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Objective. To investigate the function of the human glymphatic system (GS) in patients with spontaneous intracerebral
haemorrhage (sICH) using diffusion tensor imaging analysis along with the perivascular space (DTI-ALPS). Methods. Twenty
patients with sSICH and 31 healthy controls (HCs) were recruited for DTI and susceptibility-weighted imaging scanning. The
diffusivity along the perivascular spaces, as well as the projection fibres and association fibres, was evaluated separately. The
DTI-ALPS index of each subject was also calculated. Two-sample ¢-tests and paired t-tests were performed to analyse the
difference in ALPS scores between patients and HCs, as well as that between the lesion side and contralateral side. Pearson
correlation analysis was used to observe the relationship between disease duration and GS function. Results. The DTI-ALPS
index on the lesion side was significantly lower than that of the contralateral side in patients with sSICH (p <0.01, t =-5.77),
and it was also significantly lower than that of the ipsilateral side of HCs (p < 0.01, t =—-9.50). No significant differences were
found in the DTI-ALPS index on the nonlesion side between patients and HCs (p = 0.96, t = 0.05) or between the left and right
cerebral hemispheres of HCs (p=0.41, t=-0.83). The DTI-ALPS index of the lesion side in patients with sICH was
significantly correlated with disease duration (p=0.018, r=0.537). Conclusions. The present study confirmed that GS
dysfunction on the ipsilateral side of the lesion is impaired in patients with haemorrhagic stroke, indicating that the GS may be
a separate system in the left and right cerebral hemispheres. The DTI-ALPS index can reflect disease duration. These findings
have significant implications for understanding sICH from a new perspective.

1. Introduction

Spontaneous intracerebral haemorrhage (sICH) refers to a
nontraumatic intraparenchymal haemorrhage caused by
spontaneous rupture of cerebral blood vessels [1]. Compared
with ischaemic stroke, sICH has the characteristics of faster
disease progression, higher mortality, and long-term disabil-
ity, resulting in a heavy social and economic burden [2].
Despite some advances in early prevention and acute inter-
ventions over the past decade, the high mortality rate of
ICH has not been reduced [3]. Furthermore, sICH survivors
still have a high risk of recurrent haemorrhagic and ischae-
mic stroke [4]. To date, there is still a lack of effective inter-
ventions and therapeutic drugs for sSICH administration [5].

Therefore, understanding the pathophysiology of sICH and
obtaining sICH-related imaging markers may contribute to
the exploration of therapeutic approaches and assessments
of treatment effects.

The glymphatic system (GS) was first discovered by Iliff
et al. [6] through two-photon imaging of small fluorescent
tracers in 2012. The GS consists of arteries, aquaporin 4
(AQP4) located on the astrocyte endfeet, and the perivascu-
lar space (PVS) [6]. It is a system that promotes the
exchange and flow of cerebrospinal fluid (CSF) and intersti-
tial fluid (ISF) mediated by AQP4 in astrocyte endfeet [6, 7].
CSF enters the brain parenchyma through the PVS close to
cerebral cortical arteries and perforating arterioles, com-
pletes the exchange of substances between CSF and ISF,
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removes metabolic waste through the PVS [8], and finally
moves waste to deep cervical lymph nodes and the periph-
eral lymphatic system [9]. GS can remove soluble amyloid
beta (A) [6], tau protein [10], lipids [11], proinflammatory
cytokines, and neurotoxic solutes [12]. The PVS plays a crit-
ical role in the entire transport process.

GS is involved in the pathological process of stroke,
including brain oedema, blood-brain barrier (BBB) disrup-
tion, immune cell infiltration, neuroinflammation, and neu-
ronal apoptosis [13]. Some studies have demonstrated that
enlarged PVS (EPVS) is an important factor in the patho-
genesis of ICH [14]. As a key anatomic structure of the
GS, EPVS was suggested to be closely related to impaired
GS clearance of inflammatory substances and metabolic
waste in traumatic brain injury [15]. The GS was also
reported to be strongly linked with the pathophysiology of
other nontraumatic diseases, such as Alzheimer’s disease
[16], Parkinson’s disease [17], and type 2 diabetes mellitus
[18], by using diffusion tensor imaging analysis along with
the PVS (DTI-ALPS). As suggested by the above studies,
DTI-ALPS can be used as a quantitative imaging biomarker
to monitor the ability of the GS to remove metabolic wastes,
providing a new method for noninvasively evaluating
human GS function in vivo [19]. However, fewer studies
have focused on the association of the GS with sICH by
using the DTI-ALPS index. Thus, the aim of this study was
to investigate the pathological features of GS in patients with
sICH using this new method of DTI analysis.

2. Materials and Methods

2.1. Subjects. We recruited a convenience sample of 23 hos-
pitalized patients with sICH. All patients received conserva-
tive treatment, and magnetic resonance imaging (MRI) was
performed on each patient one month later. The inclusion
criteria were as follows: (i) haemorrhage lesion located in
the left cerebral hemisphere, and it is at least three slices
away from the slice of measured RO, (ii) no severe cerebral
white matter lesions, (iii) no history of head trauma, and (iv)
no comatose state a week before and after MRI administra-
tion. Patients with one of the following conditions were
excluded: (i) MRI revealing lesions in the brain parenchyma
other than haemorrhage, (ii) the haemorrhage is too large
that it would affect DTI metrics measurement, (iii) cognitive
impairment, and (iv) history of neuropsychiatric disease.
Thirty-three healthy volunteers were selected as healthy con-
trols (HCs). Inclusion criteria for HCs were as follows: (i)
age and sex matched with participants in the patient group,
(ii) no symptoms and signs of any neurological disease, and
(iii) no history of drug use, alcohol abuse, or mental illness.
The exclusion criteria were as follows: (i) intracerebral
lesions detected by routine MRI scans and (ii) neurological
diseases or a family history of genetic diseases.

This study was performed in accordance with the tenets
of the Helsinki Declaration and was approved by the local
Ethics Committee of Xuzhou Affiliated Hospital, Xuzhou
Medical University. Written informed consent was obtained
from all subjects before participation in the study.
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2.2. MRI Data Acquisition. All subjects underwent 3.0 Tesla
MRI scanning (GE Medical Systems, Signa HD, Waukesha,
WI, USA) with an eight-channel head coil. Each subject
was stabilized with comfortable foam pads to minimize head
movement and wore earplugs to prevent the influence of
noise during scanning. High-resolution T1-weighted images
(T1WTIs) were acquired by using a three-dimensional- (3D-)
T1 brain volume (BRAVO) sequence, which provided iso-
tropic voxels of 1mmx1mm X 1mm; repetition time
(TR), 7 ms; echo time (TE), 3 ms; field of view (FOV), 256
mm x 256 mm; number of slices, 192; and flip angle, 12°.
DTI data were obtained using the following parameters:
TR/TE = 9000/90 ms, matrix =128 x 128 mm*, FOV =256
x 256 mm?, number of diffusion gradient directions = 64, b
value = 1000, and providing voxels of 3mm x2mm x 2
mm. The enhanced gradient echo T2* weight angiography
(ESWAN) sequence was used for the acquisition of
susceptibility-weighted imaging (SWI) data, with the follow-
ing parameters: TR/TE=44.5ms/5.5ms, bandwidth =+
41.67kHz, slice thickness/slice spacing was 2mm/0mm,
and the reversal angle was 15°. In addition, all patients
underwent T2WI (TR/TE =4968 ms/172.2ms), DWI
(TR/TE = 4880 ms/77.3 ms), and FLAIR (TR/TE = 9000 ms/
94ms) scans, with the same FOV =240 x 240 mm?, slice
thickness/slice spacing=6.0mm/1.5mm, and the same
number of slices = 18.

2.3. MRI Data Processing. The DTI Studio software was used
in this study to measure DTI metrics (https://www
.mristudio.org/). Briefly, the steps were as follows: (i) raw
DTI data of a single individual were imported into the soft-
ware; (ii) automatic image registration was performed; and
(iii) the diffusion tensor was calculated, including a colour-
coded fractional anisotropy (FA) map and diftusivity in the
directions of the x-axis, y-axis, and z-axis. The direction of
the PVS is perpendicular to the ventricle wall. This direction
is also perpendicular to the direction of the projection fibres
as well as the association fibres (Figure 1). According to pre-
vious studies, we evaluated the diffusivity along the direction
of the PVS to further calculate the DTI-ALPS index [17-19].
Given that the PVS runs concentrically along the medullary
vein structures at the level of the lateral ventricles, SWI scans
were performed to accurately visualize these fine veins. The
DTI-FA map was overlaid on SWI scans to precisely draw
regions of interest (ROIs) (Figure 1). A 4mm diameter
ROI was placed in the area of the projection fibres and the
area of the association fibres in the bilateral hemisphere.
For each participant, diffusivity in the directions of the x
-axis, y-axis, and z-axis of each area was measured. Two
radiologists with 2 years of work experience processed the
data of all subjects. Then, each DTI parameter, measured
by two radiologists, was averaged as the final result of each
individual.

Subsequently, the DTI-ALPS index was calculated by
using the DTT parameters measured above. According to a
study by Taoka et al. [19], this index is determined by the
ratio of two diffusivity value sets, i.e., the ratio of the average
values of the x-axis diffusivity in the area of the projection
fibres (Dxxproj) and the x-axis diffusivity in the area of the
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FiGure 1: The DTT and SWI fusion colour map shows the directions of the projection fibres (blue; z-axis), association fibres (green; y-axis),
and subcortical fibres (red; x-axis). (a) The haemorrhage lesion located near the left lateral ventricle. (b) The ROIs placed to measure DTI
parameters of the projection and association fibres. DTI: diffusion tensor imaging; SWI: susceptibility-weighted imaging.

TaBLE 1: Demographics and clinical data.

Variable ( NH:C; 1 SIC(IZ_\I] E azt(i)e)nts

Sex (M/F) 15/16 13/7 0.24"
Age (years) 47.3+10.9 47.8 +12.4 0.87*
Disease duration (days) N/A 55.6 +38.8

(Prlsrenr?)o rrhage volume N/A 23.92+6.67

HCs: healthy controls; sSICH: spontaneous intracerebral haemorrhage; M:
male; F: female. Data are presented as range and mean + SD. “The p value
was obtained using a chi-square test. *The p value was obtained by a two-
sample ¢-test.

association fibres (Dxxassoc) to the average value of the y
-axis diffusivity in the area of the projection fibres (Dyyproj)
and the z-axis diffusivity (Dzzassoc) of the association fibres
area. More specifically, this relationship is defined as follows:
DTI-ALPS index = mean (Dxxproj, Dxxassoc)/mean (Dyy-
proj, Dzzassoc). A lower ratio represents less water diffusiv-
ity along the PVS, indicating reduced GS activity.

The haemorrhagic lesions were delineated manually by
two radiologists on individual high-resolution T1WT images
using ITK-SNAP (http://www.itksnap.org), and the volume
of each haemorrhage was automatically generated. Each
individual volume obtained from each radiologist was aver-
aged as the final result.

2.4. Statistical Analysis. A chi-square test was used to
observe sex differences between participants in the sICH
and HC groups. Intraclass correlation coeflicient (ICC) sta-
tistics were used to assess interobserver agreement for DTI
parameter measurements. A two-sample f-test was
employed to find intergroup differences in age and DTI-

ALPS index. Differences in the DTI-ALPS index between
the left and right cerebral hemispheres of all the subjects
were tested using paired ¢-tests. Pearson correlation analyses
were carried out to test whether DTI-ALPS data of patients
with sICH can indicate disease duration. The threshold for
the significance level was set at 0.05.

3. Results

3.1. Demographics of the Participants. Three patients were
excluded because the haemorrhage area was too large and
would affect the measurement of DTI parameters, and 2
healthy volunteers were excluded due to obvious head move-
ment. Finally, 20 patients with sICH (13 males and 7
females, 47.8 + 12.4 years old) and 31 HCs (15 males and
16 females, 47.3 + 10.9 years old) were included in the pres-
ent study. No significant difference was found in age
(p=0.87) or sex (p = 0.24) between participants in the sSICH
and HC groups. The disease duration was 21-155
(55.6 + 38.8) days. The haemorrhage volume was 7.4-33.2
(23.92 £ 6.67) mm”> (Table 1).

3.2. Group Analysis of DTI-ALPS. High interobserver agree-
ment (ICC=0.76, p <0.001) was found for the DTI-ALPS
calculation of all patients. The DTI-ALPS index of the
patient’s lesion side (left side) was 1.11+0.23, and the
DTI-ALPS index of the contralateral side (right side) was
1.64 +0.41. The DTI-ALPS index of the left and right cere-
bral hemispheres of the HCs was 1.67+0.19 and 1.63 +
0.19, respectively. The DTI-ALPS index on the lesion side
was significantly lower than that of the contralateral side
(p<0.01, t=-5.77); in addition, DTI-ALPS index on the
lesion side was significantly lower than that of the ipsilateral
side of the HCs (p < 0.01, t =-9.50) (Figure 2). No signifi-
cant differences were found in the DTI-ALPS index on the
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F1GurE 2: Differences in the DTI-ALPS index between the left and right cerebral hemispheres of patients with sICH and HCs were tested
using paired t-tests (a, c). Intergroup differences in the DTI-ALPS index were revealed by a two-sample t-test (b, d). DTI-ALPS: diffusion
tensor imaging analysis along with the perivascular space; sSICH: spontaneous intracerebral haemorrhage; HCs: healthy controls.

nonlesion side between patients and HCs (p = 0.96, t = 0.05)
or between the left and right cerebral hemispheres of HCs
(p=0.41, t =-0.83) (Figure 2). For correlation analysis, we
found that the DTI-ALPS index of the lesion side was signif-
icantly correlated with disease duration (p =0.018, r =0.537
) (Figure 3).

4. Discussion

The main goal of the current study was to determine the
pathological changes in the GS in patients with sICH by
means of DTI analysis. The most obvious findings to emerge
from this study were that (i) impaired GS function was
revealed on the lesion side in patients with sICH, (ii) the
DTI-ALPS index can reflect the disease duration, and (iii)
no obvious change was found in the DTI-ALPS index on
the nonlesion side in patients with sICH. The current data
highlight the importance of the GS in understanding the
pathophysiological mechanisms of sICH from a new
perspective.

The loose fibrous matrix of the PVS provides a low resis-
tance pathway for CSF-ISF flow and plays an important role
in brain fluid transport. Physiological factors, such as arterial
pulsation, respiration, and CSF pressure gradient, facilitate

CSF entry into the subarachnoid space, allowing it to enter
the deep structure of the brain along the PVS. CSF is then
mediated by AQP4 into the brain tissue space and promotes
the flow of ISF back to the subarachnoid CSF through the
PVS and to the surrounding veins within the overall flow.
Finally, the metabolites and toxic proteins of CSF flow to
the cervical lymph nodes and peripheral lymphatic system
through the meningeal lymphatic vessels, which play a key
role in maintaining the balance of CSF-ISF and removing
metabolic wastes in the brain [20]. The PVS and AQP4
polarity distribution are the two most important structures
in this process of circulation and metabolism. Of note, the
PVS is a small tissue gap around the cerebral artery and vein.
The inner wall is composed of the vascular wall and the
outer wall, which consists of the basement membrane (extra-
cellular matrix component) (Figure 4, the material of this
picture comes from https://www.home-for-researchers
.com). It is wrapped by the astrocyte foot process and filled
with CSF [13, 15]. Both animal experiments and clinical
studies have shown that the polarity distribution of AQP4
is synchronized with the function of GS [21, 22]. Therefore,
the destruction of PVS structure and the abnormal distribu-
tion of AQP4 polarity may be important reasons for the
exchange disorder between CSF and ISF, the deposition of
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FiGure 3: The DTI-ALPS index of the lesion side in patients with
sICH was significantly correlated with disease duration (p =0.016,
r=0.531). DTI-ALPS: diffusion tensor imaging analysis along
with the perivascular space; sICH: spontaneous intracerebral
haemorrhage.

metabolic waste, and finally lead to or aggravate nervous sys-
tem diseases.

At present, it is still a challenge to determine GS bio-
markers in humans. Recently, DTI-ALPS, proposed by
Taoka et al. [23], was recognized as a new noninvasive and
robust method to help evaluate the function of the human
GS. To date, DTT-ALPS has been employed in some studies
to explore the mechanism of central nervous system-related
diseases, such as Alzheimer’s disease [16], Parkinson’s dis-
ease [17], and type 2 diabetes mellitus [18]. The authors
found that GS could reflect pathological changes, and the
DTI-ALPS index was considered to be a promising bio-
marker of the GS in neurological disease. Many studies have
revealed that the function of the GS was impaired in both
haemorrhagic and ischaemic stroke [20, 24]. A large amount
of metabolic waste, such as Af3 [6], tau proteins [10], lactate
[25], iron [26], and proinflammatory cytokines and neuro-
toxic solutes [12], accumulated after stroke, resulting in
brain oedema, neuroinflammation, and other pathological
reactions. This accumulation and its effects are the main rea-
sons for the high mortality and disability rate of patients
with stroke [27]. The function of the GS decreased signifi-
cantly after haemorrhage stroke, mainly resulting in a reduc-
tion in clearance rate of cerebral metabolic waste (such as
proinflammatory cytokines and neurotoxic solutes), imbal-
ance of central nervous system homeostasis, and so on
(Figure 4, the material of this picture comes from https://
www.home-for-researchers.com). Meanwhile, the abnormal
structure and function of GS also accelerate the pathological
development of different types of stroke [13]. Therefore, can
DTI-ALPS be used to assess haemorrhagic stroke in vivo?
Few studies have used DTI-ALPS to investigate patients with

sICH. We assessed GS function after sSICH in vivo using the
DTI-ALPS index; the findings showed that the DTI-ALPS
index of the lesion side was significantly decreased, while
those of the contralateral cerebral hemisphere were normal.
The lower DTI-APLS index indicated a weaker ability of the
GS to scavenge proinflammatory cytokines and neurotoxic
solutes produced after intracerebral haemorrhage. Our find-
ings supported a previous perspective that dysfunction of the
GS was involved in haemorrhagic stroke.

Interestingly, we found no significant difference in DTI-
ALPS on the same side (right side) between participants in
the HC and sICH groups, but it was significantly reduced
on the lesion side, which indicated that GS function
decreased on the ipsilateral side of the lesion but not on
the contralateral side. In previous studies, the DTI parame-
ters were only measured in the left cerebral hemisphere
because the subjects were right-handed [17, 18]. Despite this,
information on the DTI parameters of the right cerebral
hemisphere is still lacking. As described above, blood vessels
are one of the most important parts of the GS, and the PVS
is a small tissue gap around the cerebral artery and vein. The
bilateral cerebral hemispheres are fed by separate blood ves-
sels. Therefore, we speculate that the separate blood supply
system may be the structural basis of GS that is functionally
independent, and it may explain why contralateral GS func-
tion is not involved. However, further studies that can
directly observe the GS are needed to verify the GS func-
tional properties of bilateral cerebral hemispheres.

Furthermore, the DTI-ALPS index was revealed to be
significantly associated with disease duration in the current
study. A previous study demonstrated that the occurrence
and development of neurological disease can lead to GS dys-
function; conversely, the abnormal structure and function of
the GS can also accelerate the development of the disease
[20]. In other words, there may be a positive feedback rela-
tionship between GS dysfunction and disease progression.
In this study, the time from intracerebral haemorrhage to
DTI scanning ranged from 21 to 155 days, which may indi-
cate that the function of GS continued to decrease during
this period. This may further suggest that the function of
the GS may not effectively recover in response to conven-
tional clinical treatment. We speculated that current treat-
ment modalities may be ineffective for a full recovery of
GS function, which may be one of the potential reasons for
the high recurrence rate of haemorrhage in sICH and the
difficulty of effective intervention. However, we only suggest
that the GS may be damaged from the perspective of imag-
ing, but we did not verify its exact relationship from the per-
spective of the GS; moreover, the specific pathological
mechanism is not completely clear and needs to be further
studied to provide new insights that could guide the devel-
opment of an effective treatment for sICH.

5. Limitations

Several limitations should be noted. (i) We only investigated
patients with left hemisphere haemorrhagic stroke and did
not recruit patients with right-sided sICH; (ii) although we
obtained positive results, our sample size was still not very
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FIGURE 4: The anatomy and function model of the GS in pathophysiology conditions of sSICH. The PVS is enlarged after intracerebral
haemorrhage. Abundant proinflammatory cytokines and neurotoxic solutes accumulate in the brain parenchyma secondary to
haemorrhage, and the clearance rate of GS is decreased. GS: glymphatic system; sICH: spontaneous intracerebral haemorrhage; EPVS:

enlarged perivascular space.

large; (iii) the ROI was placed manually; (iv) ICH-related
clinical scores were not collected; and (v) it would be better
to perform longitudinal studies to observe the changes in
DTI-ALPS before and after sICH treatment.

6. Conclusions

The present study was designed to determine the relation-
ship between GS function and sICH by using DTI-ALPS,
and it proved that GS dysfunction is closely associated with
pathophysiological changes in haemorrhagic stroke. The
DTI-ALPS index can reflect the disease duration of sICH.
Furthermore, this study found that GS function decreased
on the ipsilateral side of the lesion but not on the contralat-
eral side, indicating that the GS may be a separate system in
the left and right cerebral hemispheres, respectively. Overall,
these findings have significant implications for the under-
standing of sICH from a new perspective. In the future, lon-
gitudinal studies should be conducted in which a large
sample of patients and patients with sICH in the left/right
cerebral hemispheres are included.
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