
Note:  This copy is for your personal, non-commercial use only. To order presentation-ready copies for 
distribution to your colleagues or clients, contact us at www.rsna.org/rsnarights. 

ORIGINAL RESEARCH 
n

 OBSTETRIC IM
AGING

Radiology: Volume 258: Number 1—January 2011 n radiology.rsna.org 229

 Snapshot Inversion Recovery:  
 An Optimized Single-Shot T1-weighted 
Inversion-Recovery Sequence for 
Improved Fetal Brain Anatomic 
Delineation  1   

  Christina   Malamateniou ,  PhD  
  Amy K.   McGuinness ,  BSc  
  Joanna M.   Allsop ,  DCR  
  Declan P.   O’Regan ,  FRCR ,  PhD  
  Mary A.   Rutherford ,  FRCR ,  MD  
  Joseph V.   Hajnal ,  PhD  

 Purpose: To prospectively evaluate the clinical effectiveness of snap-
shot inversion recovery (SNAPIR), which is a dedicated 
optimized inversion-recovery-prepared single-shot fast 
spin-echo T1-weighted sequence, in the delineation of 
normal fetal brain anatomy compared with that of the 
currently used T1-weighted gradient-echo protocol, which 
often yields images of poor quality due to motion artifacts 
and inadequate contrast.

 Materials and 
Methods: 

This study was approved by the hospital research ethics 
committee, and informed written consent was obtained 
from all patients. Forty-one fetuses were examined at 
19–37 weeks gestation (mean, 29 weeks gestation) by us-
ing both the standard T1-weighted protocol and the opti-
mized T1-weighted SNAPIR protocol with a 1.5-T imager. 
Two independent blinded observers performed qualitative 
analysis, evaluating overall diagnostic quality, detailed an-
atomic delineation, and severity of motion artifacts. Quan-
titative analysis comprised calculation of contrast ratios 
(CRs) for the cortical gray matter, subplate, white matter, 
and cerebrospinal fl uid. The Wi lcoxon signed rank test was 
used to compare image rating scores, the paired  t  test 
was used to compare CRs, and  k  statistics were used to 
test interobserver agreement.

 Results: Both overall diagnostic quality ( P   ,  .001) and detailed 
anatomic delineation ( P   ,  .001) were enhanced with 
SNAPIR compared with the standard T1-weighted acqui-
sition. Also, motion artifacts were less severe ( P  = .008) 
and less extensive ( P   ,  .001) with SNAPIR. Corresponding 
CRs were increased with SNAPIR in seven of eight exam-
ined regions.

 Conclusion: SNAPIR is a promising robust alternative to the current 
T1-weighted acquisitions; its role in the detection of dis-
ease requires further study.
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 Subjects were initially placed in the 
supine position, feet fi rst, on the imager 
table so that the obstetrician could de-
tect the fetal head; patients were posi-
tioned as close as possible to the iso-
center of the imager to maximize the 
signal-to-noise ratio. Subjects were then 
rotated approximately 45° from this 
position to avoid compression of the 
inferior vena cava and were supported 
with foam pads to maximize comfort. 

 Data Acquisition 
 Examinations were performed with a 
1.5-T imager (Achieva; Philips  Medical 
Systems, Best, the Netherlands) with a 
maximum gradient strength of 31 mT/m 
and a maximum slew rate of 200 mT/m/
msec. A five-element cardiac phased-
array surface coil (SENSE-cardiac; Philips 
Medical Systems) was positioned directly 
over the fetal head. 

 Fetuses were examined in the axial 
plane with the following sequences: 
 (a)  a standard fetal T1-weighted GRE 
breath-hold acquisition that was modi-
fi ed from that described in the literature 
( 11,14 ) to optimize examination time 
and contrast and  (b)  a T1-weighted 
SNAPIR acquisition ( Table 1  ). Single-
shot fast spin-echo T2-weighted images 
in all planes were acquired as part of a 
standard fetal brain MR examination. 

 Prior to initiation of the study, we 
optimized the SNAPIR sequence. The 

in cardiac ( 8 ) and abdominal MR proto-
cols ( 9 ) in adults and has enabled robust 
imaging in anatomic regions prone to 
image degradation due to motion arti-
facts. Furthermore, the fl uid-attenuated 
inversion-recovery sequence ( 10 ) has 
been used previously to increase T1 
contrast in the fetal brain, albeit not in a 
systematic fashion ( 11 ). T1-weighted in-
version recovery may also be combined 
with phase-sensitive reconstruction to 
improve the dynamic range, as opposed to 
standard magnitude reconstruction ( 12 ). 

 A dedicated optimized inversion-
recovery-prepared single-shot fast spin-
echo T1-weighted sequence (hereafter, 
snapshot inversion recovery [SNAPIR]) 
for use in fetuses offers a potentially 
robust alternative to standard fetal 
T1-weighted GRE imaging ( 13 ). The aim 
of this study was to prospectively evalu-
ate the clinical effectiveness of SNAPIR 
in the delineation of normal fetal brain 
anatomy compared with that of the cur-
rently used T1-weighted GRE MR imag-
ing protocol in clinical practice ( 11,14 ). 

 Materials and Methods 

 Subjects 
 This study was approved by the hospi-
tal research ethics committee, and in-
formed written consent was obtained. 
We examined 41 pregnant women (me-
dian gestational age, 28.57 weeks; ges-
tational age range, 18.86–37 weeks) 
for the following clinical reasons: fetal 
brain ventriculomegaly ( n  = 12), pos-
terior fossa abnormalities ( n  = 7), in-
trauterine growth restriction ( n  = 6), 
congenital body abnormalities ( n  = 4), 
complications of multiple pregnancies 
( n  = 2), and maternal illness ( n  = 1). 
Eight of the women examined were 
healthy volunteers. 

             Magnetic resonance (MR) imag-
ing is an important diagnostic 
tool with which to assess in vivo 

brain development. The use of rapid 
MR sequences is essential for success-
ful fetal imaging in utero, where both 
maternal motion and fetal motion are 
present ( 1 ). 

 Currently, T2-weighted single-shot 
fast spin-echo sequences are the main-
stay for fetal brain MR imaging; they 
generate high-quality and high-contrast 
images, even in the presence of fetal and 
maternal motion ( 2 ). These fast sequences 
enable complete fi lling of the k-space 
for a single section within one repeti-
tion period ( 3 ), thereby removing the 
need for sedation or maternal breath 
holding ( 4 ). 

 However, the quality of images ob-
tained with commonly used fetal T1-
weighted gradient-echo (GRE) breath-
hold acquisitions is relatively poor. This 
is mainly due to artifacts from maternal 
and fetal motion and inadequate gray-
white matter contrast ( 5 ). Nevertheless, 
MR examination of the fetal brain would 
be incomplete without performance of 
a T1-weighted sequence to enable one 
to confi rm normal or abnormal anatomy, 
as well as to identify hemorrhage, fat, 
or myelination near term ( 6 ). Thus, an 
optimized T1-weighted fetal protocol 
would considerably advance the diagno-
sis and further the possibilities for image 
analysis ( 7 ). 

 Inversion-recovery techniques en-
hance T1-weighted contrast. The addi-
tion of an inversion prepulse to attain 
good T1 weighting has proved successful 

 Implication for Patient Care 

 SNAPIR is a robust method with  n

which to obtain T1-weighted data 
that complement data obtained 
with T2-weighted acquisitions; 
therefore, it enables one to per-
form a more comprehensive MR 
examination of fetal brain anatomy. 

 Advances in Knowledge 

 Snapshot inversion recovery  n

(SNAPIR) can be used to create 
T1-weighted fetal brain images 
that delineate fetal brain anatomy 
better than do standard gradient-
echo (GRE) T1-weighted 
sequences. 

 SNAPIR is less sensitive to unpre- n

dictable fetal motion compared 
with standard GRE T1-weighted 
sequences, resulting in less severe 
and less extensive motion artifacts. 
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of acquired sections was calculated 
for both imaging protocols to evaluate 
the extent to which data quality was 
affected. 

 Two independent observers (M.A.R., 
A.K.M.) who were blinded to the ac-
quisition technique performed detailed 
visual analysis with ImageJ software 
(National Institutes of Health,  http:
//rsb.info.nih.gov/ij/ ). They used the axial 
T1-weighted GRE and the SNAPIR in-
verted magnitude data sets in a subset of 
10 patients who were selected because 
they had the best quality T1-weighted 
GRE acquisition; this was a representa-
tive sample size of the population (ges-
tational age range of population, 19–37 
weeks; mean gestational age of popu-
lation, 29 weeks; gestational age range 
of subgroup, 22–34 weeks; mean gesta-
tional age of subgroup, 28 weeks). Images 
were evaluated for delineation of 26 
normal anatomic structures ( Table 2  ) 
with the following three-point rating 
system: 1, uninterpretable (anatomy in-
adequately defi ned and/or presence of 
severe artifact, rendering the image 
nondiagnostic); 2, suboptimal (well-
defi ned anatomy over the majority of 
the brain, with some artifacts at pre-
sentation; interpretation is possible but 
not ideal); and 3, good (well-defi ned 
anatomy over the entire brain, with no 
artifact present; comparable with post-
natal MR imaging quality). 

 Quantitative Analysis 
 An author (A.K.M., 5 years of expe-
rience with MR imaging) performed 
quantitative measurement. This com-
prised calculation of contrast ratio (CR) 
with the following equation: CR = SI 1   2  
SI 2 / √ (SD 1  

2  + SD 2  
2 ), where SI 1  and SI 2  

are the mean signal intensities of the 
different tissues measured in a relatively 
homogeneous area of the brain and SD 1  
and SD 2  are their respective standard 
deviations. CRs represent a ratio of sig-
nal intensities between two different tis-
sues: cortical gray matter (CGM), the 
subplate (SP), white matter (WM), 
and cerebrospinal fl uid (CSF). CRs were 
calculated with the following equations: 
CR 1  = CGM/WM, CR 2  = CGM/SP, CR 3  
= WM/SP, and CR 4  = CGM/CSF. Sig-
nal intensity was measured by manually 

was used to achieve the desired T1 con-
trast (Fig E4 [online]). 

 Analysis 
 Images were qualitatively assessed by rat-
ing diagnostic image quality, motion arti-
fact severity, and motion artifact extent 
over the total number of sections in all 
subjects, as well as by performing a more 
detailed anatomic delineation analysis 
in 10 subjects. These 10 subjects were 
selected because their conventional T1-
weighted GRE images were of good qual-
ity; therefore, biases could be minimized 
when comparing these images with im-
ages obtained with optimized SNAPIR. 

 Qualitative Analysis 
 An author (M.A.R., 20 years of experi-
ence in MR imaging) performed overall 
diagnostic quality assessment. Three 
authors (A.K.M., C.M., and J.V.H.; 5, 
7, and 20 years of experience in MR 
imaging, respectively) assessed artifact 
severity. Motion artifact severity was 
based on the diffi culty associated with 
visualization of the underlying anatomy, 
and it was evaluated on a four-point 
scale, as follows: 0, no artifact pres-
ent; 1, mild artifact present (underlying 
anatomy well visualized); 2, moderate 
artifact present (underlying anatomy 
can be visualized but delineation is sub-
optimal); and 3, severe artifact present 
(underlying anatomy cannot be visual-
ized). The fraction of sections damaged 
by motion artifact over the total number 

optimization process is shown in Figures 
E1–E4 (online). The optimization process 
involved testing different parameters 
for MR imaging data acquisition  aspects, 
such as inversion time, spatial resolu-
tion, fi eld of view, reconstruction method, 
and sensitivity encoding factor. Each test 
involved at least three patients so that 
we could confi rm the results; none of these 
patients were included in this validation 
study. 

 The inversion time for SNAPIR was 
set to 400 msec (Fig E1 [online]), which 
enabled gray-white matter contrast 
without placing either tissue close to its 
null point. Longer inversion times were 
more vulnerable to motion between in-
version and readout, increasing vulner-
ability to artifacts. The voxel size was 
set to 1  3  1  3  4 mm (Fig E2 [online]) 
for fi ner anatomic delineation and ad-
equate signal-to-noise ratio. A fi eld of 
view of 320  3  340 mm was suffi cient to 
cover the required fetal anatomy over a 
wide range of gestations ( 13 ). A sensi-
tivity encoding factor of 2.00 was used to 
shorten the imaging time and minimize 
the occurrence of motion artifacts. 

 The SNAPIR data were reconstructed 
by using magnitude and phase-sensitive 
reconstruction. Given the short inversion 
time of 400 msec, in which signal inten-
sities of all tissues are negative (Fig E3 
[online]), as well as the robustness of 
the magnitude against the phase errors 
of the phase-sensitive reconstruction 
( 12 ), inversion of the magnitude images 

 Table 1 

 Imaging Parameters Used with Fetal Brain MR Imaging T1-weighted Protocols 

Parameter SNAPIR T1-weighted GRE

Breath holding No Yes
Echo time (msec) (minimum) 8.6 6
Repetition time (msec) 20 000–22 000 (shortest) 142
Inversion time (msec) 400 NA
Field of view (mm) 320  3  340 320  3  300
Resolution (mm) 1  3  1 1.2  3  1.6
Section thickness (mm) 4 6
No. of sections acquired 20 12
Sensitivity-encoding factor 2 None
Half Fourier No No
Total acquisition time (sec) 40 17

Note.—NA = not applicable.
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 k  value of 0.61–0.80, substantial agree-
ment; and a  k  value of 0.81–1.0, very 
good agreement. We used a statistical 
software package (Statsdirect, version 
2.7.7; Statsdirect, Cheshire, England). 

 Results 

 Delineation of fetal brain anatomy was 
enhanced with the SNAPIR protocol 
compared with that with the T1-weighted 
GRE protocol ( Fig 1  ), as assessed with 
both qualitative and quantitative analyses. 

 Overall diagnostic quality ratings 
were higher ( P   ,  .001) for the SNAPIR 
protocol (mean, 2.40  6  0.45) than for 
the T1-weighted GRE protocol (mean, 
1.45  6  0.37). Mean severity of motion 
artifacts was rated 0.95  6  0.92 with 

compare image rating scores for overall 
diagnostic quality, detailed anatomic 
delineation, and severity of motion arti-
facts between the two MR acquisitions. 
A  P  value of less than .05 indicated 
a signifi cant difference. The  P  values 
for comparing the two MR acquisitions 
were based on average scores between 
the two observers. Interobserver agree-
ment for the detailed visual analysis 
was evaluated with the Cohen  k  coef-
fi cient ( 19 ) weighted by  W  ij  = 1 2 [( i  2  j )/
( k  2 1)] 2 , where  W  represents weight;  i , 
the number of the row;  j , the number of 
the column; and  k , the number of cate-
gories used ( 20 ). A  k  value of 0.00–0.20 
indicated poor agreement; a  k  value 
of 0.21–0.40, fair agreement; a  k  value 
of 0.41–0.60, moderate agreement; a 

placing regions of interest (minimum 
coverage, 25 pixels) on a pixel-by-pixel 
basis over corresponding anatomic ar-
eas on T1-weighted GRE images (mean 
region of interest, 36.59 pixels  6  4.67 
[standard deviation]; range, 25–84 pix-
els) and SNAPIR images (mean region 
of interest, 25.89 pixels  6  2.94; range, 
25–41 pixels) at the temporal lobe and 
central sulcus levels. We used FSL soft-
ware (release 4.1; University of Oxford, 
 http://www.fmrib.ox.ac.uk/fsl/ ) ( 15 ). 

 Statistical Analysis 
 We used the paired  t  test ( 16 ) to com-
pare CRs and the fraction of sections 
damaged by motion artifacts between 
the two MR acquisitions. We also used 
the Wilcoxon signed rank test ( 17,18 ) to 

 Table 2 

 Detailed Anatomic Delineation Scores for Two Observers and Two MR Protocols 

Anatomic Structure

Observer 1 Observer 2

 P  Value

SNAPIR Score T1 GRE Score SNAPIR Score T1 GRE Score

1 2 3 1 2 3 1 2 3 1 2 3

Teeth (fi ve buds) 0 7 3 10 0 0 1 6 3 10 0 0 .008
Eyes 0 0 10 0 10 0 0 0 10 1 8 1 .002
Lenses 0 4 6 2 7 1 0 8 2 3 7 0 .008
Optic nerves 3 7 0 5 5 0 4 4 2 7 3 0 .006
Optic chiasm 0 3 7 4 5 1 1 5 4 7 3 0 .004
Pituitary gland 7 3 0 7 2 1 5 4 1 8 1 1  . .999
Skull 1 5 4 3 7 0 0 2 8 1 8 1 .004
Supratentorial extracerebral space 0 0 10 0 10 0 0 0 10 0 5 5 .060
Cisterna magna 0 0 10 1 9 0 0 0 10 1 7 2 .002
Cortical rim and convolutions 0 0 10 0 10 0 0 0 10 0 10 0 .002
White matter and cortex differentiation 0 0 10 0 10 0 0 0 10 1 7 2 .002
Basal ganglia and thalami and white 
 matter differentiation

1 8 1 4 6 0 8 1 1 7 3 0 .297

Periventricular white matter details 0 3 7 4 6 0 1 9 0 8 2 0 .002
Subplate 0 3 7 5 5 0 0 5 5 3 7 0 .002
Germinal matrix 2 8 0 9 1 0 4 6 0 8 2 0 .060
Septum pellucidum 1 2 7 8 2 0 3 2 5 8 1 1 .004
Lateral ventricles 0 0 10 0 10 0 0 1 9 1 9 0 .002
Third ventricle 0 1 9 5 4 1 1 2 7 4 5 1 .004
Fourth ventricle 0 1 9 2 6 2 0 1 9 1 8 1 .008
Aqueduct 1 4 5 8 2 0 2 3 5 8 2 0 .004
Mesencephalon 0 0 10 2 8 0 0 2 8 2 8 0 .002
Pons 0 0 10 3 7 0 1 1 8 2 8 0 .004
Vermis 0 1 9 5 5 0 0 3 7 2 8 0 .004
Cerebellar hemispheres 0 0 10 1 9 0 0 2 8 2 8 0 .002
Dentate nuclei 3 3 4 8 2 0 7 3 0 8 2 0 .156
Myelination 5 5 0 8 2 0 5 4 1 10 0 0 .290

Note.—Unless otherwise indicated, data are numbers of observations per score for each anatomic structure, observer, and MR imaging protocol.
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 Figure 1 

  
  Figure 1:  Consecutive axial MR images show a fetus at,  A–F,  21 weeks gestation and,  G–L,  32 weeks gestation. Anatomic delinea-
tion with SNAPIR at,  D – F , early and,  J–L , late gestation was superior to that with the standard T1-weighted GRE breath-hold acquisition 
at,  A – C , early and,  G – I , late gestation. SNAPIR images were also more robust to patient motion, with resulting motion artifacts affecting 
only isolated sections ( K      ) rather than the whole data set, as with the T1-weighted GRE protocol ( G – I  ).   
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 Real reconstruction increases the 
dynamic range of contrast by estimating 
and removing the background phase 
to retrieve the correct polarity infor-
mation ( 21 ); however, it is vulnerable to 
phase errors, which often require time-
consuming and computationally inten-
sive phase-correction postprocessing 
( 12 ). Thus, in this study, we used the 
inverted magnitude images, which yielded 
robust results at no additional time pen-
alty, as they were directly retrieved from 
the imaging console, without the need 
for advanced image post processing. 

 The primary limitation of our study 
was that some centrally located struc-
tures were not adequately depicted with 
the SNAPIR protocol; the opposite was 
true for peripheral anatomy, such as the 
cortical rim and convolutions, the de-
piction of which was superior with the 
SNAPIR protocol. This might relate to 
k-space sampling and warrants further 
investigation. We would also like to test 
this protocol with a bigger sample size 
to confi rm our results. 

 The SNAPIR protocol is a promising 
robust alternative to the currently used 
T1-weighted GRE sequence; however, 
its role in the clinical examination of 
the fetal brain needs to be established 
with larger-scale studies that focus on 
its sensitivity in the detection of fetal 
brain abnormalities in comparison with 
the sensitivity of standard protocols. 

delineation of anatomic structures of 
the fetal brain was signifi cantly improved 
with the SNAPIR protocol compared 
with the T1-weighted GRE breath-hold 
sequence, which is currently consid-
ered the mainstay in clinical practice. 

 The SNAPIR protocol proved more 
robust to fetal motion. A smaller frac-
tion of SNAPIR images had motion arti-
facts, with artifacts usually restricted to 
one or two sections, whereas the effects 
of motion were generally detrimental 
with the T1-weighted GRE sequence, 
resulting in motion artifacts that usu-
ally spanned all acquired sections. This 
was mainly due to the single-shot fast 
data acquisition mode used in the SNA-
PIR protocol, which limited the time 
for motion to occur during readout ( 3 ). 
Another advantage with the SNAPIR 
protocol was that motion artifacts did 
not severely affect visualization of the 
underlying anatomy, as they usually 
con sisted of contrast changes or mild 
blurring; the opposite was true for mo-
tion artifacts encountered with the T1-
weighted GRE sequence, where visu-
alization of the underlying fetal brain 
anatomy was often poor. The SNAPIR 
protocol does not require breath hold-
ing, which is not always well tolerated 
by pregnant women and which is cru-
cial for acquisition of a successful GRE 
data set that is devoid of respiratory 
motion artifacts. 

the SNAPIR protocol and 1.49  6  0.71 
with the T1-weighted GRE protocol 
( P  = .008). The mean percentage of sec-
tions affected by motion artifacts was 
only 11%  6  9 with the SNAPIR proto-
col, whereas it was 77%  6  28 with the 
T1-weighted GRE protocol ( P   ,  .001). 

 The results of detailed visual analy-
sis were again favorable for SNAPIR, 
with increased depiction of all anatomic 
structures, based on average rating scores 
( P   ,  .001). More specifi cally, delinea-
tion of the majority of anatomic struc-
tures studied (19 of 26 structures) was 
improved with SNAPIR ( Table 2 ). Inter-
observer agreement for the detailed vi-
sual analysis was very good ( k  = 0.87). 

 CRs were increased with the SNAPIR 
protocol at the level of the temporal 
lobe for CR 1  ( P  = .01), CR 2  ( P  = .008), 
CR 3  ( P  = .03), and CR 4  ( P  = .002). Sim-
ilarly, CRs were increased with SNAPIR 
at the level of the central sulcus for CR 1  
( P   ,  .001), CR 2  ( P   ,  .001), and CR 4  
( P  = .01), but not for CR 3  ( P  = .64). 
The CR differences between the SNA-
PIR protocol and the T1-weighted GRE 
sequence in the temporal lobe and at 
the level of the central sulcus can be 
seen in  Figure 2  . 

 Discussion 

 Both qualitative and quantitative analysis 
of the different image data sets revealed 

 Figure 2 

  
  Figure 2:   (a, b)  Graphs show CR differences between the SNAPIR protocol and the T1-weighted GRE protocol at the level of the  (a)  temporal 
lobe and  (b)  central sulcus. CRs were signifi cantly higher with the SNAPIR protocol than with the T1-weighted GRE protocol at both anatomic 
levels, with the exception of CR 

3
  at the anatomic level of the central sulcus.   
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 In conclusion, the SNAPIR fetal opti-
mized protocol yields robust T1-weighted 
images that are suitable for clinical and 
research applications. This technique 
holds promise for advancing T1-weighted 
imaging of the fetal brain in a predomi-
nantly T2-weighted fi eld. 
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