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A venous mechanism of ventriculomegaly
shared between traumatic brain injury and
normal ageing

(®Toshihiko Aso,"?? Genichi Sugihara,'* Toshiya Murai,' Shiho Ubukata,'*
Shin-ichi Urayama,**® Tsukasa Ueno,' Gaku Fujimoto,' Dinh Ha Duy Thuy,**
Hidenao Fukuyama®® and Keita Ueda'

Recently, age-related timing dissociation between the superficial and deep venous systems has been observed; this was particularly
pronounced in patients with normal pressure hydrocephalus, suggesting a common mechanism of ventriculomegaly. Establishing
the relationship between venous drainage and ventricular enlargement would be clinically relevant and could provide insight into
the mechanisms underlying brain ageing. To investigate a possible link between venous drainage and ventriculomegaly in both nor-
mal ageing and pathological conditions, we compared 225 healthy subjects (137 males and 88 females) and 71 traumatic brain in-
jury patients of varying ages (53 males and 18 females) using MRI-based volumetry and a novel perfusion-timing analysis.
Volumetry, focusing on the CSF space, revealed that the sulcal space and ventricular size presented different lifespan profiles with
age; the latter presented a quadratic, rather than linear, pattern of increase. The venous timing shift slightly preceded this change,
supporting a role for venous drainage in ventriculomegaly. In traumatic brain injury, a small but significant disease effect, similar
to idiopathic normal pressure hydrocephalus, was found in venous timing, but it tended to decrease with age at injury, suggesting
an overlapping mechanism with normal ageing. Structural bias due to, or a direct causative role of ventriculomegaly was unlikely
to play a dominant role, because of the low correlation between venous timing and ventricular size after adjustment for age in both
patients and controls. Since post-traumatic hydrocephalus can be asymptomatic and occasionally overlooked, the observation sug-
gested a link between venous drainage and CSF accumulation. Thus, hydrocephalus, involving venous insufficiency, may be a part
of normal ageing, can be detected non-invasively, and is potentially treatable. Further investigation into the clinical application of
this new marker of venous function is therefore warranted.
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Introduction

A common consequence of senescence is shrinkage of brain
tissue overall, which has led to the use of the term ‘age
norm’ when diagnosing brain atrophy (Dubois et al., 2007).
Considered to be a part of this phenomenon, age-related
ventricular dilatation per se does not represent a disease con-
dition (de Leon et al., 1987; Fjell et al., 2009). Nevertheless,
prominent ventriculomegaly reflects pathological states, such
as Alzheimer’s disease (Apostolova et al., 2012) and idio-
pathic normal pressure hydrocephalus (iNPH), both of
which are prevalent among the elderly. Two major mecha-
nisms have been postulated to underlie pathological ven-
tricular dilatation: accelerated brain atrophy due to cell
degeneration, and abnormal CSF accumulation. While brain
atrophy is a common feature of neurodegenerative diseases,
iNPH is thought to involve abnormal CSF absorption,
although the exact mechanism is unknown. Purely age-
dependent ventricular enlargement has been associated al-
most solely with parenchymal atrophy, due to neuronal loss
(Apostolova et al., 2012), but the influence of CSF accumu-
lation has not been well studied.

Recently, we reported that changes in cerebral venous
drainage pattern commonly occur in normal ageing proc-
esses and iNPH (Satow et al., 2017), based on our findings
with a novel blood-tracking technique that uses intrinsic
deoxyhaemoglobin fluctuation as a virtual tracer. This tech-
nique allows broad measurements of perfusion timing, cov-
ering the venous aspect of the vasculature (Amemiya et al.,
2013; Lv et al., 2013; Tong et al., 2017; Nishida et al.,
2019). The analysis involves measuring the phase, or lag, in
the spontaneous low-frequency oscillation (sLFO) (Tong
et al., 2012, 2019) of the blood oxygenation level-dependent
(BOLD) signal, which varies across brain parts. This sLFO
originates from the systemic circulatory fluctuation and,
therefore, primarily belongs to the noise component in func-
tional MRI that is diminished by stringent data-cleaning pro-
cedures (Aso et al., 2017). We previously observed a relative
perfusion timing shift with healthy ageing in the anterior
periventricular area, a major territory of the deep venous
system. This venous timing shift was further pronounced in
iNPH and reversed by the diagnostic spinal tap test. These
findings suggested a pathological change underlying iNPH,
which represents exaggerated ageing, emerging as a venous
timing dissociation between the superficial and deep venous
systems. There are various explanations for iNPH pathology
(Ringstad et al., 2017), and venous insufficiency has been
considered as a candidate precipitating factor (Bateman,
2008; Beggs, 2013). However, the causality between the
observed venous timing shift and iNPH development

remains unclear. While venous insufficiency can affect CSF
absorption, CSF drainage relieves ventriculomegaly in
advanced iNPH, ameliorating impaired blood flow as well
as symptoms (Virhammar et al.,, 2014). Further details of
these age-associated phenomena may provide insight into
the causal relationships and underlying physiology.

In this follow-up cross-sectional study with a larger cohort
of healthy subjects (n = 225, age range 21-89 years), we
investigated the relationship between venous perfusion tim-
ing and volumetric parameters. Along with ventricular size,
the subarachnoid sulcal space was evaluated as an index of
tissue atrophy. Both between- and within-age variabilities
were compared. To explore the relationship of age-related
effects with pathological ventriculomegaly, we further
included patients with traumatic brain injury (TBL, # = 71,
age range: 12-70 years), a condition presenting with both
brain atrophy and ventricular enlargement, across a wide
range of ages. Because TBI is an acquired condition that is
highly independent of age and predisposition, its study may
allow dissection of the multiple possible mechanisms of ven-
tricular enlargement. The large control dataset was used to
estimate and control for the effect of age, to explore the
interactions between normal ageing and injury, and thereby
provide insight into the general relationships between the
venous timing shift and ventricular enlargement.

Materials and methods

Participants

The healthy control participants were paid volunteers without
a history of neurological illness. After excluding seven subjects
with excessive head motion (maximum framewise displacement
>1.2 mm), 225 healthy control individuals were included in the
study (n = 225, age range: 21-89 years, 137 males and 88
females).

Sixteen patients with TBI were excluded after data acquisition
because of head motion. Table 1 shows the demographic and
clinical information of the included TBI patients (» = 71).
Severity was defined using the Glasgow Coma Scale or the
Japan Coma Scale converted into the former (Namiki, 2007).
Patients were recruited from those referred to the neuropsych-
ology unit at the Department of Psychiatry and at the
Department of Neurosurgery, Kyoto University Hospital.
Inclusion criteria were as follows: (i) TBI sustained through sig-
nificant trauma at least 3 months before the enrolment; and (ii)
acute imaging findings of head trauma, including microhaemor-
rhage in the deep white matter or peri-brainstem haemorrhage.
Exclusion criteria were a history of (i) another TBI; (ii) drug
abuse; or (iii) neurological or psychiatric disorders before TBI
onset. The diagnostic criterion for patients with diffuse axonal



Venous drainage in ventriculomegaly

Table | Demographic and clinical characteristics of participants

BRAIN 2020: 143; 1843-1856 | 1845

Characteristic

TBI(n = 71)

TBI focal lesion (n = 51)

TBI DAI (n = 20)

Age
Male sex
Cause of injury
Time from

injury, months
Severity

Lesion location
Anatomical

grading for DAI
WAIS-III

FIQ

VIQ

PIQ

vC

PO

WM

PS

40.9 (15.6) [12-70]
48 (68%)

Traffic accident 63, fall 5, other 3

91.5(91.7) [3-418]

Severe 38 (54%), moderate
I'l (15%), mild 20 (28%), NA 2 (3%)

93.4 (18.6)
95.0 (18.3)
932 (16.3)
94.5 (17.9)
98.1 (14.1)
933 (17.1)
79.6 (20.5)

40.7 (16.5) [12-70]

34 (67%)

Traffic accident 46, fall 3, other 2
88.2 (88.8) [3-418]

Severe 22 (43%), moderate 10 (20%),
mild 17 (33%), NA 2 (4%)
Frontal 38, other 13

96.1 (17.4)
97.3(18.2)
953 (14.2)
97.6 (16.1)
99.4 (12.1)
96.9 (18.3)
86.0 (18.6)

41.7 (13.3) [21-63]

14 (70%)

Traffic accident 17, fall 2, other |
99.8 (100.61) [6-372]

Severe 16 (80%), moderate | (5%), mild 3
(15%)

Grade |: 3, Grade II:5 Grade lll: 3, Grade
IV: 3, Grade 0: 4, NA: 2

89.3 (20.9)
91.5 (19.1)
90.0 (19.6)
89.8 (20.3)
96.1 (17.4)
87.8 (14.4)
69.9 (20.4)

Results are expressed as means (SD) [range], unless otherwise stated.

Anatomical grading for DAI: Grade I, hemispheric lesions; Grade I, hemispheric and additional corpus callosum lesions; Grade lll, brainstem lesions; Grade IV, lesions in substantia
nigra or mesencephalic tegmentum. Grade 0 indicates absence of haemorrhagic spots in chronic images but with evidence of microbleeds in acute X-ray computed tomography.
FIQ = full intelligence quotient; NA = not available; PIQ = performance intelligence quotient; PO = perceptual organization; PS = processing speed; SD = standard deviation; VC
= verbal comprehension; VIQ = verbal intelligence quotient; WAIS-IIl = Wechsler Adult Intelligence Scale-Third Edition; WM = working memory.

injury (DAL n = 20) was absence of gross parenchymal lesions
(e.g. lobar contusions, and haematoma/haemorrhage >2 mm
diameter) on MRI. Fluid-attenuated inversion recovery (FLAIR)
imaging was used to assess DAI in all patients. In 18 DAI
patients who underwent susceptibility-weighted imaging, we
classified the haemorrhagic lesions using the extended anatomic-
al grading for DAI (Abu Hamdeh et al., 2017). Written
informed consent was obtained from all participants, in accord-
ance with the Declaration of Helsinki and the following proto-
cols were approved by the Institutional Review Board of Kyoto
University Hospital.

Brain MRI

Images were acquired on a Siemens 3 T Trio Tim system with a
32-channel head-array coil. Resting state BOLD-MRI was
acquired using standard functional MRI based on the gradient-
echo, echo-planar imaging technique. The imaging parameters
were as follows: repetition time = 2500 ms; slice thickness =
3.2 mm with a 25% gap; number of slices = 40; voxel reso-
lution 3.3 x 3.3 x 3.2 mm’ flip angle = 80°. A 10-min scan
(242 volumes) was acquired. Subjects were instructed to lie still
with their eyes open. High-resolution T;-weighted images were
acquired with the following parameters: repetition time = 2.3 s;
echo time = 2.94 ms; flip angle = 9°; resolution = 256 x 256
x 160 mm®. A magnetic field map derived from the dual-echo
gradient-echo dataset was also acquired to undistort the BOLD
images using FUGUE/FSL.

The BOLD-MRI and T; anatomical data were preprocessed
using SPM12 (http://www fil.ion.ucl.ac.uk/spm) and the FMRIB
Software Library (www.fmrib.ox.ac.uk/fsl) with in-house
MATLAB scripts for an automated pipeline. After slice-timing
and motion corrections, BO distortion correction was applied
using FUGUE/FSL (Jenkinson et al., 2012). The head motion in-
formation obtained here was used to reject those participants

with excessive motion by framewise displacement. The undis-
torted images were co-registered to the subject’s Ty image for
normalization to the template space using the same deformation
field. The normalized functional images were downsampled to 4
x 4 x 4 mm? voxels to achieve a high temporal signal-to-noise
ratio. At this stage, images were checked for motion-related sig-
nal deflection or dropout (Mazaika ez al., 2009; Power et al.,
2012). This procedure involved searching for time points satisfy-
ing two stringent criteria: (i) a global mean signal change be-
tween consecutive volumes exceeding 1%; and (ii) head
displacement exceeding a Euclidian distance of =1 mm per repe-
tition time. The affected time points were replaced by linearly
interpolated values. The data were then cleaned by multiple re-
gression using head motion parameters, but the six rigid-body
parameters were not directly included, because of the possible
contamination of the global signal change when the subjects
were stable (Freire and Mangin, 2001). The regression involved
24 parameters consisting of the first temporal derivatives of the
motion parameters, their versions shifted by one repetition time,
and squares of those 12 time series (Satterthwaite et al., 2013).

Each participants’ T; anatomical image was first spatially
normalized to the Montreal Neurological Institute (MNI) refer-
ence space by unified segmentation (Ashburner and Friston,
20035). The segmented images of all healthy control participants
in the original space were fed into the Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra
(DARTEL) pipeline for improved registration (Ashburner and
Friston, 2005). The co-registered individual images were finally
aligned to the MNI template again, using the deformation field
for the average image. DARTEL was not used for patients with
TBI because (i) no voxel-wise analyses were performed on the
dataset; and (ii) the regions of interest for the venous clusters
were valid in detecting the treatment effect in iNPH, despite the
more pronounced ventriculomegaly (Satow et al., 2017).


http://www.fil.ion.ucl.ac.uk/spm
http://www.fmrib.ox.ac.uk/fsl

1846 | BRAIN 2020: 143; 1843-1856

Volumetric analysis

The 3D T,-weighted image was segmented into grey matter,
white matter and CSF prior to the DARTEL spatial normaliza-
tion in each individual. To measure the lateral ventricular volume
in the native space of individual scans, a ventricular mask in the
reference MNI space was transformed using the inverse deform-
ation field for each subject. This ventricular mask template was
created from the normalized CSF masks thresholded at 0.5 (in
probability of a voxel belonging to CSF) and combined across
subjects to cover the lateral ventricles in all subjects. For measure-
ments of whole brain volumes, summed images of the grey and
white matter masks were thresholded at 0.5 before counting the
voxels. The sulcal space was defined by masking the CSF mask
with a smoothed version of this parenchymal mask in order to
exclude the subdural part of the CSF (see ‘Volumetric analyses
and changes throughout the lifespan’ section). All volumes were
obtained in cubic millimetres and their cubic root-represented size
(equivalent to diameter) was indicated. Finally, relative sulcal
space and ventricle and parenchymal sizes were calculated by
dividing the values by the sum of these three metrics, which rep-
resented the total subarachnoid volume.

Additional analyses on grey and white matter volumes were
performed with or without normalization by the total subarach-
noid volume in order to rule out possible structural bias in ven-
ous timing measurement.

Perfusion lag-mapping

We used the most common approach for BOLD lag-mapping
based on fixed seeds (Amemiya ez al., 2013; Christen et al.,
2015), but used an additional process for extracting the sLFO,
or the lag = 0 signal, from the global mean signal (Aso et al.,
2017; Satow et al., 2017). After image preprocessing, temporal
band-pass filtering with a low passband (0.008-0.07 Hz) was
applied to ensure that the phase was uniquely determined within
the cross-correlation range of 14 s. The filtered time courses in
each voxel were then resampled to a 0.5-s sampling interval.
Figure 1A illustrates the steps in the lag-mapping procedure.
The lag map assumed discrete values between —7 s and +7 s at
a 0.5-s interval, in which positive values indicated phase ad-
vance, meaning that they represented the ‘arrival time’ to the
global signal phase (Aso et al., 2017). There were voxels with
no cross-correlogram peak or a negative peak correlation coeffi-
cient, suggesting ambiguity or tracking failure. These ‘holes’
were filled by 3D eroding and linear interpolation.

Voxel-wise multiple regression for
age-related changes in perfusion
lag map

The lag maps were resliced to 2-mm isotropic voxels before stat-
istical analysis. SPM12 was used for voxel-wise multiple linear
regression including age (continuous) and sex (categorical) in
225 healthy subjects. To define region of interest for the subse-
quent analysis, the resulting t-score maps were thresholded at P
= 0.05, with multiple comparison correction by the false discov-
ery rate to map age-related changes towards up- and down-
stream. We used an attenuated threshold for region of interest
definition, even though significant clusters were detected at a
more stringent threshold of P = 0.05 (correcting for multiple
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comparisons using the family-wise error rate; see Supplementary
Fig. 1), because we aimed to explore non-linear effects by allow-
ing for deviations from first-order linear effects.

Arterial and venous transit time

For each individual lag map, a whole-brain voxel histogram
was created to identify the peak phase, or lag, that should repre-
sent the centre of the vascular tree, which was close to zero in
all cases. Using all voxels with lag values indicating upstream
locations (i.e. larger phase advance) relative to the histogram
peak, the arterial transit time was calculated by simply averag-
ing the phase in seconds. Venous transit time was obtained in a
similar manner using the downstream voxels, but converted to
positive values to represent the temporal distance from the
centre of the vascular tree. The sum of these two values was
named global transit time. This is essentially different from the
mean transit time based on PET or X-ray CT perfusion images
and calculated for each voxel, but may carry information
equivalent to the global average of those metrics, as a measure

of blood flow velocity.

Statistical analysis

All individual metrics of interest from the volumetric and perfu-
sion timing analyses were converted to corresponding W-scores,
a covariate-adjusted Z-score relative to the normal control (Yau
et al., 2015). Therefore, and to compare the lifespan profiles,
healthy control datapoints were fitted to a quadratic model
according to age, by using a linear least-squares algorithm in
the MATLAB Curve Fitting Toolbox. The goodness-of-fit was
expressed in R squares and corresponding P-values. Sex was not
included as a factor because of the non-uniform distribution of
male and female subjects and the sample size. To confirm the ef-
fect of sex in the healthy control dataset, ANCOVA was per-
formed controlling for the full quadratic effect of age. Pearson’s
correlation coefficient (r) was used to explore the relationships
among the volumetric and perfusion markers as well as the ef-
fect of age on the venous timing change in TBIL. We performed
multiple linear regression including age, sex, DAI diagnosis, and
time-after-injury on the W-score data of the TBI group.
Deviations of the patients’ W scores from the age norm (W = 0)
were tested using one-sample #-tests. Statistical significance was
accepted at the 0.01 level (two-tailed).

Data availability

MATLAB codes for the perfusion lag-mapping can be down-
loaded at https://github.com/RIKEN-BCIL/BOLDLagMapping.
Data supporting the findings of this study are available from the
corresponding author upon request.

Results

Age-related changes in the
perfusion lag map
Average lag maps created from two healthy control age

groups, composed of either young (< 50 years of age) or eld-
erly subjects (50 years or older), showed a similar spatial


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa125#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa125#supplementary-data
https://github.com/RIKEN-BCIL/BOLDLagMapping
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Lag tracking
Label every voxel by the cross-
correlogram peak with sLFO

A

Averaged timeseries:
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(n = 89)

Xx=26,y=-12,z=8

Figure | Age-related changes in the perfusion lag map. (A) Steps in the BOLD perfusion lag-mapping procedure. Once the sLFO was
determined by averaging the time series from voxels with lag = 0, it was used as the reference signal to measure the time shift for each brain
voxel by the cross-correlogram peak. This final part was performed by creating a 3D time x space (voxel) X time-shift matrix and finding the
maxima along the third dimension. (B) Average lag maps overlaid on the average anatomical T, images (inverted contrast) for the young and the
elderly group. Negative values (cool colours) indicate late phases relative to the global sLFO representing the centre of the vascular tree.
Regions with age-related phase shifts are indicated by arrows. (C) Schematic of the present analytical model of the BOLD lag structure.
Greyscale shadings in the vascular tree represent the intrinsic source of slow signal fluctuation. The right panel illustrates the relationship with
conventional temporal metrics based on different reference points. (D) Regions presenting linear correlations with age. Positive shifts are indi-
cated by warm colours. Overlaid are t-score maps from the voxel-wise multiple regression with a degree of freedom of 222 (n = 225; age and
sex as independent variables; voxel-wise false discovery rate-corrected P < 0.05). These clusters were used as the deep/superficial venous
regions-of-interest in the following analyses. Results with a more stringent threshold are presented in Supplementary Fig. |.

distribution consistent with the gross vascular anatomy
(Fig. 1B). The lag maps identified upstream positions in the
vascular tree as areas with positive phase advance compared
to the global sLFO phase (Fig. 1C). The lag, expressed in
seconds, represents temporal distance, or travelling time to
and from the centre of the vasculature. Importantly, this
measurement cannot be directly compared with conventional
techniques with different reference points, due to the

variation in vascular path lengths (Jespersen and Ostergaard,
2012; Tong and Frederick, 2012) (Fig. 1C, right). For ex-
ample, the arrival time of contrast agents (or labelled blood
in arterial spin labelling) from the artery is not directly
inferred from the perfusion time lag. This flexibility of refer-
ence points in the vascular tree in turn allowed observation
of the venous aspect of cerebral circulation (Tong et al.,
2017).
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The average maps displayed shrinkage of the anterior peri-
ventricular cluster in elderly subjects, based on an upstream
phase shift. This perfusion timing shift may reflect prolonga-
tion of venous drainage time or shortening of path length,
or both. The difference was evident in the anterior and infer-
ior horns of the lateral ventricle and their nearby structures
(arrows in Fig. 1B), but not in the dorsal and posterior parts
of the ventricles that are outside of the deep venous system
territory.

Age-related changes were formally located by voxel-wise
linear regression (Fig. 1D). Sex was also included as a regres-
sor, but no voxels presented significant effects at the same
threshold. As expected, upstream age-related timing shifts
were observed in adjacent structures of the deep venous sys-
tem, whereas the opposite changes were predominantly
located at the tentorial sinus, extending to the sinus conflu-
ence. The differential effects of age on the superficial and
deep venous systems were thus reproduced in a larger sam-
ple (Satow et al., 2017). Region of interest analyses further
revealed that the phase shifts followed quadratic patterns,
despite the bias introduced by the choice of the linear regres-
sor (Fig. 2A and B). In young participants, the deep cluster
presented a delay (indicated by a negative phase advance) to
the global mean, reflecting its position in the gross vascula-
ture; thus diminished with age. An opposite trend was found
in the superficial cluster. This venous drainage change was
summarized by the phase difference between the two clus-
ters, which fit better (Fig. 2C).

Volumetric analyses and changes
throughout the lifespan

Volumetric measures from the 3D anatomical image con-
firmed significant age effects, replicating previous observa-
tions (Bigler et al., 2002; Fotenos et al., 2005) (Fig. 2D-F).
The measurements were converted to the cubic-root equiva-
lent of the volume to homogenize the variances for compari-
son. The increase in the sulcal space size showed a linear
pattern, whereas the decrease in parenchymal size and the
increase in ventricular size presented quadratic profiles
(Fotenos et al., 2005). After correcting each parameter by
dividing it by the total subarachnoid space (Fig. 2G), both
CSF spaces presented an improved fit (Fig. 2H and I). For
normalization, we used the total subarachnoid space, instead
of the intracranial volume as a measure. This approach was
motivated primarily by the possible confounding effect of an
increase in subdural space with age (Fogelholm et al., 1975),
which accompanies so-called subdural effusion (Liao and
Xiao, 2017), in order to focus on the parenchymal shape
changes. Additionally, some elderly cases demonstrated un-
stable image segmentation in the CSF-dura mater boundary,
possibly reflecting structural changes within the dura
(Haines et al., 1993).

Different temporal profiles of the venous flow timing shift
and the two volumetric markers were evident in normalized
time courses (Fig. 2J). The sulcal space change was
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compatible with earlier reports of tissue atrophy starting in
the mid-20s (Pfefferbaum et al., 1994). In contrast, ventricu-
lar enlargement started slowly and exceeded the rate of sul-
cal enlargement at around the age of 50 years, slightly later
than the venous timing shift. Figure 2K and L plot these two
markers separately for male and female subjects. The effect
of sex was not significant in either the venous shift [F(1,222)
= 0.057, P = 0.81, ANCOVA with sex x quadratic age as
a covariate; non-significant interaction P > 0.1] or the
sex x ventricular size [F(1,222) = 1.6, P = 0.20; interaction
P > 0.1]. Relatively poor R-square fitting was noted in
males for each of the ageing markers, suggesting higher
interindividual variability in males. Nevertheless, the slight
temporal precedence of the venous timing change over the
ventricular enlargement was preserved in both sexes.

Three biomarkers in patients with
TBI

The 71 TBI patients, some of whom had been diagnosed
with DAI (nz = 21), presented deviations from the healthy
controls in all markers, including the venous timing shift
(Fig. 3A). All non-DAI patients with TBI (z = 51) had vis-
ible focal parenchymal lesions mainly in the frontal and tem-
poral lobes (Supplementary Fig. 2A). To isolate the disease
effects, data were age-adjusted using the control dataset
(age-adjusted Z, or W-score). As depicted in Fig. 3B and
Supplementary Fig. 2B-D, all markers showed significant in-
jury effects, in line with earlier reports of accelerated ageing
in TBI (Cole et al., 2015; Irimia et al., 2018). Moreover,
there was a significant effect of age at injury on the venous
timing shift, resulting in a diminishing deviation with age
(Fig. 3B, Pearson’s = —0.427; P = 0.0008; n = 71, multiple
linear regression including age, sex, DAI diagnosis, and time
after injury). This finding was replicated after dividing the
patients into a DAI and a focal TBI group, despite the tissue
defect in the latter (Table 2). No significant effect of DAI
diagnosis was found for the other three volumetric markers
(multiple linear regression including age, sex, DAI diagnosis,
and time after injury in 71 patients), except for marginally
larger ventricles in the DAI group [F(1,64) = 3.3, P =
0.073]. The linear trend in TBI’s venous state was also inde-
pendent of clinical severity according to the subgroup ana-
lysis (Pearson’s r = —0.454 and P = 0.004 in severe TBI
only; # = 38). Such an interaction with age was not detected
in the markers for proportional brain atrophy
(Supplementary Fig. 2). However, there was another age-at-
injury effect in the absolute total subarachnoid space that
was used to normalize the CSF space measures (Fig. 3C, r =
0.515; P = 0.000004), which originated from absolute par-
enchymal loss (Supplementary Fig. 3G; r = 0.504; P =
0.000008), in which a young age was correlated with
increased atrophy. This finding was preserved within the se-
vere TBI subgroup, again indicating the absence of bias
from severity (Pearson’s 7 = —=0.550 and P = 0.001; n = 38).
Because the time after injury was <9 years in our patient
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Figure 2 Age-related changes in venous flow timing and volumetry. r? indicates the R square of the quadratic fitting. (A and B)
Individual phase advance (in seconds, positive values indicating upstream) from the clusters in Fig. | C plotted against age. Shaded area: 95% confi-
dence interval of the fitted curve. Dashed lines: 95% confidence interval estimated for the population. (C) Difference between the two clusters.
(D—-F) Cubic root of the sulcal space and the ventricular and parenchymal volumes. (G) Sum of these three measures representing the subarach-
noid space. This value was used to calculate relative sulcal and ventricular sizes (H and ). (J) Temporal profiles from C, H, and I, normalized for
comparison between 0 and |. The first temporal derivatives are overlaid as dashed lines. (K and L) Temporal profiles of venous timing and ven-
tricular size fitted separately for male and female subjects.



1850 | BRAIN 2020: 143; 1843-1856 T. Aso et al.

A Deep-superf. from lag map B Deep-superf., age-adjusted c Total subarachnoid volume, age-adjusted
8 : : 4 s
Sz el by o e TBI, DAI 4 r= 0515
| aTBl = DAl 3 P=0.0002 * HC F=0.000004
6 ! . HC 1 3 o
& g
g .
o 2] 2 o
= =]
2 3 g
5= t
o 0 z =
w
2 2 I
o - -2 o' s}
4l N *TBI < HC: P= 0.00032
[ -3 - o 3
* 7Bl = HC: P= 0.00022 -4 = a. L?:l il
-6 - - ; -4
20 40 60 80 20 40 60 80 20 40 60 80
Years of age Years of age Years of age
o : . E Lag versus total F Lag versus
Sulcal space versus ventricular size subarachnoid volume sulcal space
] §
r= -0175
s P=0.144 -
N
8 = g_
3 g %
= S 4 g
— @ w
[7] -g .
2 i
2 &
r= 0.082 | P=0.219 r= 0.149 | P=0.025
4
-4 -2 0 2 4 6 8 -5 0 5 -5 0 5
Rel. sulcal space [w] Deep - superf [w] Deep - superf [w]
G Lag versus H Lag versus ! Lag versus J Lag versus
i ventricular size parenchymal size grey matter volume white matter volume
r= 0.087
P=0472 4
Z z Z
[} @ o
Ns E? 5
5 2 S
3 50 5
>0 -2 £
o i -
-4 b2
r= -0.176
P =0.0083
-5 -6
-5 0 - 0 5 -5 0 5 :
Deep - superf [w] Deep - superf [w] Deep - superf [w] Deep - superf [w]
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also found in the absolute total subarachnoid volume, suggesting another overlapping mechanism between disease and normal ageing. (D)
Relationship between sulcal space and ventricular size. Correlation coefficients for the TBI and healthy controls groups are displayed (top and bot-
tom, respectively) with a corresponding regression line for the TBI group. (E-J) Relationship with venous timing shift is shown for absolute total
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cantat P < 0.001, uncorrected for multiple comparisons.
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Table 2 Correlations with age at injury

Al TBI DAI TBI focal
(n=171) (n = 20) (n =51)
r P r P r P

Deep superficial lag -0.427 0.0002 —0.498 0.025 -0.417 0.0023

Sulcal space size -0.143 0234 -0.036 0881 -0.175 0.220
Ventricular size 0.1l 0355 —0.070 0.768 0.159 0.264
Parenchymal size ~ -0.041 0.734 -0.233 0322 0.010 0.942

Perfusion timing differences between the deep and superficial venous regions and the
three volumetric measures are compared. Adjustments were made for present age
using healthy control data, with corresponding P-values from the univariate Pearson’s
correlation. Volumes are converted to the cubic root equivalent and corrected for
total subarachnoid volume. Patients with TBI who did not meet the criteria for DAI
were classified TBI focal. There was a correlation between the venous timing abnor-
mality and age at injury. Values in bold indicate significant correlations.

group (median and maximum, 54 and 418 weeks) and cor-
related poorly with age (Pearson’s 7 = 0.050; variance infla-
tion factor = 1.047 from the multiple linear regression),
these interactions are likely related to the age at injury
per se.

Ventricular size and sulcal space were significantly corre-
lated even after age adjustment, possibly reflecting the
shared effect of tissue atrophy (Fig. 3C). The pronounced
correlation in TBI compared to healthy controls further sup-
ports this interpretation. In contrast, there were only weak,
non-significant correlations between the venous timing shift
and any of the volume metrics, including the total subarach-
noid, and grey and white matter volumes in TBI (P > 0.01,
Pearson’s correlation, Fig. 3D-]). We conducted another
multiple regression to examine how the age-corrected ven-
tricular size in TBI is accounted for by a combination of at-
rophy (ie. sulcal space size) and venous state
(Supplementary Fig. 2E). This analysis was expected to re-
veal the relative contributions of these two on ventriculome-
galy. The effect of atrophy on ventricular size was
significant, while the effect of venous timing shift was weak
(P = 0.072). In the healthy control group, the correlation
was also weak, but significant, with ventricular size possibly
reflecting a causal link between venous drainage and ventri-
culomegaly (Fig. 3G).

To compare the present findings with previous reports,
grey and white matter were analysed (Supplementary Fig. 3).
Supplementary Fig. 3A and D show the normal lifespan pro-
files of these structures, which were similar to a previous re-
port (Fotenos et al., 2005). There was significant white
matter reduction in TBI patients (P < 107'°, Supplementary
Fig. 3E), again confirming previous reports, while the grey
matter volume was within the normal range (P = 0.36,
Supplementary Fig. 3B) (Hukkelhoven et al, 2003).
However, there was an unexpected trend in grey matter of
TBI that young and elderly patients display opposite
changes, indicating another interaction, but in the absence of
disease effect. Bias from clinical severity was not evident,
again, because the trend was still found after excluding the
mild/moderate cases (Pearson’s r = -0.662 and P =
0.00001; # = 38). Neither of these two metrics were
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correlated with venous timing shift (Supplementary Fig. 3C
and F). Sum of grey and white matter, or parenchymal vol-
ume, also presented a trend but with significant disease effect
(P = 0.000008), which was similar to the findings for the
total subarachnoid space (Fig. 3C). As our main analysis of
CSF spaces involved correction by the total subarachnoid
space, corrected grey and white matter values were also
investigated (Supplementary Fig. 3I-L). The white matter re-
duction had a significant effect on the total volume, making
it difficult to judge the implication of the proportionally
increased grey matter volume (P < 1072, Supplementary
Fig. 31 and J). Nonetheless, we failed to find any additional
age-at-injury effect in TBL

Blood transit times estimated from
the lag map

The arterial and venous transit times were calculated from
individual lag maps, as temporal distance averaged over
voxels from/to the centre of the vascular tree (Fig. 4). The
sum of these two parameters, that is, the global transit time,
is a measure of voxel histogram width and is different from
the mean transit time defined for each voxel based on other
modalities. It nevertheless yielded a similar range of values,
with an age-related prolongation consistent with earlier stud-
ies (Fujishima and Omae, 1980; Mihara et al., 2003). The
highest correlation coefficient was found for venous transit
time, indicating an age-related prolongation of venous drain-
age time.

Discussion

The present data supported the view that there are at least
two mechanisms underlying ventricular enlargement in gen-
eral, one accompanying a change in the venous drainage
pattern, and the other most probably related to primary
neuronal loss. Independent contributions of these two mech-
anisms are suggested by the weak correlations between the
venous timing shift and morphological changes, in addition
to the different lifespan profiles. Such a dissociation in tem-
poral profiles has been reported in grey and white matter
volume changes with age, presumably due to the ventricular
enlargement that selectively affects the latter (Fotenos et al.,
2005). For the timing shift between the superficial and deep
venous systems, an interaction between the TBI effect and
age at injury suggests a shared mechanism with the pure ef-
fect of age. This observation is generally compatible with the
long-standing concept that TBI accelerates ageing (Corkin
et al., 1989; Lou et al., 2018); however, venous drainage
change has never been considered to be a factor generally
promoting ventriculomegaly, and thus merits further investi-
gation. It is noteworthy that we failed to find an effect of
DAI in TBI patients in our main analyses, possibly because
92% of the TBI with focal lesions were caused by traffic
accidents in which DAI pathology might coexist. The sample
size may also have been too small to capture a reduced
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Figure 4 Age-related changes in transit time measures
from the lag map. The global transit time is the sum of its arterial
and venous components. Red dots indicate females (n = 88/225 in
total). Pearson’s correlation coefficient with age is inserted with the
corresponding P-value (P < 0.0l in bold).

effect. Focal structural changes, including callosal atrophy,
may have affected the region of interest analysis
(Supplementary Fig. 2). However, we also failed to find a
strong correlation suggesting structural bias in the venous
timing shift. Accordingly, we discuss TBI patients as one
group below.

Age-related changes found in the venous timing shift and
in the ventricular size showed similar quadratic patterns,
with the former presenting a slight temporal precedence.
However, the difference between the fitted curves was too
small to support a direction of causality. It is possible that
the latter confounded voxel-wise analysis, thereby creating a
spurious correlation; however, this account is unlikely, for
the following reasons. First, as previously argued (Satow
et al., 2017), age-related atrophy should exist in other
brain—-CSF boundaries, such as cortical surfaces, but these
did not present similar changes in this study. Moreover, our
finding was confined to the vicinity of the deep venous struc-
tures, instead of randomly occurring around the ventricles.
Second, ventricular enlargement should primarily result in
expansion, rather than shrinkage, of the periventricular
structure. Finally, after removing the age effect, there was
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only a weak correlation between any of the volumetric
parameters, particularly ventricular size, and the venous tim-
ing shift. This was more evident for TBI patients with prom-
inent ventriculomegaly, further ruling out such a
methodological bias. Importantly, the lack of a quantitative
correlation also suggested that any physiological link be-
tween these two phenomena is not based on a temporally
immediate effect.

The perfusion lag-mapping technique was initially pro-
posed as a non-invasive alternative for evaluating arterial
diseases (Lv et al.,, 2013; Christen et al., 2015; Nishida
et al., 2019). Theoretically, it uses the slow variation in
deoxyhaemoglobin concentration as a virtual contrast agent
(Aso et al., 2019). Arterial spin labelling, another non-inva-
sive method, has a limited tracking range, determined by the
longitudinal relaxation time of the blood (<2 s), and is
hence incapable of tracking the venous flow under normal
conditions (Le ez al., 2012). On the other hand, lag mapping
has been confirmed to address this aspect of the vasculature
(Tong et al., 2012; Satow et al., 2017), although a standar-
dized interpretation is yet to be established because of the
lack of validation techniques for postcapillary flow timing
(Santini et al., 2008). The lack of clear vascular territories in
venous drainage further complicates the interpretation.
Because the cerebral veins have no valves, flow patterns are
flexible (Andeweg, 1996). We indeed observed such
dynamic changes within a few days in patients with iNPH,
before and after the spinal tap test (Satow et al., 2017), con-
sistent with the known immediate treatment effect, which is
possibly related to cerebral blood flow recovery
(Keong et al., 2016). However, there are at least two pos-
sible explanations for the change in the lag map commonly
found in TBIL, iNPH, and normal ageing. A phase shift to-
wards zero in the perfusion lag map can logically represent
either (i) an upward shift in the vascular tree; or (ii) shorten-
ing of the path length with unchanged drainage time.
Strictly, path length also belongs to the time domain and is
therefore influenced by flow velocity.

The former scenario involves earlier blood arrival, but
extended drainage time, hence indicating deep venous insuf-
ficiency. This scenario may seem compatible with theories
on venous collagenosis playing a role in age-related white
matter pathology (Moody et al., 1995). However, the
observed changes were distributed along the ventricular
walls that should normally be downstream to the medullary
veins and, hence, small vessel disease would not explain the
change. Downstream to the current cluster is the vein of
Galen, a single vessel draining the whole deep system.
Outflow from this vein depends on its distinct and variable
structure (Dagain et al., 2008) such as its junction with the
straight sinus. This structure has been associated with dis-
ease conditions (Bateman, 2004; Beggs, 2013). However,
this is in contradiction with a series of studies on NPH
reporting normal straight sinus flow (Bateman, 2008). Age-
related changes were not observed either, although the small
sample size of earlier studies might not allow a comparison
with the current study or generalized conclusions (Bateman
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Figure 5 Schematic illustration of the causal links suggested by the present study’s data. Insufficiency of the superficial system of
the cerebral vein is assumed to be the primary event. CSF accumulation and reduced internal jugular outflow (purple background) have been
reported, while blue background indicates interpretation of the results of the present study.

et al., 2008). The second scenario does not face these dis-
crepancies, because it assumes constant drainage time, but
requires further reduction of the blood arrival time with age.
Although this might seem counter-intuitive, it is possible that
the perfusion timing shift that we observed is merely a rela-
tive phenomenon, forming part of broader changes. A body
of evidence indicates decreased internal jugular vein flow in
both iNPH (Kuriyama et al., 2008) and TBI (Pomschar
et al., 2013) as well as in normal ageing (Chung et al.,
2010). This internal jugular vein insufficiency is thought to
be compensated by the venous plexuses that are drained by
the cervical and external jugular veins (De Vis et al., 2018).
If there is increased resistance or pressure in the dominating
superficial system (Portnoy et al., 1994; Bateman, 2003;
Kuriyama et al., 2011), there may be a downward shift of
the whole lag structure, leaving the deep system at a relative-
ly early phase. The deep venous system reportedly contrib-
utes only around 20% of the internal jugular vein flow and
is therefore unlikely to cause such a widespread change (De
Vis et al., 2018). Our observation of prolonged venous tran-
sit time with age is consistent with this view. In the case of
iNPH, the deep venous system is spared and the spinal tap
test may ameliorate the superficial venous congestion.
Indeed, tight high convexity has been reported to predict the
response to treatment (Narita et al., 2016), implying a mech-
anical effect on sagittal sinus flow (Kuriyama et al., 2011).
Importantly, the treatment effect does not necessarily indi-
cate a primary role for CSF accumulation; disease develop-
ment may involve a vicious circle of events (Keong et al.,
2016; Brautigam et al., 2019). Figure 5 illustrates the pos-
sible causal links based on the above discussion. The mech-
anism underlying age-related venous drainage change

remains to be clarified; although a causal relationship be-
tween the venous timing shift and the ventricular enlarge-
ment would be of major clinical relevance.

Our previous study suggested a shared mechanism that
makes iNPH a disease of the elderly (Satow et al., 2017). In
fact, there is no established histological finding for post-mor-
tem diagnosis of iNPH, supporting this view (Relkin et al.,
2005). The present observations further indicate a unified
model that applies to both normal ageing and communicat-
ing hydrocephalus. One plausible mechanism would be a
slowly accumulating effect of venous dysfunction on ventri-
culomegaly, which is in accordance with the low correlation
between the present venous state and ventricular size. An op-
posite causal direction is unlikely; as observed in the re-
sponse to iNPH treatment, the ventricular enlargement itself
is highly irreversible (Virhammar ez al., 2014). Nevertheless,
the lag map was markedly changed by the spinal tap test,
indicating that the venous flow is independent of the abso-
lute ventricular size (Satow et al., 2017). In iNPH, since the
classic model posited the unique anatomy of the deep venous
system as a factor in CSF accumulation, venous involvement
has been a popular concept (Andeweg, 1991; Portnoy et al.,
1994). Many models have been proposed, involving abnor-
mal CSF absorption, tissue compliance, and the recent glym-
phatic hypotheses (Bateman, 2003; Bateman and Siddique,
2014; Ringstad et al., 2017), but most of these are not mu-
tually exclusive and may share factors. Although confirm-
ation by longitudinal studies is necessary, the perfusion lag
map may not only represent a disease biomarker, but may
also help to elucidate the underlying mechanism.

Because none of the patients with TBI had been diagnosed
with secondary NPH, the venous timing shift itself in the
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patient group was an unexpected finding. Even in the case
of iNPH, the discrepancy between clinical and radiological
manifestations is prominent (Iseki et al., 2014). Accordingly,
parenchymal atrophy in TBI may further confound the diag-
nosis of secondary NPH. This has already led to the sugges-
tion that post-traumatic hydrocephalus is underdiagnosed
(Kammersgaard et al., 2013), as was supported by the obser-
vation that ventricular size does not immediately reflect CSF
dynamics. It is hence undeniable that some patients with TBI
have (or had) subclinical NPH pathology, which could po-
tentially benefit from early detection and treatment.
Moreover, we found an age-related diminution of the perfu-
sion shift in TBI, suggesting a shared underlying process be-
tween TBI and normal ageing. However, this does not
account for the similar interaction found in total subarach-
noid and the parenchymal volumes, suggesting another over-
lapping mechanism, namely cell degeneration (although
cautious interpretation is needed; as discussed below). Lack
of clear correlation between venous timing shift and volume
losses suggests that these interactions are separable. The
mechanism of ventricular enlargement involving venous in-
sufficiency is thus likely to be independent of neuronal loss.
Measurement of the age-related venous timing dissociation
is non-invasive and hence repeatable, and may thus be useful
if proven as an ageing/hydrocephalus marker. It shares the
same limitation as functional MRI, with image distortion or
signal dropout due to susceptibility effects of haemosiderin,
metal implants, and air/tissue interfaces that typically affects
the orbitofrontal cortices and brain base. This type of signal
loss was indeed present in our TBI patients, but the effect
was spatially limited and was not as large as the tissue loss
caused by focal lesions (Supplementary Fig. 2). Moreover,
the effect of the signal loss is constant over time and is there-
fore not expected to affect the lag-mapping procedure that
yields temporal information. The most problematic factor
was head motion during scanning; for this reason, we used a
strict inclusion criterion based on framewise displacement.
While our main CSF volumetric analysis involved normal-
ization by total subarachnoid space, which was supported
by a slight improvement of the fitting, grey and white matter
volumes were not easy to interpret because they directly af-
fect the total volume. In contrast to grey matter, white mat-
ter atrophy is less evident in ageing and is barely accelerated
by Alzheimer’s disease (Thompson et al., 2003; Fotenos
et al., 2005). One explanation could be that the tissue loss
can occur in the form of histological changes, such as peri-
vascular space enlargement (Roher et al., 2003), which can
escape detection by volumetry. As these structures are tightly
attached to each other, they cannot change shape independ-
ently. In this respect, sulcal space could be an independent
marker of total tissue loss. Another unresolved issue regard-
ing grey matter/white matter parcellation is the interaction
between age at injury and disease effect in absolute grey
matter volume. In our study, the increased volume in the eld-
erly TBI patients, as compared to healthy control partici-
pants, was completely unexpected. It is more likely that
there was a pre-existing bias mediated by survival rate;
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indeed brain atrophy has been linked to a higher incidence
of subdural bleeding (Adhiyaman et al., 2002). Nevertheless,
this unresolved issue may have affected the parenchymal and
total subarachnoid volume measurements, requiring a cau-
tious interpretation. It is also important to note that there
was no significant correlation with venous timing dissoci-
ation, supporting an independent origin.

Among non-perfusion-based markers, one candidate phe-
nomenon connecting the communicating hydrocephalus with
ageing is iron deposition. As has been stressed in the TBI
studies, haemorrhage, whether intraventricular or not, is a
major predictive factor of hydrocephalus. Iron deposition is
not only a mediating factor of post-haemorrhagic hydroceph-
alus, but also a recent focus of brain ageing research (Ashraf
et al., 2018). Another change in the brain commonly found
in these conditions is decreased tissue stiffness, a relatively
new biomarker that stems from magnetic resonance elastogra-
phy (Sack et al., 2009). This phenomenon, consistently found
in the periventricular regions in ageing, TBIL, and iNPH, is
particularly interesting in relation to the lag map change in
the present data. Taking advantage of the non-invasive nature
of BOLD-based lag-mapping, prospective and longitudinal
assessments in a large cohort may provide insight into this
phenomenon. In defining the disease entity of NPH, Adams
and others (1965) described it as ‘symptomatic occult hydro-
cephalus’. Current efforts to prevent secondary hydrocephalus
may benefit from the lag-mapping technique, and the defin-
ition of a broader spectrum of ‘occult’ hydrocephalic proc-
esses might allow detection and treatment in future.
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