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Comparison of Fluid-attenuated Inversion-recovery MR
Imaging with CT in a Simulated Model of Acute
Subarachnoid Hemorrhage
Kyo Noguchi, Hikaru Seto, Yuichi Kamisaki, Gakuto Tomizawa, Shinichiro Toyoshima, and Naoto Watanabe

BACKGROUND AND PURPOSE: Because MR imaging is becoming integral to the evaluation and treatment of very early stroke, it is critical to prove that MR imaging is at least as
sensitive to acute subarachnoid hemorrhage (SAH) as is CT. The present study was conducted
to evaluate the possibility of detecting a small amount of acute SAH diluted by CSF not revealed
by CT but identified on fluid-attenuated inversion-recovery (FLAIR) MR images in an in vitro
study.
METHODS: Acute SAH was simulated with mixtures of artificial CSF and arterial blood
(hematocrit [Hct], 45%) ranging from 0% to 100% by volume. We scanned these phantoms
with CT and turbo-FLAIR MR imaging (9000/119 [TR/effective TE]; inversion time, 2200 ms;
echo train length, 7), and we measured T1 and T2 relaxation times of these phantoms at
temperatures within 368 C to 378 C. Plots of CT value from the different blood/water mixture
ratios versus Hct were generated and correlated with the average CT value from normal cortex.
We measured T1 and T2 relaxation times of these phantoms and normal cortex and generated
T2 relaxation curves as a function of effective TE for a specific inversion time (2200), and
determined the TR (9000) for the turbo-FLAIR sequence by using a theoretical equation for
the turbo inversion recovery signal intensity.
RESULTS: Above a Hct of 27% blood, the mixture was denser on CT scans than was the
normal cortex. At a selected time longer than an effective TE of 120, above a Hct of 22.4%
blood, the mixture was more hyperintense than the normal cortex on turbo-FLAIR images. At
selected times longer than an effective TE of 160, above a Hct of 9% blood, the mixture was
more hyperintense than was the normal cortex.
CONCLUSION: FLAIR imaging is more sensitive than CT in the detection of a small
amount of acute SAH diluted by CSF at selected appropriate TE, as determined in an in
vitro study.
CT is central to assessing acute subarachnoid
hemorrhage (SAH) and has generally replaced
lumbar puncture for this purpose (1). CT scanning,
however, is unreliable for detecting subarachnoid
blood produced by a minor leak (2, 3). If the minor leak is unrecognized and a subsequent major
rupture occurs, the SAH is more severe, and the
clinical condition of the patient becomes more
precarious.

Emergency evaluation of acute stroke must be
conducted very quickly. Because MR imaging is
becoming integral to the evaluation and treatment
of very early infarction, it is critical to prove that
MR imaging is at least as sensitive to acute SAH
as CT is. It is generally accepted, however, that
acute SAH is difficult to detect with conventional
MR imaging (4–6). Several recent studies have reported that fluid-attenuated inversion-recovery
(FLAIR) or turbo-FLAIR imaging reliably provides
diagnostic images of acute or subacute SAH (7–
11).
The present study was conducted to evaluate the
possibility of detecting a small amount of acute
SAH diluted by CSF not revealed by CT with
FLAIR imaging in an in vitro study. If minor leaks
are not revealed by CT, but are diagnosed after using FLAIR or turbo-FLAIR imaging before a major
rupture, it is likely that future stroke evaluation will
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FIG 1. CSF (Hct, 0%) and each simulated SAH (ranging from Hct 4.5% to 45%).
A, CT scan.
B, Turbo-FLAIR image (9000/119 [TR/effective TE]; inversion time, 2200 ms).

be performed entirely by MR imaging rather than
by CT.
Methods
Phantom Study
Volume mixtures of arterial blood (hematocrit [Hct], 45%;
hemoglobin, 14.8 mg/dL) from healthy volunteers and artificial
CSF ranged from 0% blood (100% water) to 100% blood
(whole blood) (Fig 1). The artificial CSF was prepared according to the method described by Oka et al (12). Heparinization of the blood was performed to maintain it in solution.
Eleven different solutions were generated and placed in standard plastic syringes (diameter, 2.5 cm; volume, 30 mL), and
these plastic syringes were placed in a larger plastic syringe
filled with normal saline (17-cm cube; volume, approximately
4900 mL). The larger syringe was wrapped in towels to maintain the phantom temperature.
Preliminary results indicated that, if the routine turboFLAIR parameters (inversion time, 2200 ms; TR, 9000 ms)
were used, with pure phantom water at room temperature (approximately 248C), signal intensity was not nulled. We attributed this to the fact that T1 relaxation time of water is
temperature-dependent (13, 14) (ie, the null point of the water
is temperature-dependent). Therefore, these phantoms were
heated and maintained at 378 C and were scanned with CT
and turbo-FLAIR imaging. The T1 and T2 relaxation times
of these phantoms were measured at temperatures within 368
C to 378 C.
MR imaging was performed on a 1.5-T superconducting
unit. MR images of the phantom were obtained with a standard
head coil. The turbo-FLAIR examination was performed at
9000/119 (TR/effective TE), with a TI of 2200 ms and an echo
train length of 7. Six multiple spin-echo images with TRs
equal to 250, 500, 750, 1000, 2000, and 3000 and a TE of 14
were acquired for the T1 relaxation time calculations. Images
used for T2 relaxation time calculations were acquired using
the Carr-Purcell spin-echo technique (TR, 5000; 16 multiple
TE, #800). Instrumental parameters included a 23-cm field of
view, a 144 3 256 matrix, and a 10-mm section thickness.
One excitation was acquired.
Turbo-FLAIR signal intensity measurements and T1 or T2
relaxation time calculations were made from circular regions
of interest (ROI) with a fixed 1.5-cm diameter. These relaxation time calculations were performed using standard software.
CT examinations were performed at 10-mm section thickness in the phantom study, using a 900S scanner. The interval
between the linked CT and MR examinations was less than 3
hours. CT values (Hounsfield units [HU]) were made from
circular ROI with a fixed 1.5-cm diameter.
Human Study
T1 and T2 measurements were obtained from the eight
healthy volunteers (age range, 26–65 years; average age, 52

years). ROIs (1.5-cm diameter circle) were placed in the cortical gray matter (including white matter) locations, and T1
and T2 measurements were obtained from those regions. CT
values (in HU) were obtained from the 24 healthy volunteers
(age range, 32–75 years; average age, 55 years). ROIs (1.5-cm
diameter circle) were placed in the cortical gray matter (including white matter) locations, and the CT value in these
regions was measured.
Graph Analysis
Plots of simulated SAH/CSF ratio (ie, the density or signal
intensity of the bloody CSF divided by the density or signal
intensity of normal CSF) from CT scans and turbo-FLAIR images versus Hct were generated. Plots of CT value (in HU)
versus Hct were generated and correlated with the average CT
value from the normal cortical gray matter. The T1 and T2
relaxation times of the phantoms and the normal cortical gray
matter were used for generating T2 relaxation curves as a function of effective TE for a specific inversion time (2200). TR
(9000) was obtained in the turbo-FLAIR sequence by using a
theoretical equation for turbo inversion recovery signal intensity (15).

Results
The SAH/CSF ratio of the turbo-FLAIR images
radically increased with an increase in Hct, reaching the highest SAH/CSF ratio above a Hct of
40.5% blood. The SAH/CSF ratio of the turboFLAIR images versus Hct had a nonlinear relation;
in contrast, the SAH/CSF ratio of the CT versus
Hct had a linear relation (Fig 2).
The CT value gradually increased with an increase in Hct. CT value versus Hct had a linear
relation (Fig 3). The highest CT value was measured at Hct 45% (whole blood) (55 HU) and the
lowest was at 2.4 HU for artificial CSF. Above a
Hct of 27% blood, the mixture was denser on CT
scans than normal cortical gray matter was (average, 34 HU).
The T1 and T2 relaxation times of the mixtures
decreased with increasing blood Hct, ranging from
2860 to 1284 ms (T1 time) and from 1985 to 153
ms (T2 time). Figure 4 illustrates the T2 relaxation
curves of normal cortical gray matter, CSF, and
each simulated SAH as a function of effective TE
for a specific inversion time (2200) and TR (9000)
in a turbo-FLAIR sequence by using a theoretical
equation for turbo-inversion recovery signal intensity. The signal of artificial CSF was reduced in the
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FIG 2.

Plots of simulated SAH:CSF ratio versus Hct (%).

FIG 3. Plots of CT value (in HU) versus Hct (%) and correlation
with the average CT value of the normal cortical gray matter.

turbo-FLAIR T2 relaxation curves. At selected
times longer than an effective TE of 120, above a
Hct of 22.4% blood, the mixture was more hyperintense than was the normal cortical gray matter on
turbo-FLAIR images. At selected times longer than
an effective TE of 160, above a Hct of 9% blood,
the mixture was more hyperintense than was the
normal cortical gray matter.
Discussion
The diagnosis of acute SAH with CT scanning
is highly regarded in clinical practice (1, 16, 17).
CT scanning, however, is unreliable for revealing
the subarachnoid blood produced by a small bleed
(2, 3). The depiction of SAH with CT depends on
the attenuation values of the blood in the CSF spaces, whereas that of MR imaging mainly depends on
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FIG 4. T2 relaxation curves of normal cortical gray matter, CSF
(Hct, 0%), and each simulated SAH (ranging from Hct 4.5% to
45%) as a function of effective TE for a specific inversion time
(2200 ms) and TR (9000) in a turbo-FLAIR sequence by using a
theoretical equation for turbo inversion recovery signal intensity.

the difference of the T1 and T2 relaxation times of
the SAH relative to those of the CSF and brain
parenchyma.
Chakeres and Bryan (18) postulated that MR imaging may be superior to CT for the detection of
SAH based on their in vitro data for CSF-blood
mixtures at lower CSF/blood ratios. Nevertheless,
it is generally accepted that acute SAH is difficult
to detect with conventional MR imaging (4–6). Recently, it was reported that acute SAH could be
clearly shown as an area of high signal intensity on
FLAIR images and that FLAIR imaging is comparable with CT in the detection of acute SAH (7,
8, 10, 11). In addition, these reports have shown
that, in many cases, the extent of the abnormality
was clearly more extensive on the FLAIR images
than on the CT scans (7, 8, 10, 11).
The CT attenuation value of blood is related linearly to Hct and hemoglobin (17). Although CSF
protein concentration also shows a linear relationship with the CT attenuation value, the normal and
pathologic ranges show only a minimal change
(17). Therefore, CT is not sensitive for detecting
pathologic alterations in CSF protein. The pathologic alterations are related predominantly to the
hemoglobin molecule, not to the iron or protein
content. In this study, above a Hct of 27% blood,
the mixture was shown to be denser on CT scans
than was the normal cortex. Our results are almost
the same as those of previous reports (18) and explain why CT often fails to reveal minor leaks; at
low Hct levels, the CT values become progressively less than those of normal cortex, and therefore
leaks are more difficult to see.
The two primary mechanisms for T1 shortening
in intracranial hemorrhages are bound water and
paramagnetic effects (19). Bradley and Schmidt
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(4), in an in vitro study, did not observe the formation of a significant quantity of methemoglobin
until several days after the occurrence of SAH.
Therefore, the T1 shortening of acute SAH relative
to the CSF may reflect the increase in hydrationlayer water due to the higher protein content of the
bloody CSF (19). In our study, T1 relaxation times
for blood were shown to shorten with increasing
Hct (ie, increasing protein concentration). Changes
in CSF T1 and T2 relaxation times resulting from
increases in protein concentration are more conspicuous on FLAIR images than on conventional
T1- and T2-weighted spin-echo MR images (20).
The variable MR appearance of intracranial hemorrhages depends on the structure of the hemoglobin and its various oxidation products. In addition,
the marked T2 shortening due to the deoxy form
of hemoglobin is observed in acute intraparenchymal hemorrhages (21); however, SAH differs from
intraparenchymal hemorrhage in that it is mixed
with CSF at high oxygen tension. Grossman et al
(22, 23) presented in vitro data suggesting that the
high oxygen tension of CSF imposed restrictions
on the generation of paramagnetic deoxyhemoglobin in CSF blood. These investigators proposed
that CSF blood was not seen as an area of marked
hypointensity because of the lack of deoxyhemoglobin formation from diamagnetic oxyhemoglobin.
Hayman et al (24) reported that the signal intensity on T2-weighted images depends primarily on
the state of the RBC hydration, and that sufficient
RBC dehydration causes a marked decrease in T2
relaxation time relative to that of the brain parenchyma. Conversely, sufficient RBC overhydration
or lysis of RBC causes a marked increase. Therefore, it is possible that RBC overhydration, not dehydration, or RBC lysis causes the lack of marked
hypointensity of SAH on T2-weighted images. This
can be explained by the bleeding into the CSF
space and restricted paramagnetic deoxyhemoglobin generation arising from the high oxygen tension
of CSF.
On the FLAIR images, T1 shortening of bloody
CSF due to the higher protein content causes an
offset in the null of the CSF inversion time, resulting in increased signal intensity. Heavy T2
weighting preferentially suppresses signal intensity
from the brain parenchyma compared with bloody
CSF (because the T2 relaxation time of some
bloody CSF is longer than that of the brain parenchyma), thus allowing the signal intensity from
bloody CSF to exceed that of the brain parenchyma. The combination results in improved sensitivity to increases in CSF signal intensity.
Rydberg et al (15) reported the effects of varying
the effective TE in turbo-FLAIR imaging. They
found that with turbo-FLAIR imaging of subtle lesions, such as multiple sclerosis plaques using a TR
of 8000 and inversion time of 2300, optimal lesion
contrast could be obtained using a TE of 140 for
typical multiple sclerosis plaques or a TE of 160
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for more subtle plaques. Melhem et al (20) also
showed that FLAIR imaging with high effective TE
is more sensitive to elevations in CSF protein. In
our study, a longer effective TE, theoretically, will
enable detection of bloody CSF with smaller increases in Hct; however, increases in effective TE
are limited by image degradation resulting from
poor signal-to-noise rations. The suitable TE may
be approximately 160 for the detection of acute
SAH.
Screening for SAH with turbo-FLAIR imaging
is flow-related. Artifactual CSF hyperintensity may
occur with turbo-FLAIR imaging and may be most
prominent in the ventricular system and basal cistern (25). Section-selective inversion pulses with
broad bandwidth and non-section-selective inversion pulses or cardiac gating are some of the techniques that are used to reduce this artifact (26). In
addition, one must also be aware of artifactual CSF
hyperintensity related to magnetic field alterations
caused by metal (27). Another limitation of FLAIR
imaging is its lack of specificity for acute SAH because of any condition that leads to increased CSF
protein concentration (20). Singer et al (10) also
reported that FLAIR imaging seems to be highly
sensitive but nonspecific for acute SAH. Further
experience may be needed in diagnosing acute
SAH by using FLAIR imaging.
There are a number of major limitations of this
in vitro study as well as of the previously reported
in vitro study presented by Chakeres and Bryan
(18), including that there was no movement (circulation and pulsation) of the mixtures. There are
rapid metabolic changes of blood in the subarachnoid spaces related to hemolysis and WBC phagocytosis. The MR signal intensity changes related to
oxygenation, pH, breakdown of the hemoglobin
pigments, and clot lysis cannot be simulated in an
in vitro model (4, 28–30).
Conclusion
In this in vitro study, above a Hct of 27% blood,
the mixture appears denser on CT scans than is
normal for cortical gray matter. On the other hand,
at a selected time longer than an effective TE of
120, above a Hct of 22.4% blood, the mixture was
more hyperintense than the normal cortical gray
matter on turbo-FLAIR images. At selected times
longer than an effective TE of 160, above a Hct of
9% blood, the mixture was more hyperintense than
the normal cortical gray matter. These results show
that a small amount of acute SAH diluted by CSF
that is not well shown as a high-attenuation area
on CT scans may have a high signal intensity area
on FLAIR images. The small amount of acute SAH
diluted by CSF is more readily identified with
FLAIR imaging than with CT at an appropriate TE.
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