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ABROGATION OF FLUID SUPPRESSION IN INTRACRANIAL
POST-CONTRAST FLUID-ATTENUATED INVERSION RECOVERY
MR IMAGING: A CLINICAL AND PHANTOM STUDY

PETER J. DICKINSON1, SARAH. JONES-WOODS!, DEREK D. CISSELL?
1Department of Surgical and Radiological Sciences, School of Veterinary Medicine, University of
California, Davis.

Abstract

Post-contrast, fluid—attenuated inversion recovery (PC-T2 FLAIR) sequences are reported to be of
variable value in veterinary and human neuroimaging. The source of hyperintensity in PC-T2
FLAIR images is inconsistently reported and has implications for the significance of imaging
findings. We hypothesized that the main source of increased signal intensity in PC-T2 FLAIR
images would be due to gadolinium leakage into adjacent fluid, and that the resulting gadolinium-
induced T1 shortening causes reappearance of fluid hyperintensity, previously nulled on pre-
contrast FLAIR images.

A retrospective descriptive study was carried out comparing T2 weighted (T2W), pre and post-
contrasted T1 weighted (T1W) and pre and post-contrast weighted T2 FLAIR images in a variety
of intracranial diseases in dogs and cats. A prospective phantom /n vitro study was also done to
compare the relative effects of gadolinium concentration on T2W, T1W and FLAIR images. A
majority of hyperintensities on PC-T2 FLAIR images that were not present on pre-contrast FLAIR
images were also present on pre-contrast T2W images, and were consistent with normal or
pathological fluid filled structures. Phantom imaging demonstrated increased sensitivity of FLAIR
sequences to low concentrations of gadolinium compared to T1W sequences.

Apparent contrast enhancement on PC-T2FLAIR images often reflects leakage of gadolinium
across normal or pathology specific barriers into fluid—filled structures, and hyperintensity may
therefore represent normal fluid structures as well as pathological tissues. PC-T2FLAIR images
may provide insight into integrity of biological structures such as the ependymal and subarachnoid
barriers that may be relevant to progression of disease.

Correspondence: Peter J. Dickinson, Department of Surgical and Radiological Sciences, School of Veterinary Medicine, University
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Introduction

Fluid-attenuated inversion recovery (FLAIR) sequences have been used to increase
conspicuity of T2 hyperintense lesions in the vicinity of T2 hyperintense free fluid with
minimal cellular or protein content, such as cerebrospinal fluid (CSF). Suppression of signal
from water and normal CSF is achieved using a 1809 radiofrequency pulse to invert the
equilibrium magnetization vector (NMV) followed by a 90° excitation pulse applied at a
specific time from inversion (TI). The Tl is set to correspond to the specific moment at
which normal CSF has recovered from negative longitudinal magnetization to zero
longitudinal magnetization (Fig 1). As there is no longitudinal magnetization of CSF at the
time of the 900 excitation pulse, no transverse magnetization is induced following excitation,
effectively nulling signal associated with water/CSF.

Post-contrast T2 FLAIR (PC-T2FLAIR) imaging sequences have been investigated in a
variety of intracranial pathologies with the goal of increasing diagnostic sensitivity. The
diagnostic value of PC-T2FLAIR has been variably reported in both veterinary,- 2 and
human studies,3~ with its use in meningeal based disease commonly reported as beneficial.
6-8 The mechanism for increased signal intensity on PC-T2FLAIR images is variably
reported and includes mild T1 effects (in the heavily T2 weighted images), increased T1
contrast due to the use of inversion recovery (IR) sequences, magnetization transfer effects
and delayed enhancement.5 However, FLAIR imaging appears to have a high sensitivity to
changes in the T1 relaxation time of CSF,° and contamination of CSF (or other fluids) with
blood, protein or gadolinium contrast agents can alter longitudinal relaxation rates (T1)
resulting in incomplete suppression of fluid signal causing hyperintensity on PC-T2FLAIR
images.3 9-14

We hypothesized that a large component of the signal hyperintensity seen on PC-T2FLAIR
images of intracranial disease is due to gadolinium induced, local abrogation of fluid
suppression and “reappearance” of hyperintensity observed on T2W images, but nulled on
pre-contrast FLAIR images. Objectives of the study were: 1) to retrospectively review PC-
T2FLAIR images that were acquired in selected cases where disease was closely associated
with fluid filled structures such as ventricles or subarachnoid spaces and to assess PC-
T2FLAIR hyperintensities and their correlation with lesions on post-contrast T1W,
precontrast T2W, and precontrast T2 FLAIR images, 2) to determine the sensitivity of T1W,
T2W and T2FLAIR imaging sequences to the effects of gadolinium using an in vitro
phantom model.
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Clinical patients

Clinical cases from dogs and cats undergoing MRI for intracranial disease between October
2014 and January 2017 were selected for a retrospective, descriptive study based on the
presence of differences in pre and post-contrast FLAIR imaging findings. Images were
acquired using a 1.5T MRI system (GE Signa, GE Healthcare, Waukesha, WI). Decisions to
acquire post-contrast FLAIR images were at the discretion of the neurologist or radiologist
for individual patients, and included cases where disease was closely associated with fluid
filled structures such as ventricles or subarachnoid spaces. Data recorded included, species,
body weight, anesthesia protocols and MRI sequences and sequence parameters. Images
were reviewed by all authors using eFilmWorkstation® 3.3 (Merge Healthcare, Hartland,
WI) and NEC MD21GS-3MP-CB medical diagnostic monitors (NEC Display Solutions,
Itasca, I1l) and descriptive data were defined by consensus. The primary inclusion criterion
was the presence of hyperintensity on post-contrast FLAIR images that was not present on
pre-contrast FLAIR images. Subsequent assessment of images included determination of
localization of new post-contrast FLAIR hyperintensities with reference to post-contrast T1
weighted image hyperintensity and pre-contrast T2 weighted image hyperintensity. Location
of post-contrast FLAIR hyperintensity with respect to fluid filled structures as defined by T2
weighted and pre-contrast FLAIR images was also noted.

Phantom study

A prospective /n vitro phantom study was done to assess the effect of different tissue
compositions and gadolinium concentrations on MRI signal intensity. Three different
materials and eleven different gadolinium concentrations were assessed in a full factorial
experimental design as outlined in Table 2. Materials consisted of ultrapure, deionized water
(upH20; Milli-Q®, EMD Millpore, Billerica, MA), upH,0 plus 2.4 g/dL bovine serum
albumin (Sigma-Aldrich, St. Louis, MO), and 2% w/v agarose (Sigma-Aldrich) dissolved in
upH,0. Serial 1:1 and 1:2 dilutions dilutions of gadopentetate dimeglumine (GPDM;
Magnevist, Bayer, Berlin) were prepared in each material to achieve final concentrations
from 0.008 — 20.0 mM (Table 2). GPDM dilutions in agarose were prepared at ~60°C and
thoroughly mixed. All spaces between and around the wells of two standard 24-well tissue
culture plates were filled with blank 2% agarose solution and allowed to gel to reduce
magnetic susceptibility inhomogeneity. GPDM dilutions in 2% agarose were then added to
the 24-well plate and allowed to gel. Finally, aliquots of each GPDM dilution in upH,O or
upH,0 plus albumin were added to the well plates. Samples of each material without added
GPDM were also added to both well plates. The two well plates were stacked and centered
in a brain radiofrequency (RF) coil, and the well plates and RF coil advanced to isocenter of
a 1.5T MRI system (GE Signa). T1W, T2W and T2-weighted FLAIR images of the well
plates were obtained with pulse sequence details as outlined in Table 3. All images were
acquired with 3.0 mm slice thickness, 15.0 cm field of view, and 320 x 224 matrix, and 0.7x
phase field of view.

Images were qualitatively assessed (DDC) using image viewing software (Osirix v. 5.5.2,
Pixmeo, Geneva, Switzerland), and signal intensities were measured using data analysis
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software (MATLAB R2016a, MathWorks, Natick, MA) with a custom program created by
one of the authors (DDC). Although qualitative and quantitative assessments were
performed without a priori knowledge of the material concentration in each well, differences
among materials and GPDM concentrations were obvious; thus, we attempted to minimize
operator influence on quantitative measurements. After user-defined identification of the
center of the corner wells of each well plate, the custom MATLAB program automatically
created a 4 x 6 matrix of circular regions of interest (ROI’s) with radius of 6 pixels (2.8 mm)
for each ROI. The program calculated the spacing between wells given the corner well
locations and the matrix size. The matrix of ROI’s was plotted on the original DICOM
image and visually assessed to ensure that each ROI contained only the material of interest
in the interior of the well without including the well plate walls or the agarose between the
wells. The program then calculated the mean signal intensity for each ROI. Mean signal
intensity values were plotted against GPDM concentration for each material and pulse
sequence without normalization or subtracting background noise.

Clinical cases

Eighteen cases were reviewed and included 16 dogs with a weight range of 3.4 to 36.1kg
and 2 cats with a weight range of 3.2-5.1kg. All imaging was performed under general
anesthesia with supplemental oxygen in all cases and propofol continuous rate infusion in 9
dogs. Gaseous anesthesia with either isoflurane or sevoflurane was used in the remaining
animals.

Images were acquired using a variety of radiofrequency/receiver coils depending on body
weight and conformation. Specific imaging sequences consisted of noncontiguous 3.0mm
thickness transverse slices with a 0.3mm interslice gap. Specific pulse sequence parameters
are detailed in Table 1. Post-contrast images were acquired with T1 weighting followed by
FLAIR imaging after administration of 0.1mmol/kg gadopentatate dimeglumine
(0.5mmol/mL) (Magnevist®, Bayer HealthCare, Whippany, NJ).

Histopathological or cytological diagnosis was available for 13 cases. Specific diagnoses
were: 7 cases of intracranial neoplasia (2 meningiomas, 2 glioblastomas, 1
oligodendroglioma, 2 lymphomas); 5 cases of infectious disease (3 bacterial meningitis/
encephalitis, 1 feline infectious peritonitis, 1 bacterial otitis media/interna); 1 case of
primary inflammatory disease (pachymeningitis). Cases with presumed diagnoses were 1
intraventricular mass (presumed choroid plexus tumor), 1 cerebello-pontine mass (presumed
meningioma/histiocytic sarcoma), 2 presumed cases of meningoencephalitis of unknown
origin. 1 case had no observable MRI abnormalities other than abrogation of fluid
suppression secondary to a metallic susceptibility artefact.

Seventeen dogs had hyperintensity on PC-T2FLAIR that was not present on pre-contrast
T2FLAIR images. One dog exhibited pre-contrast T2FLAIR hyperintensity within a lateral
ventricle associated with magnetic field inhomogeneity due to a metal spring in the
endotracheal tube cuff (Fig 8). In this dog, the hyperintensity was absent from repeat
T2FLAIR images following removal of the spring. In all 18 dogs, the hyperintensity
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observed on T2FLAIR / PC-T2FLAIR images also appeared hyperintense on pre-contrast
T2W images.

Contrast enhancement was observed associated with the choroid plexus in 16 of 17 dogs for
which T2FLAIR images were obtained after IV gadolinium contrast administration. PC-
T2FLAIR enhancement was observed associated with the choroid plexus in the lateral
ventricles (14 dogs), fourth ventricle (13 dogs), and/or third ventricle (3 dogs). In one dog,
the choroid plexus was completely obscured by extensive intraventricular pathology. PC-
T2FLAIR hyperintensity was observed in the ventricular system of 13 dogs; in all 13 dogs,
fluid signal in the ventricles nulled on pre-contrast T2FLAIR images. Ventricular contrast
enhancement was observed in the lateral ventricles (5 dogs), third ventricle (3 dogs), and/or
fourth ventricle (6 dogs). Two dogs exhibited hyperintensity in the mesencephalic aqueduct
and 2 dogs exhibited contrast enhancement of the pineal recess of the third ventricle without
other ventricular hyperintensity on PC-T2FLAIR images.

Hyperintensity involving the subarachnoid space/meninges was observed on PC-T2FLAIR
that was not present on pre-contrast T2FLAIR images in 13 dogs; hyperintensity was present
around the cerebrum (7 dogs), cerebellum (2 dogs), midbrain or brainstem (8 dogs), and/or
around the cervical spinal cord (5 dogs). PC-T2FLAIR hyperintensity was associated with
“cystic” appearing accumulations of fluid in 5 dogs (Fig 5). Four dogs had intratumoral fluid
accumulations and one dog had a parenchymal fluid accumulation that nulled on pre-
contrast T2FLAIR and appeared hyperintense on PC-T2FLAIR. PC-T2FLAIR
hyperintensity was also observed within non fluid portions of masses (defined by absence of
suppression on T2FLAIR sequences) (3 dogs), brain parenchyma (1 dog), and the cochlea
and tympanic bulla (1 dog).

Fifteen of 17 dogs had new or different patterns of contrast enhancement on PC-T2FLAIR
images compared to post-contrast TIW images. New regions of contrast enhancement were
associated with the ventricles in 9 dogs, with the subarachnoid space/meninges in 5 dogs,
and with tumor or parenchymal fluid pockets in 4 dogs. Two dogs had a leptomeningeal
pattern of contrast enhancement on PCT2-FLAIR images (following the anatomy of the
sulci), with a pachymeningeal pattern of contrast enhancement on post-contrast T1W
images. Contrast enhancement at the same location was noted to be more conspicuous on
PCT2-FLAIR images compared to T1W images in the subarachnoid space/meninges, the
solid portion of a mass, and the cochlea plus tympanic bulla of one dog each.

Phantom Data Results

The effect of GPDM concentration ((GPDM]) on qualitative appearance of upH»0, upH,0
plus 2.4 g/dL albumin, and 2% agarose are depicted in Figure 2 and signal intensity
measurements for water and agarose are presented in Figure 3. In the absence of GPDM, all
three materials appeared hypointense on T1W and FLAIR images. Increasing [GPDM]
induced increased signal intensity on T1W and FLAIR images, with peak signal intensity
occurring at 2.22 mM on T1W images and at 0.278 mM for FLAIR images. upH»0, upH,0
plus 2.4 g/dL albumin, and 2% agarose all remained hyperintense relative to baseline on
T1W images for [GPDM] up to 20.0 mM. Signal intensity decreased below baseline on
FLAIR images for [GPDM] greater than 2.22 mM. On T2W images, signal intensity
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increased slightly up to [GPDM] of 0.278 mM, but decreased below baseline with further
added GPDM. The peak signal intensity of upH,O plus albumin was slightly lower than
upH,0 on FLAIR and T1W images, but their signal intensities were nearly identical for
GPDM < 0.139mM (FLAIR) and GPDM < 1.11mM (T1W).

Discussion

The reported cases and phantom data presented demonstrate increased sensitivity of T2
weighted FLAIR imaging to the paramagnetic effects of gadolinium in the context of free
fluid. “New” lesions (not present on pre-contrast FLAIR or post-contrast TIW images) on
PC-T2FLAIR images primarily result from abrogation of fluid signal suppression due to
gadolinium leakage into fluid filled structures that initially appear hypointense on pre-
contrast T2FLAIR images, rather than additional pathological lesions. As such, PC-
T2FLAIR hyperintensities involving anatomical fluid filled structures may have biological
implications for the integrity of physiological barriers within the central nervous system.

Although gadolinium induced shortening of tissues’ T1 relaxation times underlies the
hyperintensity observed on both standard T1W and T2FLAIR images, the mechanism differs
between the two different pulse sequences. On T1W images, shortening of T1 relaxation
times in the presence of GPDM increases signal intensity due to increased longitudinal
recovery. In the case of T2FLAIR images, shortening the T1 relaxation time of CSF via
addition of GPDM results in longitudinal magnetization greater than zero at the specific
T2FLAIR sequence inversion time resulting in abrogation of fluid signal suppression and
“reappearance” of fluid hyperintensity. (Figs 1-3). Differences in T1 relaxation times have
the potential to alter tissue signal intensities, even on heavily T2 weighted FLAIR
images!®~19 such as T2FLAIR. This behavior was observed on 7 vitro T2W images in the
current study (Figs 2, 3) but is generally not easily discernable qualitatively in the clinical
setting on T2W images.17-20

In addition to shortening T1 relaxation time, gadolinium also shortens T2 relaxation times.
This effect results in decreasing signal intensity that dominates image characteristics only at
high concentrations of GPDM,> 20 as seen in the /n vitro study (Figs 2,3). In the clinical
setting “masking” of signal due to T2 shortening effects is not likely with standard
gadolinium doses.18 A standard 0.1mmol/kg GDPM dose would result in a plasma
concentration of <2.22mM and a tissue concentration likely well below this. At these levels
in vitro, there was no decrease in T1 signal intensity, and intensity on FLAIR imaging /in
vitrowas still increased compared to baseline (Figs 2,3).

The localization of PC-T2FLAIR hyperintensities in fluid filled structures in the current case
series agrees with the abrogation of fluid suppression mechanism and with similar
previously reported data (Figs 4—7).3 914 Previous veterinary studies, and many human
studies do not provide correlative T2W imaging data, although Kubota et a#! correlated
level of T2 signal with PC-T2FLAIR lesions, and similar to our findings, Merhof et al®
noted that “new” lesions were visible on T2W images. The discrepancy between pre and
post-contrast FLAIR images noted in one veterinary study? are also compatible with the
reappearance of previously nulled fluid signal.

Vet Radiol Ultrasound. Author manuscript; available in PMC 2020 September 09.
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Consistent with the increased sensitivity to the presence of low concentrations of gadolinium
with T2FLAIR compared to T1weighted sequences (Figs 2,3)* > 9 13 we did not see
enhancement of CSF on T1W post-contrast images in cases where PC-T2FLAIR findings
were present, and when CSF could be clearly defined as separate from the primary
pathology (e.g. in ventricles distant from T1C enhancing primary disease).(Fig 4)
Gadolinium has been documented in the CSF of normal and pathological dog brains and in
humans following standard doses (~0.1mmol/kg),% 22: 23 and contrast enhancement of
subarachnoid, ventricular and cystic fluids on T1W images has been sporadically reported.
23-28 The concentration of gadolinium observed in the CSF of a normal dog (0.007 mM)
following standard dosage? is below the concentration of gadolinium causing increased
signal intensity on either TIW or T2FLAIR images in our /n vitro study, and enhancement
of CSF on T1W imaging is generally only seen with extended time delays (beyond standard
imaging times) or with elevated gadolinium dosage.?: 22

Many studies report a benefit from PC-T2FLAIR imaging with superficial or meningeal
based disease, or disease close to fluid filled structures,3: 5 29-31 |ikely due to abrogation of
fluid suppression in the subarachnoid space or other fluids as has been shown specifically
for ischemic injury.12: 13 Limited resolution of meningeal vs subarachnoid location of signal
precludes this conclusion definitively in all cases in the current study (e.g. Figs 6, 7),
although more easily defined location of signal in the ventricular CSF provides strong
evidence for this mechanism. This is particularly true when PC-T2FLAIR “lesions” extend
down the ventricular system away from the primary lesion location (Fig 4).

Hyperintensity of choroid plexus was a consistent finding on PC-T2FLAIR in this study and
has been reported previously in humans.* 32 Location of choroid plexus within the fluid
space of the ventricles makes assessment of its “fluid-associated/T2 hyperintense” MR
characteristics difficult. Normal leakage of gadolinium across the choroid plexus
endothelium into the high fluid content plasma ultrafiltrate within the stroma could provide a
mechanism for the PC-T2FLAIR hyperintensity observed.

Leakage of gadolinium into fluid compartments via compromised anatomical and
physiological barriers within the CNS, has implications for pathobiology in a variety of
disease conditions, in addition to simple definition of neuroanatomical localization. Post-
gadolinium CSF “enhancement” on FLAIR imaging has been proposed as an early, sensitive
predictor of blood-brain barrier disruption in ischemic injury,12- 13. 33 and has been termed
the “Hyperintense Acute Reperfusion Marker” (HARM). The hyperintensity has been shown
to be the result of gadolinium leakage into the CSF rather than parenchymal enhancement,
12,13 and has potential implications for prognosis. PC-T2FLAIR defined involvement of
multiple ventricular compartments demonstrated for both infectious/inflammatory disease
and particularly with neoplastic disease in the current study suggests the potential for disease
extension beyond compromised physiological barriers. Similarly, iatrogenic compromise of
meningeal barriers secondary to intracranial surgical procedures has potential implications
for local disease extension. Post-surgical contrast enhancement of meninges on T1W images
is a common finding in humans and dogs,3* and PC-T2FLAIR signal associated with this
transient T1W post-contrast enhancement of meninges was seen in this series (Fig 7) and
has also been reported previously.3 Nulling of endoperilymphatic fluid of the inner ear is
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seen on FLAIR imaging similar to that of CSF, and PC-T2FLAIR imaging has been shown
to have increased sensitivity to breakdown of the blood-labyrinthine barrier compared to
T1W post-contrast imaging.3>-37 The positive PC-T2FLAIR findings unilaterally,
(consistent with clinical signs) was informative in the case of otitis media/interna when
disease was present in both middle ear cavities (Fig 6).

Several confounding factors were present in the current study. Assessing sensitivity of PC-
T2FLAIR images compared to other sequences was not the goal of this study, and bias in
case selection was large. Sequence acquisition order was not randomized, and all PC-
T2FLAIR images were acquired after post-contrast TIW images. Delayed enhancement is
well documented on standard T1W sequences®: 22: 23. 38-40 and also potentially on sequences
with long TR®: 18 however this would be unlikely to alter conclusions relating to spatial
location of PC-T2FLAIR hyperintensities. Anesthesia related hyperintensity of CSF on
FLAIR imaging has also been reported associated with supplemental oxygen and propofol,
41,42 \which were used in a majority of the current cases, however effects should have been
present on both pre and post-contrast FLAIR images. Similarly, ghosting artefacts from CSF
flow would also be expected to be present in pre and post-contrast images. We did recognize
an artefactual increase in CSF signal on precontrat FLAIR images in one case (Fig 8) where
local magnetic field inhomogeneity associated with a metal endotracheal cuff spring resulted
in spatially-varying incomplete inversion of longitudinal magnetization and abrogation of
fluid signal suppression.*3 In this case CSF hyperintensity was not present in post-contrast
FLAIR images once the ferromagnetic material was removed.

The data presented are supportive of a mechanism for PC-T2FLAIR hyperintensity based on
abrogation of fluid nulling following leakage of gadolinium into accumulations of free fluid
adjacent to primary disease. This is consistent with the majority of reports where benefits of
PC-T2FLAIR imaging are seen in meningeal, superficial, or fluid associated lesions and
where “new” lesions are correlated with precontrast T2 hyperintensity. We suggest that the
value of PC-T2FLAIR imaging should not be judged solely on the basis of sensitivity to
“additional lesions”, since presence of PC-T2FLAIR signal may have additional
implications to T1W post-contrast signal in the same general location with respect to
integrity of physiological barriers. Future studies may investigate whether breakdown of
ependymal barriers, implicated by PC-T2FLAIR ventricular CSF signal, is correlated with a
higher incidence of intraventricular metastasis for tumors adjacent to ventricular structures,
or whether increased sensitivity of inversion sequences may improve delineation of subtle
disease involving vestibular/cochlear structures or intradural segments of cranial and
peripheral nerve roots.
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Fig 1.

Evolution of longitudinal magnetization (M) for different tissues without (dark gray

Page 12

arrows) and with added gadolinium (light gray arrows) between the inversion pulse and

excitation pulse of a typical fluid attenuating inversion recovery pulse sequence. The

magnitude of My at the time of excitation determines the maximum possible signal intensity
of a tissue in the resulting image. A 180° inversion pulse flips the equilibrium Mz from
positive to negative, and then Mz recovers for each tissue according to their T1 relaxation
times. Short to intermediate T1 relaxation times result in negligible gain in Mz for fat (solid

oval) and a small gain of Mz for brain gray matter (dotted oval). In the absence of

gadolinium, Mz of normal cerebrospinal fluid (CSF) reaches the null point at the inversion
time and contributes zero signal to the image. Addition of gadolinium to CSF causes Mz to
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cross the null point prior to the inversion time, resulting in positive M7 that contributes
signal to the image (dashed circles). RF = radiofrequency.
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Fig 2.

Efgfect of gadopentetate dimeglumine (GPDM) concentration on the qualitative appearance
of water (Water), water + 2.4 g/dL bovine serum albumin (Albumin), and 2% w/v agarose
(Agarose) on T1-weighted (T1W), T2-weighted (T2W), and T2-weighted fluid attenuating
inversion recovery (PC-T2FLAIR) images. Conspicuous contrast enhancement of water is
observed at lower gadolinium concentrations on FLAIR images than on T1W images, but
signal intensity decreases on T2W and FLAIR images at concentration of gadolinium (>0.28
mM). All images are displayed with window width = 2000 and window level = 1000.
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Fig 3.

Signal intensity of water (A) and 2% agarose (B) as a function of gadopentetate
dimeglumine (GPDM) concentration for T1-weighted (T1W), T2-weighted (T2W), and T2-
weighted fluid attenuating inversion recovery (FLAIR) images. Signal intensity of water
peaks at lower concentrations of GPDM on FLAIR images than on T1W images. Agarose
exhibits a modest (3.3x) peak increase in signal intensity on FLAIR images compared to the
marked (7.4x) increase in signal intensity apparent on T1W images.
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Fig 4.

Pg-T2FLAIR hyperintensity involving ventricular structures distant to primary lesions. A-E
and J-N (T1W, T1W + contrast, T2W, FLAIR and FLAIR + contrast images) (F, H, O, Q
pre-contrast FLAIR, G, I, P, R post-contrast FLAIR). PC-T2FLAIR hyperintensity (E,
arrow) is present involving the lateral ventricle contralateral to an oligodendroglioma
impinging on the opposite ventricle. Hyperintensity is also seen involving the 3" ventricle
(G), 4t ventricle and adjacent subarachnoid space (H) distal to the tumor (arrowheads). PC-
T2FLAIR hyperintensity associated with an extraaxial caudal fossa mass (N, arrowhead) is
also present involving the 3 ventricle (P, arrowhead) and C1 spinal cord subarachnoid
space (R, arrowhead), also distant from the primary lesion. PC-T2FLAIR hyperintensities
localize spatially with T2 hyperintensities that are suppressed on pre-contrast FLAIR
imaging.
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Fig5.

Cagudal fossa glioblastoma (A), meningioma (B) and lymphoma (C). Hyperintensity
associated with intratumoral fluid accumulations present on T2W images (arrowheads, A, B)
is suppressed on FLAIR images and reappears on PC-T2FLAIR images due to loss of fluid
signal suppression. Leptomeningeal infiltration by lymphoma (C) with associated
delineation of sulcal subarachnoid CSF on PC-T2FLAIR images (C, arrowheads) is more
extensive than on T1W post-contrast images.
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Fig 6.

Bz?cterial meningoencephalitis (A, B), bacterial otitis media-interna (C) and
meningoencephalitis of undetermined origin (presumed immune—mediated) (D). PC-
T2FLAIR hyperintensities (arrowheads) not associated with T1W post-contrast signal can be
seen associated with both ventricular (A) and subarachnoid (B) structures, and correlating
with T2W hyperintensities that are suppressed on FLAIR images. Abrogation of
labyrinthine fluid suppression in the cochlea on the right side (C, arrowhead) correlated with
clinical signs of vestibular dysfunction in a cat with bilateral disease. Asymmetrical
enhancement of the cochlea on T1C images is present though less conspicuous. Loss of fluid
suppression on PC-T2FLAIR images with no associated post-contrast T1W signal (D,
arrowhead) is present in a dog with inflammatory CSF, and correlates with T2W
hyperintensity.
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Fig 7.

Pogst-operative, PC-T2FLAIR hyperintensity associated with the local subarachnoid spaces
following removal of an olfactory/frontal lobe meningioma. Pre-surgery transverse T1W
post-contrast image (A), post-surgery TIW (B), T1W post-contrast (C), T2W (D), FLAIR
(E) and PC-T2FLAIR (F) images. While post-surgery T1W post-contrast and PC-T2FLAIR
hyperintensity localizations on the side of the surgery essentially overlap, PC-T2FLAIR
hyperintensities most consistently recapitulate T2W signal. In contrast, abrogation of
subarachnoid fluid suppression is minimal in the contralateral frontal cortex.
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Fig 8.

Tlgw (A), T2W (B), FLAIR (C, D) images all acquired pre-contrast administration.
Regional loss of suppression of CSF signal from the temporal horn of the lateral ventricle
(C) has occurred secondary to local field inhomogeneity due to the presence of a metallic
endotracheal cuff spring (arrow heads). Suppression is reestablished following removal of
the metallic spring (D).
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Table 1

Clinical Patient MRI Sequence Parameters

Sequence parameter TiW T2W T2FLAIR

Repetition time (ms) 516.6-1050 5000 8002

Echo time (ms) 8.9-16.92 97.7-104.6  120.9-125.82

Inversion time (ms) - - 2000

Number of excitations 4 3 2

Echo train length 3 23 1
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Factors and Levels Tested During /n vitro Evaluation of Tissue Composition and Gadopentetate Concentration

on Signal Intensity

Table 2

Factor

Levels

Tissue

Gadopentetate concentration (mM)

Ultrapure water
Water + 2.4g/dL albumin
2% w/v agarose

0, 0.008, 0.023, 0.069, 0.139, 0.278. 0.556, 1.11, 2.22, 6.67, 20.0
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Table 3

Pulse Sequence Parameters for in vitro MRI Experiments

Sequenceparameter TIW T2W FLAIR
Repetition time (ms) 400 4000 8002
Echo time (ms) 115 1269 12338
Inversion time (ms) - - 1800
Number of excitations 4 4 1

Echo train length 3 23 1

Vet Radiol Ultrasound. Author manuscript; available in PMC 2020 September 09.

Page 23



	Abstract
	Introduction
	Methods
	Clinical patients
	Phantom study

	Results
	Clinical cases
	Phantom Data Results

	Discussion
	References
	Fig 1.
	Fig 2.
	Fig 3.
	Fig 4.
	Fig 5.
	Fig 6.
	Fig 7.
	Fig 8.
	Table 1
	Table 2
	Table 3



