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ABSTRACT

Introduction. Unruptured intracranial aneurysms pose a significant clinical and decision-making dilemma. Increase in dome
size is one of the crucial indications for treatment. Almost no data exists as to how aneurysms change in size over time.

Material and methods. 102 patients (76 women) who had a total of 501 CT examinations were included in the study. Inclusion
criteria were: at least three CT angiography studies, an observation period of at least three years, or bleeding during the follow-
-up period. In each study, the volume of each aneurysm was measured at least four times by two experienced neuroradiologists
with the use of dedicated tools. Collected data was used to obtain numerical volume change models for each aneurysm.

Results. 149 aneurysms were analysed in the study (118 in women) No significant differences in location, size or age of observa-
tion were detected between men and women. Median follow-up was 5.64 years (IQR 4.17-7.71) and total aneurysm observation
time amounted to 964.59 years. There were 57 branching zone aneurysms (women 46), 44 sidewall aneurysms (women 36),
20 anterior communicating artery aneurysms (women 16), 20 posterior communicating artery aneurysms (women 13), and
eight posterior circulation aneurysms (women 7).

78 (52%) aneurysms remained stable (women 59), 24 (16.6%) increased their volume (women 20), and five (3.4%) decreased
(women 4). In 42 (28%) cases, we observed non-uniform routes of volume changes over surveillance (women 35). In the last
group, analysing the whole period of follow-up, 29 (69%) did not change volume (women 24), 11 (26%) grew (women 10), and
two decreased in size (4.8%, women 1). Bifurcation zone aneurysms, lower aspect ratio, lower patient age, and higher initial
volume were associated with an increased risk of aneurysm growth. Posterior circulation aneurysms presented the lowest rate
of volume increase.

Conclusions. A substantial amount of followed up aneurysms could change volume in a non-uniform way, and an increase in
volume may not lead to aneurysm rupture.
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Introduction

The reported prevalence of unruptured intracranial an-
eurysms (UIAs) is ¢.3% [1]. The most feared complication of
an intracranial aneurysm (IA) is its rupture and subarachnoid
haemorrhage (SAH), which has a 30-day mortality of 40% and
leaves half of survivors disabled. With the growing availability
of brain imaging, the number of incidentally detected UIAs is
increasing. This poses a substantial decision-making problem
for clinicians worldwide [2-5]. Because of the devastating con-
sequences of SAH, many UIAs undergo preventive treatment
[4]. However, both surgical and endovascular techniques carry
anon-negligible risk of complications [4, 6]. Most incidentally
detected aneurysms are small and have low risk of rupture
[7-9]. Multiple studies have attempted to stratify the risk of
these vascular pathologies to optimise clinical strategies and
protocols [5, 10, 11]. For aneurysms with the lowest possible
risk, computed tomography angiography (CTA) or magnetic
resonance angiography (MRA) study follow-up has been
advised in some papers, in order to detect sack size increase
or shape change, which are thought to increase the risk of
rupture substantially [12, 13].

In our institution, we use repeated CTA studies [14] for
surveillance of patients.

Most research into aneurysm size change in follow-up is
based on comparisons of this feature at the beginning and end
of the follow-up. However, it has not been confirmed that the
growth of UIA is a linear process [15, 16] because there is no
data describing this process.

In the present study, we address the abovementioned issues
by analysing different patterns of aneurysm volume change
using 3D volumetry as the most reliable and accurate meas-
urement of aneurysm size [17] in multiple measurements. We
also analyse how factors such as hypertension (HT), cigarette

Figure 1. Tools used for aneurysm sack and neck measurements

smoking (CS), polycystic kidney disease (PKD), familiar
history of SAH (FH), multiplicity of aneurysms, sex, age, and
location in the vascular tree influence this process.

Clinical rationale for study

Understanding the volume change pattern of intracranial
aneurysms will guide future follow-up protocols and may help
with treatment decision making.

Material and methods

Patients with UIAs at our department were followed by
CTA between May 2006 and March 2021. Inclusion criteria
were: at least three CTA studies, an observation period of at
least 1,095 days (three years), and/or two studies and bleed-
ing during the follow-up period. Analysis of data from the
Radiology Information System (RIS) and further CTA studies
allowed for the identification of 102 patients meeting the cri-
teria. In three cases, A eventually bled during the follow-up
period. A total of 501 CTA studies were included and analysed.

Aneurysm measurements and volumetry

CTA studies were collected from the Picture Archiving
and Communication System (PACS) in the form of DICOM
files. All measurements were performed with the use of 3D
Reconstructor software, which was developed by our team [14,
18, 19] (Figure 1). Two dedicated measurement tools were in-
troduced for strictly perpendicular measurements of the neck
and sack of the aneurysms. The second tool was enhanced with
the ability to conduct semiautomatic aneurysm volume meas-
urement. This used two well-known algorithms to achieve best
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Figure 2. Curve types used for data fitting in sack volume changes analysis

and reputable results: thresholding and region expansion. In
each study, measurements on each aneurysm were performed
at least twice by two experienced neuroradiologists.

The results of the sack and neck measurements were then
automatically transferred to a dedicated database using the
PostgreSQL 11.0 64bit engine.

Numerical and statistical analysis

Numerical and statistical analysis concentrated on aneu-
rysm sack volume changes obtained from volumetry and their
transformation into mathematical models allowing robust
analysis. This approach was chosen because of the non-uni-
form periods between follow-up studies.

The first step was transforming raw data in the domain of
individual ages into sets of periods of uniform volume change
(UTS — uniform time segments) and then fitting them into se-
lected mathematical models. To achieve this, segments cover-
ing periods between consecutive studies were established and
first derivatives calculated. For each time point other than end
points, sign changes of these derivatives were searched and
marked (SCP — sign change point). Periods between SCPs
were marked as uniform. If there were no SCPs, the whole
presenting follow-up period was marked as a UTS.

www.journals.viamedica.pl/neurologia_neurochirurgia_polska

In the next step, linear regression models were constructed
for neighbouring segments and tested for statistically signif-
icant differences between them. If they were not detected
(p>0.05), the SCP was rejected and both segments combined
into one. This step was introduced to avoid oversensitivity of
the algorithm in the case of wave-shape curves.

For each UTS, linear regression was applied and, based
on its results, a general type of change was determined: in-
creasing volume (I), stable volume (), or decreasing volume
(D). Aneurysms for which the volume change over time was
represented by more than one segment of various types were
categorised as various (V). The last group was then analysed
with a linear regression model for the whole period of ob-
servation and assigned to be increasing (VI), or decreasing
(VD), or stable (VS). The same operation was performed for
all analysed aneurysms dividing them into overall increasing
(OI), decreasing (OD), or stable (OS).

Each UTS was further fitted into one of the selected mathe-
matical models: linear, asymptotic, exponential, and power, each
in growth and decreasing types (Figure 2). Fitting was done with
the use of R DRC library (Analysis of Dose Response Curves).
Comparing root-mean square error (RMSE) for each fit, the
best model was selected and assigned to the analysed segment.
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Similarities in the shapes of presented groups of mathemat-
ical functions allowed for their reduction into six geometrical
approximation groups, and finally into three groups of basic
volume change, as set out in Supplementary Table 1.

Only saccular type aneurysms were analysed. To allow
robust statistical analysis, taking into account differences in
risk of rupture and growth [3, 20, 21] we distinguished five
types of aneurysm. The first of these was a branching zone
(BZ) consisting of ICA, MCA (including early branch) and
BA bifurcation aneurysms. The second was anterior com-
municating (AC). The third was posterior communicating
(PCom) consisting of only ICA PCom — no pure PCom. The
fourth was posterior circulation (PC) consisting of all other
UIAs located on VA or BA. The last group were sidewall
aneurysms (SW), defined as aneurysms located on ICA and
ACA, arising in the zones of perforators or small branches

of parent vessels including ophthalmic, anterior choroidal,
Heubner’s arteries etc.

The obtained data was related to patient gender and lo-
cation of the aneurysm in the vascular tree, the presence of
multiple aneurysms, and previous subarachnoid haemorrhag-
es, as well as age at the beginning of follow-up or UTS, and
collected clinical data including hypertension (HT), cigarette
smoking (CS), family history of SAH (FH), and polycystic
kidney disease (PKD).

Results

Basic group characteristics

102 patients (F = 76) were included in the study. The me-
dian age at the beginning of follow-up was 57.88 years (range

Table 1. 1UAs volume change patterns in identified volume change groups divided into various vascular tree locations

Overall

Volume change pattern n=61

Increasing (1) n=24 n=13 n=3 n=3 n=1 n=4
LI 12 (50%) 7 (54%) 1(33%) 2 (67%) 1(100%) 1(25%) 0.3
IS 11 (46%) 6 (46%) 2 (67%) 0(0%) 0(0%) 3 (75%)
PI2 1 (4.2%) 0(0%) 0(0%) 1(33%) 0(0%) 0 (0%)
Decreasing (D) n=>5 n=3 n=2
DS 3 (60%) 1(33%) 2 (100%) 04
LD 2 (40%) 2 (67%) 0(0%)
Various Increasing n=11 n=3 n=>5 n=2 n=1
v L S@s%)  0(0%)  4(80%)  1(50%)  0(0%) 0092
S, IS 4 (36%) 2 (67%) 1(20%) 0 (0%) 1 (100%)
PI2, LD, IS 1(9.1%) 1(33%) 0 (0%) 0 (0%) 0 (0%)
S, P12 1(9.1%) 0 (0%) 0 (0%) 1 (50%) 0 (0%)
Various Decreasing n=2 n=1 n=1
V) 5,LD 1(50%)  1(100%) 0(0%) 509
S, LI, LD 1(50%) 0(0%) 1(100%)
Various Stable (VS) n=19 n=8 n=6 n=1 n=4
LI, S 5 (26%) 3(38%) 0(0%) 1(100%) 1(25%) 0.3
S Ll 3(16%) 1(13%) 2(33%) 0 (0%) 0(0%)
LD, S 2(11%) 0 (0%) 2(33%) 0 (0%) 0(0%)
IS, LD 1(5.3%) 1(13%) 0(0%) 0 (0%) 0(0%)
IS,LD, S 1(5.3%) 1(13%) 0(0%) 0 (0%) 0(0%)
LD, IS, S 1(5.3%) 0 (0%) 0(0%) 0 (0%) 1(25%)
LD, S, LI, S 1(5.3%) 0 (0%) 0 (0%) 0 (0%) 1(25%)
LI, DS, S 1(5.3%) 0 (0%) 1(17%) 0 (0%) 0(0%)
S, IS 1(5.3%) 1(13%) 0 (0%) 0 (0%) 0 (0%)
S, LD 1(5.3%) 0 (0%) 1(17%) 0 (0%) 0 (0%)
S, LD, S 1(5.3%) 0 (0%) 0 (0%) 0 (0%) 1(25%)
S, LI, LD 1(5.3%) 1(13%) 0(0%) 0(0%) 0(0%)

| —increase; D — decrease; VI — various with overall increase; VD — various with overall decrease; VS — various with overall stable volume; S — stable; LI — linear increase; IS — increase with stabilisation;
P12 — power increase; LD — linear decrease; *Fisher’s exact test
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Table 2. Summary of general logistic analysis, optimal models for prediction of UIA sack volume change types

Predictor Sack volume change type
Vs 0s

Hypertension (4)5** ()%
AR ()% (+)** (12 (#)** ()*
Multiple aneurysms ()*
Age ()7 (+)* (+)* (Ol ()*
Cigarette smoking (A e
Initial volume ()* ()* (+)** ()
Branching zone ()** +)
BN B

Follow-up length

Sidewall aneurysms
*p < 0.01;*p < 0.001; **p = 0; Ap < 0.05

18.30-80.67). Multiple aneurysms were found in 69 (68%) pa-
tients, with an average of 2.15 aneurysms per patient. Previous
SAH occurred in 21 (21%) patients (F = 16). In 34 patients, at
least one aneurysm was treated before surveillance.

For 92 patients, there was reliable data about HT, CS, FH
and PKD. HT was present in 47 patients (51%, F = 34), cig-
arette smokers comprised 18 patients (20%, F = 13), FH was
positive in two cases (2%, F = 1), and PKD occurred in two
patients (2%, F = 1).

No significant differences were found between men and
women regarding all the above features.

Of 150 analysed aneurysms, three bled during surveillance.
One aneurysm (ICA bif) clotted in the very early stage and
was excluded from further analysis and so 149 UIAs were
included in the study. One aneurysm formed de novo during
follow-up in a patient with previous SAH from an ACoA an-
eurysm. This aneurysm was treated endovascularly just after
detection due to its initial size exceeding 7 mm in diameter.
One patient died during follow-up due to progressive cardiac
failure with no SAH.

Median time of follow-up was 5.64 years (IQR 4.174-7.714;
range 2.83-13.67). Total aneurysm observation time amounted
to 964.59 years.

The dominant UIAs were BZ (n = 57, 38%) represented
mostly by MCA bif aneurysms (75%). The second most common
were SW aneurysms (n =49, 33%) dominated by ICA locations
(80%). The third most common were AC and PCom aneurysms,
both n = 20, 13%. No significant differences between men and
women were found (see Supplementary Table 2).

Aneurysm volume change analysis using linear
regression model
All four expected types of changes were detected using line-
ar regression model for each UIA (see Supplementary Table 3).
52% of aneurysms were in the S group, 28% in the V, and
in 16% volume increases were stated. Five aneurysms (3.4%)

shrank during follow-up. No significant differences were de-
tected between men and women (p > 0.8).

In the V group (see Table 4), the most common were VS
aneurysms, consisting of ¢.70%. 26% increased their volume
significantly (VI), and less than 5% shrank (VD).

Analysis of the whole period of surveillance showed
that 72% of observed UIAs presented no significant
growth (OS), 23% grew (OI), while 5% shrank (OD) (see
Supplementary Table 5).

Analysis of time segments patterns
In the next step, volume change curves (VCC) mathe-
matical approximations were analysed in detail. Patterns of
these curves were identified for I, D and all types of V UIAs.
The results with distinction into vascular tree locations are
set out in Table 1.

UlAs increasing volume (I)

Two dominant patterns of growth in this group were found:
linear increase (LI) and initial increase with subsequent sta-
bilisation (IS). Both combined types comprised 96% of cases.
IS was dominant in cases of PCom and SW UlIAs. PI2 type
of growth was observed only in one case in AC aneurysms.

UIAs decreasing volume (D)

Volume decrease was rare and was detected only in BZ
and AC locations. For BZ aneurysm, linear course of volume
decrease dominated. In the case of AC location, an initial
relatively fast volume decrease was observed followed by
stabilisation.

UlAs presenting various volume changes,
increasing volume during whole follow-up (V1)
11 UIAs of the V group presented this type of behaviour,
with nine of them (82%) experiencing growth after the period of
stable volume. In all BZ growing UIAs, at last one period of fast
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volume increase was observed (PI2 and IS segments), where-
as 80% of PCom aneurysms in this group presented stable,
linear growth.

UlAs presenting various volume changes,
decreasing volume during whole follow-up (VD)
Only two UIAs of the V type presented overall volume
decrease, and interestingly also only in BZ and AClocations. In
one case there was one segment of significant volume increase
detected during follow-up.

UlAs presenting various volume changes,
maintaining constant volume during whole
follow-up (VS)

In this group, we found the highest number of possible
volume change courses, but three predominated: linear in-
crease preceded by stabilisation (LI, S); period of stable volume
preceded by linear increase (S, LI); and linear decrease with
preceding stabilisation (LD, S). As presented in Table 1, peri-
ods of stabilisation could be interrupted by both growth and
volume decrease and occur in various patterns.

Relationship of aneurysm location in vascular
tree to volume change type

This analysis was conducted for identified groups of UIAs.
Additionally, volume changes over the whole period of fol-
low-up were analysed (OS, OI and OD) (see Supplementary
Table 6).

The highest percentage of S aneurysms was observed for
PC and PCom UIAs (88% and 80% respectively). On the op-
posite side, BA aneurysms presented the highest percentage
of 1 (28%) and lowest S (67%).

Differences in length of stable segments for

stable and various growth type aneurysms

Detailed analysis of particular segment lengths for each
type of aneurysm showed statistically significant differences
in the length of S segments for V and S type of aneurysms (see
Supplementary Table 7).

The shortest periods of sack volume stabilisation were
recorded for VD and VI UlAs. Stable (S) and variable with
final no volume change (VS) UIAs presented significantly
longer stable volume segments.

Factors predicting aneurysm volume change
type using general logistic model

Factors such as HT, CS, FH, PKD, multiplicity of aneu-
rysms, patient age at the beginning of follow-up, aneurysm
initial volume, aspect ratio, and bottle-neck ratio were analysed
as predictors of aneurysm volume change type. Table 2. sets out
the results of the best general logistics models for predicting
various types of aneurysm sack volume changes. Two factors
i.e. patient initial age and aneurysm initial volume presented
clear patterns. Age correlated positively with stable or even

a decrease in aneurysm volume, and negatively with its in-
crease. Initial sack volume presented an opposite correlation:
large volume correlated positively with sack volume increase.
Aneurysm aspect ratio correlated positively with sack volume
decrease and negatively with overall volume decrease. For
stable behaviour, its correlations were not uniform. Cigarette
smoking presented a negative correlation with sack volume
decrease. Observed influence of hypertension on sack volume
change was unclear. It presented a high positive correlation
with stable behaviour and a strong negative correlation with
VS. Branching zone location showed an opposite correlation.
Bottleneck ratio and sidewall location correlated negatively
with volume increase as well as, interestingly, with length of
follow-up, this latter factor having a positive correlation with
VI type detection.

Discussion

The presented analysis of unruptured intracranial aneu-
rysm volume changes over time paints a rather complicated
landscape of UIAs size changes.

As in many previous studies on this topic [14, 20-22], the
most frequent UIAs were those presenting no sack volume
changes, comprising almost 72% of cases. Volume increase
occurred in 23% of UIAs, and a decrease was detected in the
other 5%. Decreasing volume occurred only in sidewall and
branching zone aneurysms, and mostly in women. The per-
centage of growing aneurysms was slightly higher than previ-
ously reported (10-18%) [23-26]. Female sex was determined
to be a risk factor for aneurysm growth, similar to the report
by Kubo et al. [27] and the ELAPSS score [20].

Our first brand new discovery was that a substantial
amount of UIAs (almost 30%) presented various types of
volume change over the course of the follow-up. This leads
us to conclude that stable volume is not a permanent state.

The news is even worse when we realise that growth, es-
pecially abrupt growth as presented in this work by PI2 type,
could be preceded by a long period of sack stabilisation. It is
important that periods of stabilisation are significantly shorter
for VD and VI aneurysms (median 1.1 and 2.3 years respec-
tively) compared to the VS type (4.2 years).

Posterior circulation and PCom aneurysm, which have
been thought to pose the highest risk of rupture [1-4], pre-
sented the highest percentage of stable behaviour (88% and
80% respectively). This finding contradicts the ELAPSS scale.
In our opinion, this could be caused by bias due to the careful
selection of patients for follow-up in both groups. It could also
indicate that an aneurysm volume increase in not a sine qua
non condition for rupture.

On the other hand, branching zone aneurysms presented
the highest percentage of growth (28%). This finding is con-
sistent with ELAPSS’s higher risk of UIA growth for MCA bif
aneurysms, as well as with other studies [28, 29].
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In GLM model analysis, we have found that high AR is
a strong and positive predictor of aneurysm volume decrease
or overall stable volume in the V subgroup. Low values of
this factor correlate positively with S, I and OI behaviour.
Aspect ratio has been extensively analysed as a risk factor
in aneurysm rupture, and its influence has been shown to
be uncertain [30] or not linear [31]. Its influence on aneu-
rysm growth was not stated or unclear [5]. Interestingly,
hypertension correlated positively with S but negatively with
VS. Hypertension is a well-known risk factor of aneurysm
growth and rupture. The detected discrepancy could be
explained by assuming that in the VS group blood pressure
was not optimal opposite to S. This was not tested due to
a lack of robust data.

In the presented data, higher age and smaller volume of
the aneurysm seemed to prevent growth, which contradicts
most recent studies [32].

Only seven (4.7%) surveilled aneurysms were treated,
whereas actual significant growth was detected in 35 (23.5%)
aneurysms (ratio 1:5). This discrepancy is caused by the criteria
of growth used in our institution in daily practice i.e. a 25%
increase of volume or an increase in one dimension of more
than 1mm which are far less sensitive than the statistical anal-
ysis used in this study. Finally, six aneurysms were treated and
one patient refused treatment and stayed in follow-up with no
subarachnoid haemorrhage.

All these facts clearly demonstrate that not every aneurysm
volume growth leads to rupture. This point was made by Rinkel
in his work [33].

Limitations

Based on the single-centre, retrospective character of this
study, several limitations have been identified. Patients with
small intracranial aneurysms are more likely to be managed
conservatively rather than to be referred for interventional
treatment, creating a possible bias. Furthermore, referring
physicians could be less comfortable with long-lasting im-
aging surveillance of aneurysms with higher bleeding risk
(e.g. posterior fossa), which might have affected the location
representation of intracranial aneurysms in the analysed
material.

However, the aforementioned bias might be also be pres-
ent in prospective studies to avoid exposing patients to an
increased risk of subarachnoid haemorrhage. Furthermore, the
diagnostic accuracy of aneurysm change detection gets lower
as the aneurysm size decreases, and many of the surveilled
intracranial aneurysms were considered small. Finally, based
on the limited clinical data available, evaluation of established
or suspected risk factors for rupture could not be performed.
A large, multicentre, retrospective study would address most
of these issues.

Clinical implications/future directions

This study demonstrates that followed-up intracranial
aneurysms may change volume in a non-uniform way, and
there are other than linear patterns of growth. These findings
shed new light on the benefits of aneurysm surveillance and
may affect future follow-up guidelines.
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