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Abstract

Background The etiology of enlarged subarachnoid spaces of infancy is unknown; however, there is radiologic similarity with
normal pressure hydrocephalus. Adults with normal pressure hydrocephalus have been shown to have altered cerebrospinal
(CSF) flow through the cerebral aqueduct.

Objective To explore potential similarity between enlarged subarachnoid spaces of infancy and normal pressure hydrocepha-
lus, we compared MRI-measured CSF flow through the cerebral aqueduct in infants with enlarged subarachnoid spaces of
infancy to infants with normal brain MRIs.

Materials and methods This was an IRB approved retrospective study. Clinical brain MRI examinations including axial T2
imaging and phase contrast through the aqueduct were reviewed for infants with enlarged subarachnoid spaces of infancy
and for infants with a qualitatively normal brain MRI. The brain and CSF volumes were segmented using a semi-automatic
technique (Analyze 12.0) and CSF flow parameters were measured (cvi42, 5.14). All data was assessed for significant dif-
ferences while controlling for age and sex using analysis of covariance (ANCOVA).

Results Twenty-two patients with enlarged subarachnoid spaces (mean age 9.0 months, 19 males) and 15 patients with nor-
mal brain MRI (mean age 18.9 months, 8 females) were included. Volumes of the subarachnoid space (P <0.001), lateral
(P<0.001), and third ventricles (P <0.001) were significantly larger in infants with enlarged subarachnoid spaces of infancy.
Aqueductal stroke volume significantly increased with age (P=0.005), regardless of group.

Conclusion CSF volumes were significantly larger in infants with enlarged subarachnoid spaces of infancy versus infants
with a normal MRI; however, there was no significant difference in CSF flow parameters between the two groups.

Keywords Cerebral aqueduct - Enlargement of subarachnoid space of infancy - Quantitative cerebrospinal fluid flow - 3D
volumetry

Introduction infancy, which has an incidence of 0.4-0.8 per 1000 live

births with a male predominance [1-3]. Enlarged subarachnoid

Macrocephaly is a common indication for head imaging in
infants. Possible etiologies include hydrocephalus, large
subdural hematomas, and enlarged subarachnoid spaces of
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spaces of infancy present as a rapid increase in head circumfer-
ence around the age of 6 months which stabilizes by approxi-
mately 18 months [3, 4]. Affected infants can have transient
gross motor and speech delays, with most children becom-
ing neurologically normal [2, 3, 5]. Given minimal long-term
consequences and stabilization of increasing head circumfer-
ence, the term “benign” is typically utilized, such as “benign
enlarged subarachnoid spaces of infancy” and “benign external
hydrocephalus” in the neurosurgical literature [1-3, 6].
Neuroimaging of enlarged subarachnoid spaces of infancy
will typically show enlarged subarachnoid spaces confirmed
by traversing cortical veins, as a subdural collection will dis-
place these veins [6, 7]. The enlarged subarachnoid spaces are
typically symmetric along the frontal convexities with frontal
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interhemispheric fissure enlargement. The lateral and third
ventricles are either normal or mildly enlarged [3, 8]. No rec-
ognized standard measurement exists to define enlarged suba-
rachnoid spaces of infancy. Lam et al. measured the normal
subarachnoid space in infants, with 95% of their population
measuring 5 mm or less from the cortex to the superior sagit-
tal sinus [4]. The etiology of enlarged subarachnoid spaces of
infancy is currently unknown; however, a prevailing theory
is delayed maturity of arachnoid villi, with decreased reab-
sorption rates leading to accumulation of cerebral spinal fluid
(CSF) in the subarachnoid space. Patency of the cranial sutures
in neonates allows the head to subsequently enlarge [9].

Bradley et al. suggest that infants with enlarged subarach-
noid spaces of infancy eventually become older adults with
normal pressure hydrocephalus [10]. Similar to infants with
enlarged subarachnoid spaces of infancy, adults with normal
pressure hydrocephalus have radiologic findings of enlarged
subarachnoid spaces and ventricles as well as enlarged head
circumference. Adults with normal pressure hydrocephalus
have shown increased CSF stroke volume through the cer-
ebral aqueduct compared to controls [3, 11, 12]. To explore
potential similarity between enlarged subarachnoid spaces
of infancy and normal pressure hydrocephalus, we utilized
MRI to evaluate CSF flow through the cerebral aqueduct in
infants with enlarged subarachnoid spaces of infancy com-
pared to infants with normal brain MRIs. Brain parenchy-
mal volume, ventricular volume, and subarachnoid space
volumes were also assessed.

Materials and methods
Patient selection

This retrospective study was approved by the institutional
review board and complied with the Health Insurance Port-
ability and Accountability Act. While CSF imaging with
phase contrast is not routinely performed as part of all brain
MRI examinations at our institution, it is added as needed,
including in cases of macrocephaly. During the period in
which MRI examinations included in this study had been
performed (1/2016 to 2/2018), CSF flow imaging had also
been performed in a subset of children less than 36 months
of age who had otherwise normal MRI examinations. Sub-
ject selection was subsequently performed retrospectively
with the following criteria: for the enlarged subarachnoid
spaces of infancy group, inclusion criteria were (1) MRI
referral for macrocephaly, (2) age less than 36 months, (3)
measurement of subarachnoid space 5 mm or larger over the
frontal convexities, and (4) phase contrast imaging through
the cerebral aqueduct. For the normal MRI group, inclu-
sion criteria included (1) MRI brain for multiple indica-
tions, where the result was normal by consensus between
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2 board certified and fellowship trained neuroradiologists
(CH 14 years and SK 10 years of experience, respectively);
(2) age less than 36 months; (3) subarachnoid space over the
frontal convexities less than 5 mm; and (4) phase contrast
imaging through the cerebral aqueduct. Exclusion for both
groups included (1) abnormal study for reasons other than
enlarged subarachnoid spaces, including large subdural fluid
collections, and (2) genetic or syndromic pathology from the
electronic medical record.

Imaging technique

All patients except one were imaged according to our insti-
tution’s protocol with propofol anesthesia provided by the
anesthesia department on 1.5 T or 3 T scanners (Siemens
Magnetom Avanto and Skyra, Siemens Healthineers, Erlan-
gen, Germany). A single patient in the enlarged subarach-
noid spaces of infancy group was papoosed without result-
ing patient motion on the phase contrast sequence. Scans
included axial T2 turbo spin echo (2—4 mm slice thickness,
4500 TR, 112 TE, 120 FA 224 x 320 matrix), axial EPI dif-
fusion weighted imaging (3 mm slice thickness 7100 TR, 97
TE, 90 FA, 160 X 160 matrix), and through plane phase con-
trast imaging performed at the level of the cerebral aqueduct,
direction cranial to caudal, Venc =20 cm/s for one cardiac
cycle (24.75 TR, 7.66 TE, 15 FA 256 X256 matrix) (Fig. 1).

Image data analysis

The image analyst (MS) who performed region-of-interest
measurements was blinded to patient information and patient
groupings. All images were de-identified and imported into
Analyze 12.0 (AnalyzeDirect, Stilwell, Kansas) for image
processing. Each subject had sets of 2 or 3 axial DWI and
diffusion 3-scan trace images. All EPI and T2 volumes were
loaded separately using the DicomTool into Analyze 12.0.

The 3D voxel registration tool (Analyze 12.0) was used
to achieve ventricular symmetry in the axial, coronal, and
sagittal planes. All volume images for each subject were
subsequently registered with the transformation matrices.
The T2 image in each set was also automatically registered
to the EPI volume 1 (V1) image and manually corrected.
The transformed images were intensity normalized over the
interval (0.0-1.0) by dividing each image volume by the
maximum value of the image set. A difference image was
calculated for each subject by subtracting the maximum vol-
ume image by the minimum volume image.

The volume, transformed T2, and difference images were
analyzed by a multispectral classification tool which used
a feed-forward neural network to segment the background,
whole brain, and CSF regions per our previous work [13].
A sample region for each of the three classifications was
manually demarcated by the observer, and misclassifications
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Fig. 1 Nine-month-old male
with macrocephaly. a Sagittal
T1 weighted image with cut
line indicating scan plane of
phase contrast imaging through
the cerebral aqueduct (arrow).
b Oblique axial phase contrast
with flow signal demonstrated
in the cerebral aqueduct
(arrow).

corrected as needed. Only the CSF region required two sam-
ple regions, one from a ventricle and another near the edge
of the brain. The classifications for the sample slice were
reviewed and then propagated for all image slices. In all
cases, image segmentation was verified by a board certified
neuroradiologist (CH, 14 years experience) and stored for
later analysis (Figs. 2 and 3).

The transformed T2 images, background, whole brain, and
CSF regions classified by the neural network were further seg-
mented using the volume edit tool (Analyze 12.0). Misclassi-
fications in the eyes and nasal cavities were manually reclas-
sified and excluded from the brain regions. The entire CSF
region was extracted using a thresholding technique, where the
maximum and minimum range were set based on the intensity
values from the captured CSF region. The ventricle spaces in
the CSF regions were segmented into lateral, third, and fourth

ventricle regions using a manual drawing and spline editing
technique. Finally, volumes for whole brain, subarachnoid
space, lateral, third, and fourth ventricle regions were extracted
using the region of interest tool (Analyze 12.0). Subjects were
classified into enlarged subarachnoid spaces of infancy and
normal MRI groups for data analysis.

The total ventricular volume, pixel count, and area were
calculated as a sum of the lateral, third, and fourth ventricle
region values. Pixel values for the brain regions were calcu-
lated according to the following formula (1):

V(@) = V() = [Vesp(D) + Vigeral (D) + Vinira () + Viourn (D]

where, V, is the brain region volume, i is the subject,V; is
the total volume, V- is the subarachnoid space volume,
Viateral 15 the lateral ventricle region, V,;;.4 is the third ventri-
cle region, and V;,,.; 18 the fourth ventricle region.

Fig.2 Sample normal MRI group segmentation images. Eight-month-
old female presenting with anisocoria. a Axial T2 images. b Axial T2

registered EPI images with segmented object regions. ¢ 3D ventricular

volume images. Object map colors are green, blue, yellow, magenta,

and light blue for brain (722.27 ml), subarachnoid space (65.44 ml),
lateral ventricle (10.75 ml), third ventricle (0.64 ml), and fourth ventri-
cle (0.86 ml), respectively.
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Fig.3 Sample enlarged subarachnoid spaces of infancy group seg-
mentation images. Twenty-month-old male presenting with macro-
cephaly and speech delay. a Axial T2 images. b Axial T2 registered
EPI images with segmented object regions. ¢ 3D ventricular volume

Fractional volumes, voxel count, and area were calculated
for the subarachnoid and ventricle regions according to the
following formula (2):

V(i,))
Vh(l) + VCSF(i) + Vlateral(i) + Vthird(i) + Vfourth(i)

Vy(ij) =

where,Vf is the fractional volume, i is the subject, j is the
region, V is the volume, V, is the brain region volume, V ¢z
is the subarachnoid region volume, V.., is the lateral ven-
tricle region, V.4 is the third ventricle region, and Vi, 1S
the fourth ventricle region. Fractional volumes were trans-
formed using a log base 10 transformation to accommodate
for skewness in fractional data 2. Z-scores were calculated
according to the following formula (3):

V@i.)) = Vi ()

Z3,)) = Vo O)
SD,c

where, Z is the z-score, V is the volume, i is the subject, j
is the region, V,, . is the mean volume of the normal MRI
group, and Vp, . is the mean standard deviation of the normal
MRI group. The mean, standard deviation, standard error,
and average Z-scores were calculated for each segmented
region and all fractional volumes and compared between
normal MRI and enlarged subarachnoid spaces of infancy
subjects. All calculations were performed in Microsoft
Excel.

Flow data image analysis

The image analyst (MS) who performed region-of-interest
measurements also performed the flow region-of-interest
measurements. All images were de-identified and imported
into a commercially available cardiovascular imaging
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images. Object map colors are green, blue, yellow, magenta, and light
blue for brain (1184.99 ml), subarachnoid space (204.46 ml), lateral
ventricle (26.45 ml), third ventricle (2.62 ml), and fourth ventricle
(1.23 ml), respectively.

software (cvi42, 5.14 Circle Cardiovascular Imaging, Cal-
gary, Canada). The phase contrast images were used for seg-
mentation. The background pons region and the flow con-
tour were manually segmented and propagated for the entire
image set. From these analyses, a flow report was generated
yielding the parameters for each subject (Table 1). Aque-
ductal stroke volume (ml) was calculated as the mean of the
magnitudes of total forward volume and total backward vol-
ume. Subjects were classified into normal MRI and enlarged
subarachnoid spaces of infancy groups for data analysis.
Z-scores were calculated similarly to the volume data (4):

V(l’]) - Vm,c(i)

23i,)) = Vo )
SD,c

where in this formula, V is the value, i is the subject, j is the
data value, Ve is the mean value of the normal MRI group,
and Vg, . is the mean standard deviation of the normal MRI
group. The mean, standard deviation, standard error, and
average z-scores were calculated for each data value for the
normal MRI and enlarged subarachnoid spaces of infancy
groups.

Statistical analysis

Data were analyzed using SPSS, Version 26 (IBM, Armonk,
NY). To control for differences, age and sex were used as
covariates in a general linear model univariate test for all
measurable variables between groups (ANCOVA). To check
for model assumptions and homogeneity between variances,
Levene’s test and heteroskedasticity F test were utilized. The
mean, standard deviation, and standard error of the mean
were reported and plotted. Significance was designated at
the P <0.05 level.



Pediatric Radiology (2023) 53:1919-1926

Table 1 CSF flow parameters
through the cerebral aqueduct

1923
Parameter Unit Definition
Total forward volume ml Positive + negative velocities = positive value (above x-axis)
Total backward volume ml Positive + negative velocities =negative value (below x-axis)
Total volume ml Total forward volume + total backward volume
Net positive volume ml Only positive velocities (above x-axis)
Net negative volume ml Only negative velocities (below x-axis)
Regurgitation fraction % Ratio between total backward and total forward volume
Volume/min ml/min Total volume per minute
Volume/min effective ml/min Positive volume per minute
Maximum pressure gradient mmHg
Mean pressure gradient mmHg
Maximum velocity cm/s
Minimum velocity cm/s
Maximum mean velocity cm/s Value of the phase with the highest mean velocity
Maximum flow ml/s
Minimum flow ml/s
Aqueductal stroke volume ml Mean of absolute values of total forward volume and total

backward volume

Results

Between 2016 and 2018, 50 patients were imaged with
phase contrast technique with 13 excluded due to abnor-
mal MRI or suspicion for syndromic or genetic pathology.
A total of 37 patients were included in the analysis who
met the inclusion/exclusion criteria. The sample included
22 patients in the enlarged subarachnoid spaces of infancy
group (mean age 9.0 month, range 3-22, 19 males and 3
females) and 15 patients in the normal MRI group (mean
age 18.9 months, range 5-36, 7 males and 8 females).
Groups were significantly different in age (P=0.005). Clin-
ical indications for MRI in the normal MRI group included
febrile seizures (n=35), speech delay (n=3), migraines
(n=2), rule out non-accidental trauma (n=1), anisoco-
ria (n=1), alternating exotropia (n=1), torticollis (n=1),
and facial venous malformation (n=1); none of which are
known to be directly associated with macrocephaly.
Follow-up history in the electronic medical record ranged
from none to 6 years after scan for both groups. For the

enlarged subarachnoid spaces of infancy group, 6 subjects
had no follow-up clinical notes after MRI scan, 4 had speech
delay, 2 of which subsequently resolved. The remaining 12
subjects were neurologically normal at the time of the MRI
scan and at all available follow-up. For the normal MRI
group, 2 subjects had no follow-up clinical notes after MRI,
3 subjects had speech delay, which subsequently resolved for
2 and for which there was no follow-up for 1. The remaining
11 subjects were neurologically normal at MRI scan and
available follow-up.

Brain, CSF, and ventricle region volumes

Table 2 shows mean volumes (cm?) of brain, subarachnoid,
lateral ventricle, third ventricle, and fourth ventricle regions
for the enlarged subarachnoid spaces of infancy and normal
MRI groups. Mean subarachnoid space (P <0.001), mean
lateral ventricular (P <0.001), and mean third ventricular
(P <0.001) volumes were significantly greater in patients
with enlarged subarachnoid spaces of infancy compared to

Table 2 Analysis of covariance
for mean measured volumes

Normal MRI (n=15)

Enlarged subarachnoid spaces of infancy

(n=22)

(ml) for the normal MRI and

enlarged subarachnoid spaces Mean Std. error  95% CI Mean Std. error  95% CI P- Value

of infancy groups with age and volume volume

sex as a covariate. *Statistically (ml) (ml)

significant (P <0.05)
Brain 944.3 30.5 882.2-1006.4 929.6 34.9 858.6-1000.6 0.76
Subarachnoid 78.1 17.7 42.1-114.2 223.2 20.2 182.0-264.4  <0.001*
Lateral ventricle 12.9 2.7 7.3-18.5 30.3 3.1 23.9-36.7 <0.001*
3rd ventricle 0.6 0.2 0.3-0.9 1.7 0.2 1.3-2.0 <0.001*
4th ventricle 1.0 0.1 0.8-1.2 1.3 0.1 1.1-1.5 0.051
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patients with normal MRIs. There were no significant dif-
ferences in mean brain (P =0.13) or mean fourth ventricular
volumes (P=0.96).

For all patients, males (n=26) had significantly greater
(P<0.001) brain volumes than females (n=11). There was
no significant difference in subarachnoid or ventricular vol-
umes between males and females (Table 3).

For every 1 month increase in age, mean brain volume
(F=35.363, P<0.001) was found to increase significantly
by 13.292 ml and mean fourth ventricle volume (F=30.484,
P <0.001) was found to increase significantly by 0.036 ml.
No significant correlations between age and mean volume
were found for subarachnoid, lateral ventricle, and third ven-
tricle regions.

CSF flow analysis of the cerebral aqueduct

No significant differences in flow measurements were found
between infants with enlarged subarachnoid spaces of infancy
and infants with normal MRIs. Similarly, no significant dif-
ferences between males and females or between infants with
enlarged subarachnoid spaces of infancy and infants with nor-
mal MRI as a function of sex were found for all parameters.

For every 1 month increase in age, mean total forward vol-
ume (F=9.585, P<0.005) increased by 1.31E-03 ml, mean
total backward volume (F=6.091, P<0.034) decreased
by 7.05E-04 ml, mean total volume (F'=4.840, P <0.048)
increased by 6.08E-04 ml, and mean stroke volume (F=9.118,
P=0.005) increased by 1.01E-03 ml (Table 4). No significant
differences between infants with enlarged subarachnoid spaces
of infancy and infants with normal MRI by age were found for
max pressure gradient, mean pressure gradient, maximum and
minimum velocities, and maximum mean velocity.

Discussion

Our study confirms significant increases in subarachnoid
space and ventricular size in infants with enlarged suba-
rachnoid spaces of infancy. Although this concept is well

Table 4 Association of age with flow parameters through the cerebral
aqueduct for both the enlarged subarachnoid spaces of infancy and
normal MRI groups. *Statistically significant (P <0.05)

Parameter F Statistic Beta coefficient (ml) P-Value
Total forward volume 9.59 0.001 *0.004
Total backward volume 6.09 —0.00071 *0.02
Total volume 4.84 0.00061 *0.04
Net positive volume 9.47 0.001 *0.004
Net negative volume 6.20 —0.0007 *0.02
MINVOL 6.82 0.17 *#0.02
Maximum flow 4.82 0.005 *0.04
Minimum flow 7.75 —0.006 *0.009
Stroke volume 9.12 0.001 *0.005

recognized clinically, objective confirmation of a previously
subjective observation is valuable. We were able to show as
expected that all CSF spaces, including subarachnoid space,
and lateral, third, and to a lesser extent fourth ventricular
volume are enlarged in the enlarged subarachnoid spaces of
infancy group; however, brain volumes were not decreased
in enlarged subarachnoid spaces of infancy patients. This is
pertinent, as decreases in brain volume do not appear to be
a factor in the symptoms of developmental delay that can be
seen transiently in infants with enlarged subarachnoid spaces
of infancy. This contrasts with severe long-standing hydro-
cephalus which can result in white matter volume loss and
subsequent pervasive developmental delay and cerebral palsy.

We were not able to find significant differences in flow
parameters across the cerebral aqueduct in our study between
enlarged subarachnoid spaces of infancy and infants with
normal MRIs. While we are unable to demonstrate similarity
between enlarged subarachnoid spaces of infancy and adult nor-
mal pressure hydrocephalus, it should be noted that the cranial
sutures are able to accommodate for increases in intracranial
volume and pressure in infancy, by increasing head circum-
ference. Cranial suture fusion in adulthood results in a loss of
accommodation of increased intracranial pressure [14, 15].
The stretching of cranial sutures and corresponding increase in

Table 3 Analysis of covariance for mean measured volumes (ml) comparing females and males with age as a covariate. *Statistically significant

(P<0.05)
Females (n=11) Males (n=26)
Mean volume  Std. error 95% CI Mean volume (ml) Std. error 95% CI P -Value
(ml)
Brain 855.2 36.0 781.8-928.5 1018.8 23.7 970.5-1057.0 0.001*
Subarachnoid 147.6 20.9 105.1-190.2 153.7 13.8 125.7-181.8 0.81
Lateral ventricle 24.6 3.2 18.0-31.2 18.6 2.1 14.3-22.9 0.13
3rd ventricle 1.2 0.2 0.8-1.5 1.1 0.1 0.9-14 0.93
4th ventricle 1.1 0.1 0.9-1.3 1.2 0.1 1.0-1.3 0.82
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head size may normalize any differences in CSF flow across the
cerebral aqueduct in enlarged subarachnoid spaces of infancy
patients. With fusion of the cranial sutures in adulthood, this
accommodation is lost, which may lead to increased aqueductal
stroke volume in NPH subjects versus controls.

As aresult of the range of ages in our study, several variables
can be correlated with normal aging and sex in the first few years
of life. As previously described, brain volumes for male infants
were larger than female infants [16]. New knowledge resulting
from our study is that stroke volume increases with age in the
first years of life without associated increases in velocity, sug-
gesting that the cerebral aqueduct itself increases in size.

Alternatively, recent literature suggests a different theory
as to the etiology of enlarged subarachnoid spaces of infancy.
Sainz et al. found that 15/17 subjects with enlarged suba-
rachnoid spaces of infancy had dural venous sinus anomalies
[17]. In a larger cohort of 97 patients, Cinalli et al. confirmed
a significant correlation of both the rate and grade of dural
venous sinus stenosis of enlarged subarachnoid spaces of
infancy patients compared to a control group [18]. The patho-
physiology these authors suggest is that dural venous sinus
stenosis raises intravenous and intracranial pressure, leading
to enlarged head circumference. Non-invasive methods of
functional venous analysis may help elucidate whether this
etiology will supplant the previous theory of immature arach-
noid villi. This may be a future field of study for the etiology
of enlarged subarachnoid spaces of infancy.

The current study had several limitations: (1) while the
included comparison patients had no visible abnormality
on MRYI, it is not possible to prove that these infants had no
neurologic abnormality. (2) Our study was not powered to
detect subtle differences in volumes or flows. Previous work
has shown that phase contrast estimates of net flow rates in
cardiac studies are impacted by turbulent flow [19]. Given
the small size of the aqueduct and susceptibility to turbulent
flow, as well as the small sample sizes used in the current
study, additional work may be needed to understand if these
parameters yield meaningful measures in enlarged subarach-
noid spaces of infancy subjects. (3) We were not able to
effectively age match the two cohorts, with the normal MRI
group significantly older by nearly 10 months. However, we
did control for age statistically, and we did not find spurious
low brain volumes in the younger enlarged subarachnoid
spaces of infancy group.

Conclusion

Children with enlarged subarachnoid spaces of infancy
have larger subarachnoid spaces and ventricles compared to
infants with normal MRIs. There was no significant differ-
ence in brain volumes between the two groups, suggesting
that any associated developmental delays are independent of

brain volume. Although there were no significant differences
in CSF flow parameters between the two groups, we did find
increased aqueductal stroke volume with age.
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