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A B S T R A C T

BACKGROUND AND PURPOSE: Aneurysm size and neck measurements are important for treatment decisions. The introduc-
tion of 7T magnetic resonance angiography (MRA) led to new possibilities assessing aneurysm morphology and flow due to the
higher signal-to-noise ratio. However, it is unknown if the size measurements on 7T MRA are similar to those on the standard 3T
MRA. This study aimed to compare aneurysm size measurements between 7T and 3T MRA.
METHODS: We included 18 patients with 22 aneurysms who underwent both 3T and 7T MRA. Three acquisition protocols were
compared: 3T time of flight (TOF), 7T TOF, and 7T contrast-enhanced MRA. Each aneurysm on each protocol was measured by
at least two experienced neuroradiologists. Subsequently, the differences were evaluated using scatterplots and the intraclass
correlation coefficients (ICC) of agreement.
RESULTS: There was a good agreement among the neuroradiologists for the height and width measurements (mean ICC:
.78-.93); the neck measurements showed a moderate agreement with a mean ICC of .57-.72. Between the MR acquisition protocols,
there was a high agreement for all measurements with a mean ICC of .81-.96. Measurement differences between acquisition
protocols (0-2.9 mm) were in the range of the differences between the neuroradiologists (0-3.6 mm).
CONCLUSION: Our study showed that 7T MRA, both nonenhanced and contrast-enhanced, has a high agreement in aneurysm
size measurements compared to 3T. This suggests that 7T is useful for reliable aneurysm size assessment.
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Introduction
An increasing number of unruptured intracranial aneurysms
are detected due to the increase in brain imaging.1 To pre-
vent aneurysm rupture, which carries a high morbidity and
mortality,2 the aneurysm can be obliterated from the normal
circulation by surgical clipping or several endovascular options
(eg, coiling or flow diverter placement). As treatment is not risk-
free, the treatment decision is based on both the treatment and
rupture risk.

Currently, the rupture risk estimation is primarily based on
aneurysms size, shape, and location and patient characteristics
(age, ethnicity, and earlier subarachnoid hemorrhage).3 Larger
aneurysm sizes have shown to have a higher risk of rupture.4,5

The difficulty of the treatment also depends on aneurysm size,
shape, and location. Additionally, the aneurysm neck size has
a large influence on treatment complexity.6 A neck diameter
smaller than the dome size greatly increases the chance of full
occlusion after treatment with coiling. Thus, for both the rup-
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ture risk and treatment risk, it is important to accurately as-
sess the size of the aneurysm and its neck. Consequently, in-
correct measurements could lead to a suboptimal treatment
decision.

Time-of-flight (TOF) MR angiography (MRA) at 3 tesla (3T)
is the imaging modality of choice for evaluation of unruptured
intracranial aneurysms.7 The advantages of this method are that
it is radiation free, has no need of contrast medium administra-
tion, and has a high spatial resolution. Advances in software
and hardware have made 7 tesla (7T) MRI systems available
for clinical purposes. This higher field strength, compared to
the regular 3T systems, results in an increased signal-to-noise ra-
tio, which facilitates acquisition at higher resolutions.8,9 Several
sequences already showed to benefit from high-field strengths,
such as phase contrast imaging10 and vessel wall imaging.11,12

Previous studies evaluated the image quality of TOF MRA,
showing improved image quality with increasing magnetic field
strengths. For instance, Von Morze et al showed improved
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visualization of the intracranial vasculature at 7T, especially of
the smaller peripheral vessels.13 However, 7T MR systems have
more transmit field inhomogeneities causing artifacts, which
might lead to inaccurate aneurysm measurements on 7T MRI.

As it is still unclear whether aneurysm measurements on 7T
are comparable to measurements on 3T, the goal of this study
was to assess the agreement in manual aneurysm measurements
at 3T and 7T MRA in unruptured and untreated intracranial
aneurysms. We chose to include both nonenhanced and en-
hanced 7T MRA to give a full overview of the possibilities.

Methods
Study Population

This study included patients with an unruptured intracranial
aneurysm with repeated imaging during regular follow-up, who
participated in the “Improving risk prediction of intracranial
aneurysms (IMPRES)”-study. The study was approved by the
local IRB, and all patients signed an informed consent form.
The included patients participated in the study between Octo-
ber 2016 and December 2018 and were at least 18 years old.
Patients with contraindications for the 7T MRI or a poor re-
nal clearance (lower than 30 mL/min) were excluded. During
this time period, we identified 160 consecutive patients, 12 were
excluded due to poor quality of the follow-up imaging, 82 had
contraindications for 7T MR, 11 were in a too poor clinical con-
dition for additional imaging, and 37 did not want to participate.
In total, 18 patients with 22 aneurysms were included.

Imaging

The 3T MRA was part of the regular clinical work-up. Both
3T and 7T MRA’s were made on a Philips medical systems
scanner (Philips healthcare, Best, the Netherlands). 3T scanning
was done on an Ingenia System with a multichannel head coil.
3T acquisition was according to the multiple overlapping thin
slab acquisition (MOTSA) technique with sensitivity encoding
(SENSE, acceleration factor = 5). Scan parameters were; ma-
trix: 512*512, repetition time (TR): 20.4-25.0 milliseconds, echo
time (TE): 3.5-4.1 milliseconds, field of view: 512*512, and flip
angle 20°. The 3T data were acquired and constructed at a res-
olution of .35-.39 mm (anterior-posterior), .35-.39 mm (right-
left), and .5 mm (superior-inferior). This resulted in a total scan-
time of 5.5 minutes. 7T imaging was done using an Achieva
system and a transmit head coil with 32-channel receiving el-
ements (Nova Medical, Wilmington, MA). 7T acquisition used
a TOF with SENSE protocol (acceleration factor = 5). Scan
parameters for the 7T scan were; matrix: 1,008*1,008, TR:
12.7-16.3 milliseconds, TE: 2.3-2.6 milliseconds, field of view:
1,008*1,008, and flip angle 25°. The 7T data were acquired at
a resolution of .19 mm (anterior-posterior), .19 mm (right-left),
and .5 mm (superior-inferior) and reconstructed to a similar res-
olution as the 3T-imaging of .5 mm (anterior-posterior), .5 mm
(right-left), and .5 mm (superior-inferior). This resulted in a to-
tal scan-time of 4 minutes. A second 7T MRA with the same
scan settings was made after the administration of .1 mL/kg
Gadovist (1 mmol/mL) or .2 mL/kg Dotarem (.5 mmol/mL).
No contrast-enhanced MRA was done on 3T as this scan was
part of regular-clinical follow-up, while the 7T was done for re-
search purposes.

Fig 1. Definition of the aneurysm size measurements.

Size Assessment

Three neuroradiologists, with each more than 10 years of
experience, evaluated the 3T MRA and 7T nonenhanced
and enhanced MRAs. Each neuroradiologist measured all the
aneurysms at two MRA acquisition protocols, using multipla-
nar reconstruction within Impax (Agfa Healthcare, Germany).
All measurements were done on the 2D images. At least two
neuroradiologists measured each aneurysm for each MRA ac-
quisition protocol. The neuroradiologists were blinded to the
measures by the other radiologists and to their own measure-
ments between acquisition protocols. Scans were first qualita-
tively evaluated on image quality using a four-point scale: (1.
Poor, not diagnostically useful; 2. Moderate [aneurysm can be
seen but is hard to delineate]; 3. Good [aneurysm can be com-
pletely delineated]; and 4. Excellent [aneurysm and surround-
ing vessels can be clearly seen and delineated]). Subsequently,
for each aneurysm, the height, width, and neck diameter were
measured. No measurements were performed on aneurysm im-
ages with a poor image quality (score of 1), given five times in
three different aneurysms (all nonenhanced 7T MRAs). Mea-
surements were done for the images with a moderate quality
score of 2, given six times in four aneurysms (four times for
a 3T MRA, one time in a nonenhanced 7T MRA, and one
time in a contrast-enhanced 7T MRA). The following defini-
tions were used:14 the neck diameter is the largest diameter mea-
sured where the aneurysm deviates from the parent vessel, the
maximal height is the maximal distance between the aneurysm
neck and aneurysm fundus tip, the maximal width is the maxi-
mal size of the aneurysm measured perpendicular to the height
measurements, see Figure 1.

Statistics

We compared the aneurysm measurements between each neu-
roradiologist and between each acquisition protocol. First, scat-
terplots were made to visualize agreement. Second, Bland-
Altman analyses were performed determining the bias and lim-
its of agreement (LoA) for each comparison. Subsequently, the
intraclass correlation coefficients (ICCs) were calculated to de-
termine the agreement between the measurements of the neuro-
radiologists and between MRA acquisition protocols. An ICC
of 1 indicates perfect agreement, and an ICC of 0 shows no
agreement.
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Table 1. Average Measurements and Standard Deviation Per MRA Acquisition Protocol

Measurements Mean ± SD/Median (range) Bland-Altman analysis Mean (95% CI)

3T 7T 7T-CE 3T and 7T 3T and 7T-CE 7T and 7T-CE

Quality (mean (range)) 3 (2-3) 3 (1-4) 4 (1-4)
Height (mm) 4.8 ± 1.9 4.8 ± 1.8 4.6 ± 2.0 –.3 (–2.1 to 1.5) .3 (–1.5 to 2.1) .0 (–2.0 to 2.0)
Width (mm) 4.9 ± 2.3 4.9 ± 2.6 4.7 ± 2.5 –.3 (–2.9 to 2.3) .2 (–2.0 to 2.4) .2 (–1.2 to 1.4)
Neck (mm) 3.5 ± 1.7 3.7 ± 1.9 3.3 ± 1.8 –.1 (–1.5 to 1.3) .1 (–1.7 to 1.9) –.2 (–2.4 to 2)

3T, 3 tesla nonenhanced MRA; 7T, 7 tesla nonenhanced MRA; 7T-CE, 7 tesla contrast-enhanced MRA; SD, standard deviation; CI, confidence interval.

Fig 2. Examples of poor (1 star), moderate (2 stars), good (3 stars), and excellent (4 stars) image quality MRIs. Each row shows a different
aneurysm, and each column shows a different acquisition protocol. The yellow bar (10 mm) shows the scale for each scan. The top row shows
a middle cerebral artery aneurysm (yellow arrow), with a poor quality on the nonenhanced 7T (middle). In this case, the poor quality was due
to the inhomogeneous b1-field. Note: Images were created using a DICOM-viewer with image interpolation, interpolation was turned off during
scoring. MCA, middle cerebral artery; ACOM, anterior communicating artery; CE, contrast-enhanced.

All statistical analyses were performed with R-studio (ver-
sion 1.1.456). A P-value of .05 was considered statistically
significant.

Results
The average age at time of the reference 3T MRA of the
18 patients was 62 years (range 48-76). Three patients had
multiple aneurysms. The maximum aneurysm size was
1.5-11 mm. Aneurysm locations were at the middle cerebral
artery (n = 11, 50%), anterior communicating artery (n = 4,
18%), internal carotid artery (ICA, n = 3, 14%), and basilar
artery (n = 2, 9%). The average time between the 3T and 7T
imaging was 114 days (range 34-217 days).

Table 1 shows the quality scores and the measurements for
each MRA acquisition protocol. The quality of the 7T MRA,

especially the nonenhanced MRA, varied substantially among
patients. While the 3T MRA mostly had a good and in some
cases moderate (n = 2, 5%) image quality, the image quality of
three of the nonenhanced 7T MRAs was classified as poor and
for six cases, the image quality was classified as excellent by all
observers. An example of an excellent and poor-quality scan
can be seen in Figure 2. The 7T contrast-enhanced MRAs most
often showed an excellent quality (n = 21, 50%), compared to
the 3T (n = 0, 0%) and nonenhanced 7T (n = 7, 16%), but two
intracavernous ICA aneurysms were difficult to measure due to
contrast-enhancement within the cavernous sinus.

Scatterplots and Intraclass Correlation Coefficient

The scatterplots, as depicted in Figures 3 and 4, show sim-
ilar aneurysm sizes as measured by the neuroradiologists.
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Fig 3. Scatterplots and correlation matrices comparing measurements by three neuroradiologists. The plots in the right upper corner show
the intraclass correlation coefficients, the plots in the lower left corner show the scatterplots with the linear trend (red) and identity line (gray).
The axes show the size in mm. R1, first neuroradiologist; R2, second neuroradiologist; R3, third neuroradiologist. [Color figure can be viewed
at wileyonlinelibrary.com]

Fig 4. Scatterplots and correlation matrices comparing three acquisition protocols. The plots in the right upper corner show the intraclass
correlation coefficients, the plots in the lower left corner show the scatterplots with the linear trend (red) and identity line (gray). The axes
show the size in mm. 3T, 3 tesla nonenhanced MRA; 7TCE, 7T contrast-enhanced MRA; 7TnCE, 7T nonenhanced MRA. [Color figure can be
viewed at wileyonlinelibrary.com]

Table 2. Interclass Correlation Matrix with 95% Confidence Intervals for between Neuroradiologists and MRA Acquisition Protocols

Neuroradiologist MRA acquisition protocol

R1 and R2 R2 and R3 R1 and R3 3T and 7T 3T and 7T 7T and 7T-CE
Height .86 (.68-.94) .82(.53-.93) .90 (.74-.96) .87 (.7-.95) .96 (.89-.98) .88 (.74-.95)
Width .78 (.55-.90) .83 (.63-.93) .93 (.83-.97) .85 (.67-.94) .91 (.8-.96) .97 (.92-.99)
Neck .72 (.33-.88) .57 (.18-.80) .59 (.06-.84) .81 (.59-.92) .91 (.65-.94) .85 (.79-.96)

R1, first neuroradiologist; R2, second neuroradiologist; R3, third neuroradiologist; 3T, 3 tesla nonenhanced MRA; 7T, 7 tesla nonenhanced MRA; 7T-CE, 7 tesla
contrast-enhanced MRA.

The agreement for the height and width measurements
was good with a mean ICC of .78-.93. The neck mea-
surements show a moderate agreement with a mean ICC
of .57-.72. All ICC-values of agreement and their con-
fidence intervals are shown in Table 2. For the MRA
acquisition protocols, the scatterplots also show a high
similarity. For all measurements, the agreement was good
to high with a mean ICC of .81-.92. A clear linear association
without any outliers was seen between the measurements of
each acquisition protocol.

Bland-Altman Analysis

The Bland-Altman analyses showed an average difference in
height between neuroradiologists of .4 mm (with LoA ranging
from –2.2 to 2.6), see Table 3. The largest difference was seen in

the neck diameter between the first and third neuroradiologist
(on average –1.1 mm, LoA: –3.3 to 1.1). The Bland-Altman plots
did not show clear trends when comparing the differences to the
average measurements between neuroradiologists; all plots are
shown in Figure 5.

For the comparisons between MRA acquisition protocols,
see Table 1, the Bland-Altman analyses showed differences be-
tween 3T and 7T of on average –.3 mm (LoA: –2.1 to 1.5 mm),
–.3 mm (LoA: –2.9 to 2.3 mm), and –.1 mm (LoA: –1.5 to
1.3 mm) for the height, width, and neck, respectively. These
differences and LoA between image acquisition protocols were
smaller compared to the differences within observers. For the
MRA acquisition protocols, no clear trends or variability differ-
ences depending on the average size measurements were seen,
see Figure 6.
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Table 3. Average Measurements and Standard Deviation Per Neuroradiologist

Measurements Mean ± SD
Bland-Altman analysis

Mean difference (Limit of agreement)

R1 R2 R3 R1 and R2 R1 and R3 R2 and R3
Height (mm) 4.8 ± 1.8 4.4 ± 1.8 4.9 ± 2.0 –.4 (–2.2 to 1.4) –.3 (–1.9 to 1.3) .6 (–1.4 to 2.6)
Width (mm) 4.7 ± 2.3 4.9 ± 2.6 4.6 ± 2.6 .2 (–2.9 to 3.3) –.3 (–1.9 to 1.3) .3 (–2.8 to 3.4)
Neck (mm) 3.8 ± 1.9 3.8 ± 1.9 3.3 ± 1.7 .7 (–1.5 to 2.9) –1.1 (–3.3 to 1.1) –.1 (–3.6 to 3.5)

R1, first neuroradiologist; R2, second neuroradiologist; R3, third neuroradiologist; SD, standard deviation.

Fig 5. Bland-Altman plots comparing the differences in mm be-
tween neuroradiologists, showing the plot with the biggest difference
for each measurement. R1, first neuroradiologist; R2, second neuro-
radiologist; R3, third neuroradiologist.

Discussion
Our findings show that aneurysm height, width, and neck size
measurements on 7T MRA in both nonenhanced and contrast-
enhanced scans are comparable to 3T MRA. Although some
differences were seen, these were smaller than the differences
between neuroradiologists within single acquisitions. This sug-
gests that 7T MRA is also suitable to use for treatment decisions.

Some nonenhanced 7T MR scans had a poor image quality,
severely limiting the visualization of the aneurysm. This agrees

Fig 6. Bland-Altman plots comparing the differences in mm be-
tween MRI acquisition protocols, showing the plot with the biggest
difference for each measurement. 3T, 3 tesla nonenhanced MRA;
7T, 7 tesla nonenhanced MRA; 7T-CE, 7 tesla contrast-enhanced
MRA.

with observations of previous studies, the pulsatile blood flow
is more susceptible to field inhomogeneities, which might re-
sult in signal loss.15 This effect occurs most often in aneurysms
closer to the temporal lobe as this area is mostly affected by sig-
nal loss due to the inhomogeneities. Additionally, the 7T MRA
did not use a MOTSA technique, contrary to the 3T MRA. As
a result, the 7T TOF images likely have more signal loss due
to saturation effects. However, the use of this technique is still
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limited on 7T MRI setups, and was not implemented at our
7T system. As 3T has been widely used for over 10 years, the
available sequences and setup have been optimized for intracra-
nial vessel and aneurysm assessment, which is also reflected
by the consistently good image quality in our study. Further
optimization still has to be done at 7T.16 The introduction of
multichannel coils should reduce field inhomogeneities by im-
proving the B1-shimming.13,17,18 Additionally, multicoil shim-
ming also improves the B0-inhomogenieties.19 This can further
improve image quality, especially near the air-tissue interfaces,
such as the sphenoid sinuses and mastoid. The 7T sequence
used for this study was faster than the 3T sequence. Therefore,
more time is available to either add other sequences—such as
vessel wall imaging—or improve the resolution on 7T. However,
the introduction of compressed sensing at 3T MRI also reduces
the scanning time at 3T.20,21

For 7T imaging, we chose a similar reconstructed resolu-
tion to the 3T setup. Higher resolutions are possible with 7T,
but this significantly increases the scanning time, increasing the
possibility of the patient moving during the sequence. Higher
resolutions and the increased sensitivity of 7T MRA espe-
cially benefit the visualization of the smaller arteries.9,22 Small
aneurysms (< 3 mm) can already be detected on 3T MRA.23

The introduction of 7T, therefore, mostly benefits the assess-
ment of small vascular structures and not aneurysm size assess-
ment. Improved visualization of the vessels surrounding the
aneurysm can be of great benefit in treatment planning. As
a result, branches arising from the aneurysm could be easier
identified on 7T MRA. Additionally, the complete aneurysm
assessment also benefits from higher field strength, as phase
contrast imaging10 and vessel wall imaging11,12 both showed im-
proved visualization at higher field strengths.

The largest difference between 3T and 7T MRA was 2.9
mm. Nevertheless, the largest difference between the neuro-
radiologists was 3.5. Thus, the differences between acquisition
protocols are within normal ranges. These differences cannot
be ignored. With a treatment threshold of 7 mm, a difference
of 2 mm could result in a different treatment decision. In our
study, we only had one case where the nonenhanced 7T MRA
measured a height below 7 mm, while the 3T measurement was
above 7 mm. Thus, in our population, these differences did not
influence the treatment decision. However, such substantial dif-
ferences, between neuroradiologists and MRA acquisition pro-
tocols, will influence the assessment of aneurysm growth. In our
study, measurements were done in a similar manner but within
different sessions for each acquisition protocol. For growth as-
sessment, it is recommended to simultaneously measure and
compare the aneurysm size, as small deviations within the imag-
ing plane may have a large influence on the measurements.

There are several limitations to this study. Although we
found high agreement between the MRA acquisition protocols,
this study is single center and single MR-manufacturer. The
aneurysm size measurements might differ between scanner, due
to the different settings and reconstruction algorithms. Another
reason for size differences between the MRA acquisition proto-
cols could be aneurysm growth, as the time between the scans
was on average 114 days. However, we did not see growth on
the available follow-up 3T MRA imaging (available in 16 of the
22 aneurysms), and thus this effect is negligible.

Due to the aneurysm characteristics, none of the aneurysm
in our population were treated. As a result, the location of the

aneurysms included in this study did not represent the distri-
bution observed in the general population. However, larger
aneurysms at high-risk locations are more likely to be treated,
and our cohort, therefore, represents the population that re-
ceives regular imaging.

The differences between neuroradiologists in height and
neck measurements were larger than the differences in width.
As some aneurysms had a wide neck or vessels originating from
the neck, the positioning of the neck by the neuroradiologists
differed. Some chose to position the plane below the branches,
others chose to exclude the branches as this would likely be the
plane chosen for aneurysm isolation during coiling or clipping.
Since the aneurysm height was defined as the largest distance
between the neck and aneurysm fundus, the height measure-
ment also changed with the different neck plane positioning.
Both of neck placements fit in the definition of Raghavan et al,
which was used for the size measurements.14

The purpose of this study was not to compare the accuracy of
aneurysm size measurements of the different MRA sequences
used with the gold standard 3DRA, but to evaluate whether
aneurysm size measurements on 7T scans are comparable to
those performed on 3T scans. Therewith, time of flight MRA
is the method of choice for regular aneurysm follow-up imag-
ing due to its noninvasiveness. Previous studies showed a mod-
erate to high agreement between measurements on 3T MRA
and 3DRA imaging, but a low agreement was seen for the neck
measurements.24-26 As a result, an additional 3DRA should be
made in cases where the neck measurements are crucial for the
treatment decision.

To conclude, the results of our study showed that aneurysm
morphology assessment at 7T MRA, both nonenhanced and
contrast-enhanced, is comparable to nonenhanced 3T MRA as-
sessment. Therefore, no additional 3T MRA is needed when
imaging aneurysms for clinical or research purposes on 7T.
As currently the quality of nonenhanced 7T MRA differs a
lot between cases, we recommend further optimization of the
7T nonenhanced protocol or a contrast-enhanced MRA for
aneurysms distal to the cavernous sinus. Aside from sequence
optimization, other 7T sequences could also improve the image
quality. For instance, at 7T, MPRAGE has shown better image
quality and aneurysm delineation compared to nonenhanced
TOF.27 Additionally, other sequences could also profit from the
high-field strength, such as phase contrast imaging10 and vessel
wall imaging.11,12 As a result, a more complete assessment of the
aneurysm can be made with 7T imaging.
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