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ORIGINAL RESEARCH
BRAIN

Double Inversion Recovery MR Sequence for the Detection of
Subacute Subarachnoid Hemorrhage

J. Hodel, R. Aboukais, B. Dutouquet, E. Kalsoum, M.A. Benadjaoud, D. Chechin, M. Zins, A. Rahmouni, A. Luciani, J.-P. Pruvo,
J.-P. Lejeune, and X. Leclerc
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ABSTRACT

BACKGROUND AND PURPOSE: The diagnosis of subacute subarachnoid hemorrhage is important because rebleeding may occur with
subsequent life-threatening hemorrhage. Our aim was to determine the sensitivity of the 3D double inversion recovery sequence
compared with CT, 2D and 3D FLAIR, 2D T2*, and 3D SWI sequences for the detection of subacute SAH.

MATERIALS AND METHODS: This prospective study included 25 patients with a CT-proved acute SAH. Brain imaging was repeated
between days 14 and 16 (mean, 14.75 days) after clinical onset and included MR imaging (2D and 3D FLAIR, 2D T2*, SWI, and 3D double
inversion recovery) after CT (median delay, 3 hours; range, 2-5 hours). A control group of 20 healthy volunteers was used for comparison.
MR images and CT scans were analyzed independently in a randomized order by 3 blinded readers. For each subject, the presence or
absence of hemorrhage was assessed in 4 subarachnoid areas (basal cisterns, Sylvian fissures, interhemispheric fissure, and convexity) and
in brain ventricles. The diagnosis of subacute SAH was defined by the presence of at least 1subarachnoid area with hemorrhage.

RESULTS: For the diagnosis of subacute SAH, the double inversion recovery sequence had a higher sensitivity compared with CT (P <.001),
2D FLAIR (P = .005), T2* (P = .02), SWI, and 3D FLAIR (P = .03) sequences. Hemorrhage was present for all patients in the interhemispheric
fissure on double inversion recovery images, while no signal abnormality was noted in healthy volunteers. Interobserver agreement was
excellent with double inversion recovery.

CONCLUSIONS: Our study showed that the double inversion recovery sequence has a higher sensitivity for the detection of subacute

SAH than CT, 2D or 3D FLAIR, 2D T2*, and SWI.

ABBREVIATIONS: IVH = intraventricular hemorrhage; DIR = double inversion recovery

ontraumatic subarachnoid hemorrhage accounts for 3% of
N all strokes, and 85% are related to a ruptured intracranial
aneurysm." CT is highly sensitive for the diagnosis of SAH at the
acute stage.” However, clinical symptoms may be atypical and
result in delayed admission. In such patients, the diagnosis of
subacute SAH is important because rebleeding may occur with
subsequent life-threatening intracranial hemorrhage.’
When performed several days after symptom onset, CT does not
appear reliable for the diagnosis of SAH*® and is outperformed by
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brain MR imaging in this setting.’ Indeed, FLAIR MR imaging is
more sensitive than CT for SAH detection at both acute”™ and sub-
acute'® stages. 3D FLAIR is even more specific than 2D FLAIR by
reducing flow-related artifacts, which are known to provide false-
positive findings on 2D FLAIR."" Nevertheless, SAH can still be mis-
diagnosed by using FLAIR imaging due to the time interval after
onset'? or artifacts.'>'* T2* gradient-echo sequences are useful for
subacute or chronic SAH depiction.>'>'® Susceptibility-weighted
imaging uses tissue magnetic-susceptibility differences to generate a
unique contrast, based on a 3D flow-compensated gradient-echo se-
quence.'” Previous studies have suggested that SWI could accurately
detect small amounts of SAH and intraventricular hemorrhage
(IVH)."®2° A recent study focusing on the detection of microbleeds
also demonstrated that SWT had a greater sensitivity for blood prod-
ucts than the conventional T2* sequence.2 ! However, no study avail-
able compares the diagnostic performance of T2* and SWI for the
detection of spontaneous SAH, to our knowledge.

Double inversion recovery (DIR) MR imaging is useful for the

detection of cortical lesions.?*"** This technique is based on a 3D
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Table 1: Demographic and clinical data at admission

Patients Controls

No. 25 20
Sex 16 M/9 F BM/7F
Age (yr) (mean) (range) 52 (28-71) 50 (26-69)
Fisher grading (mean) 3

Grade 1(No.) 5

Grade 2 (No.) 2

Grade 3 (No.) 6

Grade 4 (No.) 12
GCS (mean) (range) 14.1(10-15)
WENS score (mean) (range) 1.5 (1-4)

No vascular lesion (No.) 10

Brain aneurysm (No.) 15
Etiologic work-up (CTA and DSA)

ACA (No)) 6

MCA (No.) (right 2, left 2)

Right PcomA (No.) 2

Left vertebral artery (No.)

Left ICA (No.) 1

Basilar artery (No.) 1

Note:—GCS indicates Glasgow Coma Scale; WFNS, World Federation of Neurosur-
gical Societies; ACA, anterior communicating artery; PcomA, posterior communicat-
ing artery.

turbo spin-echo acquisition with variable refocusing flip angles
(BrainView, Philips Healthcare, Best, the Netherlands; Cube, GE
Healthcare, Milwaukee, Wisconsin; SPACE, Siemens, Erlangen,
Germany). DIR includes 2 inversion recovery pulses designed for
the suppression of both CSF and normal white matter.>* Data are
still not available on the value of 3D DIR for the detection of SAH.
The purpose of our study was to determine the sensitivity of the
3D DIR sequence compared with CT, 2D and 3D FLAIR, 2D T2%,
and 3D SWI sequences for the detection of subacute SAH.

MATERIALS AND METHODS

Patients and Brain Imaging

This prospective monocentric study was approved by our institu-
tional review board, and informed consent was obtained from all
patients or their representatives. The inclusion criteria were as
follows: 1) patient admitted for suspected SAH, 2) acute SAH
proved on the initial unenhanced CT scan or lumbar puncture
performed at the admission, and 3) Glasgow Coma Scale score
>10 (as required by the ethics committee). Patients with hydro-
cephalus or brain hematoma on the initial unenhanced CT scan
were excluded.

From October to December 2013, 40 consecutive patients
were diagnosed with acute and spontaneous SAH by using unen-
hanced CT. All CT scans were obtained at admission and were
reviewed by a neuroradiologist with 20 years of experience. The
diagnostic criterion for SAH on CT images was the presence of a
high-attenuation area within the subarachnoid spaces. No diag-
nosis was based on lumbar puncture during the inclusion period.
Of the 40 patients, 4 died and 11 had a Glasgow Coma Scale score
of <10, including 4 with a brain hematoma. Finally, 25 patients
fulfilled the inclusion criteria; demographic and clinical data are
summarized in Table 1.

The etiologic work-up included CT angiography at admission
and digital subtraction angiography (within the following 12
hours). Of the 25 patients, 15 presented with a ruptured intracra-
nial aneurysm, which was successfully treated by coils within 48
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hours after clinical onset. No patient was ventilated or received
high-inspired oxygen.

From 14 to 16 days (mean, 14.75 days) after clinical onset,
additional brain imaging was systematically performed, including
3T MR imaging (Achieva; Philips Healthcare) and repeated un-
enhanced CT (Somatom Sensation; Siemens) (median delay, 3
hours before MR imaging; range, 2—5 hours). Unenhanced spiral
CT was performed from the first cervical vertebra to the vertex,
with the following parameters: 120 kV; 350 mAs; collimation,
40 X 0.6 mm. To balance the study group, MR imaging was also
performed in 20 healthy volunteers who served as controls.
Healthy volunteers were scanned by using 3T MR imaging only,
with the same protocol as that used in the included patients. All
MR imaging examinations were performed at 3T by using a 32-
channel array head coil, without gadolinium chelate injection.
MR imaging protocol included diffusion-weighted imaging, 2D
and 3D FLAIR, 3D SWI, 2D T2%, and 3D DIR MR imaging. The
scan duration was 20 minutes. The parameters are summarized in
Table 2. The parameters of the 3D FLAIR sequence used in this
study were previously optimized for CSF suppression. We tested
different TR and TI values (ranging from 4000 to 8000 ms and
from 1500 to 2800 ms, respectively) in healthy volunteers. In this
study, we also used a similar TE value for 3D DIR and 3D FLAIR
sequences (near 260 ms) because high effective TE values are re-
ported to be more sensitive to increases in CSF protein concen-
tration.>® The voxel size and acquisition time were also similar.

Image Analysis

First, MR images of healthy volunteers were randomly inter-
spersed among the patient images. MR imaging interpretation
was conducted independently by 3 blinded neuroradiologists
with 25 (reader 1), 10 (reader 2), and 3 (reader 3) years of expe-
rience in neurovascular imaging.

For the detection of subacute SAH and IVH in each subject,
the readers assessed each set of images (2D FLAIR, 3D FLAIR, 2D
T2%, SWI, and DIR) separately in a randomized order. The inde-
pendent sessions of image interpretation were 1 week apart to
avoid recall bias. The readers were blinded to clinical data (patient
with SAH or healthy volunteer) and to the results of other imaging
modalities. Imaging criteria for hemorrhage at the subacute stage
were the following: for CT images, increased attenuation values
compared with the normal CSF; for DIR and FLAIR images, in-
creased signal intensity compared with the normal CSF; and for
T2* and susceptibility-weighted images, decreased signal inten-
sity compared with the normal CSF. Multiplanar analysis was
available for CT, 3D FLAIR, 3D SWI, and 3D DIR MR images,
including axial, coronal, and sagittal reformations. The 3D sus-
ceptibility-weighted images were available in both average mode
and minimum intensity projection.

For each subject and each set of images, the readers were asked
to assess visually the presence or absence of hemorrhage accord-
ing to a 2-point scale (0, no signal abnormality; 1, signal abnor-
mality) within 4 subarachnoid areas (basal cisterns, Sylvian fis-
sures, interhemispheric fissure, and brain convexity) and 1
ventricular area (including the fourth, the third, or the lateral
ventricles). The basal cisterns included the perimesencephalic and
prepontine cisterns and the cisterna magna.



Table 2: MR imaging sequence parameters

2D FLAIR 2D T2* 3D FLAIR 3D SWI 3D DIR
Acquisition plane Axial Axial Sagittal Sagittal Sagittal
TR/TE (ms) 11,000/125 107716 4800/267 13/19 5500/255
Tl (ms) 2800 - 1650 - 2600/625
Acquired voxel size (mm) 08 X14 X4 0.9 X 12X 4 12 X12 X 12 12 X12 X 12 12 X12 X 12
Bandwidth (Hz) 27 216 1433 172 1433
Echo-train length 31 - 182 - 173
No. of sections 36 36 280 280 280
SENSE 14 - 25 25 25
CLEAR Yes Yes Yes Yes Yes
Fat suppression No No SPIR No SPIR
Acquisition time 3min 3 min 3 min 20 sec 3 min 4 min
Note:—SENSE indicates sensitivity encoding; CLEAR, inhomogeneity correction; SPIR, spectral presaturation with inversion recovery.
Table 3: Interobserver agreement among readers 1, 2, and 3 for each set of images according to the area considered
MRI
CcT 2D FLAIR 3D FLAIR 2D T2* 3D SWI 3DDIR
Total
R1vs R2 (95% Cl) 1(-0) 0.85(0.77-0.93) 0.79 (0.69-0.89) 0.84 (0.76-0.91) 0.79(0.72-0.87)  0.94(0.91-0.97)
Rl vs R3 (95% Cl) 0.94 (0.85-1) 0.68 (0.57-0.79) 0.65(0.53-0.76) 0.74 (0.65-0.83) 0.64 (0.55-0.73) 0.90(0.87-0.93)

R2 vs R3 (95% Cl)
Subarachnoid

Interhemispheric
R1vs R2 (95% Cl)
R1vs R3(95% Cl)
R2 vs R3 (95% Cl)

Sylvian fissures
R1vs R2 (95% Cl)
R1vs R3 (95% Cl)
R2 vs R3 (95% Cl)

Convexity
R1vs R2 (95% Cl)
Rlvs R3(95% Cl)
R2 vs R3 (95% Cl)

Basal cisterns
R1vs R2 (95% Cl)
R1vs R3(95% Cl)
R2 vs R3 (95% Cl)

Intraventricular

Rl vs R2 (95% Cl)

Rl vs R3 (95% Cl)

R2 vs R3 (95% Cl)

0.94(0.85-1.02)

104)
10-1)
10-1)

10-1)
10-1)
10-)

10-1)
0.83(0.60-1.07)
0.83(0.60-1.07)

10-)
10-1)
10-1)

10-)
10-1)
10-)

070 (0.60-0.81)

0.91(0.74-1)
0.83 (0.60-1.06)
0.91(0.74-1.08)

10-1)
0.88 (0.66-111)
0.88(0.66-11)

0.83(0.68-0.98)
0.61(0.42-0.81)
0.60 (0.40-0.79)

0.33(—0.33-0.98)
0.43(—0.07-0.92)
039 (—0.29-1.07)

10-1)
0(—112-112)
0(—112-112)

070 (0.59-0.80)

0.83(0.60-1)
076 (0.50-1.02)
076 (0.50-1.02)

10-)

10-)

10-)
0.56 (0.27-0.84)
048 (0.23-0.73)
0.56 (0.33-0.80)

P

0.70 (0.41-0.99)
0.25(—0.20-0.70)
030 (—0.17-0.77)

10-1)
0(—1.95-1.95)
0(—-1.95-1.95)

072 (0.63-0.81)

0.76 (0.54-0.98)
0.87 (0.70-1.05)
0.77 (0.56-0.99)

0.94 (0.83-1)
10-1)
0.94 (0.83-1.06)

0.73(0.57-0.89)
0.60 (0.42-0.78)
0.56 (0.37-0.74)

0.74 (0.39-1)
045 (—0.01-0.98)
0.74(0.39-110)

10-)
0.66 (0.19-1.13)
0.66 (0.19-113)

073 (0.65-0.81)

0.68 (0.44-0.92)
0.44 (0.1-0.77)
0.63(0.39-0.88)

0.82(0.63-1)
0.59 (0.31-0.86)
0.73(0.50-0.96)

0.63 (0.43-0.84)
0.63 (0.44-0.83)
070 (0.55-0.86)

0.64 (0.36-0.92)
0.25(—0.13-0.62)
0.41(0.09-0.73)

0.95 (0.85-1)
0.86 (0.70-1.02)
0.82(0.64-1)

0.93(0.91-0.96)

10-)
10-1)
10-1)

0.95 (0.88-1)
0.90 (0.81-1)
0.95 (0.89-1.02)

0.90 (0.85-0.95)
0.87(0.81-0.92)
0.90 (0.85-0.95)

0.94 (0.88-1)
0.89(0.82-0.97)
0.95 (0.90-1)

10-)
0(—138-138)
0(—138-138)

Note:—RI-R3 indicate readers 1-3; Total, all the subarachnoid and ventricular areas; Convexity, bilateral frontal, parietal, temporal, and occipital convexity areas; Basal cisterns,

perimesencephalic and prepontine cisterns and cisterna magna.

Statistical Analysis

Statistical analyses were performed by using SAS software, Ver-
sion 9.3 (SAS Institute, Cary, North Carolina). First, we evaluated
the level of interobserver agreement for the detection of signal
abnormalities by using CT and MR imaging (Cohen k test).
values between 0.4 and 0.6 suggested moderate agreement; k val-
ues between 0.6 and 0.8, good agreement; and values higher than
0.8, excellent agreement. Comparison of k values was performed.
Second, disagreements between readers were resolved in consen-
sus. Third, we compared the number of patients diagnosed with at
least 1 subarachnoid and/or ventricular area with subacute hem-
orrhage (diagnosis of SAH and IVH, respectively) among CT, 2D
FLAIR, 3D FLAIR, T2%, SWI, and DIR MR images by using the
McNemar x” test.

RESULTS
MR images were assessable for all subjects, with no motion
artifacts.

Interobserver Agreement

Detailed results are shown in Table 3. Interobserver agreement
was excellent with DIR for all the subarachnoid regions consid-
ered. Agreement between readers 1 and 2 was significantly better
with DIR than with 2D FLAIR (P = .03), 3D FLAIR (P = .002),
T2* (P <.001), and SWI (P < .001). Agreement between readers
1 and 3 and between readers 2 and 3 was significantly better with
DIR than with the other MR images (P < .001). Agreement be-
tween readers 1 and 2 was significantly improved by the use of 2D
FLAIR compared with 3D FLAIR for the detection of SAH at the
brain convexity (P = .02). Agreement between readers 1 and 3 was
significantly improved by the use of 3D FLAIR compared with 2D
FLAIR for the detection of SAH at the basal cisterns (P < .001).

Detection of Subacute SAH

Consensus results are summarized in Table 4. In healthy volun-
teers, there was no signal abnormality detected by any of the read-
ers by using DIR or other MR imaging.
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Table 4: Number of patients with at least 1 subarachnoid and/or
ventricular signal abnormality (diagnosis of SAH and IVH,
respectively) for each imaging modality after consensus among
readers

MRI
2D 3D 2D 3D 3D
CT FLAIRR FLAIR T2* SWI DIR
Patients with SAH 7 12 15 14 15 25
Interhemispheric® 0 6 7 13 15 25
Sylvian fissures® 4 4 4 9 8 17
Convexity® 3 8 8 10 1l 19
Basal cisterns® 0 1 5 4 7 23
Patients with IVH 0 0 0 3 5 0

# Number of patients with at least 1 subarachnoid signal abnormality.

With DIR images, all patients presented with at least 2 sub-
arachnoid areas of SAH. Conversely, there were no subarachnoid
signal abnormalities in 15 patients on CT, 13 on 2D FLAIR, 11 on
T2*, and 10 on 3D FLAIR and SWI. Indeed, for the diagnosis of
SAH (ie, a patient with at least 1 area of subarachnoid signal ab-
normality), DIR was more sensitive than CT (P < .001), 2D
FLAIR (P = .005), 2D T2* (P = .02), SWI (P = .03), and 3D
FLAIR (P = .03). Regarding the diagnosis of SAH, there was no
significant difference among T2*, SWI, and 2D and 3D FLAIR.

For the diagnosis of SAH, there were 17 disagreements among
readers (ie, SAH detected by 1 reader but ruled out by the other 2
readers), including 2 disagreements with the T2* sequence, 5 with
2D FLAIR, 3 with 3D FLAIR, and 7 with 3D SWI. Reasons for
disagreement included the following: hypointensity judged after
consensus to be too faint or related to a vessel on T2* or SWI;
hyperintensity that could be related to CSF flow-related artifacts
on 2D FLAIR; and hyperintensity within the brain sulci judged
too subtle to diagnose SAH on 3D FLAIR. There was no disagree-
ment with the 3D DIR sequence.

Detection of Subacute IVH

On consensus analysis, T2* and SWI detected 3 and 5 patients,
respectively, with a small amount of bleeding in both occipital
horns of the lateral ventricles, while CT, 2D FLAIR, 3D FLAIR,
and DIR did not. SWI was more sensitive than CT and all other
MR imaging for the diagnosis of IVH (P = .03). However, T2* did
not prove to be significantly better than 2D and 3D FLAIR (P =
.08). The 5 patients with subacute IVH detected on SWI (4 men/1
woman; mean age, 52.6 years; range, 31-71 years) also had at least
2 subarachnoid areas with SAH on DIR images.

For the diagnosis of IVH (ie, at least 1 area with IVH), there
were 7 disagreements among the readers: 1 each with T2%, 2D
FLAIR, and 3D FLAIR MR images, and 2 each with 3D DIR and
3D SWI. Reasons for disagreement included hyperintensity on
DIR and FLAIR images that could be related to CSF transependy-
mal resorption.

Figure 1 shows the absence of artifacts or subarachnoid hyperin-
tensities on DIR images in a healthy volunteer. Figures 2—4 illustrate
the improved sensitivity of the 3D DIR sequence, in comparison with
other MR images, for the detection of subacute SAH.

DISCUSSION
Our study showed that the DIR sequence had a higher sensitivity
for the detection of subacute SAH than CT and conventional
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FIG1. Axial DIRimagesina37-year-old healthy volunteer showing the
basal cisterns (A and B) and the subarachnoid spaces at the brain
convexity (C). In all the healthy volunteers scanned with the DIR se-
quence, the CSF appeared hypointense without CSF flow-related ar-
tifacts (B, arrowheads). Note the regional variation of gray matter
signal intensity by using DIR, such as the difference between the pre-
frontal (C, arrows) and motor (C, arrowheads) cortices. The absence
of CSF signal abnormality on DIR images in all the healthy volunteers
and the strong agreement among readers suggest that the hyperin-
tensities observed in patients with SAH by using DIR were not linked
to artifacts.



FIG 2. Subacute SAH related to an aneurysm of the anterior communicating artery in a 42-year-old woman. No signal abnormality is visible on
3D FLAIR (A). SAH is visible by using axial SWI minimum-intensity-projection reformations in the right Sylvian fissure (B, arrows). The hypoin-
tensity visible in the left Sylvian fissure on SWI was considered a cortical vein by the 3 blinded readers by using both average and minimum-
intensity-projection reformations (B, arrowhead). On the axial T2* image, SAH is bilateral, involving the Sylvian fissures (C, arrows). The DIR
sequence reveals extensive SAH prevailing in the Sylvian fissures (D, arrows) and interhemispheric and occipital sulci (D, arrowheads).

brain MR imaging, including 2D FLAIR, 3D FLAIR, 2D T2*, and
3D SWI. DIR appeared reliable for all the subarachnoid regions,
while the sensitivity of the other imaging modalities was depen-
dent on the anatomic distribution of hemorrhage.

In patients with subacute SAH, CT revealed subarachnoid
high-attenuation abnormalities in only 7 of the 25 patients. This
finding is in agreement with previous studies demonstrating the
rapid attenuation changes according to the decreased concentra-
tion in hemoglobin in the time course of SAH.*” In our institu-
tion, CT is systematically performed 2 weeks after the onset to rule
out potential hydrocephalus or rebleeding.

The MR imaging appearance of SAH differs from that of cere-
bral hematoma because the SAH signal results from blood com-
bined with CSF.® Detection of SAH is related to the difference of
T1 and T2 relaxation times among blood, normal CSF, and brain
parenchyma. FLAIR is the reference method for the diagnosis of

SAH at the subacute stage due to CSF suppression, which im-
proves the image contrast. On FLAIR images, the subarachnoid
signal intensity is directly related to cellularity and protein lev-
els."* The T1-shortening effects of higher protein concentrations
in bloody CSF explain why SAH can be identified by using
FLAIR.*>?® However, SAH can still be misdiagnosed by using
FLAIR imaging due to the time interval between symptom onset
and brain imaging'? or image artifacts.'>'*

T2* is considered useful for the diagnosis of subacute or
chronic SAH.*'® This sequence appears effective in detecting a
prior SAH indicating the location of a ruptured aneurysm.'® On
T2* images, SAH signal is dependent on the state of oxygenation
and the integrity of red blood cell walls. A limitation of the T2*
sequence is detection of SAH, particularly at the skull base. Most
interesting in the present study, SWI was not significantly better
than conventional T2* for the diagnosis of SAH. Indeed, as pre-
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FIG 3. Subacute SAH related to an aneurysm of the anterior communicating artery in a 63-year-old man. With 2D FLAIR (A), 3D FLAIR (B), or T2*
(C) images, no subacute hemorrhage is visible. Conversely, marked subarachnoid signal abnormalities along the anterior and posterior inter-
hemispheric sulci are observed by using DIR (D, arrows). SAH involving the parietal lobes is also visible (D, arrowheads).

viously suggested,*® hypointense cortical veins may be difficult to
distinguish from SAH on both average and minimum-intensity-
projection SWI. In addition, by using SWI, the signal of SAH may
be similar to the low signal of CSE. This similarity may explain
why the interobserver agreement was significantly lower by using
T2* and SWI compared with DIR. However, in agreement with
previous studies,"”?® T2* and SWI were particularly useful for
detecting IVH, while FLAIR and DIR sequences failed to detect
small amounts of intraventricular bleeding. Such findings may
suggest that both SWI and DIR should be performed in patients
with suspected SAH.

The detection of SAH may be improved in 3 ways: 1) by re-
ducing vascular and CSF flow-related artifacts, 2) by enhancing
SAH-to-background contrast, and 3) by improving spatial reso-
lution. There are several potential advantages of using 3D se-
quences with thinner sections such as DIR for the detection of
SAH. First, the decrease in section thickness may improve SAH
detection by reducing the partial volume effects. Second, while 2D
sequences are prone to flow-related artifacts,”” 3D acquisition
mode dramatically reduces them by using thicker volume.?® In-
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deed, subarachnoid signal abnormalities observed on DIR images
cannot be related to slow arterial blood flow; this feature further
improves the specificity of this technique for the diagnosis of
SAH. Third, 3D sequences, with their higher SNR and isotropic
voxel size, allow image postprocessing with reformations in arbi-
trary planes, which, in turn, may improve the conspicuity of signal
abnormalities.

In our study, 3D DIR identified significantly more patients
with SAH than 3D FLAIR and 3D SWI performed with the same
voxel size, suggesting that DIR is inherently more sensitive for
detecting subacute SAH. As with FLAIR, DIR suppresses the CSF
signal, improving the depiction of local T1-shortening related to
SAH. The additional inversion recovery pulse, designed for white
matter suppression, may further improve the contrast between
SAH and brain tissue. The increased signal intensity of SAH ob-
served with DIR may also be related to a different dynamic range
of the signal that automatically displays optimized predefined val-
ues for window width and window level, with subsequent maxi-
mization of contrast among tissues of interest. Indeed, the com-
bination of 2 inversion recovery pulses with DIR appears



FIG 4. Subacute SAH related to an aneurysm of the left internal carotid artery in a 25-year-old woman. With 2D FLAIR images, the detection of
SAH is challenging due to potential CSF flow-related artifacts (A, arrow). With an axial average SWI reformat, a slight rim of hemorrhage is visible
within the interpeduncular fossa (B, arrow). On the 3D FLAIR image, SAH is subtle due to a lack of contrast (C, arrows). With DIR images, SAH is
obvious, with a marked hyperintensity within the interpeduncular fossa, vermis, and left Sylvian fissure (D, arrows). Note the marked signal

intensity of SAH with DIR compared with the other MR images.

particularly suitable for detecting SAH. Furthermore, DIR is also
less prone to susceptibility artifacts than T2* or SWI because of
the TSE readout used, explaining its reliability for detecting infra-
and supratentorial SAH. Indeed, the excellent interobserver
agreement with DIR may be related to an increased signal of SAH
combined with reduced artifacts.

Our study has several limitations. First, the diagnosis of SAH
relied on CT at admission, but there was no standard of reference
to determine the exact distribution of SAH at the subacute stage.
Therefore, we only analyzed the sensitivity for detecting subacute
SAH, instead of standard accuracy parameters. The drastic im-
provement in SAH detection with DIR may raise doubts about the
specificity of the subarachnoid signal abnormalities observed in
patients. All the areas with SAH visible on FLAIR, T2*, and SWI
were also detected with DIR. In addition, the absence of CSF sig-
nal abnormality on DIR images for all the healthy volunteers and
the excellent agreement among readers strongly suggest that the
DIR hyperintensities observed in patients were specific to SAH
and thus not related to artifacts. Because the DIR sequence allows
a clear delineation between the subarachnoid space and the cor-

tex, a cortical lesion would have been easily distinguished from
SAH. In vitro or experimental studies could be required to con-
firm these findings. Second, due to the study design, only patients
with Glasgow Coma Scale scores >10 at the time of admission
were included; this choice explained the relatively small number
of patients with subacute SAH. This drawback also explains the
small amount of SAH (Fisher 1 or 2) detected on CT performed at
admission in 7 of the 25 patients. However, such limited bleeding
may further highlight the improved sensitivity of the 3D DIR
sequence. Third, we did not evaluate the sensitivity of DIR at acute
or more delayed stages. The marked SAH hyperintensity observed
on DIR images may suggest that this sequence could also be useful
at the chronic stage. Because 15 of the 25 patients underwent
endovascular treatment, coils may have led to susceptibility arti-
facts, particularly when using T2* and SWI, which should temper
the claim of a fully blinded assessment.

Differences in voxel size and the availability of multiplanar
reformations were found among the 2D and 3D MR images. In-
deed, each sequence was optimized before the study to improve
the detection of SAH. Because we compared DIR with 2 other 3D
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sequences with the same voxel size (3D FLAIR and 3D SWI), our
results suggest that DIR may be inherently more sensitive for de-
tecting subacute SAH. It would have been possible to reformat the
3D sequences (FLAIR, SWI, and DIR) into axial sections that
matched the section thickness and acquisition plane of the 2D
images (FLAIR and T2*). However, such an approach would have
decreased the image quality and would not have fully used the
ability of 3D sequences to acquire thin sections with an optimal
signal-to-noise ratio.

CONCLUSIONS

Overall, the results of this study suggest that the DIR sequence
provides a greater sensitivity for the detection of SAH than CT, 2D
or 3D FLAIR, 2D T2*, and 3D SWI. DIR may be a promising tool
for the diagnosis of SAH in patients admitted several days after the
onset of symptoms.
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