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Abstract
Purpose  Sampling perfection with application-optimized contrasts by using different flip angle evolutions (SPACE) is a 
black-blood 3D T1-weighted (T1w) magnetic resonance imaging (MRI) sequence that has shown robust performance for brain 
metastases detection. However, this could generate false positive results due to suboptimal blood signal suppression. For that 
reason, SPACE is used in our institution alongside a non-black-blood T1w sequence: volumetric interpolated breath-hold 
examination (VIBE). Our study aims to (i) evaluate the diagnostic accuracy of SPACE compared to its use in combination 
with VIBE, (ii) investigate the effect of radiologist’s experience in the sequence’s performance, and (iii) analyze causes of 
discordants results.
Methods  Four hundred seventy-three 3T MRI scans were retrospectively analyzed following a monocentric study design. 
Two studies were formed: one including SPACE alone and one combining both sequences (SPACE + VIBE, the reference). 
An experienced neuroradiologist and a radiology trainee independently reviewed the images of each study and reported the 
number of brain metastases. The sensitivity (Se) and specificity (Sp) of SPACE compared to SPACE + VIBE in metastases 
detection were reported. Diagnostic accuracy of SPACE compared to SPACE + VIBE was assessed by using McNemar’s 
test. Significance was set at p < 0.05. Cohen’s kappa was used for inter-method and inter-observer variability.
Results  No significant difference was found between the two methods, with SPACE having a Se > 93% and a Sp > 87%. No 
effect of readers’ experience was disclosed.
Conclusion  Independently of radiologist’s experience, SPACE alone is robust enough to replace SPACE + VIBE for brain 
metastases detection.

Keywords  Brain metastases · Contrast enhancement · T1-weighted sequence · Magnetization transfer contrast · Black-
blood · Vessel suppression

Background

Brain metastases are the most common intracranial tumors 
in adults, affecting 20 to 30% of patients with cancer [1]. 
The most widespread primary tumors responsible for sec-
ondary cerebral lesions are lung cancer, breast cancer, and 
melanoma, with brain metastases occurring in approxi-
mately 40–50%, 15–20%, and 5–20% respectively [2], and 

melanoma having the highest predilection to metastasize to 
the brain [3, 4]. The incidence of brain metastases appears 
to be expanding over time as a result of an overall increase 
in primary cancers and better systemic therapies, which 
enhances the likelihood of metastatic disease as patients 
live longer [5]. Therefore, precise detection of intracra-
nial secondary lesions is essential for adequate oncological 
treatment [1, 6]. This is all the more true regarding the 
exact number of metastases detected, given the fact that 
Gamma Knife stereotactic radiosurgery (GKSR) is now 
considered as the treatment of choice for patients with a 
limited number of brain metastases (for reviews, see e.g., 
[7, 8]). It is also crucial to better visualize small lesions, 
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for which the GKSR will be proposed to the patient (usu-
ally a lesion below 2 cm3 or between 2 and 5 cm3) [9, 10].

Magnetic resonance imaging (MRI), particularly contrast-
enhanced (CE) three-dimensional (3D) T1-weighted (T1w) 
imaging, is the standard of reference in brain metastases 
detection thanks to its excellent soft-tissue contrast [7, 8]. 
T1w sampling perfection with application-optimized con-
trasts by using different flip angle evolutions (SPACE, Sie-
mens Healthineers, Erlangen, Germany) is a 3D turbo spin 
echo (TSE) sequence that is inherently black-blood (i.e., 
saturation of signal from blood vessels due to intravoxel 
dephasing among blood spins), and has the advantage of 
low specific absorption rate and high signal-to-noise ratio 
(SNR). The corresponding of the SPACE sequence for the 
other MRI constructors are CUBE for General Electrics, 
VISTA/BRAINVIEW for Philips, isoFSE for Hitachi, and 
3D MOVX for Canon. Critically, as some slow flow dis-
tribution (e.g., in cortical veins) may be inaccurately sup-
pressed, the SPACE sequence generally comes along with 
an additional black-blood preparation module (e.g., delay 
alternating with nutation for tailored excitation or DANTE) 
that optimizes blood-related signals suppression. A mag-
netization transfer preparation contrast (MTC) can also be 
added to the SPACE sequence to suppress the signal from 
background tissues and to render CE areas more conspicu-
ous, enabling the sequence to be highly sensitive in detecting 
secondary brain lesions [9–12]. In fact, the combination of 
MTC and the use of paramagnetic contrast agents enables to 
augment the contrast between enhancing areas (i.e., intrac-
erebral tumors) and surrounding tissue, and even more for 
enhancing tumors such as brain metastases [17].

In our imaging department, CE 3D T1w DANTE MTC 
SPACE (for convenience henceforth referred to as “SPACE” 
in this study) is used in routine screening and follow-up of 
brain metastases, alongside a 3D T1w gradient-recalled 
echo (GRE) sequence (volumetric interpolated breath-hold 
examination or VIBE, Siemens Healthineers, Erlangen, 
Germany) and 3D T2-weighted fluid attenuated inversion 
recovery (FLAIR). The rationale for using another CE T1w 
sequence (which does not have a preparation module for 
blood suppression) in addition to SPACE is guided by the 
reduction of false positive (FP) rate which might happen if 
SPACE was used alone. Indeed, it has been reported that 
black-blood techniques could insufficiently suppress signals 
from blood vessels and therefore mimic metastatic tumors 
[18]–[20]. Notwithstanding, in our institution, in order to 
shorten examination time, increase patient throughput, 
improve patient comfort, and reduce image interpretation 
time, we have considered the hypothesis of using the SPACE 
sequence as the sole T1w sequence in our imaging protocol 
for brain metastases evaluation.

The first aim of this study is therefore to assess diagnostic 
accuracy of SPACE compared to our current protocol (i.e., 

SPACE and VIBE) for brain metastases detection in order to 
assess if SPACE could be used alone, without combining it 
with the VIBE sequence. Our secondary endpoint is to evaluate 
the effect of the radiologist’s experience in diagnostic accuracy. 
Finally, the tertiary objective is to analyze and detail the main 
causes of discordant results, namely, FP and false negatives 
(FN), in brain metastases detection by using SPACE alone.

Methods

Study design and population

This study was approved and waived for patients’ consents 
by the ethics committee of the institution. This monocen-
tric retrospective study includes all patients who underwent 
cerebral MRI scans for screening and follow-up of brain 
metastases, between 29/09/2018 and 09/11/2019 on a 3 tesla 
(3T) magnetic field scanner. This timeframe represents about 
500 MRI examinations. Importantly, all patients presented 
known primitive tumors and were referred for an MRI brain 
scan either for a routine follow-up or the investigation of 
neurological symptoms. We subsequently extracted from the 
full routine protocol only VIBE and SPACE sequences. On 
this basis, two studies were formed: one including VIBE and 
SPACE images (henceforth referred to as “SPACE + VIBE”) 
and the other SPACE images only. Studies were randomized 
differently, and patients were anonymized. Eleven MRI 
scans were excluded due to absence of contrast administra-
tion, either because of previous hypersensitivity reactions to 
gadolinium-based contrast agents or severely impaired kid-
ney function. During imaging interpretation, 16 MRI scans 
were discarded because the quality was deemed insufficient: 
7 due to artifacts hindering optimal interpretation and 9 due 
to incomplete acquisition. Taken together, a total of the 473 
remaining scans were analyzed. Sex, age at MRI examina-
tion and primary tumor were extracted from the institute’s 
medical file database.

Imaging acquisition technique

All examinations were performed at the 3T magnetic field 
scanner MAGNETOM Skyra fit® (Siemens Healthineers, 
Erlangen, Germany). A gadolinium-based contrast agent — 
GADOVIST® 1.0 mmol/ml (Bayer Schering Pharma AG, 
Berlin, Germany) — was injected at least 10 min before data 
acquisition at a dose of 0.1 mmol/kg.

The SPACE sequence was acquired before the VIBE 
sequence with the following parameters: repetition time 
(TR) and echo time (TE) being TR/TE = 643/21 ms, reso-
lution = 0.8 mm3 (isometric), acquisition time: 4 min 48. 
Specific features of SPACE were the variable flip angle 
evolution intended for short TE application, the DANTE 
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dark-blood preparation, slab selective excitation in the axial 
plane and added MTC preparation. The VIBE sequence was 
performed afterwards, with the following parameters: TR/
TE = 4.7/1.76 ms, resolution = 0.8 mm3 (isometric), leading 
to an acquisition time: 3 min 23.

Image analysis

Two investigators, an experienced radiologist (ER) with 
15 years of experience in neurological imaging and a junior 
radiologist (JR) with a 5-year experience in general radiol-
ogy, independently analyzed both studies using the platform 
Telemis-Medical® Version 4.95 (Ottignies-Louvain-la-
Neuve, Belgium). Investigators were blinded regarding the 
patient’s identity and the primary tumor diagnosis. However, 
they were not blinded to the sequence type due to its dis-
tinctive appearance. Within each set of sequences, readers 
reported the number of metastases (ranging from 0 to > 10; 
0 meaning the absence of metastases and > 10 that more than 
10 metastases were found). To avoid recall biasing of the 
observers, the reading sessions of both studies were sepa-
rated by an interval of at least 6 weeks.

Statistical analysis

Statistical analyses were performed using MatlabR2022.
Non-parametric McNemar’s tests were used to assess 

diagnostic accuracy between SPACE and SPACE + VIBE 
(this latter being the standard of reference chosen for this 
study) in detecting brain metastases. Tables of contin-
gency, including true positives (TP), true negatives (TN), 
FP, and FN, were constructed. Sensitivity (Se), specificity 
(Sp), positive predictive value (PPV), and negative predic-
tive value (NPV) of each investigated case were then cal-
culated and reported within their 95% confidence interval 
(CI). Non-parametric Spearman correlation tests were 
used to assess statistical differences in the number of brain 
metastases detected by both JR and ER, for both SPACE 
and SPACE + VIBE sequences. Differences were deemed 
significant whenever the corresponding p-value was lower 
than 0.05. Finally, Cohen’s kappa (κ) method was used to 
evaluate the inter-observer and inter-method reliability. Fol-
lowing [21], κ values ranging between 0.8 and 1 indicate an 
almost perfect agreement.

Descriptive analysis of discordant cases

All cases of discordance (i.e., FP and FN) were extracted 
and analyzed individually. Each discordant case was exam-
ined a second time by studying both sequences in con-
junction and trying to find explanations for their errone-
ous assignment. The corresponding T2w FLAIR sequence 
was also taken into consideration whenever deemed useful. 

Importantly, this part of the analysis was neither rand-
omized nor anonymized, and was carried out by the JR 
and the ER, in consensus with a third party (an experienced 
neuroradiologist with over 30 years of experience in neu-
rological imaging).

Results

Study population characteristics

Four hundred seventy-three MRI examinations from 292 
patients (mean age ± standard deviation (SD): 62 ± 11, 
range: 31–89 years, 296 females and 177 males) were 
included in our study. Main primary neoplasms are 
represented by lung cancer (196/473, mean age ± SD: 
65 ± 9), breast cancer (140/473, mean age ± SD: 
58 ± 11 years) and melanoma (82/473, mean age ± SD: 
65 ± 9  years). Other primary localizations (55/473) 
include renal carcinoma, colorectal cancer, anal cancer, 
ovarian cancer, neuroendocrine tumors, uterine cancer, 
germinal cell carcinoma, gastric cancer, gastrointestinal 
stromal tumor, leukemia, mediastinal adenocarcinoma, 
nasopharyngeal cancer, urothelial carcinoma, sinonasal 
undifferentiated carcinoma, chondrosarcoma, osteo-
tropic cancer, prostate cancer, sarcoma, squamous cell 
carcinoma, and testicular cancer.

Diagnostic performance of SPACE in brain 
metastases detection

Figure 1 shows the histogram of the number of brain metas-
tases detected using either SPACE or SPACE + VIBE for 
the JR and ER.

The table of contingency displaying the number of paren-
chymal brain lesions using SPACE for both junior and expe-
rienced readers is reported in Table 1. To note, as aforemen-
tioned, SPACE + VIBE was taken as reference.

These contingency tables show that the detection of 
brain metastases can be similarly performed using either 
the SPACE sequence alone or in combination with the VIBE 
sequence (i.e., SPACE + VIBE) (no statistical difference, 
p > 0.05). These results hold true for both ER and JR.

Diagnostic performance of SPACE in number 
of metastases detected

Correlation tests show no difference in the number of brain 
metastases (correlation coefficient ⍴ > 0.88, p < 0.001) 
between SPACE and SPACE + VIBE sequences for fixed 
radiologist (see rows 1 and 2 of Table 2) and between radi-
ologists for fixed sequence (see rows 3 and 4 of Table 2).
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Interobserver variability

Interobserver variability assessed by Cohen’s κ test shows 
an overall excellent agreement (i.e., Cohen’s κ value 
ranging between 0.8 and 1) between ER and JR in the 
evaluation of the presence or absence of metastases both 
with SPACE (κ = 0.99, CI: 0.97–1) and SPACE + VIBE 
(κ = 0.98, CI: 0.97–1).

Detailed analysis of discordant results

Together, we have identified 28 FP cases for the JR and 27 
for the ER (with an overlap of 26 cases between the read-
ers), and 15 FN cases for the JR and 17 for the ER (with on 

Fig. 1   Distribution of the 
number of brain metastases for 
the JR (left) and ER (right). 
Lighter colors (i.e., light orange 
and light blue) refer to detection 
of metastases relying on SPACE 
sequence only and darker colors 
(i.e., dark orange and dark blue) 
are associated with detec-
tion based on SPACE + VIBE 
sequences. SPACE, sampling 
perfection with application-
optimized contrasts by using 
different flip angle evolutions; 
VIBE, volumetric interpolated 
breath-hold examination; ER, 
experienced radiologist; JR, 
junior radiologist

Table 1   Diagnostic performance of SPACE compared to 
SPACE + VIBE in brain metastases detection. TP, TN, FP, FN, Se, 
Sp, PPV, NPV, p-value, and Cohen’s κ value are reported for both the 

JR (first row) and the ER (second row). 95% confidence intervals are 
expressed within parenthesis

SPACE, sampling perfection with application-optimized contrasts by using different flip angle evolutions; VIBE, volumetric interpolated breath-
hold examination; TP, true positives; TN, true negatives; FP, false positives; FN, false negatives; Se, sensitivity; Sp, specificity; PPV, positive 
predictive value; NPV, negative predictive value; ER, experienced radiologist; JR, junior radiologist

TP TN FP FN Se (%) Sp (%) PPV (%) NPV(%) p-val κ

JR 189 189 28 15 92.6
(88.1–95.8)

12.9
(8.7–18.1)

87.1
(81.9–91.2)

92.6
(88.1–95.8)

0.05 0.82

ER 241 188 27 17 93.4
(89.6–96.1)

12.5
(8.4–17.7)

89.9
(85.7–93.3)

91.7
(87.1–95.1)

0.13 0.81

Table 2   Correlation coefficient and associated p-value for the number 
of metastases

CI, confidence interval; SPACE, sampling perfection with appli-
cation-optimized contrasts by using different flip angle evolutions; 
VIBE, volumetric interpolated breath-hold examination; ER, experi-
enced radiologist; JR, junior radiologist

Correlation (95% CI)
p-value

ER / SPACE ER / SPACE + VIBE 0.88 (0.85–0.9)
p < 0.001

JR / SPACE JR / SPACE + VIBE 0.88 (0.85–0.9)
p < 0.001

ER / SPACE JR / SPACE 0.99 (0.99–0.99)
p < 0.001

ER / SPACE + VIBE JR / SPACE + VIBE 0.99 (0.99–0.99)
p < 0.001
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overlap of 14 cases between the readers). These cases of 
discordance are more extensively discussed hereunder.

False positives

Eight FP for the JR and 4 for the ER were due to detection 
errors (distraction errors, small lesion < 2 mm, peripheral 
topography). Seven FP for the JR and 10 for the ER were due 
to incomplete vessel suppression. In 6 cases for the JR and 2 
for the ER, contrast enhancements in the rim of metastasis 
resection cavities were wrongly considered as lesions. Four 
FP for the JR and 1 for the ER were due to small leptomenin-
geal enhancement considered as parenchymal lesions. Two 
FP (2 for each reader) were caused by remaining artifacts 
that were not excluded during the first study selection. Three 
FP were due to diagnosis errors made by ER (ischemic 
stroke lesions for instance). One FP for the JR and 3 for the 

ER were attributed to retranscription mistakes. Lastly, 2 FP 
for ER were due to hyperintense areas caused by leucopathy. 
Illustrative examples of FP are displayed in Fig. 2.

False negatives

Five FN for the JR and 9 for the ER were due to detec-
tion errors (distraction errors, small lesion < 2 mm, trapping 
topography). Three FN for the JR and 2 for the ER were due 
to low-intensity enhancing metastases that were wrongly 
considered as hyperintensities caused by leucopathy. Three 
FN for the JR and one for the ER were a consequence of arti-
facts. Two cases (2 for each reader) were due to small lesions 
in or next to enhancing resection cavities. One FN for the JR 
and 2 for the ER were attributed to confusion between lep-
tomeningeal enhancement and parenchymal enhancement. 
One FN for JR was due to a metastatic lesion considered as 

Fig. 2   Examples of false positive cases of SPACE in detecting brain 
metastases demonstrated by CE axial slices. a Non-suppressed small 
left occipital cortical vessel (arrow) appearing on SPACE (left) as an 
enhancing lesion, better discernible on VIBE (right) in a 70-year-old 
female with lung cancer. b Non-suppressed left parasagittal devel-
opmental venous anomaly (arrow) appearing on SPACE (left) as an 
enhancing lesion, better discernible on VIBE (right) in a 62-year-old 
female with lung cancer. c Left periventricular white matter hyper-

intensity (arrow) appearing on SPACE (left) as an enhancing lesion; 
confirmed in T2w FLAIR sequence (right); no enhancing area is 
visible on VIBE (middle) in a 65-year-old male with lung cancer. 
SPACE, sampling perfection with application-optimized contrasts by 
using different flip angle evolutions; CE, contrast-enhanced; VIBE, 
volumetric interpolated breath-hold examination; T2w, T2 weighted; 
FLAIR, fluid attenuated inversion recovery; 3D, three dimensional
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a non suppressed vessel in SPACE. Lastly, 1 FN for the ER 
is because of a retranscription mistake. Illustrative examples 
of FN are shown Fig. 3.

Discussion

The purpose of our study was threefold: (1) to investigate 
whether the sole use of SPACE is sufficient in detecting 
brain metastases instead of using it in combination with a 
classical GRE non black-blood sequence (here VIBE); (2) 
the effect of radiologist’s experience on this potential dif-
ference; and (3) the causes of discordant results in SPACE’s 
performance for brain metastases detection.

Our results highlighted that SPACE alone is robust 
enough in detecting brain metastases as no statistical dif-
ference with the use of SPACE and VIBE together was 

observed. In addition, we found no effect of the radiologist's 
experience, with the junior reader performing as well as the 
experienced one. The main causes of FP and FN results were 
also identified. Importantly, analyses were re-conducted for 
each primary cancer subtype and no statistical effect of the 
primary cancer subtype was found (data not shown).

To the best of our knowledge, this is the first study 
that compares the use of SPACE alone to the association 
SPACE + VIBE in intracerebral secondary lesions assess-
ment. Our study showed high Se, Sp, PPV, and NPV for 
SPACE in detecting intraparenchymal metastatic lesions 
regardless of the investigator’s experience. In that frame-
work, our study is in line with Kikuchi et al. [22] who found 
close results (i.e., no effect of radiologist’s experience) com-
paring a similar sequence called volume isotropic simultane-
ous interleaved bright- and black-blood examination (VIS-
IBLE) with a conventional GRE imaging. Of note, the result 

Fig. 3   Examples of false negative cases of SPACE in detecting 
brain metastases demonstrated by CE T1w axial slices. a Very small 
(< 2  mm) cortical right occipital peripheral lesion (arrow) missed 
on SPACE (left), better discernible on VIBE (right) in a 59-year-old 
female with lung cancer. b Very small (2 mm) para-sulcal right fron-
tal lesion (arrow) missed on SPACE (left), better discernible on VIBE 
(right) in a 59-year-old female with lung cancer. c Poorly enhancing 
right parietal metastasis (arrow) wrongly considered as non-attenu-
ated white matter hyperintensity on SPACE (left), confirmed as such 

on VIBE (right) in a 70-year-old male with lung cancer. d Poorly 
enhancing right parietal periventricular metastasis (arrow) wrongly 
considered as non-attenuated white matter hyperintensity on SPACE 
(left), confirmed as such on VIBE (right) in a 71-year-old male with 
lung cancer. SPACE, sampling perfection with application-optimized 
contrasts by using different flip angle evolutions; CE, contrast-
enhanced; VIBE, volumetric interpolated breath-hold examination; 
T1w, T1 weighted; 3D, three dimensional.
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of our study would have been strengthened with additional 
readers but our results, together with those of Kikuchi et al. 
[22], suggest that the radiologist’s experience remains mar-
ginal for brain metastases detection.

Numerous studies (e.g., [9, 12]) have compared a 3D TSE 
sequence similar to SPACE with other T1w CE sequences, 
principally with magnetization-prepared rapid gradient-echo 
(MPRAGE) due to its widespread use in clinical routine. In 
fact, 3D GRE sequences such as MPRAGE were historically 
developed before 3D TSE and were thus used first for brain 
metastases detection. The main differences between 3D TSE 
and 3D GRE are (i) white and gray matter contrast (better for 
3D GRE), (ii) blood flow signals (hypointense for 3D TSE, 
hyperintense for 3D GRE), and (iii) magnetic susceptibility 
artifacts (reduced for 3D TSE, present for 3D GRE) (for a 
review, see, e.g., [23]). Notwithstanding these differences, 
studies have shown that 3D TSE has better detection rate of 
brain metastases compared to 3D GRE (e.g., [13, 24]). Our 
study emphasizes that those high detection rates are still 
valid even when comparing SPACE to a conjunction of two 
highly accurate sequences, herein SPACE and VIBE.

Although there was no significant statistical difference 
between SPACE alone and the combination of SPACE and 
VIBE, the rate of brain metastases detection was not perfect 
as some FP and FN results were still observed. Therefore, 
we leaned on analyzing each of those cases to better com-
prehend remaining weaknesses linked to the use of SPACE 
alone. To note, it should be underscored that, for the discord-
ant cases, the consensus reading among the two radiologists 
(and the third party) was taken as the standard of reference. 
In our series, 30% of FP were due to suboptimal blood ves-
sel signal suppression, which is far less than the 70% rate 
reported by Nagao et al. [18] who studied a TSE black-blood 
sequence (called MSDE) versus the MPRAGE sequence. 
This suggests that the addition of the DANTE blood sig-
nal suppression preparation to our SPACE sequence, which 
already contains an intrinsic blood-suppression character-
istic, is critical to improve vessel signal suppression. The 
study of Xie et al. [19] shows the same results for intracra-
nial vessel wall imaging. Another cause of FP or FN that has 
been highlighted in our study comes from periventricular 
white matter hyperintensities, also known as leukoaraiosis. 
In fact, these latter are striking abnormalities, often dis-
closed on T2w and FLAIR images in the elderly popula-
tion [25]. They occur in about 30% of healthy subjects over 
60 years of age [26]. Importantly, our SPACE sequence was 
further improved by the addition of a MTC preparation to 
attenuate the white matter signal surrounding enhancing 
brain lesions making them easily discernible. Due to these 
magnetization transfer properties, regions affected by white 
matter loss, corresponding from a molecular point of view 
to the loss of axons and myelin sheaths (that is, white mat-
ter hyperintensities) [27], were not properly attenuated and 

therefore remained hyperintense on SPACE, and potentially 
misleading the reader in taking them for metastases. The 
main parameter implicated in this effect is the magnetiza-
tion transfer ratio (MTR) that measures the efficiency of the 
magnetization exchange between the relatively free water 
protons inside tissue and those bound to protein macromol-
ecules in cellular membranes. A reduction of the MTR is 
seen in all pathological changes in brain tissue structure that 
involve alterations in cell membrane macromolecules, such 
as inflammation, myelin pallor or demyelination [21–23]. 
In this further analysis of FP and FN cases, we had to resort 
to T2w FLAIR imaging — which is considered to be the 
sequence of reference for studying white matter changes 
[31] — to differentiate the “real” enhancing lesions from 
non-attenuated white matter in leukoaraiosis. This to say 
that a T2w FLAIR sequence is key for adequate interpreta-
tion of MRI images in brain metastases evaluation, espe-
cially in imaging protocols resorting to MTC prepared 
T1w sequences. This also holds true for leptomeningeal 
secondary involvement, a less frequent but yet important 
part of brain metastatic disease [32]. Despite some inad-
equate attenuations of white matter signals with the MTC 
preparation module as discussed hereinabove, the key role of 
this latter module should be underlined for a correct assess-
ment of brain metastases. To our view, we claim for this 
module to be constantly added to the SPACE sequence to 
enhance brain metastases visualization. Finally, some of 
the lesions missed by radiologists using SPACE alone were 
due to their small size. Nonetheless, high detection rates in 
black-blood TSE T1w sequences with variable flip angles 
(such as SPACE) are still well established in literature [9, 
12], mostly because of a significantly better contrast to noise 
ratio (CNR) of tumor to parenchyma. This is especially true 
for very small lesions (inferior to 5 mm) [33]. Kim et al. [34] 
reported approximately double the detection rates of ≤ 5 mm 
brain metastases with a DANTE-SPACE compared with 
MPRAGE as well as higher CNR of metastases and shorter 
reading time. This contrasts with our study where all the 
small lesions missed were inferior or equal to 2 mm. Detec-
tion of those very small lesions is crucial for treatment man-
agement (e.g., for GKSR for instance) [13]. Despite this, 
data on variability of measurements and localizations of 
brain metastases are still limited to date [35].

This study suffers some limitations. In addition to the 
design being retrospective and monocentric, one of our 
limitations is that it included only MRI scans carried out 
on a 3T magnetic field system. This choice was guided by 
the better SNR and the higher resolution of studies per-
formed on 3T compared to 1.5T examinations in cerebral 
tumors [29–31]. Although most MRI scans are carried out 
on 3T in our institution, brain MRI scans on 1.5T sys-
tems remain inevitable for some patients due to technical 
or logistical reasons. Moreover, 3T scans are not available 
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in all imaging centers. Therefore, it would be interesting 
to adapt our study to 1.5T MRI scans. Furthermore, we 
do recognize that our standard of reference, being only 
a part of the current protocol used in our department, is 
imperfect. A stronger — but rather impossible — refer-
ential would have been anatomopathological confirmation 
of metastatic brain lesions. However, histology was only 
acquired from the primary tumor, since patients with brain 
metastases generally do not undergo cerebral biopsy at our 
institution, unless primitive cancer is unknown. Another 
standard of reference used in several (longitudinal) stud-
ies is the follow-up. Although interesting, this standard of 
reference could not have been implemented herein as lots 
of patients came only once during the time study window 
(e.g., a screening that showed no presence of metastases). 
A last weakness of this study concerns the third part of 
the analysis in which discordant cases were taken out of 
the anonymized and randomized series and were inter-
preted in a real clinical setting. Finally, this study was a 
cross-sectional comparison for diagnostic accuracy, and 
its consequences on patients’ clinical outcome remain to 
be evaluated.

Conclusions

In summary, we successfully demonstrated that SPACE, 
a 3D TSE black-blood with MTC preparation, is robust 
enough to replace the combination of two different T1w 
sequences in brain metastases detection, regardless of the 
radiologist’s experience. Therefore, for imaging centers 
with high patient flow and seeking for rapid imaging results, 
imaging protocol for brain metastases evaluation could be 
shortened, with only two contrast enhanced 3D sequences: a 
T1w sequence such as SPACE and a T2w sequence such as 
FLAIR, without loss of imaging quality and interpretation 
allowing rapid oncological care.
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