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ABSTRACT

BACKGROUND AND PURPOSE: Reliable and reproducible measurement of unruptured intracranial aneurysm growth is important
for unruptured intracranial aneurysm rupture risk assessment. This study aimed to compare the reliability and reproducibility of 2D
and 3D growth measurements of unruptured intracranial aneurysms.

MATERIALS AND METHODS: 2D height, width, and neck and 3D volume measurements of unruptured intracranial aneurysms on
baseline and follow-up TOF-MRAs were performed by two observers. The reliability of individual 2D and 3D measurements and of
change (growth) between paired scans was assessed (intraclass correlation coefficient) and stratified for aneurysm location. The
smallest detectable change on 2D and 3D was determined. Proportions of growing aneurysms were compared, and Bland-Altman
plots were created.

RESULTS: Seventy-two patients with 84 unruptured intracranial aneurysms were included. The interobserver reliability was good-to-
excellent for individual measurements (intraclass correlation coefficient > 0.70), poor for 2D change (intraclass correlation coeffi-
cient < 0.5), and good for 3D change (intraclass correlation coefficient = 0.76). For both 2D and 3D, the reliability was location-de-
pendent and worse for irregularly shaped aneurysms. The smallest detectable changes for 2D height, width, and neck and 3D
volume measurements were 1.5, 2.0, and 1.9 mm and 0.06 mL, respectively. The proportion of growing unruptured intracranial aneur-
ysms decreased from 10% to 2%, depending on the definition of growth (I mm or the smallest detectable changes for 2D and 3D).

CONCLUSIONS: The interobserver reliability of the size measurements of individual 2D and 3D unruptured intracranial aneurysms
was good-to-excellent but lower for 2D and 3D growth measurements. For growth assessment, 3D measurements are more reliable
than 2D measurements. The smallest detectable change for 2D measurements was larger than Tmm, the current clinical definition

of unruptured intracranial aneurysm growth.

ABBREVIATIONS: ICC = intraclass correlation coefficient; SDC = smallest detectable change; UIA = unruptured intracranial aneurysm

I n the adult population, the prevalence of unruptured intracra-
nial aneurysms (UIAs) is around 3%." Intracranial aneurysm
rupture leads to SAH with a high case fatality rate. The PHASES
(Population, Hypertension, Age, Size, Earlier subarachnoid hem-
orrhage and Site) study found the 5-year rupture risk of UIAs to

Received December 22, 2020; accepted after revision March 29, 2021.

From the Image Sciences Institute (K.M.T., HJ.K.), Department of Neurology and
Neurosurgery (M.D.LV., Y.M.R), UMC Utrecht Brain Center, and Department of
Radiology (M.).O., BK.V., .C.v.d.S), University Medical Center Utrecht, Utrecht, the
Netherlands.

We acknowledge the support from the Netherlands Cardiovascular Research
Initiative: an initiative with support of the Dutch Heart Foundation, CVON2015-08
ERASE, and CVON2018-02 ANEURYSM@RISK.

Please address correspondence to Kimberley Timmins, MPhys, Image Sciences
Institute, University Medical Center Utrecht, Heidelberglaan 100, Room Q.02.4.45,
3584 CX Utrecht, the Netherlands; e-mail: k.m.timmins@umcutrecht.nl

E Indicates article with online supplemental data.
http://dx.doi.org/10.3174/ajnr.A7186

1598 Timmins  Sep 2021  www.ajnr.org

be, on average, 3.4% (0.5%-17.8%), depending on patient and an-
eurysm characteristics.” When one makes a treatment decision, the
risk of aneurysm rupture is weighed against the complication risk
of treatment. Aneurysm size is a key determinant in the prediction
models of rupture risk.>® If a multidisciplinary team decides
against preventive aneurysm treatment, the UIA is followed up
with repeat TOF-MRA or CTAs to detect potential aneurysm
growth. Growth is an additional rupture risk factor, and if
detected, preventive treatment should be considered. TOF-MRA
has been shown to systematically underestimate the size and vol-
ume of the aneurysm compared with the criterion standard DSA.’
However, noninvasive TOF-MRA is the first-choice imaging
method for follow-up imaging in clinical practice because neither
contrast agent administration nor radiation exposure is required.*’

Assessment of UIAs is performed by taking 2D size measure-
ments of aneurysms on MRA/CTA using electronic calipers. The
3D nature of UIAs makes 2D measurements difficult and
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dependent on optimal orientation in multiplanar imaging. The
2D measurements by human observers are reported to have com-
parable mediocre reproducibility on both CTAs and MRAs.>’
These UTIA measurements are relevant when comparing aneu-
rysm size in a follow-up scan to assess aneurysm growth.
Aneurysm growth is defined as an increase in either 2D height or
width of at least 1 mm.' A reliable measurement method with
good agreement is important for risk assessment. In this context,
the reliability depends on the variability of the aneurysm sizes
among patients. The agreement describes the interobserver mea-
surement error and is characteristic of the measurement method
itself. Without knowledge of reliability and agreement, it is
unclear whether a measured change in aneurysm size between
baseline and follow-up scans represents real growth or is attribut-
able to observer or scan variations.

In this study, we investigated the reliability and reproducibil-
ity of 2D size and 3D volume measurements of UTAs and change
in aneurysm size and volume between baseline and follow-up
MRAs. For an agreement measure, we calculated the smallest de-
tectable change (SDC) and assessed agreement using Bland-
Altman plots.

MATERIALS AND METHODS

Study Population

We included 72 patients from a series of patients with UIAs from
the University Medical Center Utrecht who met the following
inclusion criteria: 1) A TOF-MRA was available at both the base-
line admission scan and follow-up, 2) the follow-up scan was per-
formed at least 6 months after the baseline scan, and 3) the
patient had at least 1 untreated UIA present on both baseline and
follow-up MRA. Any treated aneurysm in these subjects was
excluded from this study. The most recent follow-up scan in
which the UIA remained untreated and unruptured was used.
The scans had an in-plane resolution range of 0.175-1.04 mm
and a section thickness range of 0.399-1.2 mm. All scans were
obtained from 2004 to 2019. Due to the nature of the scans, pro-
tocols varied, but all scans were obtained on 1T, 1.5T, or 3T scan-
ners with a median TR of 23ms and a median TE of 6.4ms
across all scans. This retrospective study required no formal con-
sent from participants. The data that support the findings of this
study are available from the corresponding author on reasonable
request.

Measurements

2D Measurements. Manual 2D measurements of the UIAs were
performed on the IntelliSpace Portal (Phillips Healthcare).
Measurements were obtained using electronic calipers on the
TOF-MRAs, which could be rotated in the software. The aneu-
rysm height, width, and neck were measured on the TOF-MRAs

11,12
on a 0.1-mm scale

as shown in parts A and C in the Figure.
Aneurysm height was defined as the maximum distance from the
aneurysm neck to the dome. Aneurysm width was measured per-
pendicular to the height along the maximum width of the UIA.
The neck was measured as the maximum width of the UIA where
it attached to the parent vessel. Observers determined whether

the UIA shape was regular or irregular.

volume = 0.059 mL|

5,7 mm

olu

FIGURE. Baseline (A and B) and follow-up (C and D) TOF-MRA with
an anterior communicating artery aneurysm that shows growth when
measured in 2D (A and C) and in 3D (B and D).

All 2D measurements were performed independently by 2
observers. The observers were a neuroradiologist (I.C.v.d.S., with
15years of experience) and a general radiologist (M.J.O., with
10years of experience, including cerebral MRA evaluation).
Individual measurements were first obtained on the baseline
scan, then on the follow-up scan of the same patient. The observ-
ers were not blinded to the time order of the scans and had the
baseline for comparison, as is standard in clinical practice.

3D Measurements. For 3D measurement, the UIAs were seg-
mented from the TOF-MRAs using in-house-developed software
implemented in MeVisLab (MeVis Medical Solutions). A contour
was drawn around the outline of the aneurysm on axial slices,
and the parent vessels were not included (Figure). The UIA vol-
ume (in milliliters) was determined on the basis of the voxels
contained within the contours and the MRA voxel size.
Annotations were performed independently by two observers,
first on the baseline scan, followed by the follow-up scan of the
same patient. The observers were the neuroradiologist (I.C.v.d.S.)
and a trained medical student (D.S.).

Statistical Analysis

First, the interobserver reliability of the individual 2D measure-
ments (height, width, neck) and 3D measurements (volume) of
the aneurysms was determined. Second, on the basis of the 2D
and 3D size measurements, changes in size and volume (growth)
between paired baseline and follow-up scans for 2D (difference in
height, width, and neck in mm) and 3D (volume difference in
milliliters) were calculated. Third, the interobserver reliability of
these changes in size (2D) and volume (3D) measurements was
assessed by computing the intraclass correlation coefficient

AJNR Am J Neuroradiol 4215981603  Sep 2021 www.ajnr.org 1599



Table 1: Interobserver size and volume measurements®

Parameters Height (mm) Width (mm) Neck (mm) Volume (mL)
Observer A measurement 3.4 (2.4-4.4) 3.4 (2.2-4.5) 2.6 (2.0-3.5) 0.0278 (0.0117-0.0578)
Observer B measurement 3.4 (2.5-4.6) 3.2 (22-43) 2 (1.6-2.8) -

Observer C measurement - - - 0.0227 (0.0090-0.0470)
Absolute Diff.p, 04 (0.2-0.6) 0.45 (0.2-0.8) 0.55 (0.3-1.0) 0.0091 (0.0036-0.0206)

ICCgreement (95% Cl) 0.93 (0.90-0.95)

0.85 (0.80-0.89)

0.74 (0.31-0.87) 0.98 (0.97-0.98)

Note:—— indicates no measurement; ICCygreement, INtraclass correlation coefficient on absolute agreement between observers’ measurements; Absolute Diff, absolute

difference between observers’ measurements.

?2D and 3D measurements of the aneurysms by observers A and B for 2D and observers A and C for 3D. Total: 168 aneurysms, including both baseline and follow-up scans.
Each measurement is provided as a median (quartiles 1-3). Reliability is in the bottom row as an ICC on absolute agreement (95% confidence interval).

Table 2: Interobserver change measurements®

Parameters Height Change (mm) Width Change (mm) Neck Change (mm) Volume Change (mL)
Observer A measurement 0.2 (—0.1-0.7) 0.1(—0.2-04) 0(—0.2-04) 0.00001 (—0.0043—-0.0011)
Observer B measurement 0.1(—0.1-0.5) 0.1(—0.2-0.6) 0 (—0.1-03) —

Observer C measurement - - — 0.0015 (—0.0054-0.0106)

Absolute Diffp, 0.4 (0.2-0.7) 0.4 (0.2-0.6) 0.3 (0.1-0.7) 0.0057 (0.0024-0.0135)

ICCagreement (95% Cl) 0.46 (0.27—0.61) 0.45 (0.26—0.60) 0.26 (0.06—0.46) 0.76 (0.65—0.76)
Note:—— indicates no measurement; ICC,geement, INtraclass correlation coefficient on absolute agreement between observers’ measurements; Absolute Diffs, absolute

difference between observers’ measurements.

? Change between baseline and follow-up measurements of the 2D height, width, neck and 3D volume of the aneurysm by observers A and B for 2D and observers A and C for
3D. Total: 84 baseline—follow-up pairs measured by 2 observers. Substantial positive differences between baseline and follow-up may indicate growth of the aneurysm. Each
measurement is provided as a median (quartiles 1-3). Reliability of the differences is provided in the bottom row as the ICC on absolute agreement (95% confidence interval).

(ICC). The ICC was calculated using a single-measurement, abso-
lute-agreement, 2-way random-effects model."> An ICC above
0.9 represents excellent reliability; between 0.75 and 0.90, good
reliability; between 0.5 and 0.75, moderate reliability; and lower
than 0.5, poor reliability.">'* The interobserver reliability for
detecting change in 2D and 3D measurements was compared in
regular and irregular aneurysms.

The SDC was computed on the basis of the 2D and 3D meas-
urements to assess the interobserver agreement. The SDC represents
the minimal change that an aneurysm measurement must show to
ensure that the observed change is real and not just due to measure-
ment error. For both 2D size and 3D volume measurements, we cal-
culated the standard error of measurement (SEM) using the ICC
previously determined. The SDC was calculated from the
standard ~ error, SEMggreemens SDC = 1.96 V2 SEM agreement

where SEMugreement = SD /1 — ICC ggreement, and SD is the stand-

ard deviation of all measurements.'”

Bland-Altman plots for the interobserver difference between
the change in 2D and 3D measurements between baseline and
follow-up scans were created to assess agreement. The difference
between each observer and the overall mean of both observers
was calculated and plotted. The limits of agreement from the
mean (*+1.96 SD) were determined. Measurements outside the
limits of agreement were considered outliers.

The number of UIAs with change in 2D height and/or width
measurements larger than 1 mm, the current clinical definition of
aneurysm growth,'” was determined. Next, the number of UIAs with
a change in 2D height and/or width and volume larger than the deter-
mined 2D and 3D SDCs was determined. The proportion of UIAs
showing growth based on the 1-mm clinical definition versus the pro-
portion of UIAs with growth based on the SDCs was compared.

Finally, a subanalysis was performed stratifying the reliability
of change measurements for aneurysm location: anterior cerebral
or communicating artery, internal carotid artery, posterior com-
municating artery, MCA, and posterior circulation.
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All data analyses were conducted using Pandas, SciPy, and
Pengouin'® toolboxes with Python 3.7 (https://www.python.org/
downloads/release/python-370/).

RESULTS

We included 72 patients with 84 UIAs. The mean age was 53
years (range, 27-73 years), and 71% were women. Most patients
had 1 UIA (n=63). The median time between baseline and fol-
low-up scans was 4.7 years (range, 0.9-13.1years). The median
aneurysm height was 3.4mm (range, 0.8-15 mm). Twenty-two
percent of aneurysms were located at the anterior cerebral artery/
anterior communicating artery, 27% at the ICA or posterior com-
municating artery, 38% at the MCA, and 13% in the posterior cir-
culation. The Figure shows an example of a growing aneurysm
measured in 2D and 3D.

The interobserver reliability of the 2D size and 3D volume
measurements is summarized in Table 1. The ICC of the individ-
ual 2D size measurements was excellent for height (0.93), good
for width (0.85), and moderate for the neck (0.74). The ICC for
the individual 3D volume measurement was excellent (0.98).

The ICCs for the change in measurements (growth) between
the paired baseline-follow-up scans for the 2 observers are shown
in Table 2. The ICC for the change in 2D measurements was
poor for height (0.46), width (0.45), and neck (0.26). The ICC for
the change in 3D volume measurements was good (0.76).
Irregularly shaped aneurysms had a lower reliability for 2D
change in height and width (ICCs = 0.23, 0.38) and 3D change in
volume (ICC = 0.60) than for regular aneurysms (ICCs = 0.57,
0.47, 0.83, respectively).

On the basis of the standard error of measurement for agree-
ment, between the 2 observers, the SDC for 2D measurements
was 1.5mm for height, 2.0 mm for width, and 1.9 mm for neck.
The SDC for 3D volume measurement was 0.062 mL.

The Online Supplemental Data show Bland-Altman plots for
the interobserver difference between the change in 2D and 3D
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measurements between baseline and follow-up scans. The
Bland-Altman plots show that there are 4-6 outliers that fall
outside the limits of agreement for all change measurements
between size and volume. About half of these outliers (55%)
were the same for 2D and 3D and were classified as irregu-
larly shaped by the observers. There was no relation between
aneurysm size and the outliers.

The number of UIAs with a change in size measurements
larger than 1 mm and a change in size and volume larger than the
SDCs is shown in the Online Supplemental Data. The proportion
of UIAs with growth based on the definition of 1 mm was 10%,
compared with 2% when using a 1.5-mm change in height as a
cutoff value (SDC for 2D height) or a 2.0-mm change in width as a
cutoff value (SDC for 2D width) and a 0.062- mL change (SDC for
3D) as cut-off value.

The Online Supplemental Data indicate the reliability of the
change in measurements in different locations. The reliability was
found to be location-dependent for both 2D and 3D; however,
3D measurements were more reliable than 2D measurements
across all locations (ICC > 0.5).

DISCUSSION

In this study, interobserver reliability was better for 3D than 2D
measurements of UIAs, both for individual size and detection of
change in size (growth). Overall, the interobserver reliability of both
2D and 3D measurements was lower for the detection of change
(growth) compared with measurements on individual scans. The
SDC between the baseline and follow-up scan for 2D measurements
was substantially larger than the current clinical definition (1 mm),
and proportions of UIAs showing growth decreased more than
three-quarters depending on the growth definition.

Many studies have investigated MRAs for UIA diagnosis.'”
However, few studies have investigated the interobserver reliabil-
ity of 2D measurements from individual MRAs of patients, and
no studies have fully investigated the reliability and agreement of
growth measurements between baseline and follow-up MRAs of
the same patient. The results of studies for individual 2D height
and width measurements are similar to our findings, with the
lowest reliability for measuring the neck. Kim et al® studied intra-
and interobserver individual 2D measurement variability of 33
aneurysms with a mean size of 5.1 mm, finding an ICC of 0.83—
0.99 on MRAs with the lowest reliability for the neck measure-
ment (ICC = 0.83-0.86). Mine et al'® compared the diagnosis
and measurements of UIAs between DSAs and MRAs. Three
readers assessing 56 aneurysms in MRAs determined an interob-
server agreement between individual 2D maximal diameter as
moderate-to-substantial (k = 0.53-0.66) and the neck measure-
ment as fair-to-moderate (k = 0.20-0.41). The lower ICC for the
neck is likely due to difficulty in defining an aneurysm neck, par-
ticularly if there are branching vessels emerging from the neck.
This lower measurement reliability for neck measurements may
have implications for treatment-planning and complication risk
assessment.'” For aneurysm growth assessment, the neck mea-
surement is less important because height and width measure-
ments are commonly used.'*"!

With ever-improving image analysis techniques, 3D measure-
ments of UIAs*"** are more commonly investigated, but little is

known of their reliability or reproducibility for individual size
and growth measurement of UIAs in TOF-MRAs. D’Argento
et al* found no significant difference in intra- and interobserver
variability of automatic and manual 2D size measurements of
UIAs on 3D DSAs and CTAs.

We determined the ICC of absolute agreement to include the
systematic error of both observers and random residual errors. A
substantially lower ICC for change measurements (growth)
between paired baseline—follow-up scans was determined, relative
to measurements from individual scans. The ratio of the system-
atic measurement error compared with the individual aneurysm
size is smaller than the ratio of the measurement error compared
with the change in aneurysm size. Thus, a small measurement
error in individual measurements can have a larger influence on
the subsequent change measurements in paired scans.

The interobserver agreement in 2D and 3D measurements was
assessed by determining the SDC. The SDC for both 2D and 3D
measurements was relatively large, compared with the median an-
eurysm size (3.4 mm) and median aneurysm volume (0.025 mL).
For example, for 2D height, the SDC of 1.5 mm was about half of
median aneurysm height. This study has a large proportion of
small aneurysms, and the ratio of the SDC to aneurysm size would
be better (lower) in larger aneurysms. However, because most
patients who undergo follow-up MRAs have small UIAs, our pop-
ulation represents the clinical situation. The SDC for the 2D meas-
urements is larger than the 1 mm used in the current definition of
aneurysm growth.'® The number of UIAs showing growth accord-
ing to threshold values of the SDC of 2D and 3D measurements
decreased by more than three-quarters compared with this 1-mm
threshold. This finding shows the influence of the thresholds for
growth definition and has potential important clinical consequen-
ces for treatment decisions based on aneurysm growth.

The Bland-Altman plots (Online Supplemental Data) show that
3D interobserver differences were more similar than 2D measure-
ments because the measurements were closer together. Most out-
liers for both the 2D and 3D measurements were irregularly
shaped. We also found that irregular aneurysms had a lower inter-
observer reliability for detecting change in both 2D size and 3D vol-
ume measurements. Irregular aneurysm shape is a risk factor for

12,24
rupture.

2D measurements and shape assessment of aneurysms
are influenced by the selected viewing angle. 3D volume measure-
ments allow a more complete shape of the UIA to be assessed with
a single, rotationally-invariant measure. Furthermore, 3D segmen-
tation may allow quantitative shape assessment of UIAs, which
would be potentially beneficial in risk assessment.'

We found that aneurysm location affects the reliability of 2D
and 3D measurements. We found that the reliability of 3D vol-
ume measurements was higher and more consistent for all loca-
tions than 2D size measurements.

There were some limitations in our study. One limitation was
that the 3D measurements were determined from segmentations
based on 2D annotations on axial slices, which is time-consuming
and the aneurysm neck definition could be difficult, particularly
when the parent vessel did not lie in-plane. Furthermore, the dif-
ference in experience of the second observers for 2D (radiologist)
and 3D (student) measurements may have introduced bias. If this
had influenced our results, it would be toward less agreement for
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the 3D measurement between the student and the neuroradiolo-
gist. However, we found higher agreement in 3D than in 2D.

Second, most scans had small aneurysms with a median diam-
eter of 3.4mm (range, 0.8-15 mm). The population of patients
with small UIAs is, however, representative of patients who
undergo follow-up imaging. Because rupture risk increases with
aneurysm size, the larger UIAs are more often treated. The proto-
col and quality of the MRAs between baseline and follow-up
differed in some cases, possibly resulting in measurement differ-
ences, but they are realistic for clinical practice.

This study investigates TOF-MRAs only because this is the
preferred imaging method for follow-up of UIAs.”

Our findings of a large SDC for 2D size measurements may
have implications for the definition of clinical aneurysm growth'
and growth/rupture models. This subject requires further study
because it would have important consequences for rupture and
treatment assessment of UIAs. 2D and 3D measurements cannot
be directly compared, but instead a standard growth definition
should be used for both. The higher reliability of 3D measurements
compared with 2D measurements implies that 3D measurements
may be important for accurate assessment of aneurysm growth on
TOF-MRA. Automatic or semi-automatic 3D UIA segmentation
would allow faster and less operator-dependent aneurysm volume
measurement for standard 3D growth assessment, alongside quan-
titative 3D morphologic characterization of UIAs.

CONCLUSIONS

This study found that 3D change measurements are more reliable
than 2D with regard to assessing the change in size and volume meas-
urements of UIAs. The SDC for 2D measurements was found to be
larger than the current definition for clinical growth, suggesting that
more studies into the reliability of 2D measurement on MRA should
be performed. This study opens the door for development and incor-
poration into of automatic and semi-automatic segmentations and
volumetric growth assessments of UTAs into clinical practice.
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