of the pancreas is the most common location
for pancreatic lipomatosis (Figure 4).

The absences of mass effect, ductal or vascular
displacement are important findings to establish the
correct diagnosis.

MRI is highly specific for the detection of fat’®”. A
moderate to marked signal loss in the out-of-phase
relative to the in-phase images is distinctive of this con-
dition (Figure 4)™*. Macroscopic fatty replacement of the
pancreas will show high T1 and T2 signal intensity, and
marked signal loss on fat-suppressed sequences™>*,

Acute pancreatitis
Acute pancreatitis is defined as an acute inflammatory
condition typically presenting with abdominal pain and
elevation in pancreatic enzymes secondary mainly to
alcoholism or cholelithiasis.

MRI is more sensitive than CT, supporting the use of
MRI in the evaluation of patients with a nonconclusive
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Figure 4 Pancreatic lipomatosis. Axial in-phase (A) and out-of-phase (B) T1-weighted GRE images. There is a focal fat infiltration in the region of the pancreatic
head (arrows), only noticeable in the out-of-phase images, which is diagnostic for this entity. Focal fat infiltration is a benign condition that can simulate pancreatic
adenocarcinoma especially on CT. GRE: Gradient echo; CT: Computed tomography.

CT or to differentiate pure inflammatory condition from
neoplastic lesion of the pancreas.

The acutely inflamed pancreas shows either focal
or diffuse enlargement of the parenchyma, with signal
intensity comparable to that of normal pancreatic tissue
in non-complicated mild to moderate pancreatitis.
Peripancreatic fluid is an important sign visualized in
acute pancreatitis, best displayed on fat-suppressed
T2-weighted sequences, seen as high signal in a back-
ground of intermediate to low-signal pancreas and fat
(Figure 5)13>%,

Chronic pancreatitis

Chronic pancreatitis is defined as a continuous or
relapsing, chronic, inflammatory process of the pan-
creas, characterized by permanent morphologic changes
and typically leads to diminishing of function. Distinction
between focal pancreatitis and adenocarcinoma may
be challenging because both entities may result in focal
enlargement of the pancreatic head, atrophy of the tail
of the pancreas and obliteration of the fat plane around
the superior mesenteric artery. Ductal adenocarcinoma
arising in the pancreatic head may cause obstruction
of the CBD and pancreatic duct, with the MRCP app-
earance of a “double duct sign”. This sign can be also
appreciated, although less commonly, in patients with
focal pancreatitis.

Focal chronic pancreatitis and adenocarcinoma
may display comparable signal intensity changes of
the enlarged region of pancreas on noncontrast T1-
and T2-weighted images, including mild hypointensity
on T1l-weighted images and heterogeneous and mild
hyperintensity on T2-weighted images.

On arterial phase images, focal chronic pancreatitis
usually displays heterogeneous enhancement and may
show signal voids from cysts and/or calcifications with
no evidence of a definable mass. In this setting, the
focally enlarged region of the pancreas preserve the
glandular feathery texture, comparable to the remaining
pancreas’®”, Conversely, in ductal adenocarcinoma, the
focally enlarged region of the pancreas loses its usual
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anatomic detail.

Diffuse low T1 signal intensity and hypovascularity
of the entire pancreas, including the region of focal
enlargement, are distinctive for chronic pancreatitis.
In the setting of ductal adenocarcinoma, the tumor
enhances less than the adjacent chronically inflamed
pancreatic parenchyma®®®.

Several features favor a diagnosis of focal pancreatitis,
including: (1) non-dilated or smoothly tapering pancreatic
and bile ducts coursing through the mass (“duct
penetrating sign”)®¥; (2) parenchymal calcifications
(seen as signal voids); (3) pancreatic duct beading
and varying caliber; and (4) side branch dilatation.
Instead, abrupt interruption of a smoothly dilated main
pancreatic duct, minimal side-branch dilatation, upstream
pancreatic atrophy and a high ratio of duct caliber to the
pancreatic gland width are features typically observed in
adenocarcinoma (Figure 2)P,

A previous investigation evaluated the accuracy
of MRI in the differentiation between ductal adeno-
carcinoma and chronic pancreatitis, in patients with focal
pancreatic mass™”; in this study, MR technique with the
use of fat-suppressed T1-weighted 3D-GRE sequence
was able to differentiate ductal adenocarcinoma from
chronic pancreatitis with a sensitivity and specificity of
93% and 75%, respectively. The most critical finding for
ductal adenocarcinoma of the pancreas was a relative
delineation of the mass compared to the background
pancreatic parenchyma. On the other hand, the most
critical finding of chronic pancreatitis was an imprecise
delineation with a mildly increased signal intensity and
enhancement compared with the background pancreatic
parenchyma on portal-venous phase images. These
features reflect a more progressive enhancement of
inflammatory tissue compared to ductal adenocarcinoma
from arterial phase to portal-venous images. A further
useful imaging feature is effacement of the fine, lobular
architectural pattern of the pancreas in pancreatic
adenocarcinoma®™,

The encasement of the celiac axis, superior mesen-
teric artery, lymphadenopathy and liver metastases
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Figure 5 Acute pancreatitis. Axial in-phase (A) T1-weighted GRE image and arterial phase (B) fat-suppressed T1-weighted GRE image (B) in a patient with elevated
amylase. There is a nodular area in the uncinate process showing mild T1-weighted hypointensity due to edema, however showing arterial enhancement (arrow, B)
and with preservation of marbled pancreatic texture. This was compatible with focal acute pancreatitis. GRE: Gradient echo.

establish the diagnosis of ductal adenocarcinoma®*”,

with liver metastases representing the definitive
distinction.

masses>***1, The tumor marker CA 19.9, which is
generally increased in pancreatic adenocarcinoma, is
rarely elevated in ACC.

OTHER SOLID PANCREATIC TUMORS
WITH EPITHELIAL AND ENDOCRINE
ORIGIN THAT MIGHT SIMULATE DUCTAL
ADENOCARCINOMA

ACC

ACC is a rare primary tumor of the exocrine gland of
the pancreas, and although acinar cells comprise most
of the pancreatic parenchyma, ACC represents only
1% of all exocrine pancreatic cancers. Tumors generally
occur between the fifth and seventh decades™. It is
defined as a carcinoma exhibiting pancreatic enzyme
secretion by neoplastic exocrine cells, and its clinical
presentation is usually related to either the local effects
of the tumor or to metastases*". Presenting symptoms
are frequently nonspecific. “Lipase hypersecretion
syndrome” is related to hypersecretion of lipase by the
ACC, which may result in subcutaneous fat necrosis,
bone infarcts, and polyarthritis'*>**!. Hypoglycemia as a
presenting symptom has also been observed in some
patients.

These cancers are generally exophytic, oval or round,
well marginated, and hypovascular. Small tumors are
usually solid, whereas larger tumors almost invariably
contain cystic areas representing regions of necrosis,
hemorrhage, and occasionally amorphous intratumoral
calcifications, seen as signal voids®**",

These tumors are frequently uniformly or partially
well-defined, with thin, enhancing capsules, and
enhance less than the adjacent normal background pan-
creas™®*, These tumors are predominantly low in signal
intensity on T1-weighted images and iso- to moderately
hyperintense on T2-weighted images.

ACC should always be considered when a large
pancreatic mass with typical imaging is found a solid
mass with variably sized central cystic areas or cystic
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UNCERTAIN ORIGIN

SPT

SPT of the pancreas is an uncommon, low-grade epit-
helial malignancy of the exocrine pancreas that most
often appears in young female patients®®?**!, and
accounts for about 1% to 2% of all pancreatic tumors'’’.

This tumor is typically benign and is found mainly
in young women between the 2™ and 3™ decades
of life. This age presentation is rarely seen in ductal
adenocarcinoma. This tumor shows a predilection for
African-American and Asian women, despite rare cases
having been reported in children and men. Malignant
degeneration may occur, however most SPTs show
benign behavior*®*’, Complete surgical removal is the
treatment of choice. Metastasis is rare but local recurr-
ence has been described. The prognosis is excellent after
resection.

The mass occurs most frequently in the head or
tail. SPT is often discovered incidentally and appears as
a large well-demarcated and encapsulated pancreatic
mass, surrounded by a marginal thick capsule and with
variable relative amounts of intralesional solid, cystic
and hemorrhagic components. The peripheral capsule
is often present and seen on MRI, with an incidence of
95%-100%"". Vascular encasement is exclusively seen
in malignant types.

MR imaging characteristically shows a well-defined
lesion with heterogeneous T1- and T2-weighted
signal intensity, reflecting the complex nature of the
mass. Regions of high T1 and low or inhomogeneous
T2 signal intensity may be seen and are related with
blood products and may help to differentiate SPTs from
endocrine tumors, whose cystic components gene-
rally are not hemorrhagic and therefore not typically
possessing moderately increased T1 signal intensity.
Furthermore, the peripheral areas of SPTs are not
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A

Figure 6 Solid pseudopapillary tumor. Coronal (A) and axial fat-suppressed (B) T2-weighted SS-ETSE, pre-contrast fat-suppressed T1-weighted (C) GRE
and post-gadolinium fat-suppressed T1-weighted GRE images acquired in the arterial (D) and venous (E) phases of enhancement. A large well-demarcated and
encapsulated mass is located in the tail and body of the pancreas. The mass shows heterogeneous signal intensity, with cystic (arrows, A and B) and hemorrhagic
areas (arrow, C). The solid component of the lesion shows progressive enhancement over time. A mass with these characteristics, appearing in a young patient is

most likely related with solid pseudopapillary tumor. SS-ETSE: Single-shot echo train spin echo; GRE: Gradient echo.

hypervascular, which is characteristically observed in islet
cell tumors!>***8*! (Figure 6).

PANCREATIC NEUROENDOCRINE
TUMORS

Pancreatic neuroendocrine tumors (NET) were previously
called islet cell tumor; as it was believed that they derived
from the islets of Langerhans. Recent evidence suggests
that these tumors arise from pluripotential stem cells in
the ductal epithelium™. They account for 1%-2% of all
pancreatic neoplasms. The majority NETs are sporadic,
but association with syndromes such as with Wermer
syndrome, neurofibromatosis type 1, von Hippel-
Lindau syndrome, and tuberous sclerosis have been
reported. NETs are classified into functioning and non-
functioning tumors. Functioning tumors may clinically
present with an endocrine malfunction subsequent to
hormone secretion™", The diagnosis of functioning NETs
is almost always established biochemically, and the role
of imaging is to depict the precise location of the tumor.
Insulinomas and gastrinomas are the most common
pancreatic NETs, followed by non-functional or untyped
tumors.

Non-functional tumors account for 15%-20% of
pancreatic NETs and tend to be symptomatic due to
large tumor mass or metastatic disease. Functioning
tumors manifest early in the course of disease when
they are small, due to the clinical manifestations of
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excessive hormone secretion.

Malignancy cannot be determined based on the
histological appearance of pancreatic NETs, instead
it is established by the coexistence of metastases or
local invasion. The liver is the most affected organ for
metastatic spread.

Insulinomas are usually benign tumors, whereas
gastrinomas are malignant in nearly 60% of cases.
Nonfunctioning tumors are malignant in most cases.

Tumor morphology is variable. Small tumors are
usually solid and homogeneous, whereas larger tumors
are usually heterogeneous with cystic degeneration and
calcifications.

On MRI, NETs are moderately low T1 and inter-
mediate to high signal intensity on T2-weighted fat-
suppressed images””. These tumors are typically highly
hypervascular and therefore they enhance intensely on
arterial/pancreatic phase after contrast administration.
This distinctive feature must be interpreted cautiously,
as although they may enhance more rapidly and avidly
than the background pancreas, they may also appear
iso-intense during the arterial phase, as the normal
pancreatic parenchyma is also highly vascularized
(Figure 7).

Insulinomas are usually seen as small tumors (<
2 cm), with intense and homogeneous enhancement
on arterial phase images, whereas gastrinomas most
commonly are larger lesions (3-4 cm approximately),
with peripheral ring-like enhancement on arterial
phase images®*, Gastrinomas generally occur in a
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Figure 7 Pancreatic neuroendocrine tumor. Axial fat-suppressed T2-weighted SS-ETSE (A), pre-contrast fat-suppressed T1-weighted (B) GRE and arterial phase
fat-suppressed T1-weighted GRE image (C). There is a small solid lesion in the tail of the pancreas (arrow, A-C), showing moderate signal intensity on T2-weighted
images (arrow, A) and demonstrates marked enhancement in the arterial phase of enhancement (arrow, C). This was an insulinoma. SS-ETSE: Single-shot echo train
spin echo; GRE: Gradient echo.

Figure 8 Pancreatic neuroendocrine tumor and liver metastases. Axial T2-weighted SS-ETSE (A), diffusion weighted images (b = 500) (B) and post-gadolinium
fat-suppressed T1-weighted GRE images acquired in the arterial (C) and venous (D) phase of enhancement. A large mass is seen arising in the body and tail of the
pancreas, showing moderate signal intensity on T2-weighted images (A) and restriction to diffusion (B). This lesion shows hypervascular characteristics (C). This
mass was diagnosed as poorly differentiated neuroendocrine tumor. Note that the liver metastases show similar signal characteristics on T2- and diffusion-weighted
images and demonstrate the characteristic arterial wash-in (arrow, C) and late washout (D) seen with neuroendocrine tumor metastases. SS-ETSE: Single-shot echo

train spin echo; GRE: Gradient echo.

distinctive location, termed the gastrinoma triangle,
bordered superiorly by the confluence of the cystic and
CBDs; inferiorly, by the second and third portions of the
duodenum; and medially, by the neck and body of the
pancreas.

The likelihood of malignancy rises in parallel with
tumor size, and tumors larger than 5 cm are frequently
malignant. Even when malignant, these tumors are
slow-growing and the prognosis is better than for ductal
adenocarcinoma®*¥. Metastases to lymph nodes and
solid organs may have an enhancement pattern similar
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to that of the primary tumor (Figure 8).

It is essential to distinguish pancreatic NETs from
other neoplasms, especially from ductal adenocar-
cinoma, as the prognosis and treatment options are
usually substantially different for these two entities.

Features that discriminate most pancreatic NETs from
pancreatic adenocarcinoma include the high T2 signal,
increased homogeneous enhancement on arterial phase
images, hypervascular liver metastases, and absence of
pancreatic duct obstruction or vascular encasement®?,
On the other hand, venous thrombosis, peritoneal, and
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A

Figure 9 Pancreatic lymphoma. Pre-contrast fat-suppressed axial T1-weighted gradient - echo images (A) and acquired in the arterial phase after gadolinium
injection (B). There is a large hypointence and hypovascular mass (arrows) localized in the pancreatic head, however showing no significant duct dilatation. There was
evidence of enlarged lymph nodes. This mass was diagnosed as pancreatic lymphoma.

regional node enlargement are distinguishing features of
pancreatic ductal adenocarcinoma, usually not seen in
NETs.

MESENCHYMAL TUMORS

Mesenchymal neoplasms of the pancreas are rare,
accounting for 1% to 2% of all pancreatic tumors®™**,
They derive from various connective tissue components
and are classified according to their histologic origin.

Primary pancreatic lymphoma, although unusual,
is the most common malignant mesenchymal tumor
appearing in the pancreas. Benign mesenchymal adipose
tissue tumors, such as lipomas or teratomas are extre-
mely rare and show diagnostic features on MRI, with
homogeneous encapsulated mature fat or with fat-fluid
levels, respectively™ ., Other mesenchymal tumors,
such as lymphangiomas, leiomyoma, leiomyosarcoma,
schwannoma, hemangioma, or hemangioendothelioma,
have also been reported; however, they are exceedingly
rare, appearing described only in the form of isolated
case reports.

Pancreatic lymphoma

Non-Hodgkin lymphoma may involve peripancreatic
lymph nodes or may directly infiltrate the pancreas.
Peripancreatic lymph nodes show low to intermediate
signal intensity on T1-weighted fat-suppressed images,
which permit to be distinguished from the normal
pancreas that shows high signal intensity®”.

Primary pancreatic lymphoma is a rare entity,
accounting for less than 2% of extranodal lymphomas
and 0.5% of pancreatic tumors™®,

Pancreatic lymphoma has a better prognosis than
pancreatic ductal adenocarcinoma, as first-line treat-
ment with chemotherapy is normally effective, allowing
long-term disease regression or remission. Surgery is
usually not required.

Two morphologic patterns are recognized: focal
and diffuse form™®. The focal form occurs in the
pancreatic head in 80% of the cases and may mimic

JBaishideng® W]R I WWW.ngnet.COm

370

adenocarcinoma.

On MRI, lymphoma shows low T1 and intermediate
T2 signal intensity. Several features may help discrimi-
nate pancreatic lymphoma from ductal adenocarcinoma
such as the presence of a bulky confined tumor in the
pancreatic head with absent or minimal main pancreatic
duct dilatation, enlarged lymph nodes below the
level of the renal vein, and a tendency to noninvasive
tumor growth, which are characteristic for pancreatic
lymphoma and atypical for pancreatic ductal adenoc-
arcinoma (Figure 9). Vascular invasion is also less
commonly seen in lymphoma'?. Additionally, CA 19.9
levels are usually not elevated in primary or secondary
pancreatic lymphoma.

NONPANCREATIC TUMOR LESION

Metastases

Metastases to the pancreas may be the result of direct
invasion or hematogenous spread. Direct invasion from
stomach and transverse colon carcinoma and GIST
tumors are rare, but the most common forms of direct
extension.

Metastases derive most frequently from renal cell
carcinoma and lung cancer followed by breast, colon,
prostate and malignant melanoma.

Three morphological patterns of metastatic involve-
ment of the pancreas have been described: solitary
lesion (50%-70% of cases), multifocal (5%-10%), and
diffuse (15%-44%)",

Metastases generally show low T1 and mildly high
T2 signal intensity. The enhancement of the majority
of metastases follows a ring pattern, with a variable
degree of enhancement depending on the angiogenic
properties of the primary neoplasm (Figure 10)®%,

Renal cancer metastases resemble the appearance
of NETs. Melanocytic melanoma metastases may display
high T1 signal due to the paramagnetic properties of
melanin pigment.

Ductal obstruction is uncommon, even with larger
tumors, which is an important feature distinguishing
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Figure 10 Solitary pancreatic metastasis. Axial T2-weighted SS-ETSE (A) and post-gadolinium fat-suppressed T1-weighted GRE images acquired in the arterial (B),
venous (C) and interstitial (D) phases of enhancement. There is a nodular lesion in the pancreatic body showing moderate signal intensity on T2-weighted images (arrow,
A) and showing hypovascular characteristics, with no pancreatic duct dilatation. These are typical features of a solitary pancreatic metastasis (arrows). Note additional
splenic metastases (lung cancer). SS-ETSE: Single-shot echo train spin echo; GRE: Gradient echo.

Figure 11 Intra-pancreatic splenule. Axial T2-weighted SS-ETSE (A), pre-contrast fat-suppressed T1-weighted (B) GRE and post-gadolinium fat-suppressed T1-
weighted GRE images acquired in the arterial (C) and venous (D) phases of enhancement. There is a well-marginated and lobulated round intra-pancreatic splenule
(arrows, A and B) that shows isointense signal to the pancreas on T2- and T1-weighted images (A and B). This nodule is hypointense compared to the background
pancreas on the precontrast T1-weighted image (B) and demonstrates lesser enhancement relative to the pancreas on the arterial phase (C) and hepatic venous
phase (D). The enhancement pattern was homogenous on the postgadolinium images and similar to that of the pancreas. SS-ETSE: Single-shot echo train spin echo;
GRE: Gradient echo.
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from pancreatic ductal adenocarcinoma>?.,

INTRAPANCREATIC SPLENULE

The presence of accessory splenules may arise within
the parenchyma of solid organs, notably the pancreas.
Intrapancreatic splenule is a somewhat uncommon
location for splenules. These lesions typically are < 2
cm in size and are located within 3 cm of the tip of the
pancreatic tail’®. The presence of a well marginated
rounded mass located in the distal tail of the pancreas
with signal intensity features comparable to those of
the spleen on all MR sequences suggests the diagnosis
of intrapancreatic accessory spleen (Figure 11). A
distinctive feature of these masses is that when greater
than 2 cm they may exhibit serpiginous enhancement
on arterial phase images, as typically seen in the
spleen®!l, Other entities may simulate the signal
intensity and post-gadolinium enhancement features of
intrapancreatic splenules, and DWI and SPIO-enhanced
MRI can be used to characterize the lesion and to
establish the definite diagnosis'®*>.

CONCLUSION

In addition to pancreatic ductal adenocarcinoma other
solid pancreatic lesions occur. Many of the above-
described tumors may be diagnosed with relatively
high specificity employing MRI. The radiologist must be
familiar with their MRI appearance to correctly diagnose
them, or suggest them in the differential diagnosis
when appropriate, since it may change substantially
the approach, prognosis and patient management.
We have described specific features that may aid in
the discrimination from ductal adenocarcinoma and
establish the correct diagnosis.
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Abstract

May-Thurner syndrome (MTS) is the pathologic com-
pression of the left common iliac vein by the right
common iliac artery, resulting in left lower extremity
pain, swelling, and deep venous thrombosis. Though
this syndrome was first described in 1851, there are
currently no standardized criteria to establish the
diagnosis of MTS. Since MTS is treated by a wide
array of specialties, including interventional radiology,
vascular surgery, cardiology, and vascular medicine,
the need for an established diagnostic criterion is
imperative in order to reduce misdiagnosis and inappro-
priate treatment. Although MTS has historically been
diagnosed by the presence of pathologic features, the
use of dynamic imaging techniques has led to a more
radiologic based diagnosis. Thus, imaging plays an
integral part in screening patients for MTS, and the
utility of a wide array of imaging modalities has been
evaluated. Here, we summarize the historical aspects of
the clinical features of this syndrome. We then provide
a comprehensive assessment of the literature on the
efficacy of imaging tools available to diagnose MTS.
Lastly, we provide clinical pearls and recommendations
to aid physicians in diagnosing the syndrome through
the use of provocative measures.

Key words: May-Thurner; Thrombosis; Diagnostic; Iliac
compression; Vascular; Imaging

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: There is currently no gold standard diagnostic
criterion in iliac vein compression syndrome. Historically,
the presence of pathologic factors has been the main
component in diagnosis; however, imaging techniques
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have led to a more radiologic-based diagnosis. This
review details the clinical and radiologic challenges
in the diagnosis of Iliac vein compression syndrome
and presents clinical pearls that may help in deciding
whether an endovascular intervention should be
performed.

Brinegar KN, Sheth RA, Khademhosseini A, Bautista J, Oklu
R. Iliac vein compression syndrome: Clinical, imaging and
pathologic findings. World J Radiol 2015; 7(11): 375-381
Available from: URL: http://www.wjgnet.com/1949-8470/full/v7/
i11/375.htm DOTI: http://dx.doi.org/10.4329/wjr.v7.i11.375

INTRODUCTION

Iliac vein compression syndrome, also know as May-
Thurner syndrome (MTS), is caused by both mechanical
and physiologic factors; the chronic pulsatile compre-
ssion of the left common iliac vein (LCIV) by the right
common iliac artery (RCIA) stimulates the formation
of fibrotic adhesions that can cause partial or complete
iliac vein obstruction over time'?. The true incidence
of MTS is not known. However, iliofemoral thrombosis
is responsible for approximately 2%-3% of lower limb
deep venous thrombosis (DVT) cases and approximately
50%-60% of left sided iliofemoral DVT cases exhibit
iliac vein spurs resulting from extrinsic compression®®.,
Thus, MTS is a reasonably common occurrence and a
greater level of clinical suspicion is necessary.

Although MTS has historically been diagnosed by
the presence of pathologic features, the use of dynamic
imaging techniques has led to a more radiologic based
diagnosis. However, a diagnosis of MTS relies on both
clinical and imaging findings because the presence
of iliac vein compression alone is insufficient for a
diagnosis. There are currently no standardized clinical
or radiologic diagnostic protocols in place to aid in the
identification of MTS. Since MTS is treated by a wide
array of specialties, including interventional radiology,
vascular surgery, cardiology, and vascular medicine, the
need for an established diagnostic criterion is imperative
in order to reduce misdiagnosis and inappropriate
treatment. MTS patients generally do not respond well
to conservative treatments; thus, early diagnosis and
treatment is paramount in order to avoid complications
such as iliofemoral DVT or venous insufficiency™*. This
review will describe the clinical presentations of MTS
and focus on the imaging modalities that have been
used in aiding and confirming a diagnosis.

HISTORICAL BACKGROUND

In 1851, Virchow noted the first anatomical evidence
for MTS when he observed an increased frequency
of DVT in the left leg due to the compression of the
left iliac vein between the overlying right iliac artery
and the fifth lumbar vertebrae™. In 1908, McMurrich
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examined the iliac veins of 107 cadavers and observed
that 29.9% had obstructions in the left iliac vein; he
deemed that these obstructions were congenital in
origin and were responsible for the increased incidence
of left lower extremity (LLE) DVTY, In 1943, Ehrich
and Krumbhaar found that out of 412 cadavers, 95
(23.8%) demonstrated obstructive lesions in the LCIV;
the obstructions were comprised of collagen and elastin
and were demonstrated to be acquired rather than
congenital, as was previously thought®®. However, a
comprehensive understanding of the anatomic variants
of MTS was not established until 1957, with the work of
May and Thurner.

May and Thurner, for whom the syndrome is named,
found that 22% of 430 cadavers exhibited lesions in
the LCIV; these lesions were described as “spurs” and
were postulated to arise from the chronic compression
of the LCIV by the RCIA. The spurs were categorized
as central, lateral, or resulting in partial obliteration,
based on location and size. Central spurs occur on the
anteroposterior plane and split the lumina in two, lateral
spurs occur along the sides of the LCIV, and partial
obliteration results in the lumen being covered in a
lattice of spurs and results in decreased venous flow!”®,
In 1965, Cockett et a®! further expounded the field by
determining that patients with LCIV spurs could remain
asymptomatic for a period of time due to the formation
of venous collaterals. However, it was ruled that spur
formation was an irreversible process, making early
diagnosis integral for MTS patients.

ROLE OF CLINICAL PRESENTATION IN
DIAGNOSIS

The clinical presentation and history of the patient are
critical components in formulating a diagnosis of MTS.
MTS is particularly prevalent in younger and middle
aged women (mean age = 42), although it also affects
men®, Patients most commonly present with DVT,
but may also present with LLE swelling, pain, venous
claudication, ulcerations, nausea, and varicose veins.
Rarer symptoms include phlebitis, phlegmasia alba
dolens, phlegmasia cerulea dolens, and bilateral or
right sided symptoms!>>7°, MTS can present either
acute or chronically; acute presentation of MTS is the
sudden onset of left leg edema and is usually easier
to diagnose, while the chronic phase of MTS is much
more difficult to identify and requires a comprehensive
investigation of patient history, physical examination,
and diagnostic imaging studies””. The clinical stages
of MTS can be further delineated as being either
Stage I, asymptomatic LCIV compression; stage 1I,
the formation of an intraluminal spur; or Stage III, the
occurrence of left iliac vein DVT™M™,

A patient history that reveals recurrent DVT, unexpl-
ained LLE edema, venous claudication, or varicosities
should create suspicion for MTS as a cause. Additionally,
physical examination that demonstrates LLE swelling,
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Figure 1 Transverse computed tomography and magnetic resonance images of the proximal left common iliac vein (black arrow) in a single patient across
multiple time points illustrate the challenge of diagnosing May-Thurner syndrome. The degree of venous compression can vary substantially from one imaging

study to another based upon the patient’s volume status.

skin hyperpigmentation, varicose veins, telangiectasias,
or evidence of ulceration in the ankle area are supportive
of MTSY*?, Tliofemoral thrombosis can also be a result of
trauma, surgery, immobilization, recent catheterization,
radiation and malignancies and all these explanations
must be ruled out in order to diagnose MTS™®, Once
differential diagnoses have been investigated, diagnostic
imaging tests should be undertaken in order to confirm
the presence of MTS anatomy and determine the best
modality of treatment.

DIAGNOSTIC IMAGING CRITERION AND
TECHNIQUES

Several studies have confirmed the presence of LCIV
compression in an asymptomatic patient population;
these suggest that LCIV compression is a normal
anatomic variant and not necessarily a pathologic condi-
tion!**®), Moreover, McDermott et a/"! found that the
degree of LCIV compression in a single patient can vary
over a short period of time (Figure 1); thus, the finding
of May-Thurner anatomy in a single imaging study may
just reflect the volume status of patient and may not
be sufficient to suspect or confirm MTS!!. Although
there is no established diagnostic imaging criterion for
MTS, studies recommend that the imaging standard for
appropriate diagnosis of MTS should exhibit persistent
narrowing of the iliac vein due to the presence of
permanent iliac spurs, regardless of patient positioning
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during the imaging study. Thus, normal variant LCIV
compression may be ruled out by placing the patient
in prone position as such positioning may demonstrate
a decrease in collateral flow or reveal normal iliac vein
patency'™. A visualization of greater than 50% stenosis
in the luminal diameter of the vein is considered an
adequate indicator of LCIV compression related to
MTS!”), An additional secondary indicator of MTS is the
presence of venous collaterals, presence of intraluminal
spurs, and changes in hemodynamic flow greater than
2 mmHg across the stenotic region with the patient in
supine positioning!*'”). The MTS diagnostic imaging
modalities include ultrasonography, pleythysmography,
computed tomography (CT), magnetic resonance
venography (MRV), ascending contrast venography,
hemodynamic studies, and intravascular ultrasound
(IVUS) (Figure 2). The advantages and disadvantages
of each imaging technique in the diagnosis of MTS are
discussed below.

Ultrasonography

Color Doppler ultrasonography (CDUS) is often the initial
diagnostic modality in determining venous insufficiencies
and DVT because it is noninvasive, bares no risk to
the patient, is easy to perform, and is accurate in det-
ermining the location, severity, and cause of venous
insufficiencies™®. Ultrasound can usually identify acute
iliofemoral DVT, a common result of MTS". However,
ultrasound has significant limitations in visualizing
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Figure 2 The appearance of May-Thurner syndrome on multiple imaging modalities from a single patient. A: Axial T1 fat-saturated magnetic resonance image
following the administration of an intravascular contrast agent demonstrates > 50% narrowing of the left common iliac vein by the overlying right common iliac artery; B:
Intravascular ultrasound with the transducer within the left common iliac vein (blue) demonstrates near complete obliteration of the vessel's lumen due to compression
by the right common iliac artery (red); C: Digital subtraction angiography with contrast injection from a vascular sheath in the left external iliac vein demonstrates
an obliquely oriented silhouette of the right common iliac artery compressing the left common iliac vein (arrowhead); multiple left-to-right pelvic collaterals are also
present, signifying that the compression is hemodynamically significant; D: Following the placement of an uncovered stent, the compression is resolved, and there is

no longer filling of the cross-pelvic collaterals.

abnormalities of the iliac veins because of the deep
location of the veins in the pelvis; skilled sonographers
are unable to visualize the iliac veins in approximately
20% of cases. Moreover, ultrasound does not reveal the
specific anatomic characteristics of MTS such as iliac
vein compression or intraluminal spurst*®l, However,
in a case report by Oguzkurt et al*”!, a diagnosis of MTS
was initially reached by transabdominal ultrasonography
alone and later confirmed by CT, venography, and
pressure measurements. Although transvaginal ultr-
asound can be used to determine the pathological
reflux in the internal iliac veins in women, it does not
allow for good imaging of the common iliac veins and
is therefore not a very useful tool in the diagnosis of
MTS!®), Overall, ultrasound is a useful mechanism for
determining venous patency, but a negative study result
does not rule out the possibility of MTS and therefore
more imaging tests are needed in order to establish a
diagnosis.

Pleythysmography

Air pleythysmography (APG) is a noninvasive test that
can determine the degree of venous reflux and evaluate
any proximal obstructions™, Hurst et a/*”! utilized APG
to determine the degree of iliac vein obstruction in 9
patients in order to confirm a suspected diagnosis of
MTS. In all 9 cases, APG was unable to detect any iliac
vein obstructions despite the presence of occlusions
or stenosis in all patients. Hurst et a/”! thus concluded
that APG has a low sensitivity in confirming a diagnosis
of MTS. Although APG can be useful in evaluating the
severity of venous symptoms, it can be nondiagnostic
due to the presence of collateral pathways and a lack
of sufficient narrowing to impact the flow dynamics*?.
Therefore, APG is not considered a routine diagnostic
tool for MTS and more invasive tests are required in
order to confirm a diagnosis of MTS.
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CcT

CT with intravenous contrast in a transverse plane has
proven to be a useful modality in confirming the dia-
gnosis of MTS!'*#2% A CT examination of the abdomen
or pelvis can rule out extrinsic reasons of compression
as well as identify acute DVT and collateral pathways;
however, a normal CT with 10-mm cuts cannot always
establish a diagnosis of MTS because small iliac spurs
are often too difficult to visualize and fibrosis can
conceal the underlying vasculature”*?!, However, a
CT analysis utilizing narrower cuts 3 to 5-mm can be
sufficient enough to visualize the structural details that
may be previously missed. Chung et af*"! utilized spiral
CT venography to evaluate iliac vein compression due
to MTS in 27 out of 44 patients presenting with lower
extremity DVT; Oguzkurt et al** found that CT images
in a transverse plane showed the compression of the
LCIV by the LCIA in all 10 patients tested. Additionally,
in a study conducted by Liu et al''”!, CT venography
was found to have a high sensitivity and specificity in
confirming MTS over other imaging modalities and that
it can also distinguish between non-thrombotic and
thrombotic MTS. The advantages of CT venography over
CDUS or traditional venography include lack of operator
dependence, clearer imaging of the pelvic veins, and
a shorter exam time; however, the radiation dose is
contraindicated in instances of pregnancy and large
amount of contrast medium required for CT venography
are contraindicated in patients with renal impairment**..
Overall, CT venography is a useful diagnostic tool in
demonstrating iliac vein compression, although more
studies are required in order to fully evaluate the
sensitivity and specificity of CT images in diagnosing
MTS.

MRY
Several studies have advocated that MRV is a suitable
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Figure 3 Magnetic resonance venography with axial (A), sagittal (B), and
coronal (C) reformatted images demonstrating May-Thurner syndrome
anatomy with compression of the left common iliac vein (white arrowhead)
by the right common iliac artery (black arrowhead).

imaging modality in diagnosing MTS (Figure 3)*”*. In a
case study by Wolpert et af'®!, MRV was able to confirm
a diagnosis of MTS in all 9 patients that presented with
the condition; moreover, MRV was able to reveal the
anatomic abnormalities of MTS as well as rule out the
presence of DVT or pelvic masses. Additionally, Shebel
et al”’! found that MRV was able to confirm the presence
of nonocclusive iliac spurs (thus confirming a diagnosis
of MTS) in 5 patients that had normal DUS results.
The primary advantages of MRV in the diagnosis of
MTS include its noninvasiveness, ability to analyze all
pelvic structures, and lack of operator dependence™™.
Additionally, MRV can estimate the degree of venous
collateral flow, which greatly assists in the diagnosis of
MTS?*3, Lastly, MRV can be performed without contrast,
which is beneficial to patients with contraindications such
as contrast allergies or renal impairment™®. Conversely,
the primary disadvantage of MRV in the diagnosis of
MTS is that the vasculature above bifurcations has
nonlaminar flow, which sometimes presents a confusing
image!”. Additionally, MRV studies are expensive, take
significant time to perform, and are hard to perform on
severely ill patients!*®.

Although MRV is a beneficial diagnostic option,
a single MRV study may not be sufficient enough to
diagnose MTS; McDermott et al''! found that the degree
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of left iliac vein compression significantly differs in the
same patient when undergoing repeated MRV imaging
within a short period of time due to factors such as
volume status or patient positioning™®. Because MTS is
a chronic condition with the development of permanent
adhesions and intraluminal spurs, the degree of left
iliac vein compression should not change significantly
over time or depend on patient positioning. Thus, the
sole finding of MTS anatomy on one MRV study may
not be sufficient enough to confirm a diagnosis of MTS
and more imaging studies may be necessary in order to
reach a definitive diagnosis.

Contrast venography/hemodynamic studies

Contrast venography has widely been considered the
gold standard diagnostic modality for MTS and has
been utilized to confirm a diagnosis of MTS in several
studies™®'>**, The procedure demonstrates the degree
of iliac vein stenosis and can visualize any pelvic venous
collaterals. Contrast dye must be injected in either the
popliteal or femoral veins, as the standard method of
dye injected into the dorsum of the foot is not adequate
to fully visualize the iliac venous system®. Venography
also allows for hemodynamic evaluation of MTS through
pressure gradient measurements; iliofemoral stenosis
is considered significant with a measurement of greater
than 2 mmHg at rest and greater than 3 mmHg during
periods of exercise. However, a nondiagnostic result
does not rule out MTS because the patient is tested
while at rest; exercise is usually required to increase
blood flow to demonstrate a significant pressure
gradient™”). Although ascending venography almost
always provides the evidence needed for a confirmed
diagnosis of MTS, it is time consuming, invasive, cannot
be performed in patients with widespread iliofemoral
DVT and can result in post-procedural complications
such as phlebitis™®.

IVUS

IVUS, using either a 12.5-MHz or 20-MHz ultrasound
transducer, can accurately determine LCIV vessel size
and morphology, and can verify the presence of MTS
anatomy™®*?1, Knipp et af®! utilized IVUS to confirm a
diagnosis of MTS in 36 out of 58 patients; (62.1%) and
defined the IVUS criteria for an MTS diagnosis as the
lack of an evident venous lumen proximate to the IVUS
catheter. In a small scale study conducted by Forauer et
al*”, IVUS was not only used to confirm a diagnosis of
MTS in all patients (n = 16), but information provided by
the study was also found to influence the endovascular
management of approximately 50% of the cases
while also assisting with stent placement choice and
accuracy. Moreover, in some studies, IVUS was found to
have a higher success than venography in identifying
obstructions'¥ . Overall, IVUS is a useful modality in
the diagnosis of MTS, although more studies are needed
to truly evaluate its advantages over other diagnostic
techniques.
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CLINICAL PEARLS TO IMPROVE MTS
DIAGNOSIS

There are several clinical pearls that can be considered
in the diagnosis of MTS. For instance, if ultrasound is
possible and allows for visualization of the iliac veins,
provocative maneuvers (i.e., placing the patient in
supine vs lateral positions or imaging during valsalva)
may be performed to help demonstrate permanent
vascular changes. These provocative maneuvers may
also be used at the time of venography. Supine and
prone CT or magnetic resonance imaging and cone
beam CT at the time of venography may reveal the
true state of common iliac vein. Additionally, due to the
nil per os status for the procedure, the patient may be
hypovolemic causing the IVC and iliac veins to easily
flatten; in these cases, an IV bolus of 500-1000 cc of
normal saline may be provided to the patient.

TREATMENT OPTIONS

Due to the mechanical nature of the obstruction, MTS
patients generally do not respond well to conservative
treatments'. In the past, surgical management of MTS
has resulted in variable outcomes, as it is correlated
with a high morbidity rate and has varied success in
reestablishing venous patency™®. Currently, the use
of endovascular techniques in the treatment of MTS
patients is considerably successful and carries less
risk than invasive surgical treatments®. Common
endovascular treatment options include catheter-dire-
cted thrombolysis, angioplasty, and ultimately stent
placement®>%%?*_ Angioplasty has been found to be
associated with low long-term patency rates, which
indicates that the iliac vein compression may not be
alleviated with solely the use of balloon angioplasty™”.
Additionally, stent placement is often necessary;
however, stents are also associated with poor long-term
patency rates, thus making diagnostic accuracy even
more critical in the treatment of MTS patients as the
choice to stent should be not be chosen lightly™®'. Overall,
more studies are needed in order to fully evaluate
the endovascular treatment that can provide the best

outcome'®.

CONCLUSION

Prompt diagnosis is critical in MTS patients in order to
avoid potential complications and the permanent conse-
quences of intraluminal spur development. Currently,
there is no diagnostic criteria in place to confirm a
diagnosis of MTS. Imaging techniques such as CT, IVUS,
MRV, and ascending venography have been useful
in verifying a diagnosis; conversely, ultrasonography
and pleythysmography, while useful in evaluating DVT
and venous obstructions, cannot effectively be used to
diagnose MTS and are best used in conjunction with
other imaging techniques. Overall, the identification of
MTS relies on both clinical and image findings, and more
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studies are needed in order to develop a comprehensive
protocol for both.
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Abstract

18-fluorodeoxygluocose positron emission tomography/
computed tomography (**FDG-PET/CT) provides
significant information in multiple settings in the man-
agement of head and neck cancers (HNC). This article
seeks to define the additional benefit of PET/CT as
related to radiation treatment planning for squamous
cell carcinomas (SCCs) of the head and neck through a
review of relevant literature. By helping further define
both primary and nodal volumes, radiation treatment
planning can be improved using PET/CT. Special
attention is paid to the independent benefit of PET/CT
in targeting mucosal primaries as well as in detecting
nodal metastases. The utility of PET/CT is also explored
for treatment planning in the setting of SCC of unknown
primary as PET/CT may help define a mucosal target
volume by guiding biopsies for examination under ane-
sthesia thus changing the treatment paradigm and
limiting the extent of therapy. Implications of the use
of PET/CT for proper target delineation in patients with
artifact from dental procedures are discussed and the
impact of dental artifact on CT-based PET attenuation
correction is assessed. Finally, comment is made upon
the role of PET/CT in the high-risk post-operative setting,
particularly in the context of radiation dose escalation.
Real case examples are used in these settings to
elucidate the practical benefits of PET/CT as related to
radiation treatment planning in HNCs.

Key words: Head and neck cancer; Radiation treatment

planning; Computed tomography; Fluorodeoxygluocose
positron emission tomography; Imaging
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Core tip: The 18-fluorodeoxygluocose positron emission
tomography (**FDG-PET) scan has increasing clinical
importance in the management of head and neck
cancers. It has also proven useful in treatment planning
for radiation therapy. PET scans have utility in tumor
volume delineation, the identification of metastatic lymph
nodes, the management of carcinoma of unknown
primary, dental artifact reduction and high-risk posto-
perative radiation therapy. Many of these applications
of ®FDG-PET scans are still in the preliminary stages of
development and active investigations are ongoing to
standardize these processes.

Awan MJ, Siddiqui F, Schwartz D, Yuan J, Machtay M, Yao
M. Application of positron emission tomography/computed
tomography in radiation treatment planning for head and neck
cancers. World J Radiol 2015; 7(11): 382-393 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v7/i11/382.htm
DOI: http://dx.doi.org/10.4329/wjr.v7.i11.382

INTRODUCTION

Head and neck cancer (HNC) is a significant cause of
cancer morbidity and mortality worldwide. Approxi-
mately 650000 new HNC are diagnosed annually
worldwide with approximately half of this number
resulting in deaths'!. The majority of HNCs worldwide
are squamous cell carcinomas (SCCs) related to
tobacco abuse, however the incidence of head and neck
SCCs resulting from infection with the human papilloma
virus (HPV) is rising. The prognosis for HPV-negative
(tobacco-related) cancers is inferior to that of HPV-
positive cancers. Undoubtedly, radiation therapy plays a
central role in the management of the majority of HNC
patients and meticulous radiation treatment planning
is required to ensure high rates of cure as well as in
limiting toxicity. This is particularly important for HPV-
positive oropharyngeal cancer patients as these patients
are generally younger and with few co-morbidities
and thus are expected to live longer with long-term
radiation complications. Most HNCs present in a locally
advanced stage and primary management takes one
of the two courses: surgical resection with or without
adjuvant radiation based upon pathologic features or
definitive radiation therapy with or without concurrent
chemotherapy saving surgery as a salvage option.
Modern radiation therapy is delivered using highly
conformal technologies including three-dimensional
conformal radiotherapy, intensity modulated radiation
therapy (IMRT) and most recently IMRT with image
guidance. Target delineation on treatment planning
computed tomography (CT) scans is a central part of
the treatment process in both cure and limiting toxicity.
This is particularly important in the era of IMRT, in
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which steep radiation dose falloff is achievable within
millimeters.

A risk-stratified approach is taken in radiation
treatment planning in HNCs. Areas of high-risk of
disease spread and gross disease receive a high dose
of radiation (usually 66-70 Gy). Other areas, including
those of intermediate-risk of disease spread and grossly
uninvolved nodal regions in which tumor recurrence
may occur, receive lower doses of radiation (56-60 Gy
and 50-56 Gy, respectively). Clinical data from physical
examinations and diagnostic laryngoscopies, as well as
pathologic data and multimodality imaging using CT,
magnetic resonance imaging (MRI), ultrasound and
positron emission tomography (PET) all contribute to
the target delineation and treatment planning process.
This article seeks to define the additional benefit of the
utility of 18-fluorodeoxyglucose (**FDG) PET/CT scans
in radiation treatment planning particularly as related
to five areas: (1) Primary gross tumor and nodal
volume (GTV) delineation; (2) Identification of involved
metastatic lymph nodes; (3) Management of SCCs of
unknown primary in the head and neck; (4) Utility in
accounting for dental artifact; and (5) High-risk post-
operative radiation (PORT).

DELINEATION OF THE PRIMARY AND

NODAL GTV

FDG-PET can help clarify the extent of primary tumor
and eliminate unnecessary treatment volumes that may
appear as abnormal on CT or MRI imaging. Significant
variations have been noted in both primary tumor and
lymph nodal volumes based on the diagnostic imaging
modality(ies) used to define these. Iodinated-contrast-
enhanced CT scans remain the imaging modality of
choice due to their widespread availability in radiation
oncology departments worldwide. Additionally, CT
scans have a short image acquisition time and thus
do not suffer from the image quality degradation that
may result from longer acquisition times and normal
breathing or swallowing motion. They provide sufficient
anatomical details of the gross tumor and involved
lymph nodes, provide electron density information for
attenuation correction for treatment planning purposes,
and require less end-user training for image inter-
pretation relative to other modalities. Many reports have
investigated the impact of additional PET imaging on
primary and lymph nodal volume definition for radiation
treatment planning purposes. Most of these reports
have found major discrepancies between CT-based
and PET-based volumes resulting in clinically significant
implications for radiation therapy.

Studies assessing the addition of PET to CT-based
planning

A number of studies have assessed the impact of the
addition of PET in the manual segmentation of HNC
GTVs. In an analysis of 12 HNC patients comparing CT
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based GTV (GTV-CT) and PET based GTV (GTV-PET), the
GTV increased or decreased by 25% or more because
of PET in 17% and 33% of cases, respectively'”. In
this report, the primary and nodal volumes were not
assessed separately.

In another study, Heron et a/** did analyze the
changes in primary and nodal volumes separately and
noted a change in GTV delineation in 80% of cases with
the use of PET scans. For the primary site, the GTV was
larger in 14% and smaller in 66% of cases based on
PET scans. Interestingly, for the abnormal lymph nodes,
the volume was larger in 33% of cases and smaller in
14% of cases. The average ratio of GTVs for the CT-
defined and PET-defined volumes was 3.1 (range,
0.3-23.6), whereas for abnormal nodes was 0.7 (range,
0-4). Hence, tumor volumes for the primaries were
significantly larger as delineated on CT than on PET
but not for nodal regions suggesting a larger benefit in
delineating the primary tumor with the addition of PET.

A similar discrepancy between CT-GTV and PET-GTV
was noted by Guido et al'*!. Thirty-eight consecutive
HNC patients underwent treatment planning CTs
with intravenous contrast enhancement. A radiation
oncologist defined all GTVs using both the PET/CT and
CT scans. The CT-GTV was larger than PET-GTV in
92% cases. Unlike the previous study, no statistically
significant difference was seen between these volumes
for primary and nodal sites.

Variations in target delineation with the addition of
PET/CT may also affect treatment planning. In a study
of a group of 40 patients, Paulino et af”! noted changes
in the PET-GTV in 37 cases (30 smaller, 7 larger). IMRT
plans were generated based on the CT-based volumes
and dosimetric analysis was performed to examine
the adequacy of coverage for the PET-based volume
in these IMRT plans. The volume of PET-GTV receiving
at least 95% of the prescribed dose was 100% and
95%-99% in 20 and 10 cases, respectively. Thus,
inadequate coverage (< 95% of the PET-GTV receiving
the prescribed dose) was seen in 25% of cases.

A major reason for these variations in study results
is the subjectivity associated with *FDG-PET image
interpretation and consequent user dependence on
how the GTV is defined using PET images. The potential
impact of interobserver and intraobserver variation was
studied by Breen et al® Eight experienced observers
(6 head and neck oncologists and 2 neuroradiologists)
outlined the primary GTV for 10 patients. There was
a very high agreement between and within observers
on GTVs derived from contrast-enhanced CT scans.
However, there was less reliability noted when PET/
CT scans were used for outlining the GTV. In another
similar analysis'”’, 4 physicians (2 neuroradiologists and
2 radiation oncologists) contoured GTVs in 16 patients
on the basis of the CT alone, and then on PET/CT
fusion. A high degree of variation was noted across
physicians for the CT volumes (P = 0.09) and significant
variation was seen for the PET/CT volumes (P = 0.0002).
Observer variation in lymph nodal volume outlining was
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not assessed in either of these studies.

Automated techniques of PET-GTV delineation

Due to limitations in how different experienced
physicians define the GTVs for various cases it is very
difficult to perform interinstitutional comparative studies
and arrive at any meaningful conclusions on the utility
of PET scans for head and neck treatment planning. To
overcome these interobserver and intraobserver varia-
tions, many attempts have been made to automate the
process of volume definition using PET scans. Various
groups have attempted to describe “thresholding” or
“segmentation” techniques to make the process more
objective and eliminate or reduce the subjectivity
associated with the use of PET imaging data.

Schinagl et al® evaluated PET based GTVs derived
using 5 different segmentation techniques: visual
interpretation, applying an isocontour of a standardized
uptake value (SUV) of 2.5, using a fixed threshold of
40% and 50% of the maximum signal intensity, and
applying an adaptive threshold based on the signal-
to-background ratio. Seventy-eight patients with
Stages II-IV SCC of the head and neck were studied.
The primary tumor was delineated on CT. The GTV
method of applying an isocontour of a SUV of 2.5 failed
to provide successful delineation in 45% of cases.
However, the other segmentation methods resulted in
PET-GTVs that were smaller than that seen on the CT
scan. Additionally, the PET scans frequently showed
tumor extension outside that seen on the CT scans.
The authors concluded that none of the segmentation
methods provided a satisfactory result.

In a subsequent publication, the authors used the
same data set of 78 patients to assess whether PET
scans could be used for target volume definition for
metastatic lymph nodes in the head and neck region™.
On the CT scans, lymph nodes measuring 7-10 mm
were labeled as “marginally enlarged” and those > 10
mm were “enlarged”. Eight different PET segmentation
methods were used to identify these nodes: visual
interpretation, applying fixed thresholds at SUV of 2.5
and at 40% and 50% of the maximum signal intensity
of the primary tumor and applying a variable threshold
based on the signal-to-background ratio. Additionally,
these same thresholds were acquired using the signal
of the lymph node as the threshold reference. Based on
the CT scan imaging, 208 lymph nodes were > 7 mm
while 108 were >10 mm. A large percentage of these
lymph nodes were not identified by the segmentation
methods when normalized to the primary tumor PET-
SUV. The results were better when the thresholds were
set based on the lymph node SUV values. Due to these
limitations, the authors concluded that until proper
validation of ®FDG-PET based segmentation tools is
done it should not be recommended for target volume
definition of metastatic lymph nodes in routine clinical
practice.

Another recent prospective study in 19 patients
with 39 lesions used the signal-to-background ratio
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Figure 1 Positron emission tomography/computed tomography improves
gross tumor and nodal volume delineation in a patient with oral tongue
cancer. A: In the CT image, the tumor is difficult to separate from the soft
tissues of the tongue; B: In the PET image, there is sharp demarcation of the
primary tumor; C: The GTV is outlined in red based on CT scan; D: The GTV
outlined in red based on "FDG PET/CT is much smaller. °FDG-PET/CT:

18-fluorodeoxygluocose positron emission tomography/computed tomography;
GTV: Gross tumor and nodal volume.

thresholding method to define tumor volumes. It
concluded that methods that rely mainly on SUVmax for
thresholding are very sensitive to partial volume effects
and may provide unreliable results when applied on
small lesions™. Thus, automated thresholding and
segmentation methods have not yet yielded promising
results in PET-GTV delineation.

Pathologic correlation of PET-GTV volumes
Investigators have also evaluated the pathologic corre-
lates to PET imaging findings in HNC patients. Daisne et
al™ compared delineation of tumor volumes on MRI,
CT and PET in multiple patients with HNCs. Average
PET-GTVs (20.3 cc) were smaller than those derived
from MR (27.9 cc) or CT (32 cc). Additionally, PET-GTVs
contained additional volume not delineated on either
primary MR or CT images. For 9 patients with laryngeal
cancer who underwent total laryngectomy after multi-
modality imaging in this cohort, pathologic tumor
volumes were significantly smaller than the estimated
image volumes on all modalities studied. The average
surgical specimen tumor volume measured 12.6 cc
while tumor volume was measured as 16.3 cc, 20.8 cc
and 23.8 cc on PET, CT and MRI images, respectively.

In a similar radio-pathologic correlative study,
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Schinagl et a/'*¥ identified 28 lymph nodes in 12
HNC patients and looked at the ability of various PET
segmentation methods to predict pathologic size after
lymph node dissection. Nodal volumes on CT scans
and visual interpretation of PET scans showed good
correlations with the pathological volume. The authors
noted that '®*FDG-PET scans are valuable for detection
of lymph nodes for staging purposes but provide no
additional information over CT scans for outlining radio-
therapy target volumes.

Guidelines for the utility of PET/CT for GTV delineation
There is currently no consensus on the methods of
auto-segmentation, volume definition and the overall
utility of *FDG-PET scans in RT of HNCs. This remains
an active area of research and development. Currently,
we use ®FDG-PET co-registered with the simulation
CT images to identify the tumor, contour the GTV and
subsequently modify the GTV volume with the CT
images, especially with contrast-enhancing CT images.
®FDG-PET is especially helpful when it is difficult to
separate the tumor from surrounding soft tissue and
muscle in CT imaging, such as tumor in the oral tongue
or oropharynx. Figure 1 shows a patient with oral tongue
cancer, comparing CT vs PET. The GTV based on CT
(Figure 1C) is much larger than that based on *FDG-
PET (Figure 1D).

*FDG-PET is also very helpful in identifying tumor
extent that is not detectable on either CT or MR images.
In particular, HNC patients often have synchronous
second primaries. *FDG-PET can help detect additional
primary disease to be included in the high dose
radiation field. Figure 2 shows a patient who presented
with a right lateral oral tongue cancer. PET/CT revealed
additional primary cancers in the soft palate and in the
cervical esophagus (Figure 2A). Thus, the IMRT plan
delivered 70 Gy to all of these primary tumors (Figure
2B-D).

IDENTIFICATION OF INVOLVED LYMPH
NODES THAT ARE MISSED ON CT/MR

In addition to helping better delineate primary tumors,
8EDG-PET can clarify the involvement of metastatic
lymph nodes in HNC patients. Standard CT and MR
criteria for malignant cervical lymph nodes include size,
shape, margins, and internal architecture, with size as
the main criteria™. These criteria for CT and MR may
under- or over-diagnose lymph node involvement and
nodal stage in patients, resulting in 20%-30% false
positive and false negative results™®. The consequence
of such errors may have a significant impact on
treatment planning in HNC; in particular, small malignant
lymph nodes may be under-dosed using CT or MRI
criteria alone.

PET sensitivity and specificity for predicting involved
nodes has been estimated at over 90%"*!. Heron et
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Figure 2 Positron emission tomography/computed tomography discovers
multiple primaries in a patient with a right lateral tongue cancer. A: PET/
CT images revealed that in addition to an oral tongue tumor, this patient had
a primary tumor of the soft palate (inferior white arrow) as well as the cervical
esophagus (black arrow); B-D: The IMRT plan for this patient demonstrates
all three tumors covered in the high dose CTV. PET/CT: Positron emission
tomography/computed tomography; IMRT: Intensity modulated radiation
therapy.

al® reported that the addition of "*FDG-PET to CT-
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based treatment planning increased the number of
abnormal nodes contoured in 5 of 21 (24%) patients
in a small institutional study. In another study, Koshy
et al™ reported significant changes in TNM staging
affecting tumor volume delineation with the addition of
8EDG-PET to CT alone. Amongst a group of 36 patients
in this study, 6 patients had a change in N-stage with
the use of PET/CT relative to CT alone: 3 patients were
upstaged including one to bilateral disease, while 3
other patients were downstaged to NO disease. These
changes in nodal staging are not trivial, as grossly
involved nodal disease will receive radiation doses of
up to 70 Gy, while hode-negative disease may receive
an elective radiation dose of 50-56 Gy or no radiation
therapy at all.

In a prospective study by Schwartz et a eva-
luating the feasibility of PET/CT based treatment
planning, 63 patients underwent PET/CT simulation
and 20 patients underwent neck dissection after a
PET/CT simulation. *FDG-PET correctly identified all
17 diseased heminecks and 9 negative heminecks.
Additionally, 26/27 pathologically involved nodal levels
were identified with positive predictive value (PPV) and
negative predictive values (NPV) for nodal staging at
98.5% and 96% respectively. This affirms the high level
of accuracy by which ®*FDG-PET can be used to assess
nodal disease. Further, in comparing CT-based and PET/
CT-based treatment planning, PET/CT-based planning
directly improved parotid and laryngeal doses, thus
theoretically sparing patients from long-term toxicities
of xerostomia and dysphagia.

Figure 3 illustrates a patient with nasopharyngeal
cancer. Initial staging by CT and MRI was T1NO, but
an ®FDG-PET scan revealed a hypermetabolic level 1
lymph node which did not meet size criteria for malign-
ancy by CT/MRI (Figure 3A-D). Fine needle aspiration
(FNA) of this node confirmed metastatic disease. Thus,
this lymph node was treated to a high dose of radiation
(Figure 3E-H) and concurrent chemotherapy was
indicated.

PET/CT has especially been helpful in detecting
lymph nodes at a far distance from the primary tumor
or in the contralateral neck, specifically when the lymph
node has not reached size criteria by CT/MRI (Figure
4). *FDG-PET is also very helpful in detecting involved
lymph nodes in the lower neck in which CT visualization
is hindered by complex muscular and vascular structures
(Figure 5). Thus, additional highly suspicious nodes
could be included in the high-dose dose field with the
addition of "*FDG-PET.

Finally, well-lateralized tonsil cancer is often treated
to the ipsilateral side to reduce toxicities. However,
before subjecting the patient to ipsilateral radiation, it is
prudent to rule out any contralateral suspicious nodes.
Because of the highly sensitivity of **FDG-PET to detect
metastatic lymph nodes, it should be the best modality
in selecting patients for this treatment (Figure 6).

/[16]
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Figure 3 Positron emission tomography/computed tomography upstages a T1 nasopharyngeal cancer patient from N0 to N1. A-D: PET/CT images reveal
that in addition to the T1 nasopharyngeal primary, there is increased FDG uptake in a level Il node which was 1.0 cm in size (arrows). FNA of this node confirmed
metastatic carcinoma. Thus, the patient was upstaged as T1N1 and treated with concurrent chemotherapy with IMRT; E-H: The IMRT plan for this patient treated
the right level Il node to a dose of 70 Gy. IMRT: Intensity modulated radiation therapy; PET/CT: Positron emission tomography/computed tomography; FDG:
Fluorodeoxygluocose.

directed biopsies of the nasopharynx and oropharynx if
no suspicious lesion is noted during EUA. Additionally,
ipsilateral or bilateral tonsillectomies may be performed
for diagnostic purposes. Approximately 50% of primaries
are detected in this mannert'®.,

PET/CT has been shown to be valuable in the work
up and in identifying the primary tumor in patients with
unknown primary. A systematic review of 16 studies of
302 patients by Rusthoven et al*® validated the benefit
of FDG-PET in HNCUP. The sensitivity, specificity and
accuracy of *FDG-PET in detecting unknown primary
tumors were 88.3%, 74.9% and 78.8%. Additionally,
8EDG-PET detected 24.5% of primary tumors not
Figure 4 Positron emission tomography/computed tomography extends apparent after traditional workup. The authors also
the high dose CTV contralaterally in a patient with a T2N2B base of noted that *®*FDG-PET has a similar benefit in detecting
tongue cancer. A: PET/CT reveals a contralateral level Il node (white arrow), additional occult nodal disease and metastases in the

and thus, the patient was upstaged as T2N2C; B: An IMRT plan of this patient . . o o .
showing that this node was treated to 70 Gy and contralateral levels Il and IlI HNCUP population with a 15.9% and 11.2% detection

were treated to 63 Gy. IMRT: Intensity modulated radiation therapy; PET/CT: rate, respectively.
Positron emission tomography/computed tomography. In a prospective study, 20 patients with HNCUP

underwent conventional workup prior to EUA®Y, PET/CT
was performed, and the surgeons performing EUA were
UNKNOWN PRIMARY OF THE HEAD AND blinded to the PET results. EUAs and traditional random
NECK biopsies were performed prior to the surgeon viewing
the PET/CT. After EUA and biopsies, the surgeon was
Between 2% and 9% of patients with HNC present  shown the PET/CT intraoperatively and further biopsies
with an enlarged cervical node without a definitive site were obtained according to the 18FDG-PET results.
of origin of the primary tumor by clinical examination PET/CT increased the detection of the primary site from
and routine imaging studies*”. This entity is called HNC 25% to 55%. This suggests that PET/CT directed biopsy

of unknown primary (HNCUP). As most HNCUPs are is superior to traditional random biopsy in detecting a
SCCs!®, patients presenting with this entity undergo primary tumor.

an examination under anesthesia (EUA) of the mucosal Radiation treatment is the main treatment modality
surface of the upper aerodigestive tract as well as in HNCUP, but radiation volumes vary drastically
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Figure 5 Positron emission tomography/computed tomography detects a low neck lymph node involved by metastasis. Increased FDG uptake in the low
neck reveals a metastatic lymph node which would otherwise be difficult to detect because of the presence of muscular and vascular structures in this region of the

neck (A-D). FDG: Fluorodeoxygluocose.

s

Figure 6 Positron emission tomography/computed tomography allows for unilateral tonsil cancer treatment in a patient with a T2NO0 left tonsil cancer.
A, B: PET/CT shows no evidence of lymph node metastasis in the contralateral (right) neck; C, D: An IMRT plan of the radiation treatment plan showing effective
contralateral sparing. IMRT: Intensity modulated radiation therapy; PET/CT: Positron emission tomography/computed tomography.

between institutions and no standard has been defined.
Radiation treatment may be directed to either the
ipsilateral involved neck or to the bilateral neck, and
may include pan-mucosal irradiation to areas that
may harbor a microscopic primary tumor including the
nasopharynx, oropharynx, larynx, and hypopharynx.
Identifying the primary tumor is therefore critical and
may allow tailoring the radiation volume according to
the primary disease, thus avoiding high dose radiation
to unnecessary areas and reducing toxicities of the
treatment.

Figure 7 illustrates a patient who presented with
multiple left neck nodes with FNA confirming SCC.
Conventional workup including EUA and traditional
biopsies failed to identify the primary tumor. PET/CT
showed a hypermetabolic focus in the left base of
tongue corresponding to the primary tumor. This patient
was treated as a base of tongue cancer and thus other
mucosal areas including the larynx and hypopharynx
were spared from high dose radiation.

ACCOUNTING FOR DENTAL ARTIFACTS

Artifact from amalgam-based fillings and other dental
procedures may significantly distort and hinder CT-
based target delineation for primary tumors in HNCs.
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Though artifact reduction techniques exist and have
been used to improve the quality of CT-based target
delineation and radiation treatment planning, many
facilities may not have access to software to reduce
dental artifacts on head and neck treatment planning
CTs™,

CT-based attenuation correction is used to improve
spatial resolution from PET imaging. Gamma rays
produced after positron emission are affected by tissue
heterogeneity, and utilizing CT data in addition to raw
PET data improves spatial and quantitative accuracy of
PET imaging™’. Multiple authors have addressed the
issue of attenuation correction in the context of metallic
dental artifact. A study by Kamel et a*" compared CT-
based attenuation correction with Ge-68 PET-based
attenuation correction in patients with metallic artifact
and demonstrated quantitative value differences in
regions of dental artifact raising the question of the
impact of dental artifact on CT-based attenuation
correction. Goerres et al*”! confirmed that *FDG-PET
artifacts are indeed generated adjacent to dental artifact
using CT-based correction using a similar methodology of
Ge-68 PET-based attenuation correction. However, they
also found that these artifacts demonstrated significantly
lower ®FDG-uptake when compared to primary tumor,
mitigating the clinical significance of these artifacts in
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Figure 7 Positron emission tomography/computed tomography allows for detection for occult primary in a patient with multiple involved left neck nodes. A:
PET/CT showing the initial presentation with multiple enlarged left neck nodes (white arrows); B: A conventional CT scan does not reveal a source of primary cancer;
C: PET/CT demonstrated increased FDG uptake in the left base of tongue (white arrow) and a directed biopsy of this area revealed this as the primary site; D: IMRT
treatment plan for this patient showing that the left base of tongue was included in the high-dose (70 Gy) volume while sparing uninvolved mucosal areas. IMRT:
Intensity modulated radiation therapy; PET/CT: Positron emission tomography/computed tomography.

target delineation. Others have also demonstrated that
irrespective of artifact reduction techniques, CT-based
PET attenuation correction is robust as metallic artifacts
do not propagate into the attenuation correction using
CT imaging in HNC patients™®.

As ®FDG-PET resolution is not significantly modified
by dental artifact, it is practical to use *FDG-PET to
improve target delineation in this context. A study out of
Korea compared tumor staging between CT alone, MRI
alone, and PET/CT in 37 patients with dental artifact on
CT and MRI*”, PET/CT had improved staging regardless
of the presence of dental artifact, and had better
specificity in ruling out involvement of the sublingual
gland and floor of mouth. Comparing MRI-delineated
primary tumor volume and PET-delineated primary
tumor volume using an SUV cutoff of 2.5 with post-
operative pathologic samples, demonstrated that MRI
inferiorly predicted pathologic tumor size relative to PET/
CT with an SUV cutoff of 2.5. Thus, PET/CT improved
target definition in patients with dental artifact. A
previous study also investigated the utility of PET/CT
scans in oral cavity cancers comparing 69 patients with
dental artifacts and 40 patients without such artifacts®®®.
The PET/CT scans detected more tumors as compared
to CT scans (95% vs 75%). A regression equation
was developed equating the pathologic volume of the
tumors with the PET volume as defined by a SUV = 3.5.

Recently more algorithms have been developed to
use PET/CT imaging in combination with MRI images to
reduce the impact of the dental artifacts™*>".,

UTILITY IN HIGH-RISK PORT

PORT for HNC can improve locoregional control and
overall survival in patients with adverse pathologic
features, including positive or close margins, extraca-
psular extension, perineural invasion, lymphovascular
invasion, advanced tumor stage (T4), and advanced
nodal stage (N2B or higher). Indications for PORT were
validated in work by Peters et af** and further stratified
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by Ang et a*® at the MD Anderson Cancer Center. Rando-
mized dlinical trials from the Radiation Therapy Oncology
Group and the European Organization for Research
and Treatment of Cancer have shown that concurrent
chemotherapy and radiation is significantly better than
radiation alone in patients with high risk pathologic
features; particularly those with extracapsular nodal
extension or positive surgical margins. This was further
validated by a pooled analysis of individual patient data
from both trials®**®. PORT should include the entire
postoperative area to a dose between 57.6 and 60 Gy
in 30 to 33 fractions. High-risk areas including areas of
close or positive post-operative margins or extracapsular
nodal extension may also benefit from radiation dose
escalation in addition to the radio-sensitizing effect of
concurrent chemotherapy™”’. Radiation treatment to
these high-risk areas is often escalated to 66 Gy.

Defining the radiation treatment targets is very
challenging in the post-operative setting due to the
anatomical changes after surgical resection and
reconstruction especially in patients who have free flap
reconstruction. Information including pre-operative ima-
ging, pre-operative physical examination or endoscopy,
surgical and pathologic findings, and post-operative
imaging should be incorporated in target delineation in
PORT and often requires a multidisciplinary approach
with coordination between radiation oncologists,
surgeons, radiologists, and pathologists. For patients
who have pre-operative *FDG-PET scans, registration of
these PET images to postoperative simulation CT images
can help to define the tumor beds which are often the
high risk areas. Pre-operative PET/CT may be registered
to the simulation CT using either rigid or deformable
algorithms to provide guidance in assessing areas of
high risk of recurrence®!. Through image registration,
the radiation oncologist is able to directly correlate the
pre-treatment disease volumes to the post-operative CT
imaging, and delineate high-risk areas to be included in
the high radiation dose field.

PORT is often delivered 4 to 6 wk after surgery when
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Figure 8 Positron emission tomography/computed tomography demonstrates tumor recurrence in a patient with a resected T4aN2b right buccal
mucosa cancer prior to postoperative radiation. A-B: PET-CT obtained 50 d after surgery before postoperative radiation shows recurrent tumor (white arrow)
in the infratemporal fossa; C-D: An IMRT treatment plan for this patient showing the recurrent tumor treated to a definitive radiation dose of 70 Gy rather a typical
postoperative radiation dose of 60 Gy. IMRT: Intensity modulated radiation therapy; PET/CT: Positron emission tomography/computed tomography.

the surgical wound is fully healed. Unfortunately, some
patients with high-risk features may have recurrences
even before starting PORT. Because of the anatomical
distortion and fibrotic changes after surgery, and flap
reconstruction, these recurrences are difficult to detect
by physical examination and CT imaging. *FDG-PET is
an ideal imaging modality in this setting. Shintani et a/**’
examined the utility of early post-operative pre-radiation
PET/CT in HNCs. Among a cohort of 91 HNC patients,
post-operative pre-radiation PET/CT performed at a
median time of 28 d after surgery led to the discovery
of 27 patients with suspicious findings on PET/CT. Of
these, 24 patients (29% of the total cohort) underwent
biopsy of these sites, with 11 biopsies positive for cancer.
Treatment was changed in 14 patients (15.4%) with
the addition of post-operative PET/CT: 4 underwent
palliative care only, 6 had treatment to an extended
volume, 1 received treatment to a higher dose, 2
underwent additional surgery and 2 received concurrent
chemotherapy. Liao et a*” also reported 29 patients
who had a ®*FDG-PET scan obtained before PORT. They
found 7 patients with positive PET studies, 3 with distant
metastases and 4 with local regional recurrences. For
those who had locoregional disease detected by “*FDG-
PET, the radiation volumes and radiation dose have to
be changed, with higher doses delivered to the recurrent
tumor. Thus, for patients with high-risk features or for
those who have a prolonged interval from surgery to
radiation, a post-surgery and pre-radiation *FDG-PET
will be valuable in treatment decision and radiation
treatment planning.

Figure 8 illustrates a patient with initial stage
T4AN2B right buccal mucosal cancer. He had surgery
and radial forearm flap reconstruction. Due to the
patient’s non-compliance, he did not have radiation treat-
ment planning until 50 d after surgery. A PET/CT was
obtained at simulation that revealed tumor recurrence
in the right masticator space and right infratemporal
fossa region (Figure 8A and B). The recurrent tumor
was not resectable and thus this was treated to 70
Gy rather than a traditional post-operative dose of 60
Gy. Figure 8C and D represents the IMRT plan for this
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patient.

Both pre-operative and post-radiation PET/CT may
also assist in predicting the likelihood of disease-free
survival and locoregional recurrence after PORT. Kim et
al*"! correlated multiple PET/CT derived imaging factors
with areas of high likelihood of recurrence. Examining
100 patients with both pre-operative and post-
operative post-radiation PET/CT, the authors found that
a metabolic tumor volume defined as a pre-operative
autosegmentation of SUV > 2.5 of more than 41 cc
predicted for poorer disease-free survival. Additionally,
post-radiation treatment SUVmax predicted for areas of
locoregional recurrence. The authors suggested a post-
treatment cutoff SUV value of 5.38 yielding a 93.7%
NPV and a 66.7% positive predictive value. This may be
used to select patients after postoperative radiation for
further treatment interventions.

FUTURE DIRECTIONS

In addition to the routinely clinically available *FDG
substrate, many newer radioisotopes and radiotracers
are being developed to image further functional
characteristics of tumors including hypoxia, tumor
proliferation, amino acid metabolism and presence of
EGFR on tumor cells®*?, Hypoxia is commonly noted
in head and neck tumors including in the primary site
and metastatic lymph nodes. This is commonly seen
in HPV-positive cancers; tumors which often present
with small primaries and large necrotic and hypoxic
neck nodes. Identification of these hypoxic areas may
allow for radiation dose escalation to hypoxic sub-
regions of tumors. Hypoxia poses a major radiobiologic
disadvantage and confers radioresistance to the tumor.
Hypoxic cells are not killed in response to radiation
therapy and may be responsible for treatment failure,
either locally or as distant metastasis. A commonly used
dose-prescription and dose-delivery technique is the
“simultaneous integrated boost” method in which doses
of 70 Gy are delivered to areas of gross disease while
areas of intermediate-risk and low-risk of involvement
by disease simultaneously receive 59.4 Gy to 63 Gy
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and 56 Gy, respectively. Using the same technique it
may be possible to further escalate the dose to the
radio-resistant hypoxic regions in the same number
of fractions while still meeting the dose constraints
for surrounding normal tissue. Examples of radiophar-
maceuticals being used to image the hypoxic portion
of the tumor include '®F-fluoromisonidazole, copper-
diacetyl-bis (N4-methylthiosamicarbazone) (Cu-ATSM)
and ®F-fluoroazomycin arabinoside. The use of these
agents has been described in literature™*%. Another
interesting possibility is the use of 3’-deoxy-3'-['°F]-
fluorothymidine, a PET tracer to noninvasively image
tumor cell proliferation, and deliver higher doses to
areas of the tumor showing higher degree of tumor
growth*>#],

In addition to these newer substrates, there has also
been an evolution in the imaging modalities with the
development of simultaneous PET/MR imagers. These
offer the advantages of high-quality soft tissue imaging
from MR with whole-body and functional imaging from
the PET component™®*), The use of PET/MR in HNC
patients has been recently described**4,

Finally, improved acquisition technologies including
time-of-flight PET (TOF-PET) and four-dimensional PET
(4D-PET) are emerging. TOF-PET improves the signal-
to-noise ratio in acquisition as well as reduces scanning
time leading to improved image resolution®®. This may
further improve the benefit of PET in target delineation
of HNCs by reducing PET-GTVs. 4D-PET has primarily
found clinical utility in lung cancers®™, an entity in which
tumor motion is more prominent than in HNCs. Though
small relative to lung motion, organ motion does exist
in the head and neck and an improvement in resolution
and target delineation in HNCs by reducing artifacts
may be expected with 4D-PET.

CONCLUSION

The widespread availability of PET imagers and clinical
experience has increased considerably in the recent
years. Although methodologies of how to use PET
information with either *FDG or new substrates in
radiation therapy planning for HNCs are still under
development, PET scans have changed our daily practice
in management of these patients. Integrating tumor
biology obtained from these images with advanced
delivery techniques using IMRT and image-guided
radiation therapy has the potential to significantly impact
outcomes in HNCs.
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Abstract

AIM: To define the magnetic resonance imaging (MRI)
parameters differentiating urethral hypermobility (UH)
and intrinsic sphincter deficiency (ISD) in women with
stress urinary incontinence (SUI).

METHODS: The static and dynamic MR images of
21 patients with SUI were correlated to urodynamic
(UD) findings and compared to those of 10 continent
controls. For the assessment of the urethra and integrity
of the urethral support structures, we applied the high-
resolution endocavitary MRI, such as intraurethral
MRI, endovaginal or endorectal MRI. For the functional
imaging of the urethral support, we performed dynamic
MRI with the pelvic phased array coil. We assessed the
following MRI parameters in both the patient and the
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volunteer groups: (1) urethral angle; (2) bladder neck
descent; (3) status of the periurethral ligaments, (4)
vaginal shape; (5) urethral sphincter integrity, length
and muscle thickness at mid urethra; (6) bladder neck
funneling; (7) status of the puborectalis muscle; (8)
pubo-vaginal distance. UDs parameters were assessed
in the patient study group as follows: (1) urethral
mobility angle on Q-tip test; (2) Valsalva leak point
pressure (VLPP) measured at 250 cc bladder volume;
and (3) maximum urethral closure pressure (MUCP).
The UH type of SUI was defined with the Q-tip test
angle over 30 degrees, and VLPP pressure over 60 cm
H20. The ISD incontinence was defined with MUCP pres-
sure below 20 cm H20, and VLPP pressure less or equal
to 60 cm H20. We considered the associations between
the MRI and clinical data and UDs using a variety of
statistical tools to include linear regression, multivariate
logistic regression and receiver operating characteristic
(ROC) analysis. All statistical analyses were performed
using STATA version 9.0 (StataCorp LP, College Station,
TX).

RESULTS: In the incontinent group, 52% have history
of vaginal delivery trauma as compared to none in
control group (P < 0.001). There was no difference
between the continent volunteers and incontinent
patients in body habitus as assessed by the body mass
index. Pubovaginal distance and periurethral ligament
disruption are significantly associated with incontinence;
periurethral ligament symmetricity reduces the odds
of incontinence by 87%. Bladder neck funneling and
length of the suprapubic urethral sphincter are signi-
ficantly associated with the type of incontinence on
UDs; funneling reduced the odds of pure UH by almost
95%; increasing suprapubic urethral sphincter length
at rest is highly associated with UH. Both MRI variables
result in a predictive model for UDs diagnosis (area
under the ROC = 0.944).

CONCLUSION: MRI may play an important role in asse-
ssing the contribution of hypermobility and sphincteric
dysfunction to the SUI in women when considering treat-
ment options.

Key words: Magnetic resonance imaging; Stress urinary
incontinence; Women; Urethra hypermobility; Intrincic
sphincter deficiency; Urodynamics; Dynamic magnetic
resonance imaging

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Magnetic resonance imaging (MRI) allows
visualization of the female urethra and periurethral
tissues relevant to stress urinary incontinence (SUI).
The role of MRI in the specific diagnosis of SUI caused
by urethral hypermobility (UH) and/or intrinsic sphincter
deficiency (ISD) has not been documented. The purpose
of this pilot study was to define the MRI parameters
differentiating UH and ISD types of incontinence, and
assess their ability to predict the type of SUI when urody-
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namic (UD) results are used as a reference standard.
Bladder neck funneling and length of the suprapubic
urethral sphincter on MRI were significantly associated
with the type of incontinence on UDs.

Macura KJ, Thompson RE, Bluemke DA, Genadry R. Magnetic
resonance imaging in assessment of stress urinary incontinence
in women: Parameters differentiating urethral hypermobility and
intrinsic sphincter deficiency. World J Radiol 2015; 7(11): 394-404
Available from: URL: http://www.wjgnet.com/1949-8470/full/v7/
111/394.htm DOI: http://dx.doi.org/10.4329/wjr.v7.i11.394

INTRODUCTION

Stress urinary incontinence (SUI) is the observation of
involuntary urinary loss from the urethra synchronous
with exertion, sneezing, or coughing. Urodynamic stress
incontinence is noted during urodynamic testing and
is defined as the involuntary leakage of urine during
increases in abdominal pressure in the absence of a
detrusor contraction. SUI is one of the most common
conditions among women with a significant impact on
the quality of life due to psychosocial and hygienic pro-
blems™. Two main etiologic factors have been implicated
in the urethral dysfunction leading to SUI, urethral
hypermobility (UH) and intrinsic sphincter deficiency
(ISD)®. In UH, it is the weakness of pelvic floor support
that results in a rotational descent of the vesical neck
and urethra during increases in abdominal pressure with
subsequent leakage. In ISD, there is malfunction of the
urethral sphincter which leads to low urethral closure
pressures”™’.

The type of urinary incontinence determines choice
of surgical treatment, to prevent UH by repositioning
the urethra into the pelvis to equalize pressure trans-
mission between the bladder and urethra, and for
women with low urethral resistance in ISD to increase
the urethral closure pressures. Studies investigating the
effects of UH and ISD on the outcome of the commonly
performed procedures, such as transobturator tape
(TQOT) used to treat UH reported that the lack of UH as
a contributing factor to SUI may be a risk factor for TOT
failure. Also, Sand et al”! studied women who failed
retropubic suspension and found a higher failure rate
in those with ISD. It has been shown that SUI caused
by ISD is the most challenging to treat; with failure
rates as high as 54%'"™. These failures were attributed
to the correction of UH without concomitant increase of
urethral closure pressures.

Traditionally, the diagnosis of SUI is made based
on history, clinical exam and urodynamics (UDs) or
videourodynamics. Urethral pressure profilometry [which
allows to measure maximum urethral closure pressure
(MUCP)] may be combined with videourodynamics. This
indirect method has limitations, as only the physiolo-
gic effect of sphincteric dysfunction can be assessed,
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without the evaluation of any morphological defects
leading to SUL.

With its excellent soft tissue contrast and multiplanar
acquisition, magnetic resonance imaging (MRI) allows
visualization of the female urethra and periurethral
tissues relevant to SUI"®. MRI findings related to SUI
caused by UH and ISD in women have been descri-
bed™. Previous studies of MRI in female patients with
SUI were focused on the assessment of lesions of the
urethral support mechanism!*®, defects of the levator
ani muscle’*?, and paravaginal fascia™*, as well as on
the kinematics of pelvic floor muscles function™.

To date, however, the role of MRI in the specific
diagnosis of SUI caused by UH and/or ISD has not been
documented. Therefore, the purpose of this pilot study
was to define the MRI parameters differentiating UH
and ISD types of incontinence, and assess their ability to
predict the type of SUI with UDs as a reference standard.

MATERIALS AND METHODS

Patient accrual and informed consent

The study was approved by the Institutional Review
Board. The study was compliant with the Health
Insurance Portability and Accountability Act. Study-
specific written consent was obtained from all subjects.
Patients were recruited from the Urogynecology clinic
for this single-institution study, in which prospectively
collected data from consecutive women who met
the enrollment criteria and participated in the study
were analyzed in a retrospective fashion. A target
accrual of 20 patients with SUI and 10 volunteers was
established for this pilot study. A total of 31 women
were recruited. The inclusion criteria were as follows:
(1) SUI documented on UDs (for patients with SUI)
or no clinical symptoms of SUI (for volunteers); (2)
study-specific informed consent signed prior to study
entry; (3) no contraindications to MRI. Subject ex-
clusion criteria were as follows: (1) unable to give valid
informed consent; (2) unable to undergo MR, e.g.,
patients with contra-indications to MR imaging; (3)
latex allergy; (4) extraurethral incontinence and bladder
abnormalities causing incontinence; (5) greater than
grade II prolapse on clinical exam; (6) pregnancy and
(7) metallic implant(s) that might compromise quality
of MRI.

MR imaging technique

MRI was performed on 1.5 T magnet (Signa Excite, GE
Medical Systems, Waukesha, WI). For the assessment
of the urethra and integrity of the urethral support
structures, we applied the high-resolution endocavitary
MRI, such as intraurethral MRI, endovaginal or endor-
ectal MRI. For the functional imaging of the urethral
support, we performed dynamic MRI with the pelvic
phased array coil.

Intraurethral MRI: The 14F endourethral coil (Surgi-
Vision, Inc., Gaithersburg, MD) was inserted under
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sterile conditions into the urethra. Both patient and
volunteer groups underwent intraurethral MRI. All
patients tolerated the procedure well and there were no
complications from the coil placement. Patients were
not pre-medicated with antibiotics. The imaging protocol
included ultra-high resolution T2-weighted sequences
in the axial and coronal planes (TR/TE 4000-6000
ms/90-120 ms, slice/spacing 2.5-3 mm/0-1 mm, FOV
6-10 cm centered on the urethra, matrix 256 X 256 ZIP
interpolated to 512, NEX 6-8).

Endovaginal or endorectal MRI: The MRInnervu
coil (Medrad, Indianola, PA) was placed in the vagina
or rectum, depending on the patient’s or volunteer’s
preference. The imaging protocol included T2-weighted
fast spin echo (FSE) acquisition in three-plane with the
field of view 10-14 cm and anatomical coverage between
the symphysis pubis and coccyx. Imaging parameters
were as follows: TR/TE 4000-6000 ms/90-120 ms,
slice/space 3 mm/0-1 mm, matrix 256 X 192, NEX
3-4. The axial images were acquired in the oblique
plane, perpendicular to the urethral axis. The frequency
direction was AP to avoid endorectal/vaginal coil motion
artifact over the urethra.

Pelvic MRI: Larger field of view imaging (20-30 cm)
with the pelvic phased array coil was performed with the
following parameters for the T2-weighted FSE images in
axial and sagittal planes: TR/TE 4000-6000 ms/90-120
ms, slice/space 4-6 mm/0-1 mm, matrix 512 X 512,
NEX 1-2. The dynamic pelvic floor imaging was per-
formed in sagittal plane during rest and maximal strain
with single shot fast spin echo (SSFSE) sequence TR/TE
15000/70 ms, slice/space 6 mm/2 mm, matrix 512
X 256, NEX 0.5; each image was acquired in 2 s, 10
images per sequence. At least two dynamic sequences
were performed at maximal strain. Patients were asked
to empty their bladder prior to the MRI, at the time of
the dynamic evaluation they had their bladder at least
half-full.

MRI interpretation
We assessed the following parameters in both the
patient and the volunteer groups: (1) urethral angle;
(2) bladder neck descent; (3) status of the periurethral
ligaments; (4) vaginal shape; (5) urethral sphincter
integrity, length and muscle thickness at mid urethra; (6)
bladder neck funneling; (7) status of the puborectalis
muscle (PRM); and (8) pubo-vaginal distance (PVD).
The urethral angle was defined as an angle between
the patient body axis and the axis of the urethra,
assessed at rest and during maximal strain. UH was
diagnosed if the angle changed over 30 degrees between
the rest and strain (as per definition of hypermobility)!*..
The bladder neck descent was measured as a distance
(cm) between its position at rest and strain in reference
to the pubococcygeal line (PCL, a line drawn from the
inferior margin of the pubic bone to the last coccygeal
joint).
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We assessed the integrity of the periurethral liga-
ment that was seen in all patients. The periurethral
ligament is the hypointense linear structure extending
from PRM attachment on both sides of the pelvis and
running in front of the urethra. The ligament status
(intact/symmetric vs disrupted), as well as the site of
disruption was evaluated. The ligament was judged as
intact when the attachments were maintained and the
ligament had a taut appearance and normal course.
The ligament was deemed disrupted when there was a
wavy/laxed appearance to the ligament, discontinuity
of the ligament was present, or the attachment at PRM
was lost.

The normal vaginal shape, assessed as an H-shaped
contour on axial images, was deemed as a sign of
the normal vaginolevator attachments. The loss of
the H-shape vaginal morphology on axial images was
interpreted as the presence of abnormal vaginolevator
attachments (paravaginal defect) reflecting the loss
of vaginal support. Laterality of the paravaginal defect
was assessed. The PVD was measured as a distance
between the posterior margin of the pubis and the
anterior margin of the vagina at the mid urethra level
(mid urethra defined at 50% of the sphincter length
from the internal meatus).

The urethral sphincter length was measured at rest
on the coronal and sagittal views, and a mean from
both measurements was obtained as the total sphincter
length. In addition to the total sphincter length, we
assessed the functional length of the sphincter above
the pelvic floor level (above the inferior pubic margin)
and expressed it as a percentage of the total sphincter
length. We evaluated the urethral sphincter muscle
status for focal defects or signal changes within the
sphincter. We measured the sphincter muscle thickness
at the mid urethra level, for the anterior, lateral, and
posterior urethral walls, separately for the striated and
smooth muscle layers and for the total wall thickness.

We assessed the presence or absence of the bladder
neck funneling, defined as an opening of the internal
meatus of the urethral sphincter at rest or during strain.

The status of the PRM was evaluated at the mid
urethra level. The muscle thickness (measured at
mid length of the muscle), its length, and an angle
between the PRM and an obturator internus muscle were
assessed.

The anonymized MRI scans were reviewed on a
PACS workstation (eFilm Workstation, Merge Healt-
hcare, Milwaukee, WI) by two investigators (KJM with
10 years of experience in GU MRI and RG with 20 years
of experience in urogynecology) blinded to the subject’s
status as a patient with SUI vs continent volunteer. The
MRI parameters, as above, were assessed by consensus
as to the presence of the finding, symmetricity and/or
severity. The review was performed at least 1 year
post-imaging date, to avoid a memory bias as to the
pelvic anatomy of the subjects. Data were entered into
the Excel (Microsoft, Bellevue, WA) spreadsheet for
subsequent transfer to the STATA 9.0 (StataCorp LP,
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College Station, TX).

Urodynamics exam

The urodynamics exam was performed on a UD-2000
MMS (Medical Measurement System) using Millar
Micro-tip 8F catheter transducers following a standard
protocol: The patient empties her bladder and a post-
void residual is measured. With the patient in the sitting
position at 45°, and after the sensors have been zeroed
to atmospheric pressure before insertion, a dual sensor
catheter is inserted in the urethra with the proximal
sensor in the bladder and the distal sensor positioned at
the area of maximal urethral closure pressure (MUCP).
A single sensor catheter is also inserted intravaginally
to indirectly record intra-abdominal pressure. The
detrusor pressure is monitored continually as an auto-
matically subtracted pressure. An infusion of sterile
water is instilled at a rate of 60 mL/mn. Volume at first
desire, strong desire and urge to urinate are recorded
in standard fashion. After 250 mL have been instilled
in the bladder a Valsalva leak point pressure (VLPP) is
obtained. It is defined as the pressure increase leading
to leakage in the absence of detrusor contraction. The
subtracted nature of the pressure eliminates the effect
of different pressures obtained with different types of
catheters. Usually, the patient is asked to bear down
maximally to determine the presence of incontinence
and then incrementally to determine the lowest pressure
leading to incontinence. In the absence of leakage
with maximal Valsalva generated pressure, the patient
was asked to cough maximally and incrementally for
the same purpose. For this study group, a VLPP was
obtained. The Q-tip test is obtained in the following
manner. With the patient lying on the chair leveled with
the horizontal, a sterile cotton-tipped swab is lubricated
and placed in the urethra to the level of the urethro-
vesical junction. With the patient at rest, the angle of
the distal end of the swab is measured relative to the
horizontal and recorded. The patient then is instructed
to bear down to maximal Valsalva effort and the angle
is measured again. The difference in the two angles is
recorded as the Q-tip test angle.

Urodynamics parameters were assessed in the
patient study group as follows: (1) urethral mobility
angle on Q-tip test; (2) VLPP measured at 250 cc
bladder volume; and (3) MUCP. The UH type of SUI was
defined with the Q-tip test angle over 30 degrees, and
VLPP pressure over 60 cm H20. The ISD incontinence
was defined with MUCP pressure below 20 cm H20, and
VLPP pressure less or equal to 60 cm H20. Out of 21
incontinent patients, 18 had a complete UDs exam, 3
had incomplete exam that did not include the MUCP mea-
surement. The volunteer group did not undergo the UDs
exam as volunteer women had no clinical symptoms of
urinary incontinence and therefore were not subjected
to the invasive UDs workup.

Statistical analysis
As a primary analysis, we considered the statistical
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associations between the MRI and clinical data with
the binary outcome of incontinence (present/absent).
Continuous variables were assessed using the two
sample t-test with a two-sided alpha of 0.05. We used
the ;{2 test and, when appropriate, the Fisher’s exact test,
for categorical and dichotomous data. As a secondary
analysis, we looked at only the subset of women with
the diagnosis of SUIL. These analyses included an
assessment of the correlation between the UDs variables
of MUCP and VLPP with the MRI data, as well as an
investigation of the MRI variables that discriminated
between women with a UDs diagnosis of SUI due to
pure UH vs a diagnosis of SUI with an ISD component
(pure ISD or mixed UH/ISD). In the former analyses,
we used the Pearson’s correlation coefficient along
with scatter plots and linear regression analyses. In
the latter case, multivariate logistic regression models
were created on the binary outcome of SUI with pure
UH vs SUI with an ISD component using MRI and other
clinical variables that at least trended toward statistical
significance (e.g., P value < 0.1) in the univariate
analyses. ROC analysis was then performed in order to
assess the discriminative power of the MRI variables in
the logistic regression models, and to obtain estimates
of sensitivities, specificities, positive predictive values,
and negative predictive values using the UDs diagnosis
as the reference standard. All statistical analyses were
performed using STATA version 9.0 (StataCorp LP,
College Station, TX) by a biomedical statistician.

RESULTS

Thirty one women recruited for this study were consi-
dered in the analysis, 21 with SUI and 10 volunteer
controls. The characteristics of participants according to
continent vs incontinent status are listed in Table 1.
When differences in clinical variables by incontinent
status were considered, a history of obstetrical (OB)
trauma was the only variable found to be statistically
significant. Eleven of the 21 women with incontinence
(52%) had a history of trauma during child birth
(episiotomy, forceps delivery, perineal laceration) as
compared to none of the control volunteer women
(P < 0.001, Fisher's exact test). Incontinent women
tended to be older with a mean (SD) age of 54.4 (11.8)
years vs 45.1 (13.6) years for controls (P = 0.0610,
t-test). There was no difference between the continent
volunteers and incontinent patients in body habitus
as assessed by the body mass index (BMI). Among
the MRI variables, PVD and periurethral ligament
disruption were found to be significantly associated with
incontinence status (Table 1). Seven of the 10 control
patients (70%) had intact, symmetric periurethral
ligament, as opposed to only 4 of the 20 incontinent
(20%) women (P = 0.015, Fisher's exact test) (Figures
1 and 2). When these variables were considered in
a multivariable logistic regression model, we found
that only periurethral ligament status was statistically
associated with incontinence. Having intact periurethral
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ligament reduced the odds of incontinence by 87%
as compared to those who had periurethral disruption
[Adjusted odds ratio 95%CI: 0.13 (0.018, 0.961), P =
0.0461.

Among the subset of incontinent patients, we found
an inverse correlation between bladder neck descent
and MUCP that trended towards statistical significance
(Pearson’s correlation = -0.537, P = 0.089). When
we looked at VLPP, only total urethral sphincter length
trended to significance, giving a Pearson’s correlation
coefficient of 0.478 (P = 0.072) (Figures 3 and 4).

When we looked at the relationship of UDs diagnosis
in patients who had complete UDs (SUI due to pure UH
in 9 patients vs SUI with ISD component in 9 patients)
and the MRI data, both bladder neck funneling (absent
vs present) (Figure 5) and the functional suprapubic
urethra sphincter length were found to be significantly
associated with UDs diagnosis. In the univariate logistic
model, being positive for funneling reduced the odds
of pure UH diagnosis by almost 95% as compared to
no funneling [OR (95%CI) = 0.036 (0.003, 0.484),
P = 0.012]. In contrast, increasing the suprapubic
urethral sphincter length was highly associated with
an UDs diagnosis of UH [OR (95%CI) = 12.95 (1.17,
143.18), P = 0.037]. Both MRI variables considered in
the multivariable logistic regression resulted in a highly
predictive model for UDs diagnosis (area under the
ROC = 0.944); Figure 6 shows the ROC curve for this
model, and Table 2 gives the corresponding predictive
statistics and 95%CIs. The prediction statistics for
this model were quite good, giving a 100% sensitivity
and 88.9% specificity (Figure 7). Probability of UH
diagnosis, alternative propensity scores, and covariate
and outcome values are listed in Table 3. The predicted
probability of UH at 0.529 cutoff was associated with
suprapubic urethral sphincter length above 3.0 cm.

DISCUSSION

MRI allows the visualization of the urethra and its suppor-
ting structures with great detail, especially with a multi-
coil MRI technique™*®, and also permits the evaluation
of urethral mobility and bladder neck competence during
strain and Valsalva. The importance of the integrity of the
urethral attachments to the maintenance of continence
is supported by our findings that the visualization of
the periurethral ligament and assessment of its status
leads to the prediction of incontinence. The majority of
continent control patients (70%) in our study had intact,
symmetric periurethral ligament, as opposed to only
20% of incontinent women. Having intact, symmetric
periurethral ligament reduced the odds of incontinence
by 87% as compared to those who had periurethral
disruption. Similar results of distorted periurethral
ligaments were found in 56% of the patients with SUI
vs 13% of the women who were continent in the study
by Kim et af*?, and also in a recent study by Tasali et
al'® where there was a significantly higher pubourethral
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Characteristics Continent volunteers Incontinent patients P value
n=10 n=21
Age (yr) 45.1 (13.6) 54.4 (11.8) 0.0610
*Race
White 5 (50) 14 (67)
Black 5 (50) 6 (29)
Other - 1(4)
'BMI index 29.98 (7.0) 29.95 (6.6) 0.9915
'Parity, n births 15(1.2) 1.9(1.2) 0.3329
*Vaginal, n 11 (65) 39 (90)
*C-section, n 4 (24) 2(5)
*Nullipara, 1 2(12) 2 (5)
’OB Trauma, 1 0(0) 11 (52) <0.001*
*Hormones, 1 0(0) 5 (24)
*Hysterectomy, n 2(2) 8 (38)
*Urethra wall thickness
Ant total, mm 0.47 (0.43-0.50) 0.59 (0.33-0.84) 0.5161
Ant striated muscle, mm 0.17 (0.13-0.2) 0.21 (0.12-0.29) 0.5467
Ant smooth muscle, mm 0.30 (0.3-0.3) 0.38 (0.20-0.55) 0.5055
Post total, mm 0.40 (0.36-0.43) 0.39 (0.36-0.42) 0.7713
Post striated muscle, mm 0.11 (0.08-0.13) 0.09 (0.08-0.11) 0.3180
Post smooth muscle, mm 0.29 (0.26-0.31) 0.29 (0.27-0.32) 0.7952
*Urethral sphincter length
Total, cm 3.67 (3.45-3.88) 3.77 (3.47-4.06) 0.6432
Length, suprapubic, cm 3.03 (2.59-3.46) 2.95 (2.65-3.24) 0.7361
*Urethra mobility angle 53 (19.6-86.6) 65 (50.1-80.2) 0.4116
*Bladder neck descent
Total, cm 1.98 (0.73-3.23) 2.56 (1.96-3.15) 0.3158
Rest, above PCL, cm 1.42 (0.43-2.41) 1.51 (1.16-1.85) 0.8195
Strain, below PCL, cm 0.56 (0.99-2.12) 1.05 (0.46-1.63) 0.4272
*Funneling, n 1(10) 11 (52) 0.184
’Retropubic distance to urethra, mm 5.2 (4.19-6.20) 5.0 (4.16-5.92) 0.8259
’Pubo-vaginal distance
Right, cm 1.81 (1.59-2.02) 1.59 (1.47-1.70) 0.0372
Left, cm 1.87 (1.72-2.01) 1.67 (1.53-1.79) 0.0475
*Normal vaginal shape, 1 7 (70) 8 (40) 0.128
*Puborectalis muscle thickness
Right, mm 3.4 (2.6-4.1) 3.8 (1.8-3.0) 0.4903
Left, mm 3.9(2.9-4.9) 4.7 (3.7-5.5) 0.2748
"Puborectalis muscle length
Right, cm 1.81 (0.30) 1.59 (0.24) 0.037
Left, cm 1.87 (0.21) 1.67 (0.28) 0.048
*Puborectalis angle
Right, © 21 (17-24) 25 (21-28) 0.0781
Left, © 23 (19-27) 24 (19-28) 0.7323
*Periurethral ligament status
Intact/symmetric, 1 7 (70) 4 (20) 0.015*
Disrupted, n 3 (30) 16 (80)

'Data are presented as mean (standard deviation); *Data are presented as number of cases (%); *Data are presented as mean (95%ClI); P value of t-test;

*Fisher’s exact test. BMI: Body mass index; PCL: Pubococcygeal line; OB: Obstetric trauma to include episiotomy; Ant: Anterior; Post: Posterior.

ligament distortion and larger vesicourethral angle
in women with SUI. In our study the PVD was also
found to be significantly associated with incontinence
status. Incontinent women had a shorter PVD than the
control volunteers. Previous studies demonstrated that
the volume of paravaginal fascia (connective tissue
that contained venous plexus anterior to vagina) was
reduced in patients with stress incontinence compared
to reference continent subjects™®, therefore our finding
of shortening of the distance between the anterior
vaginal wall and pubic wall in incontinent women may
indirectly relate to diminishing volume of paravaginal
tissue noted by deSouza et al'™!. However, in the
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study by Tasali et al'”, authors documented lack of
association between the dimension of the retropubic
space and the SUI. Notably, in our study there was no
difference in BMI between the incontinent patients and
continent volunteers, therefore our results should not be
influenced by the contribution of retropubic fat pad to
the PVD in our study sample.

Contrary to findings by Kim et al**?, Tasali et at'®,
and Morgan et a/'”), but in agreement with results
from the study by Pontbriand-Drolet et al'*®, we did
not find a statistically significant difference between
the urethral sphincter striated muscle thickness in
women with SUI vs that in the continent group. In our
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Figure 1 41-year-old woman post one vaginal delivery with episiotomy, body mass index: 46.7, with occasional stress urinary incontinence. A: Axial T2-
weighted image of the mid urethra obtained with 14F endourethral MR coil (TR/TE 4816/68 ms) shows detailed depiction of the urethral sphincter with a hypointense
outer layer of striated muscle (arrow) and inner hyperintense smooth muscle layer (arrowhead); B: Axial T2-weighted image at the mid urethra level obtained with
endovaginal placement of MRInnervu coil (EV) (TR/TE 3000/92 ms) shows well-defined intact periurethral ligament (arrow) extending between the right and left
puborectalis muscle (black arrowheads). Note symmetric, intact ligament attachment (white arrowheads); C: Sagittal T2-weighted image obtained with endovaginal
placement of MRInnervu coil (EV) (TR/TE 4000/92 ms) shows normal resting position of the urethra, with distal end of urethral sphincter (arrow) at inferior pubis level (P).
Note excellent coaptation of the mucosa at internal meatus/bladder neck level (arrowhead). V: Vagina.

Figure 2 51-year-old woman post two uneventful vaginal deliveries, body mass index: 24.3. A: Axial oblique T2-weighted image at the mid urethra level (at 50%
length from the internal meatus, about 1.2 cm), perpendicular to the axis of urethra, obtained with endovaginal placement of MRInnervu coil (EV) (TR/TE 3200/93
ms) shows disrupted attenuated right periurethral ligament (white arrow). Note intact left side of the periurethral ligament (black arrowhead) and its attachment to the
puborectalis muscle (white arrowhead). Minimal asymmetric thinning of the right puborectalis muscle (black arrow); B: Sagittal SSFSE image (TR/TE 15000/78 ms)
during strain shows hypermobility of the urethra (arrow). Note closure of bladder neck (arrowhead) during the urethral descent; C: Axial T2-weighted image of the
pelvis at the level of mid urethra (at 50% from the internal meatus) obtained with pelvic coil (TR/TE 4666/85 ms) shows much less detail of the periurethral ligament
compared to endovaginal MRI in A. It is difficult to appreciate the status of the ligament itself (white arrow) or its attachment (white arrowhead). Puborectalis muscle
(black arrow) is well visualized. R: Rectum.

study, we performed precise measurements of the
sphincter on images acquired with endourethral coil,
both groups were comparable in body habitus and the
mean age difference for incontinent patients and contin-
ent volunteers was less than a decade. It has been
demonstrated that with aging, there is a decrease in the
relative volume of urethral striated muscle and blood
vessels!'?,

Urethral mobility is tested clinically with the Q
test!'®], Clinical Q test without visualization of urethral
attachment defects may not be a reliable test, as
continent women may also demonstrate hypermobility
of the urethra. In our study groups there was an overlap
between urethral mobility angles for continent women
(mean 53 degrees) and incontinent women (mean 65
degrees) when assessed based on MRI. MRI is able to
demonstrate not only the presence of hypermobility, but

Baishidenge ~ WIR | www.wjgnet.com

also other associated findings. UH is often accompanied
by moderate to severe bladder descent with anterior
bulging of the vagina. Bladder neck descent can be
quantified and its competence/coaptation can be asse-
ssed on MRI along with hypermobility. We found an
inverse correlation between bladder neck strain and
MUCP that supports the hypothesis that, with increased
inferior translation of the bladder neck due to loosening
of the bladder neck attachment, there is decreasing
urethral closure pressure caused by loss of coaptation of
the sphincter as it descends. We also noted a correlation
approaching significance between the increasing total
urethral sphincter length and increasing VLPP; the
longer the sphincter, the higher the leak point pressure.

On MRI, urethral and bladder descent are assessed
in reference to the level of the pelvic floor which can be
defined by the PCL>?%, Yang et a/*"! demonstrated that
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Figure 3 Scatter plot of maximum urethral closure pressure (cm Hz0)
and bladder neck strain (distance in cm, traveled between position at
rest and maximal strain) with fitted regression line (Pearson’s correlation
coefficient -0.537, P = 0.089). MUCP: Maximum urethral closure pressure.
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Figure 4 Scatter plot of valsalva leak point pressure (cm Hz20) and total
urethra sphincter length (mm) with fitted regression line (Person’s
correlation coefficient 0.478, P = 0.072).

the normal vertical distance from PCL to the bladder
base at strain should be no more than 1 cm below the
line. In our study group, bladder neck descended to
mean distance 0.56 cm below PCL in continent women
during strain and 1.1 cm below PCL for incontinent
women (P = 0.43).

Other findings associated with UH that can be
detected on MRI are distortion of urethral support liga-
ments, either partial or complete. Partial defects include
laxity, fluttering or focal attenuation of ligaments.
Complete disruption shows a discontinuity of ligamentous
fibers'®*?: mostly affected and reproducibly visualized on
imaging is PEL and pubourethral ligaments™. Findings
are frequently accompanied by the abnormal vaginal
configuration (loss of normal H-shape vaginal contour, or
dropping vaginal fornix), best seen on axial images, and
widening of the para-vaginal attachments. In our study
group, normal vaginal shape was maintained in 70% of
continent volunteers and 40% of incontinent women.

The levator ani muscle signal and integrity can be
well evaluated on MR images, on axial and coronal T2-
weighted images. Levator ani should be symmetric
without defects or fraying. Abnormal signal in the levator
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Table 2 Predictive value statistics and corresponding 95%ClI
for urethral hypermobility diagnosis for both suprapubic

urethra sphincter length and bladder neck funneling (present/
absent)

Urethral hypermobility diagnosis - Estimate 95%CI
suprapubic urethra sphincter length and

bladder neck funneling'

100.0% (66.4%, 100%)?
88.9% (51.8%, 99.7%)
90.0% (55.5%, 99.7%)

100.0% (63.1%, 100.0%)*

Sensitivity

Specificity

Positive predictive value
Negative predictive value

A total of 18 incontinent women were included in the analysis. 'ROC =
0.944; *One-sided 97.5% CI.

Table 3 Probability of urethral hypermobility diagnosis,

alternative propensity scores, and covariate and outcome
values

Predicted Score  Funneling Suprapubic UH =1
probability Y=1, urethral ISD/mixed = 0
of urethral n=0 sphincter
hypermobility length (cm)

0.008 -4.77 1 1.8 0
0.020 -3.84 1 21 0
0.027 -3.53 1 2.2 0
0.027 -3.53 1 2.2 0
0.065 -2.6 1 2.5 0
0.149 -1.67 1 2.8 0
0.193 -1.36 1 2.9 0
0.377 -0.43 1 3.2 0
0.529 0.19 1 3.4 1
0.587 0.38 0 2.3 1
0.605 0.5 1 3.5 1
0.659 0.69 0 24 1
0.925 2.55 0 3.0 1
0.925 2.55 0 3.0 0
0.969 3.48 0 3.3 1
0.969 3.48 0 3.3 1
0.969 3.48 0 3.3 1
0.996 5.65 0 4.0 1

UH: Urethral hypermobility; ISD: Intrinsic sphincter defects.

muscle, when compared to the obturator internus,
and thinning can be observed in patients with stress
incontinence and can be a result of fatty infiltration and
atrophy as well as direct muscle injury®*. The normal
thickness of the PRM is 5-6 mm™.. Interruption of the
muscle fibers, lateral deviation of the muscle that is
frequently associated with vaginal shape distortion on
the affected side, can be observed. In our study group
however, there was no difference between the thickness
of PRM or the puborectalis angle between incontinent
and continent women.

In patients with SUI, there are some imaging
findings that are more likely to be associated with ISD,
such as a short urethra, urethral muscle thinning, or
bladder neck weakness demonstrated by funneling.
Our results in incontinent women demonstrate that
when the total urethral sphincter is shorter than 3.0
cm, or when the segment of urethral sphincter above
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Figure 5 48-year-old woman post four vaginal deliveries, body mass
index: 24.4. Sagittal SSFSE image (TR/TE 15000/78 ms) during strain shows
funneling at the bladder neck level (arrow).
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Figure 6 Receiver operating characteristic curve for the logistic model
of urodynamics diagnosis regressed on bladder neck funneling and
suprapubic urethral sphincter length.

the pelvic floor level is less than 3.0 cm, this decreased
functional length of the urethra can lead to incontinence
with urethral sphincter weakening associated with ISD
on UDs. Also, funneling at the bladder neck, which is
the opening of the urethrovesical junction at rest or
during strain, can be seen on MRI in patients with SUI.
An open bladder neck and proximal urethra was shown
to indicate an ISD™®, however funneling can be also
found in some postmenopausal continent women. In
our study, funneling was seen in 52% of incontinent
women and only in 1 (10%) continent volunteer. In a
recent study by Pontbriand-Drolet et a*® women with
SUI symptoms were more likely to exhibit bladder neck
funneling and a larger posterior urethrovesical angle at
rest than both continent and mixed urinary incontinence
women.

When we looked at the relationship of UDs diagnosis
(SUI with pure UH vs SUI with ISD component) and
the MRI data, both bladder neck funneling and the
suprapubic urethral sphincter length were found to be
predictive of UDs diagnosis; being positive for funneling
on MRI reduced the odds of pure UH diagnosis on
UDs by almost 95% as compared to no funneling. Our
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Figure 7 Plot of sensitivity (solid line) and specificity (dashed line) as a
function of the probability cut points obtained from the logistic model
of urodynamics diagnosis regressed on bladder neck funneling and
suprapubic urethral sphincter length. The optimal probability cutoff point was
determined to be 0.52.

results are consistent with previous reports showing
that funneling predicts ISD, as it results from the
weakness of the proximal sphincter®. In contrast,
increasing suprapubic urethral sphincter length was
highly associated with a UDs diagnosis of pure UH, as
the dysfunction of the sphincter results from the inferior
translation of the urethra that is poorly supported
rather than from shortening or intrinsic weakness of
the sphincter itself. Both variables considered in the
multivariable logistic regression analyses resulted in a
highly predictive model for UDs diagnosis (area under
the ROC = 0.944). The prediction statistics for this
model was good, giving a 100% sensitivity and 88.9%
specificity. However, due to a small size of the sample,
the confidence intervals are large. A larger cohort study
is needed to address these findings. Some patients
may demonstrate imaging findings of both UH and ISD,
as the ISD with bladder neck funneling may represent
a secondary deficiency related to abnormal proximal
urethral wall traction and shearing that can over time
overcome the urethral coaptation such as in chronic
hypermobility*”2,

A limitation of our study is a relatively small sample
size for incontinent group as only 18 incontinent women
had a complete UDs exam to be included in the logistic
regression model. Our study group patients were nearly-
matched by age to within a decade. They were matched
by BMI. However, there was a significant difference in
the incidence of OB trauma, with 90% of incontinent
patients reporting vaginal deliveries and 52% at least
one incident of episiotomy, perineal laceration, or forceps
delivery. No history of OB trauma was reported in the
control group. This finding indirectly may relate to a
known risk of pelvic floor injury during vaginal delivery
as a cause of SUI. However, since the study sample
was small, we were unable to control for individual
types of injury to directly correlate the MRI findings with
the severity of pelvic floor trauma. Another potential
limitation of our study is imaging in the supine position,
which is not a physiological position when patients
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experience SUIL. However, we performed dynamic pelvic
floor strain imaging to allow assessment of the changes
in the urethra that take place during increases of intra-
abdominal pressures. Our study group was imaged
with pelvic MRI that included three different imaging
components, with intraurethral imaging and dynamic
pelvic floor imaging performed in all patients, and endo-
vaginal or endorectal imaging being performed based on
patients’ preference. This could have resulted in some
measurements inconsistencies where endovaginal coll
placement may have caused vaginal shape distortion.

In conclusion, our study demonstrated that there
are specific morphological defects in women with SUI
detectable on MRI that can be evaluated to differentiate
incontinence related to the pure UH vs incontinence that
has a component of ISD. Currently, MRI is usually consi-
dered in the diagnostic work-up of women who failed
prior surgeries for incontinence or who have severe
and complex pelvic organ prolapse. Further studies are
needed to address the effects of aging, parity, pelvic
floor injury, and hormonal status on SUI, in the context
of specific anatomical defects related to SUI that can
be observed and quantified on MR images, in order to
evaluate the role of MRI in the assessment and treat-
ment planning of women with SUL.

COMMENTS

Background

Anatomical defects related to stress urinary incontinence (SUI) can be observed
and quantified with magnetic resonance imaging (MRI) and may contribute to
diagnostic work-up and treatment planning of women with SUI.

Research frontiers

To date the role of MRI in the specific diagnosis of SUI caused by urethral
hypermobility (UH) and/or intrinsic sphincter deficiency (ISD) has not been
documented.

Innovations and breakthroughs

The results from this pilot study suggest that two MRI parameters, the bladder
neck funneling and length of the suprapubic urethral sphincter on MRI can
predict the UH and ISD types of incontinence when urodynamics results are
used as a reference standard.

Applications

MRI may play a critical role in assessing the contribution of hypermobility and
sphincteric dysfunction to the stress urinary incontinence in women when
considering treatment options. Further studies are warranted to assess the
potential added value of MRI to management strategy selection.

Peer-review

The authors performed an interesting pilot study aimed at the identification of
MRI parameters differentiating UH and intrinsic sphincteric deficiency in women
with SUL.

REFERENCES

1 Abrams P, Blaivas JG, Stanton SL, Andersen JT. The standar-
disation of terminology of lower urinary tract function. The
International Continence Society Committee on Standardisation of
Terminology. Scand J Urol Nephrol Suppl 1988; 114: 5-19 [PMID:
3201169]

Baishidenge ~ WIR | www.wjgnet.com

10

11

12

13

14

15

16

18

19

Blaivas JG, Romanzi LJ, Heritz DM. Urinary incontinence:
pathophysiology, evaluation, treatment overview, and nonsurgical
management. In: Walsh P, Retik A, Vaughan E, Wein A, editors.
Campbell’s Urology. Philadelphia: WB Saunders Co., 1997:
1007-1043

McGuire EJ, Fitzpatrick CC, Wan J, Bloom D, Sanvordenker J,
Ritchey M, Gormley EA. Clinical assessment of urethral sphincter
function. J Urol 1993; 150: 1452-1454 [PMID: 8411422]
Haliloglu B, Karateke A, Coksuer H, Peker H, Cam C. The role
of urethral hypermobility and intrinsic sphincteric deficiency on
the outcome of transobturator tape procedure: a prospective study
with 2-year follow-up. Int Urogynecol J 2010; 21: 173-178 [PMID:
19802505 DOI: 10.1007/s00192-009-1010-y]

Sand PK, Bowen LW, Panganiban R, Ostergard DR. The low
pressure urethra as a factor in failed retropubic urethropexy. Obstet
Gynecol 1987; 69: 399-402 [PMID: 3822288]

Shah SM, Gaunay GS. Treatment options for intrinsic sphincter
deficiency. Nat Rev Urol 2012; 9: 638-651 [PMID: 23027065 DOI:
10.1038/nrurol.2012.177]

Macura KJ, Genadry RR. Female urinary incontinence: pathop-
hysiology, methods of evaluation and role of MR imaging. Abdom
Imaging 2008; 33: 371-380 [PMID: 17610006 DOI: 10.1007/
800261-007-9257-6]

el-Sayed RF, Morsy MM, el-Mashed SM, Abdel-Azim MS.
Anatomy of the urethral supporting ligaments defined by dissection,
histology, and MRI of female cadavers and MRI of healthy
nulliparous women. AJR Am J Roentgenol 2007; 189: 1145-1157
[PMID: 17954653 DOI: 10.2214/AJR.07.2215]

Macura KJ, Genadry RR, Bluemke DA. MR imaging of the
female urethra and supporting ligaments in assessment of urinary
incontinence: spectrum of abnormalities. Radiographics 2006; 26:
1135-1149 [PMID: 16844938 DOI: 10.1148/rg.264055133]

Tasali N, Cubuk R, Sinanoglu O, Sahin K, Saydam B. MRI in stress
urinary incontinence: endovaginal MRI with an intracavitary coil and
dynamic pelvic MRI. Urol J2012; 9: 397-404 [PMID: 22395838]
Stoker J, Rociu E, Bosch JL, Messelink EJ, van der Hulst VP,
Groenendijk AG, Eijkemans MJ, Laméris JS. High-resolution
endovaginal MR imaging in stress urinary incontinence. Eur Radiol
2003; 13: 2031-2037 [PMID: 12692675 DOI: 10.1007/s00330-003-
1855-2]

Kim JK, Kim YJ, Choo MS, Cho KS. The urethra and its supporting
structures in women with stress urinary incontinence: MR imaging
using an endovaginal coil. AJR Am J Roentgenol 2003; 180:
1037-1044 [PMID: 12646452 DOI: 10.2214/ajr.180.4.1801037]
deSouza NM, Daniels OJ, Williams AD, Gilderdale DJ, Abel
PD. Female urinary genuine stress incontinence: anatomic consi-
derations at MR imaging of the paravaginal fascia and urethra initial
observations. Radiology 2002; 225: 433-439 [PMID: 12409577
DOI: 10.1148/radiol.2252011347]

Constantinou CE. Dynamics of female pelvic floor function using
urodynamics, ultrasound and Magnetic Resonance Imaging (MRI).
Eur J Obstet Gynecol Reprod Biol 2009; 144 Suppl 1: S159-S165
[PMID: 19303690 DOI: 10.1016/j.ejogrb.2009.02.021]

Bergman A, McCarthy TA, Ballard CA, Yanai J. Role of the Q-tip
test in evaluating stress urinary incontinence. J Reprod Med 1987,
32:273-275 [PMID: 3585870]

Macura KJ, Genadry R, Borman TL, Mostwin JL, Lardo AC,
Bluemke DA. Evaluation of the female urethra with intraurethral
magnetic resonance imaging. J Magn Reson Imaging 2004; 20:
153-159 [PMID: 15221821 DOI: 10.1002/jmri.20058]

Morgan DM, Umek W, Guire K, Morgan HK, Garabrant A,
DeLancey JO. Urethral sphincter morphology and function with
and without stress incontinence. J Urol 2009; 182: 203-209 [PMID:
19450822 DOI: 10.1016/j.juro.2009.02.129]

Pontbriand-Drolet S, Tang A, Madill SJ, Tannenbaum C, Lemieux
MC, Corcos J, Dumoulin C. Differences in pelvic floor morphology
between continent, stress urinary incontinent, and mixed urinary
incontinent elderly women: An MRI study. Neurourol Urodyn 2015;
Epub ahead of print [PMID: 25727524 DOI: 10.1002/nau.22743]
Carlile A, Davies I, Rigby A, Brocklehurst JC. Age changes in the
human female urethra: a morphometric study. J Urol 1988; 139:

November 28, 2015 | Volume 7 | Issue 11 |



20

21

22

23

24

JRaishideng®

Macura KJ et a/. MRI in stress urinary incontinence in women

532-535 [PMID: 3343739]

Borghesi G, Simonetti R, Goldman SM, Szejnfeld J, Srougi M,
Ortiz V, Bruschini H. Magnetic resonance imaging urodynamics.
Technique development and preliminary results. Int Braz J Urol
2006; 32: 336-341; discussion 341 [PMID: 16813681 DOI:
10.1590/S1677-55382006000300015]

Yang A, Mostwin JL, Rosenshein NB, Zerhouni EA. Pelvic floor
descent in women: dynamic evaluation with fast MR imaging and
cinematic display. Radiology 1991; 179: 25-33 [PMID: 2006286
DOI: 10.1148/radiology.179.1.2006286]

Gufler H, DeGregorio G, Allmann KH, Kundt G, Dohnicht S.
Comparison of cystourethrography and dynamic MRI in bladder
neck descent. J Comput Assist Tomogr 2000; 24: 382-388 [PMID:
10864072 DOI: 10.1097/00004728-200005000-00005]

Goh V, Halligan S, Kaplan G, Healy JC, Bartram CI. Dynamic MR
imaging of the pelvic floor in asymptomatic subjects. AJR Am J
Roentgenol 2000; 174: 661-666 [PMID: 10701605 DOI: 10.2214/
ajr.174.3.1740661]

Tunn R, Paris S, Fischer W, Hamm B, Kuchinke J. Static magnetic

WJR | www.wjgnet.com

404

25

26

27

28

resonance imaging of the pelvic floor muscle morphology in women
with stress urinary incontinence and pelvic prolapse. Neurourol
Urodyn 1998; 17: 579-589 [PMID: 9829422 DOI: 10.1002/(SICI)1
520-6777(1998)17:6<579::AID-NAU2>3.0.CO;2-R]

Singh K, Reid WM, Berger LA. Magnetic resonance imaging of
normal levator ani anatomy and function. Obstet Gynecol 2002; 99:
433-438 [PMID: 11864670 DOI: 10.1016/S0029-7844(01)01743-4]
Mostwin JL. Urinary incontinence. J Urol 1995; 153: 352-353
[PMID: 7815581 DOI: 10.1097/00005392-199502000-00016]
Mostwin JL, Genadry R, Saunders R, Yang A. Stress incontinence
observed with real time sonography and dynamic fastscan magnetic
resonance imaging--insights into pathophysiology. Scand J Urol
Nephrol Suppl 2001; (207): 94-99; discussion 106-125 [PMID:
11409622 DOI: 10.1080/003655901750175033]

Huang WC, Yang JM. Bladder neck funneling on ultrasound
cystourethrography in primary stress urinary incontinence: a sign
associated with urethral hypermobility and intrinsic sphincter
deficiency. Urology 2003; 61: 936-941 [PMID: 12736011 DOI:
10.1016/S0090-4295(02)02558-X]

P- Reviewer: Francesco C, Tsai HH
S- Editor: QiuS L- Editor: A E- Editor: Jiao XK

I3 4

November 28, 2015 | Volume 7 | Issue 11 |



wdJ R

World Journal of
Radiology

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4329/wijr.v7.i11.405

World ] Radiol 2015 November 28; 7(11): 405-414
ISSN 1949-8470 (online)
© 2015 Baishideng Publishing Group Inc. All rights reserved.

Case Control Study
Partial correlation analyses of global diffusion tensor

imaging-derived metrics in glioblastoma multiforme: Pilot
study

ORIGINAL ARTICLE

David Cortez-Conradis, Camilo Rios, Sergio Moreno-Jimenez, Ernesto Roldan-Valadez

David Cortez-Conradis, Magnetic Resonance Unit, Medica Sur
Clinic and Foundation, Mexico City CP 14050, Mexico

Camilo Rios, Department of Neurochemistry, National Institute
of Neurology and Neurosurgery, Mexico City CP 14269, Mexico

Sergio Moreno-Jimenez, Radioneurosurgery Unit, National
Institute of Neurology and Neurosurgery, Mexico City CP 14269,
Mexico

Ernesto Roldan-Valadez, Faculty of Health Sciences, Pana-
merican University, Mexico City CP 03920, Mexico

Ernesto Roldan-Valadez, Magnetic Resonance Unit, Medica
Sur Clinic and Foundation, Puente de Piedra # 150, Col, Toriello
Guerra, Deleg, Tlalpan, Mexico City CP 14050, Mexico

Author contributions: Roldan-Valadez E drafted the manuscript;
all authors participated in the literature search, summary and
interpretation; all authors edited and approved the final manuscript.

Supported by The Medica Sur Clinic and Foundation (in part);
David Cortez-Conradis was research fellow at the MRI Unit of
Medica Sur Clinic and Foundation from 2012 to 2014. Ernesto
Roldan-Valadez was Coordinator of Research at the MRI Unit of
Medica Sur Clinic and Foundation from 2010 to April 2015.

Institutional review board statement: The protocol for this
study was previously accepted by the institutional review board
of Medica Sur Clinic and Foundation (Project #2011-EXT-05).

Informed consent statement: Because this was a retrospective
study using exclusively, quantitative parameter of MRI postp-
rocessed images, the approved protocol included a waiver of
informed consent statement.

Conflict-of-interest statement: The authors have no conflicts of
interests to declare.

Data sharing statement: The dataset of this study is available
from the corresponding author at Dryad repository.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external

Baishidenge ~ WIR | www.wjgnet.com

reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Ernesto Roldan-Valadez, MD, MSc, PhD,
Magnetic Resonance Unit, Medica Sur Clinic and Foundation,
Puente de Piedra # 150, Col, Toriello Guerra, Deleg, Tlalpan,
Mexico City CP 14050, Mexico. erest.roldan@usa.net
Telephone: +52-55-54247230

Fax: +52-55-54244429

Received: April 20, 2015
Peer-review started: April 21, 2015
First decision: June 9, 2015

Revised: August 31, 2015

Accepted: October 12, 2015

Article in press: October 13, 2015
Published online: November 28, 2015

Abstract

AIM: To determine existing correlates among diffusion
tensor imaging (DTI)-derived metrics in healthy brains
and brains with glioblastoma multiforme (GBM).

METHODS: Case-control study using DTI data from
brain magnetic resonance imaging of 34 controls (mean,
41.47; SD, £ 21.94 years; range, 21-80 years) and 27
patients with GBM (mean, SD; 48.41 + 15.18 years;
range, 18-78 years). Image postprocessing using FSL
software calculated eleven tensor metrics: fractional
(FA) and relative anisotropy; pure isotropic (p) and
anisotropic diffusions (q), total magnitude of diffusion
(L); linear (CI), planar (Cp) and spherical tensors (Cs);
mean (MD), axial (AD) and radial diffusivities (RD).
Partial correlation analyses (controlling the effect of age
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and gender) and multivariate Mancova were performed.

RESULTS: There was a normal distribution for all
metrics. Comparing healthy brains vs brains with GBM,
there were significant very strong bivariate correlations
only depicted in GBM: [FA—Cl (+)], [FA—q (+)], [p—
AD (+)], [AD<~MD (+)], and [MD<—RD (+)]. Among 56
pairs of bivariate correlations, only seven were signifi-
cantly different. The diagnosis variable depicted a main
effect [F-value (11, 23) = 11.842, P < 0.001], with
partial eta squared = 0.850, meaning a large effect
size; age showed a similar result. The age also had a
significant influence as a covariate [F (11, 23) = 10.523,
P < 0.001], with a large effect size (partial eta squared
= 0.834).

CONCLUSION: DTI-derived metrics depict significant
differences between healthy brains and brains with
GBM, with specific magnitudes and correlations. This
study provides reference data and makes a contribution
to decrease the underlying empiricism in the use of DTI
parameters in brain imaging.

Key words: Brain neoplasms; Diffusion tensor imaging;
Magnetic resonance imaging; Software tools; Statistics
as topic

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Diffusion tensor imaging (DTI)-derived
metrics depict specific magnitudes and correlations;
and significant differences between healthy brains
and brains with glioblastoma multiforme (GBM). For
example, only 5 bivariate correlations in GBM depicted
significant very strong association: [FA—~CI (+)], [FA
<q (+)], [p~AD (+)], [D~MD (+)], and [MD—~RD
(+)]. Among 56 pairs of correlations, only seven were
significantly different. Diagnosis showed a main effect
[F-value (11, 23) = 11.842, P < 0.001], with a large
effect size (partial eta squared = 0.850); a similar result
was observed for age. This study makes a contribution
to decrease the empiricism in the use of DTI parameters
in brain imaging.

Cortez-Conradis D, Rios C, Moreno-Jimenez S, Roldan-Valadez
E. Partial correlation analyses of global diffusion tensor imaging-
derived metrics in glioblastoma multiforme: Pilot study. World J
Radiol 2015; 7(11): 405-414 Available from: URL: http://www.
wjgnet.com/1949-8470/full/v7/i11/405.htm DOI: http://dx.doi.
org/10.4329/wijr.v7.i11.405

INTRODUCTION

In the last decade, advanced magnetic resonance (MR)
techniques have been adopted for the diagnosis and
follow-up of intra-axial brain tumors!!, with a rising
interest in novel diffusion tensor imaging (DTI)-derived
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metrics showing clinical applicability either in a tumor-
region assessment (ROIs measurements in the cystic
cavity, enhancing rim, edema, and normal-appearing
white matter regions)**; or in a global approach
(whole-brain selected values of DTI-derived biomarkers
are able to assemble a predictive model for the diagnosis
of glioblastoma multiforme)™.

Conventional MR evaluation of glial tumors reporting
qualitative and quantitative findings in the Ti-w post
gadolinium, Flair and T2-w sequences represents a
caveat in the pathologic and regional evaluation of
astrocytomas grades 1I to IV, as evidence suggest these
tumors should received a global instead of regional
brain assessment: glial tumors can depict manifold
regions with different histologic grading, conditioning
that biopsies reviewed by the neuropathologist may
not reflect higher malignancy degrees in supplemental
tumor regions, which may lead to underrating pathology
reports’®. There is a low correlation between visible
margins of tumoral areas on conventional MR images
with the true areas of tumor infiltration™ this is due to
microscopic invasion of white matter (WM) regions®”,
extending dozens of millimeters from conspicuous areas
of viable tumor®’.

Several combinations of the terms of the diag-
onalized diffusion tensor, that is, the eigenvalues A:,
A2, and As, have been reported as scalar measures of
diffusion, such as: fractional (FA) and relative anisotropy
(RA); pure isotropic (p) and anisotropic diffusions (q),
total magnitude of diffusion (L); linear (Cl), planar (Cp)
and spherical tensors (Cs); mean (MD), axial (AD) and
radial (RD) diffusivities’**""); Table 1. However, to best
of our knowledge, there is currently neither a clear
understanding of the expected measurements among
these variables, nor existing studies reporting their
correlations; likewise there is a lack of consensus about
which of the tensor metrics available should be used in
the evaluation of brain tumors.

In this study we (1) used a global approach, that
is, a single measure of the whole brain for each metric
aimed to determine the normal limits (magnitudes)
of previously reported DTI-derived tensor metrics in
healthy brains and brains of patients with glioblastoma
multiforme (GBM); (2) assessed the statistical signifi-
cance between DTI values in these groups; and (3)
analyzed the DTI-metrics correlates considering the
influence of clinical diagnosis (healthy vs GBM brains).

MATERIALS AND METHODS

Subjects

Case-control study design; inclusion criteria considered
preoperative brain MR examinations between January
2010 and September 2012 of patients with at first
(suspected) diagnosis and later pathology confirmation
of astrocytoma grade IV, GBM according to the World
Health Organization. Exclusion criteria applied to
corticosteroid or antibiotic treatment, lesions with areas
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Table 1 Diffusion tensor imaging-derived tensor metric
formulas

MD

MD=D=\+X\+\)/3

FA

FA =[(3/2) x (q/L)]"?

= (3/2){[(\ - DY+ (\a - DY+(As - DY1/ A+ A, + A}
RA

RA =q/p = {[(\ - D)’ + (\= - D)+(\s - D)’]3/[3"/°D]
RD

RD = (A2 + \3)/2

AD

AD =\1

Cs

Cs =3N3/ (M1 + A2 + \a)

P

p=3""D= (M + A+ N\s)/3"?

q

q=[(\-D)*+ (\2-D)*+ (s - D)’
L

L= +q)" = *A +A)”

Cl

Cl=(N\1-A2)/ (M1 + A2+ Na)
Cp

Cp=2A2-N3)/ (M1 + A2+ \a)

MD: Mean diffusivity; FA: Fractional anisotropy; RA: Relative anisotropy;
RD: Radial diffusivity; AD: Axial diffusivity; Cs: Spherical tensor; p: Pure
isotropic diffusion; q: Pure anisotropic diffusion; L: Total magnitude of the
diffusion tensor; Cl: Linear tensor; Cp: Planar tensor.

related to calcification and/or haemorrhage and previous
brain surgery. A control group included young and
elderly healthy volunteers recruited among the enrolled
interns and medical residents of the hospital as well as
elderly subjects from our Geriatric unit. All volunteers
received detailed health examinations; exclusion
criteria considered major neurological, psychiatric, or
cardiovascular diseases. A radiologist interpreted the MR
images blinded to the patient’s history. MR examinations
with other structural abnormalities were excluded. The
local Institutional Review Boards approved the study
(Project #2011.044), patients and also volunteers gave
“informed consent”.

Brain image acquisition

MR sequences included conventional axial T2-w imaging,
axial FLAIR, axial SPGR, DWI and axial Ti-w imaging,
using 0.1 mmol/kg of Magnevist (Schering, Berlin,
Germany); healthy volunteers did not received endog-
enous contrast. DTI was performed using a SS SE
EPI sequence. DTI sequence was acquired with 25
directions, a b-value of 1000 s/mm? and with b-value
of 0 s/mm?; axial plane included 40 contiguous slices
with 2.4 mm thickness, no intersection gap, TR 17000,
TE 80 ms, with parallel imaging to reduce off-resonance
artifacts (PI factor was 2); FOV 25 cm X 25 c¢m, and
matrix size 128 X 128. Images were acquired using a 3T
clinical scanner (GE Healthcare, HDxt Signa, Waukesha,
WI, United States); and a 8-channels head coil (Invivo,
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Gainesville city, Florida).

Image postprocessing and data analysis

The methodology for calculation of global DTI-derived
tensor metrics has been recently described™; each one
of the eleven metrics in this study (Cl, Cp, Cs, RA, AD,
RD, MD, FA, p, q, L) represent a single global measure
of a whole-brain taking into account the higher (A1),
medium (A2), and lower (A3) eigenvalues of DTI!'?.

Statistical analysis

Sample size: With the intention to run a Mancova
analysis to investigate whether mean differences
between healthy brains and brains of patients with GBM
(combining different variables) occurred randomly, we
followed Pallant’s recommendation for sample size!**,
the absolute minimum of cases to have in each cell
must equal at least the number of dependent variables;
in our study, we had twenty-two cells (two levels of our
independent variable: healthy brains/brains with GBM,
and eleven dependent variables for each). The study was
run in 34 controls and 27 patients; this numbers also
follow the recommendation of Tabachnick and Fidell™*,
for whom a minimum of 20 cases in each cell should
ensure a “robustness” analysis. Assumptions testing
included normality, multicollinearity and homogeneity
tests!****1, We performed a partial correlation analysis
to calculate association values between each pair of
parameters. Considering the age range and the gender
of the subjects in our study, this method allowed us to
calculate correlations among tensor metrics without the
effect of age and gender; independent analyses were
carried out for each group (healthy brains vs brains
with GBM). Each correlation coefficient was interpreted
as very strong (at least of 0.8), moderately strong
(0.6 up to 0.8), fair (0.3 up to 0.6) and poor (less than
0.3). Squaring r-values represented the coefficient of
determination, the proportion of variance that each two
compared variables had in common!'®.. We additionally
tested the statistical significance of the difference
between r coefficients from both groups by converting
each pair of r-values into a standard z scores, then
using the formula proposed by Pallant™: Observed Z
value < -1.96 or = 1.96 were considered statistically
significantly different.

A two-way Mancova identified diagnosis and gender
differences in tensor metrics measurements!®, The
eleven tensor-metrics represented the dependent
variables used; independent variables were the diag-
nosis and gender; the effect of age was controlled. The
effect size was obtained using the Eta squared value™:
0.01 to 0.06 represents small effect, 0.06 to 0.14
medium and > 0.14 shows a large effect™. A P-value
< 0.05 depicted a significant difference.

Software: All analyses were carried out using the

IBM® SPSS® Statistics software (version 22.0.0.0 IBM
Corporation; Armonk, NY).
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Figure 1 Example of some sequences and diffusion tensor imaging maps from healthy brains (upper row) and brains with glioblastoma multiforme (lower
row): T1-postgadolinium images (A and D), Flair sequence (B and E); pure isotropic diffusion (C), color map of the V1-vector (F).

RESULTS

Demographic data and quantitative DTI tensor maps
The study was conducted in 61 subjects; 27 patients:
13 females (mean age 50.0 £ 15.4 years, range 31-73
years) and 14 males (mean age 46.93 + 15.4 years,
range 18-78 years); and 34 controls: 26 females (mean
age 41.04 £ 22.3 years, range 21-80 years) and 8
males (mean age 42.88 £ 21.89 years, range 24-72
years). Tensor maps generated using the FSL software,
added up to 671 tensor-metrics measurements. Figure
1 shows an example of some of the MR sequences and
tensor-metric maps included in the data analyses.

Normality tests, magnitudes of means and SD

There was a normal distribution for all metrics. In order
to understand the corresponding magnitudes of each
DTI biomarker (previously not reported), we counted
the number of decimal places to the right of the decimal
point: five tensor metrics reported mean values within
the tenths place: Cs, FA, RA, Cp and Cl; none tensor
measurement fell in the hundredths place; five tensors
values fell in the thousandths place: L, p, AD, MD and
RD; and one tensor metrics had values in the ten
thousandths place: g. Table 2 shows the means and SD
ordered by descending means.

Partial correlation analyses
A scatterplot for each group showed no serious violation
of the assumptions of linearity, homoscedasticity, and
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outliers (Figure 2). In healthy brains, significant very
strong bivariate correlations were observed for: [Cs—
RA (-)], [Cs—Cp ()], [CsoL (-)], [RA=Cp (+)], [RA
<Cl (+)], [Cp=Cl ()], [Lop ()], [LoAD (+)], [L
<MD (+)], [LoRD (+)], [p~MD (+)], [p~RD (+)]
and [MD—RD (+)]; and moderately strong significant
correlations were calculated for: [FA—~q (+)], [p—~AD
(+)1, [AD-MD (+)] and [AD<RD (+)].

In brains with GBM, the corresponding significant
very strong bivariate correlations included: [Cs—RA (-)],
[Cs—Cp (7)1, [CsoL (5)], [FA-CH (+)], [FA—q (+)], [RA
<Cp (+)], [RA=CI (+)], [CpCl (+)], [Lop (H)], [L
<AD (+)], [LeMD (+)], [p~AD (+)], [p~MD (+)],
[p~RD (+)], [AD-MD (+)], and [MD-RD (+)]; the
moderately strong significant correlations were observed
in: [Cl—q (+)], [AD<RD (+)] and [AD«q (+)]. Table 3
present the correlations among the global tensor-metrics
controlled for the effect of age and gender.

From the 55 pairs of bivariate correlations in each a
group, statistical significances of the difference between
r coefficients were observed in only seven pairs of
variables: [Cs—Cp], [FA-CI], [FA—q], [RA—q], [C~q],
[L—~p] and [L—MD].

Mancova analysis

After adjusting for age, there was not interaction effect
between the gender and clinical diagnosis [F (11, 23) =
1.115, P = 0.394]. There was not main affect of gender
[F (11, 23) = 2.060, P = 0.069]; however, the main
effect of diagnosis was statistically significant [F (11, 23)
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Table 2 Means, SD and correlations (controlled for the effect of age and gender) in healthy brains

Tensor metric Mean SD
Cs 0.756690  0.032259

FA Pearson’s R -0.456 0.284317 0.018917
P-value 0.029 FA

RA Pearson’s R -0.992 0.434 0.224873  0.029523
P-value 0.000 0.039 RA

Cp Pearson’s R -0.979 0.460 0.938 0.133346  0.017086
P-value 0.000 0.031 0.000 Cp

Cl Pearson’s R -0.946 0.442 0.978 0.855 0.111574  0.016583
P-value 0.000 0.024 0.000 0.000 Cl

L Pearson’s R 0.372 -0.115 -0.416 -0.317 -0.186 0.002275  0.000100
P-value 0.117 0.578 0.076 0.200 0.408 L

P Pearson’s R 0.179 -0.095 -0.214 -0.020 -0.014 0.945 0.002096  0.000087
P-value 0.477 0.652 0.395 0.938 0.953 0.000 p

AD Pearson’s R 0.322 -0.012 -0.348 -0.287 0.019 0.804 0.761 0.001553  0.000056
P-value 0.179 0.952 0.144 0.249 0.933 0.000 0.000 AD

MD Pearson’s R 0.181 -0.096 -0.215 -0.022 -0.014 0.945 1.000 0.762 0.001210  0.000050
P-value 0.473 0.649 0.391 0.934 0.953 0.000 0.000 0.000 MD

RD Pearson’s R 0.053 -0.297 -0.119 0.426 -0.131 0.877 0.954 0.628  0.954 0.001046  0.000072
P-value 0.821 0.132 0.606 0.054 0.542 0.000 0.000 0.001 0.000 RD

q Pearson’s R -0.077 0.698 0.019 0.257 0.138 0.138 0.153 0393  0.152  0.406 0.000445 0.000055
P-value 0.721 0.000 0.929 0.225 0.492 0.502 0.466 0.047 0467 0.029 q

FA: Fractional anisotropy; RA: Relative anisotropy; Cp: Planar tensor; p: Pure isotropic diffusion; q: Pure anisotropic diffusion; L: Total magnitude of the
diffusion tensor; Cl: Linear tensor; MD: Mean diffusivity; RD: Radial diffusivity; AD: Axial diffusivity.
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Figure 2 Scatter matrix of the variable’s data grouped by diagnosis. A: Normal brains; B: Brains with GBM. MD: Mean diffusivity; FA: Fractional anisotropy; RA:
Relative anisotropy; RD: Radial diffusivity; AD: Axial diffusivity; Cs: Spherical tensor; p: Pure isotropic diffusion; g: Pure anisotropic diffusion; L: Total magnitude of the
diffusion tensor; Cl: Linear tensor; Cp: Planar tensor; GBM: Glioblastoma multiforme.

= 11.842, P < 0.001], corresponding to a large effect magnitudes and associations among DTI measurements

size (partial n° = 0.850). The age also had a significant observed in the evaluation of brain tumors™. The clinical
influence as a covariate [F (11, 23) = 10.523, P < relevance of these associations has been supported by
0.001], and large effect size (partial n?> = 0.834). Table several studies in the MR-DTI literature: Cs, Cp, Cl, FA
4 and Figure 3 depict the estimated marginal means; and MD, have been related with brain abscesses, GBM
the age was controlled at the value of 43.92 years. and brain metastasis™®; p, g and L measurements have

also been previously applied to the evaluation of GBM

and brain metastasis’®**); AD has been reported in
DISCUSSION encephalomyelitis of the spinal cord®, AD and RD have

It is still not completely understood a priori which are the been correlated with brain development®®, infantile
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Table 3 Means, SD and correlations (controlled for the effect of age and gender) in brains with glioblastoma multiforme

Tensor metric Mean sD
Cs 0.771562  0.066812

FA Pearson’'sR  -0.570 0.253531 0.028425
P-value 0.003 FA

RA Pearson’s R -1.000 0.592 0.201778 0.053287
P-value 0.000 0.002 RA

Cp Pearson’s R -0.936 0.576 0.901 0.133265 0.043503
P-value 0.000 0.003 0.000 Cp

Cl Pearson’s R -0.904 0.819 0.969 0.803 0.098462 0.011929
P-value 0.000 0.000 0.000 0.000 Cl

IL, Pearson’s R 0.096 0.151 0.009 -0.159 0.182 0.002111 0.000140
P-value 0.648 0.472 0.967 0.446 0.469 IL,

P Pearson’s R 0.156 -0.129  -0.094 -0.216 -0.177 0.834 0.001961 0.000123
P-value 0.456 0.540 0.664 0.299 0.482 0.000 P

AD Pearson’s R -0.111 0.343 0.191 0.053 0.173 0.871 0.881 0.001397  0.000080
P-value 0.596 0.094 0.372 0.803 0.492 0.000 0.000 AD

MD Pearson’s R 0.154 -0.125  -0.090 -0.215 -0.173 0.837 1.000 0.883 0.001132  0.000071
P-value 0.462 0.550 0.675 0.303 0.491 0.000 0.000 0.000 MD

RD Pearson’s R 0.305 -0.411 -0.260 -0.360 -0.395 0.706 0.954 0.699 0.953 0.000999 0.000073
P-value 0.139 0.041 0.219 0.077 0.105 0.000 0.000 0.000 0.000 RD

q Pearson’s R -0.484 0.928 0.539 0.466 0.736 0.430 0.187 0.629 0.191 -0.114 0.000363 0.000048
P-value 0.014 0.000 0.007 0.019 0.001 0.032 0.371 0.001 0.361 0.588 q

MD: Mean diffusivity; FA: Fractional anisotropy; RA: Relative anisotropy; RD: Radial diffusivity; AD: Axial diffusivity; Cs: Spherical tensor; p: Pure
isotropic diffusion; q: Pure anisotropic diffusion; L: Total magnitude of the diffusion tensor; Cl: Linear tensor; Cp: Planar tensor.

Table 4 Estimated marginal means SE and CI of diffusion tensor imaging-derived tensor metrics (the effect of age was controlled at

the value of 43.92 yr)

Tensor metric Healthy brains Brains with GBM
Mean SE 95%Cl Mean SE 95%CI
Lower Upper Lower Upper

Cs 0.739511 0.009798 0.719577 0.759446 0.766043 0.007824 0.750126 0.781960
FA 0.290160 0.005721 0.278520 0.301799 0.255660 0.004568 0.246366 0.264954
RA 0.241025 0.008008 0.224734 0.257317 0.211498 0.006394 0.198490 0.224506
Cp 0.141366 0.007941 0.125210 0.157522 0.137961 0.006341 0.125061 0.150860
Cl 0.119041 0.003243 0.112443 0.125638 0.099495 0.002589 0.094227 0.104763
L 0.002287 0.000029 0.002227 0.002347 0.002103 0.000024 0.002055 0.002151
P 0.002122 0.000027 0.002068 0.002177 0.001946 0.000021 0.001903 0.001990
AD 0.001558 0.000020 0.001518 0.001598 0.001395 0.000016 0.001363 0.001426
MD 0.001225 0.000015 0.001194 0.001257 0.001124 0.000012 0.001099 0.001149
RD 0.001059 0.000015 0.001029 0.001089 0.000988 0.000012 0.000964 0.001012
q 0.000454 0.000011 0.000432 0.000476 0.000371 0.000009 0.000354 0.000389

MD: Mean diffusivity; FA: Fractional anisotropy; RA: Relative anisotropy; RD: Radial diffusivity; AD: Axial diffusivity; Cs: Spherical tensor; p: Pure
isotropic diffusion; q: Pure anisotropic diffusion; L: Total magnitude of the diffusion tensor; Cl: Linear tensor; Cp: Planar tensor; GBM: Glioblastoma
multiforme.

spasm™¥, amyotrophic lateral sclerosis®®®, schizop- of GBM is included in a global measurement, a situation
hrenia®!, and brain tumors®®”; with only one recent missed in a regional approach.
study integrating a tumor-region diagnostic evaluation of Some interesting associations are worthy to be

11 DTI-metrics'. MD is understood as a synonym of the noted: for example, there is no consensus of normal
coefficient of diffusion in different space guidelines®!, FA parameters between fractional anisotropy and mean
measures the directional movement of water molecules diffusivity in a day-to-day basis®®; traditionally, MD
in the brain™®, it is an index of anisotropic diffusivity =~ and FA showed negative correlation with increased MD
reflecting the integrity of myelinated axons™”, and decreased FA in high signal-intensity perilesional

One advantage of using a global approach is that regions when compared with normal axonal areas®!!;
not the only the size of the viable tumor is included we observed a poor-negative non-significant correlation
(enhanced regions with Gadolinium), but also the non- when controlling the effect of age and gender. One
apparent regions that undergo microscopic infiltration explanation might be that, different to MD that quan-
(edema and increased-size regions). Additionally, by tifies the degree of water molecules motion which is
using a global approach, all the inhomogeneity nature independ of myelinated axons; FA directly measures
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Figure 3 Graphs of the estimated marginal means for each tensor metric, the influence of age was controlled at the value of 43.92 years. MD: Mean
diffusivity; FA: Fractional anisotropy; RA: Relative anisotropy; RD: Radial diffusivity; AD: Axial diffusivity; p: Pure isotropic diffusion; q: Pure anisotropic diffusion; L:
Total magnitude of the diffusion tensor; Cl: Linear tensor; Cp: Planar tensor; GBM: Glioblastoma multiforme.

movement of water molecules along myelinated axons,
it is a weighted anisotropic diffusion average™”. The
absence of partial correlation analyses in previous
reports could explain some conflicts of diffusivity and
anisotropy values characterizing tumoral regions®*?.,
For MD, the highest-significant correlation (r = 1) was
observed with p and RD, a positive correlation between
RD and MD have been previously observed in human
brains™!. We found an inverse relationship between
MD with Cp, which seems opposite to previously sug-
gested direction measuring MD, FA and the shape
tensor metrics (Cp, Cs, Cl) between tumoral brain
tissue, metastasis and abscesses'?. FA's mechanisms
of decreasing its value in brain tumors are still unclear:
it might represents neuronal and axonal infiltration with
widening of extracellular space®”; or tumoral substitution
with decrement of extracellular space (this would explain
the negative association between fractional anisotropy
and tumoral cells)®*. The FA can also be calculated
by dividing q over L™; the q parameter could depict a
comprehensive profile of brain tumor activity, in our
study this parameter showed the highest-significant
strength of correlation with FA (r = 0.928) in brains
with GBM, it would seem an expected finding from its
formula (ratio of g/L); however, our findings differ from
other authors who observed no significant changes of
g measurements in metastatic regions; this finding
suggests that L instead of g, might be the main factor
influencing the variability of FA. The inverse correlation
between FA and RD observed in our study had been
reported”®®, although there are not statements of the
expected magnitudes among these correlations.

For most of the correlates observed in this study,
there was a decrease in the strength of the linear
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relationship after controlling the effect of age and gender.
Poor correlations should be interpreted cautiously; in
clinical settings these measurements might have the
physiological implication to represent independent
biological biomarkers. We do not have an explanation
for the differences in the strength and directions of the
observed correlations between normal and GBM brains,
it is possible that the detailed info from the tumor may
be obscured by the global measurement; the gender
variable neither had interaction nor main effect in the
observed measurements of DTI metrics; however, age
did have a significant effect that should be controlled by
researchers, as this variable could affect the p-value of
the results.

As we mentioned in the results, there where some
very strong, significant correlations observed only in
brains with GBM (despite we use a global approach): [FA
<Cl (+)], [FA=q (+)], [p~AD (+)], [D~MD (+)], and
[MD~RD (+)]; these findings were an indicator for us
that, these parameters might be among the most useful
for clinical diagnosis and/or treatment planning.

Comparing healthy brains vs brains with GBM, there
were significant very strong bivariate correlations only
depicted in GBM: [FACI (+)], [FA<q (+)], [p<AD (+)],
[D—MD (+)], and [MD«-RD (+)].

Our data might represent useful information for
radiologist and/or bio imaging researchers trying to
explain the relationships between tensor metrics to
clinicians (neurologists, neurosurgeons, psychiatrist,
neuro-oncologists, etc.) as well as in the preparation
of prospective studies with clinical application. Further
studies should address the significant differences we
found in the correlations between healthy brains and
brains with GBM, none of these results have been
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previously reported. It will be interesting to know the
data analyses from other research groups that help
validate and support the clinical significance of the
results presented in this study.

Several limitations in our study and factors that
influence the clinical application of DTI-metrics need
to be addressed: our decision to evaluate a single,
global measure for each tensor-metric relationships
came up from reports depicting absence of P < 0.05
differences in fractional anisotropy between enhanced
and not enhanced tumoral areas™’; not significant
differences between FA and MD measurements in tumor
regions with distinct T>-w signal-intensities”®”, and
findings of increased variability of FA measurements
amont diverse brain areas™, making all them a patent
lack of agreement between investigators. Also, some
studies have evaluated only selected ROIs within the
tumors, missing major components of viable tumor and
perilesional infiltration zones; other studies reporting
ROIs only of the whole viable tumor mass, excluded
many times peritumoral regions, wasting the opportunity
to identify areas of severe infiltration within axons™.

Although conventional sequences for the evaluation
of GBM include the use of contrast enhancement agents
(gadolinium), two situations could be observed in the
managing assessment of these tumors: some regions
of GBM could not depict enhancement because the
tumor has not damaged enough the blood brain barrier,
and second, there might be patients not able to receive
gadolinium because chronic kidney failure; in both
cases a global measurement of brain tissue would take
into account non-evident abnormalities of the brain
architecture.

Nowadays, there is still scarce evidence regarding the
potential of these DTI biomarkers, for example, besides
the clinical acceptance of FA; some studies have showed
a significant increment of p (mean 68%) with evident
decrement of q (mean 42%) in infiltrated axons™"\. Also,
some proved parameters, for example, the increase
of RD as a marker of demyelination and axonal loss
has not had generalization in its use®. These facts
reflect the limited acceptance of DTI by the medical
community; it has not attained the same anatomic
validation of structural myelin studies and so far does
not discrimiante individual tracts or complex functional
linkages among synapses™®. DTI-derived tensor metrics
intricacies to characterize brain tissue in health and
disease might be affected among other variables by the
quotient of extracellular to intracellular compartments;
blood vessels density, abnormal accumulation of fluid in
the interstitium, microscopic cysts, and the extracellular
meshwork of proteins and carbohydrates that binds cells
together®. The dlinical value of our findings has yet to
be determined, and the biological impact of the different
metrics should be explained in more detail in clinical
journals.

In conclusion, a comprehensive understanding of
the currently available DTI-derived parameters will help
researchers in the decision of which one to include in
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the diagnosis and treatment planning of brain tumors,
researchers could know a priori expected relationships
in a prospective analysis decreasing the underlying
empiricism in this area. It is possible that several tensor
metrics answer different questions; also, variations in
DTI measures are not specific of one histologic type
of tumor, which broaden the application of these biom-
arkers to a wider variety of intracranial pathologies.
Given the increased availability of open source software
in MRI units around the world, it is anticipated that
measurements of DTI-derived tensor metrics may
become a low-cost and common used approach.

COMMENTS

Background

In the last decade, advanced magnetic resonance techniques have adopted
the use of diffusion tensor imaging (DTI)-derived metrics in the evaluation of
glioblastoma multiforme. However, to best of our knowledge, there is currently
neither a clear understanding of the expected measurements among these
variables, nor existing studies reporting their correlations; likewise there is a
lack of consensus about which of the tensor metrics available should be used in
the evaluation of brain tumors.

Research frontiers

This study reports measurement of eleven DTI-derived tensor metrics which
have only recently been described in the litarature: fractional (FA) and
relative anisotropy (RA); pure isotropic (p) and anisotropic diffusions (q), total
magnitude of diffusion (L); linear (CI), planar (Cp) and spherical tensors (Cs);
mean (MD), axial (AD) and radial (RD) diffusivities.

Innovations and breakthroughs

Compared with previous studies, this report provides novel quantitative data of
DTl-derived metrics in normal brains and brain with glioblastoma multiforme, its
main aim is to decrease the underlying empiricism involving these parameters.
Additionally, innovation is depicted in the use of a global approach (whole-brain)
instead of the conventional tumor-region assessment; this approach warrants
the inclusion of all tumor regions (ROls measurements in the cystic cavity,
enhancing rim, edema, and normal-appearing white matter regions).

Applications

Data in this study might represent useful information for radiologist and/or bio
imaging researchers trying to explain the relationships between tensor metrics
to clinicians (neurologists, neurosurgeons, psychiatrist, neuro-oncologists, efc.)
as well as in the preparation of prospective studies with clinical application. The
authors believed that the very strong, significant correlations observed only in
brains with glioblastoma multiforme (GBM) (despite the authors use a global
approach): [FA—CI (+)], [FA<q (+)], [p<>AD (+)], [D«<>MD (+)], and [MD«<>RD
(+)]; might be among the most useful parameters for clinical in diagnosis and/or
treatment planning. Furthermore, the gender variable neither had interaction
nor main effect in the observed measurements of DTI metrics; however, age
did have a significant effect that should be controlled by researchers, as this
variable could affect the P-value of the results. One advantage of using a
global approach is that not the only the size of the viable tumor is included
(enhanced regions with Gadolinium), but also the non-apparent regions that
undergo microscopic infiltration (edema and increased-size regions). As this
DTl-derived metrics do not require the use of a constrat agent (gadolinium), the
proposed global approach takes into account non-evident abnormalities of the
brain architecture which occurs in some regions of GBM without enhancement
because the tumor has not damaged enough the blood brain barrier, and also,
this approach can be used in patients not able to receive gadolinium because
chronic kidney failure.

Terminology
The DTl-derived metrics reported in this study were calculated from the below
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described formulas:

MD =D = (A + A2 +As)/3

FA=[(3/2)(q/L)]"

= (312)*{{(M - D)**(he - DY+{As - DA, * A, + A
RA=q/p = {[(\ - D)’ + (A2 - D)’ + (As - D)"|"3)/[3"D]
RD = (A2 + As)/2

AD = M

Cs = 3Ns/(A1 + A2 + hs)

Pure Isotropic Diffusion (p)

p=3"D=(h+ A2+ Ag)/3"

Pure Anisotropic Diffusion (q)

q = [(M - D)*+(ke - D)’+(hs - D)]"

Total Magnitude of the Diffusion Tensor (L)

L= (o + )= (A + A +A)”

Linear Tensor (Cl)

Cl= (M- A)/(M + A2+ \s)

Planar Tensor (Cp)

Cp =2(A2- M)l(M + A2 + As)

Peer-review

The authors studied the relationships of 11 DTI-derived tensor metrics between
healthy brains and brains with GBM. They used a noval technique, i.e., a single
global measure of the whole brain for each metric rather than a conventional
approach of measuring the entire tumor or some regions.
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Abstract

AIM: To evaluate the role of computed tomography (CT)
for diagnosing traumatic injuries of the pancreas and
guiding the therapeutic approach.

METHODS: CT exams of 6740 patients admitted to
our Emergency Department between May 2005 and
January 2013 for abdominal trauma were retrospectively
evaluated. Patients were identified through a search of
our electronic archive system by using such terms as

”ow IZ2A\

“pancreatic injury”, “pancreatic contusion”, “pancreatic
laceration”, “peri-pancreatic fluid”, “pancreatic active
bleeding”. All CT examinations were performed before
and after the intravenous injection of contrast material
using a 16-slice multidetector row computed tomography
scanner. The data sets were retrospectively analyzed
by two radiologists in consensus searching for specific
signs of pancreatic injury (parenchymal fracture and
laceration, focal or diffuse pancreatic enlargement/
edema, pancreatic hematoma, active bleeding, fluid
between splenic vein and pancreas) and non-specific
signs (inflammatory changes in peri-pancreatic fat and
mesentery, fluid surrounding the superior mesenteric
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artery, thickening of the left anterior renal fascia,
pancreatic ductal dilatation, acute pseudocyst formation/
peri-pancreatic fluid collection, fluid in the anterior and
posterior pararenal spaces, fluid in transverse mesocolon
and lesser sac, hemorrhage into peri-pancreatic fat,
mesocolon and mesentery, extraperitoneal fluid, intra-
peritoneal fluid).

RESULTS: One hundred and thirty-six/Six thousand
seven hundred and forty (2%) patients showed CT signs
of pancreatic trauma. Eight/one hundred and thirty-six
(6%) patients underwent surgical treatment and the
pancreatic injures were confirmed in all cases. Only in
6/8 patients treated with surgical approach, pancreatic
duct damage was suggested in the radiological reports
and surgically confirmed in all cases. In 128/136 (94%)
patients who underwent non-operative treatment
CT images showed pancreatic edema in 97 patients,
hematoma in 31 patients, fluid between splenic vein
and pancreas in 113 patients. Non-specific CT signs of
pancreatic injuries were represented by peri-pancreatic
fat stranding and mesentery fluid in 89% of cases,
thickening of the left anterior renal fascia in 65%,
pancreatic ductal dilatation in 18%, acute pseudocyst/
peri-pancreatic fluid collection in 57%, fluid in the
pararenal spaces in 45%, fluid in transverse mesocolon
and lesser sac in 29%, hemorrhage into peri-pancreatic
fat, mesocolon and mesentery in 66%, extraperitoneal
fluid in 66%, intra-peritoneal fluid in 41% cases.

CONCLUSION: CT represents an accurate tool for
diagnosing pancreatic trauma, provides useful infor-
mation to plan therapeutic approach with a detection
rate of 75% for recognizing ductal lesions.

Key words: Trauma; Pancreas; Computed tomography;
Imaging

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Pancreatic trauma is associated with high
morbidity and mortality especially in case of delayed
diagnosis. Computed tomography (CT) represents
an accurate imaging tool for recognizing direct and
indirect signs of pancreatic trauma and provides useful
information to plan therapeutic approach. Among the
specific signs, the presence of fluid between the splenic
vein and the pancreas represents the most common CT
finding suggesting pancreatic injury and the potential
of CT for detecting ductal lesions have improved as
compared to previous studies, with a 75% detection
rate.
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INTRODUCTION

Pancreatic trauma incidence ranges between 0.2%
and 12% and occurs mainly in penetrating injuries
with higher prevalence in children and young adults™?.
In case of blunt trauma, it is due to the impact of the
organ against the adjacent vertebral column being the
pancreatic body most commonly involved®™,

In 90% of cases, pancreatic lesions are associated
with traumatic injuries of other abdominal organs as
liver, spleen, stomach and duodenum™?,

Pancreatic trauma is associated with high morbidity
and mortality especially in case of delayed diagnosis.
In fact, the mortality ranges between 10% and 30%
and is due to hemorrhagic lesions of the portal vein,
splenic vein and inferior vena cava*?%, The reported
morbidity rate is about 30% and mainly associated with
pancreatic duct damage, consisting of fistulas, recurrent
pancreatitis, pseudocysts, abscess, blood collections,
retroperitoneal bleeding and ductal stenosis'. The
diagnosis of early as late complications greatly increases
the mortality rate which is mainly due to sepsis and
multi-organ failure!®. Clinical symptoms and signs of
pancreatic injuries are nonspecific and include fever,
leukocytosis, and elevated serum amylase or lipase
levels.

Computed tomography (CT) represents the imaging
technique of choice in hemodynamically stable patients
with abdominal trauma, with reported sensitivity and
specificity values as high as 80% in detecting pancreatic
injuries being able to establish the type and grading of
the detected lesions® ™,

This study aims to evaluate the role of CT for
diagnosing pancreatic injuries and guiding the choice of
the therapeutic approach.

MATERIALS AND METHODS

Patients

CT exams of 6740 patients admitted to our Emergency
Department between May 2005 and January 2013
for abdominal trauma were retrospectively evaluated.
Patients were identified through a search of our elec-
tronic archive system by using such terms as “pancreatic
injury”, “pancreatic contusion”, “pancreatic laceration”,
“peri-pancreatic fluid”, “pancreatic active bleeding”.
The mean time between abdominal trauma and CT

examination was about 1-2 h.

CT protocol

All patients were examined in an emergency setting.
The CT scanner used was a 16-slice multidetector row
CT (TSX - 101A - Aquilion 16, Toshiba Medical System,
Tokyo, Japan). In all cases, scans were acquired before
and after the intravenous injection of contrast material
(120-140 mL injected at a rate of 3-3.5 mL/s), with
image acquisition in the arterial phase, generally with
a delay of 30-40 s from the beginning of contrast
administration, in the portal venous phase, with a delay
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Figure 1 Computed tomography and intra-operative findings of pancreatic parenchymal fracture. A: CT image on axial plan showing a complete laceration of
the pancreatic body appearing as a low-attenuation line oriented perpendicular to the long axis of the pancreas (arrow); B: CT image on axial plan showing a complete
laceration of the pancreatic body appearing as a low-attenuation line oriented perpendicular to the long axis of the pancreas (arrow); C: CT image on coronal plan
showing a complete laceration of the pancreatic body appearing as a low-attenuation line oriented perpendicular to the long axis of the pancreas (arrow); D: Intra-
operative finding confirming the CT diagnosis of post-traumatic laceration of the pancreas. CT: Computed tomography.

of 60-90 s from the beginning of contrast-agent admini-
stration and in delayed phase with a delay of 120-180 s
from the beginning of contrast-agent administration".,

Image interpretation

The data sets were retrospectively analyzed on a
workstation (HP XW 6400) equipped with image
reconstruction software (Vitrea 4.0, Vital Images,
Minneapolis, MN, United States). Multi-planar, Maximum
Intensity Projection and Minimum Intensity Projection
reconstructions were used.

Two radiologists in consensus assessed all images.
Post-processing duration time was approximately 15
min.

CT images were evaluated searching for specific
signs of pancreatic injury: parenchymal fracture; lace-
ration; pancreatic edema; hematoma; active bleeding;
and fluid between splenic vein and pancreas.

On the other side, non-specific signs were also
assessed: peri-pancreatic fat or mesentery stranding;
mesenteric fluid; thickening of the left anterior renal
fascia; pancreatic ductal dilatation; acute peri-pancreatic
fluid collection; fluid in the pararenal spaces; fluid in
transverse mesocolon and lesser sac; hemorrhage into
peri-pancreatic fat, mesocolon and mesentery; extrape-
ritoneal fluid; and intra-peritoneal fluid®®?®?. Associated
injuries to adjacent structures were also evaluated.

Baishidenge ~ WIR | www.wjgnet.com
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RESULTS

On the basis of CT findings, 136 out 6740 (2%) patients
showed signs of traumatic injuries of the pancreas. In
this group of patients, 90 patients were male and 46
were female with an average age of 45.4 = 16.1 years
(range: from 30 to 65 years old). Mechanism of injury
was blunt motor vehicle collision in 70 patients, bicycle
injury in 33, direct blow to the abdomen in 20, falls in 9
cases and sport related injury in 4 patients.

Eight out of 136 (6%) patients underwent surgical
treatment within 8-12 h from the diagnosis and the
pancreatic injures were confirmed in all cases, represe-
nted by 3 cases of parenchymal fracture (Figure 1) and
5 of extensive lacerations. Pancreatic injuries involved
the conjunction between the neck and the body of the
pancreas in 4 cases. Three patients had pancreatic body
injuries and one had pancreatic tail injury. A complete
pancreatic fracture line was identified on CT images in
all patients and was identified as a linear discontinuity of
the glandular parenchyma extending from the anterior
to the posterior surface.

In all patients, fluid between splenic vein and
pancreas was found.

In 6 out 8 patients treated with surgical approach,
pancreatic duct damage was suggested in the radiolo-
gical reports and surgically confirmed in all cases. In the
remaining 2 patients, CT did not suggest a ductal injury
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but it was surgically detected.

One hundred and twenty-eight out of 136 (94%)
patients underwent non-operative treatment and
follow-up CT examination showed a resolution of the
pathological findings. CT images showed pancreatic
edema in 97 patients, hematoma in 31 patients, fluid
between splenic vein and pancreas in 113 patients.

As regard with non-specific CT signs of pancreatic
injuries, peri-pancreatic fat stranding and mesenteric
fluid occurred in 122 out of 136 (89%) cases, thickening
of the left anterior renal fascia in 88 out of 136 (65%),
pancreatic ductal dilatation in 25 out of 136 (18%),
acute pseudocyst/peri-pancreatic fluid collection in 78
out of 136 (57%), fluid in the pararenal spaces in 61
out of 136 (45%), fluid in transverse mesocolon and
lesser sac in 40 out of 136 (29%), hemorrhage into
peri-pancreatic fat, mesocolon and mesentery in 90
out of 136 (66%), extraperitoneal fluid in 90 out of 136
(66%), intra-peritoneal fluid in 56 out of 136 (41%)
cases.

With regard to associated injuries to adjacent
structures, in 27 out of 136 patients (20%) CT detected
also extra-pancreatic findings represented by vertebral
fracture (n = 11), liver contusion (n = 6), spleen
contusion (n = 4), right kidney contusion (n = 3), small
bowel injury (n = 2), left kidney contusion (n = 1).

DISCUSSION

CT represents the gold standard imaging technique for
evaluating pancreatic trauma. Variable sensitivity and
specificity values have been reported in the medical
literature with an overall sensitivity in detecting all
grades of pancreatic lesions of about 80%!". The
specific CT findings of pancreatic injury are represented
by parenchymal contusion, laceration, hematoma,
active extravasation of contrast medium and fracture.
Contusions are defined as areas of diminished density
without discontinuity at the surface of the gland, lacer-
ations as low-attenuation lines perpendicular to the long
axis of the pancreas and fractures as clear separations
of parenchymal fragmentst®*",

In our series specific CT signs of pancreatic trauma
have been detected in all cases with the presence of
fluid between the splenic vein and the pancreas being
the most common and sensitive sign.

Lane et al*” reported that fluid between the splenic
vein and the pancreas allows to identify a pancreatic
trauma and it is detected in 90% of cases of pancreatic
injury.

This data is also confirmed in our series. In fact, fluid
between the splenic vein and the pancreas occurred in
all cases treated with surgical approach and in 88% of
patients treated conservatively, with an overall rate of
89% in our series.

On the other side, peri-pancreatic fat stranding, peri-
pancreatic fluid collections represent the most common
indirect CT signs of pancreatic trauma occurring in the
89% of cases in our series” ",
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The American Association for the Surgery of
Trauma proposed a grading system mainly based on
the site of pancreatic trauma and the integrity of the
main pancreatic duct. In fact, a CT grading system
has been established for supporting the surgical
classification®'***], Therefore, CT allows to establish a
grading of pancreatic injuries by providing important
information for management of the gland lesions.
Grade [ lesions include minor contusions or lacerations
with no duct injury (less than 50% of the thickness
pancreatic), Grade II major contusions or lacerations
with no duct injury, Grade Il transections or major
lacerations with duct disruption in distal pancreas, Grade
IV transections of proximal pancreas or major lacerations
with associated injury to the ampulla of Vater, Grade V
massive disruption of the pancreatic head. The lesions
involving the pancreatic head have a mortality rate
almost double (28%) as compared to the tail injuries
(16%), because of the inferior vena cava, inferior
mesenteric vein and portal vein involvement™'%***7,

Moreover, the most important prognostic factor is
the destruction of the pancreatic duct which requires
surgical or endoscopic treatment while the lesions which
do not involve pancreatic duct can be treated by con-
servative treatment™®'”), The rupture of the pancreatic
duct is reported to be poorly detectable with CT, even if
parenchymal laceration affecting more than 50% of the
thickness of the gland are associated with high risk of
pancreatic duct damage!®*****,

In fact, the main limitations of CT reported in the
medical literature are represented by a low accuracy
in detecting major ductal lesions which is reported to
be about 43% and the underestimation of pancreatic
injuries, especially in the first 12 h after the traumatic
event. For this reason, a second CT examination is
required within 24-48 h after admission in suspected
pancreatic lesions in case of negative first CT™*",

In fact, in patients with suspected pancreatic duct
lesion magnetic resonance cholangiopancreatography
(MRCP) or endoscopic retrograde colangiopancrea-
tography (ERCP) are strongly suggested. The MRCP
represents the gold standard in this cases and it is
reported to have diagnostic accuracy of 100% for evalu-
ating to evaluate pancreatic duct damage'®. However,
ERCP allows direct imaging guided treatments. In fact,
ERCP can guide surgical repair or can be used for stent
placement. Many studies showed that mild pancreatic
duct injuries may be treated with stent placement rather
than surgical repairt*®>%*24,

In our series, CT detected a ductal injury in 75%
of cases. This value seems to be higher than the one
reported in the literature; however, further studies in
this field with a larger number of enrolled patients are
required in order to confirm this data.

Our study presents some limitations represented by
the limited number of patient with pancreatic injuries
and the related impossibility to apply statistical tests
to evaluate our data; the absence of repeated CT
examinations in our series in case of negative first CT
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examination; the absence of MRI or ERCP evaluation in
patient treated with conservative approach confirming
pancreatic duct integrity; the lack of an inter-observer
agreement evaluation; the retrospective type of the
study and the lack of morbidity or mortality data in the
current series.

In conclusion, CT represents an accurate imaging
tool for recognizing direct and indirect signs of pan-
creatic trauma and provides useful information to plan
therapeutic approach. Among the specific signs, the
presence of fluid between the splenic vein and the
pancreas represents the most common CT finding
suggesting pancreatic injury and the potential of CT for
detecting ductal lesions have improved as compared to
previous studies, with a 75% detection rate.
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