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Background: We aimed to investigate whether combined phosphorous (3!P) magnetic resonance spectroscopic
imaging (MRSI) and quantitative T, mapping are able to detect alterations of the cerebral oxygen extraction
fraction (OEF) and intracellular pH (pH;) as markers the of cellular energy metabolism in cerebral small vessel
disease (SVD).

Materials and methods: 32 patients with SVD and 17 age-matched healthy control subjects were examined with 3-
dimensional 3P MRSI and oxygenation-sensitive quantitative T, mapping (1/T, = 1/Ty* - 1/T5) at 3 Tesla (T).
PH; was measured within the white matter hyperintensities (WMH) in SVD patients. Quantitative T, values were
averaged across the entire white matter (WM). Furthermore, T, values were extracted from normal-appearing
WM (NAWM) and the WMH and compared between patients and controls.

Results: Quantitative T, values were significantly increased across the entire WM and in the NAWM in patients
compared to control subjects (149.51 + 16.94 vs. 138.19 + 12.66 ms and 147.45 + 18.14 vs. 137.99 + 12.19
ms, p < 0.05). WM T, values correlated significantly with the WMH load (p=0.441, p = 0.006). Increased T, was
significantly associated with more alkaline pH; (p=0.299, p < 0.05). Both T, and pH; were significantly positively
correlated with vascular pulsatility in the distal carotid arteries (p=0.596, p = 0.001 and p=0.452, p = 0.016).
Conclusions: This exploratory study found evidence of impaired cerebral OEF in SVD, which is associated with
intracellular alkalosis as an adaptive mechanism. The employed techniques provide new insights into the
pathophysiology of SVD with regard to disease-related consequences on the cellular metabolic state.

leading to progressive damage of the cerebral vasculature with resulting
detrimental effects on the supplied brain parenchyma are mainly char-

1. Introduction

Cerebral small vessel disease (SVD) is one of the most frequent eti-
ologies of ischemic stroke and a leading cause of cognitive impairment
in the elderly [1-4]. Apart from being increasingly prevalent in higher
age groups, SVD is strongly associated with arterial hypertension and
diabetes as the most common risk factors [1]. The pathological processes

acterized by lipohyalinosis and fibrinoid necrosis and affect the smaller
perforating arteries and arterioles, but also capillaries and veins [1,5].
Neuroimaging correlates of SVD include - among others - white matter
hyperintensities (WMH) as the predominant manifestation, as well as
lacunar infarcts and cerebral microbleeds (CMB) [1]. WMH are typically
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located in the periventricular and deep white matter of the cerebral
hemispheres and appear hyperintense in T2-weighted and
fluid-attenuated inversion recovery (FLAIR) sequences [1]. They are the
result of myelin loss and gliosis due to arteriolar occlusion with subse-
quent ischemia and typically exhibit reduced cerebral blood flow (CBF)
and cerebral blood volume (CBV) [5-9]. Apart from the WMH, also the
surrounding normal-appearing white matter (NAWM) and crossing fi-
bers intersected by the white matter lesions show impaired perfusion in
patients with SVD [9-11]. This finding indicates a widespread vascular
dysfunction, which involves larger parts of the cerebral white matter
and goes beyond the visible WMH [9,12].

In cerebral large-artery steno-occlusive disease, impaired perfusion
leads to an increase of the cerebral oxygen extraction fraction (OEF) in
order to maintain a constant cerebral metabolic rate of oxygen (CMRO3)
when the vascular autoregulatory capacity is exhausted [13-16]. In
contrast, SVD can be associated with a reduction of the tissue oxygen
tension and the oxygen extraction capacity, leading to an overall
decrease of the OEF and the cellular oxygen consumption [9,17].
Pathophysiologically, microcirculatory disturbances with unfavorable
heterogeneous capillary blood flow patterns impeding the maximal
augmentation of the cerebral OEF play a relevant role for the compro-
mise of oxygen metabolism in SVD [9,17,18]. Furthermore, also the
oxygen diffusivity at the exchange level of the capillary bed can be
decreased due to thickening of the capillary wall as well as enlargement
of the extracellular space as a consequence of blood-brain barrier (BBB)
leakage and subsequent interstitial edema [5,19-21]. It is plausible to
assume that in an attempt to preserve their structural integrity under the
condition of restricted oxygen supply in SVD, neuronal cells are con-
strained to adjust their intracellular energy metabolism. Consequently,
within the limits of the cellular compensatory capacity, long-term
adaptation processes of the cellular energy metabolism might enable
to meet the basal metabolic needs at reduced oxygen supply.

Those presumed changes of intracellular energy metabolism have
not yet been investigated along with surrogate markers of cerebral ox-
ygen metabolism in patients with SVD. Phosphorus (°*!P) MR spectros-
copy (MRS) provides biochemical information on the tissue metabolic
state [22]. Besides the assessment of various metabolite concentrations,
such as markers of membrane and energy metabolism, it allows for
measuring the intracellular pH (pH;) [22,23]. Under ischemic conditions
such as chronic cerebral hypoperfusion and subacute stroke, a shift in
pH; towards alkaline values has been reported [23-26]. Furthermore,
pH; showed a negative correlation with the relaxation time T, in those
patients, pointing towards an association between reduced oxygen
supply and more alkaline pH; values [27]. These alkaline pH; changes
may reflect slow adaptation processes of cerebral energy metabolism in
response to reduced blood and oxygen supply, including an increased
glycolysis rate to compensate for impaired oxidative phosphorylation
[28]. In this exploratory and pathophysiological study, we aimed to
investigate changes of intracellular energy metabolism and tissue
oxygenation in SVD in order to gain deeper insights into the
disease-related alterations of the cellular metabolic state as a potential
surrogate marker of disease severity, which goes beyond measurable
impairment of the tissue microstructure. For this purpose, >!P MRS was
combined with quantitative T, (“T, prime”) mapping. T, is obtained
from a correction of the effective transverse relaxation time Ty* for
spin-spin (T5) effects and is calculated by applying the formula: 1/T, =
1/To* - 1/T5. Due to the correction for spin-spin effects, T, in compar-
ison to To* shows an increased sensitivity to local changes of the ratio
between oxygenated hemoglobin (Hb), which is diamagnetic, and
deoxygenated Hb, which is paramagnetic, irrespective of signal alter-
ations caused by e.g. tissue edema or gliosis. Therefore, T, maps provide

information on the extent of blood oxygenation and T, represents an
established surrogate marker of the cerebral OEF [29-33]. We hypoth-
esized that quantitative T, mapping might be able to detect a potential
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reduction of the OFF in SVD and that T, and pH; are complementary
imaging parameters and might represent interrelated aspects of essential
cellular metabolic processes. In order to confirm a relevant disease stage
of SVD, both from a clinical and a microstructural point of view, addi-
tional comprehensive cognitive testing and diffusion tensor imaging
(DTI) were performed.

2. Material and methods
2.1. Subjects

Between January 2017 and June 2019, 32 patients with sporadic
SVD and 17 age-matched healthy control subjects were included in this
study. Patients were recruited from the Department of Neurology at the
Goethe University Hospital Frankfurt, Germany. SVD was defined as the
presence of confluent WMH on conventional MRI (corresponding to
Fazekas grade > 2). The patients were mainly referred to the hospital for
lacunar stroke or transient ischemic attack, chronic SVD-related symp-
toms (such as cognitive decline or gait impairment), or other neuro-
logical conditions with WMH as an incidental finding in conventional
MRI. Exclusion criteria were cognitive impairment or dementia with
suspected neurodegenerative origin, relevant stenosis of a brain-
supplying artery (degree of >50%), non-lacunar stroke, white matter
lesions not compatible with sporadic SVD (e.g. inflammatory origin) and
common MRI contraindications. Control subjects were recruited mainly
through public advertising. Additional control subjects were recruited
from the neurological department whose diagnostic workup had not
revealed any neurological disorder. Inclusion criteria for control sub-
jects were a medical history without neurological or psychiatric disease
and common vascular risk factors (apart from controlled arterial hy-
pertension), and the absence of confluent white matter hyperintensities
on T2-weighted/ FLAIR imaging (Fazekas grade < 1). Healthy subjects
with MRI contraindications were excluded as well. The subjects included
in this study partly overlap with a previously described cohort [34]. The
study was approved by the institutional review board of the medical
faculty of the Goethe University, Frankfurt and conducted in accordance
with the Helsinki Declaration (revised version from 1983). Written
informed consent was obtained from each subject before enrolment in
the study.

2.2. MR imaging protocol

MRI data acquisition was performed on two 3T whole body scanners
(Magnetom Trio and Prisma, Siemens Medical AG, Erlangen, Germany),
equipped with a body coil for radio-frequency (RF) transmission and an
8 (Trio) or 20 (Prisma) channel phased-array head coil for RF reception.
For 3'P MRS measurements, a double-tuned 'H/3'P volume head coil
(Rapid Biomedical, Rimpar, Germany) was used.

2.2.1. MR spectroscopic imaging

The 3!P MRSI data were acquired recording the free induction decay
(FID) after a 60° excitation pulse, using a 3D circular weighted phase
encoding scheme with TR/TE = 2000 ms/ 2.3 ms, FoV 240 x 240 x 200
mm?, matrix = 8 x 8 x 8 mm°, extrapolated to 16 x 16 x 16 mm?,
nominal voxel size after interpolation = 15 x 15 x 12.5 mm°®, WALTZ4
H decoupling, number of averages (NA) of 10 at the center of k-space,
bandwidth = 2000 Hz, scan time = 10:44 min. As a reference image for
the further analysis of the MRSI data, a T2-weigthed (T2w) turbo spin
echo sequence was performed with TR/TE= 3300/102 ms, FoV 240 x
191 mrnz, matrix size = 256 x 163, voxel size = 0.94 x 1.17 Inmz, 20
axial slices, slice thickness = 5 mm, inter-slice gap 1 mm, refocusing
angle 150°, bandwidth = 100 Hz/Px, scan time = 1:08 min.

2.2.2. Quantitative Ty and T2* mapping with motion correction
T, mapping was based on a fast spin-echo sequence with an echo-
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train length of 11 echoes per excitation, an echo spacing of 17.1 ms, and
the following imaging parameters: 25 axial slices (2 mm thickness, 1
mm interslice gap), TR = 5000 ms, BW = 100 Hz/pixel, 180° refocusing
pulses, FOV =240 x 180 mm?, matrix size = 192 x 144 (readout-
x phase encoding), in-plane resolution = 1.25 x 1.25 mm?. For quan-
titative Ty mapping, 5 datasets were acquired with different TE values
(17, 86, 103, 120, 188 ms), keeping all other acquisition parameters
constant. The total duration was 6:25 min.

Mapping of To* was based on the acquisition of eight multiple-echo
gradient echo (GE) datasets with export of phase and modulus data:
FOV = 240 x 180 mmz, matrix size =192 x 144 (readout x phase
encoding), in-plane resolution = 1.25 x 1.25 mm?, 25 axial slices, slice
thickness = 2 mm, inter-slice gap = 1 mm, TE = [10,16,22,28,34,40,46,
52] ms, TR = 1500 ms, excitation angle () = 30°, BW = 299 Hz/Pixel,
duration = 3:36 min.

For motion correction, the acquisition was repeated twice with
reduced spatial resolution (and therefore reduced k-space coverage) in
phase encoding direction, covering only the central 50% (duration =
1:57 min) and 25% (duration = 1:03 min) of k-space.

2.2.3. Diffusion tensor imaging and structural imaging

DTI as well as structural imaging (T1-weighted Magnetization-
Prepared Rapid Acquisition of Gradient Echos (MP-RAGE), FLAIR)
data were acquired as explained previously in detail [34].

2.3. Image post-processing and analysis

2.3.1. Post-processing and analysis of MRSI data

31p MRS data were registered to 2D-anatomical data using an in-
house developed software tool written in MatLab (MathWorks, Natick,
MA, USA). A graphical user interface included in this tool enabled the
selection of voxels from the 3D spectroscopic data set using T2-weighted
reference images with a MRS grid overlay. In general, >'P MRS allows
the analysis of spectra in a representative volume-of-interest (minimum
size of voxel after extrapolation 15 x 15 x 12.5 mm®). Therefore, in
order to reduce partial volume effects from less affected tissue, if
necessary the grid was shifted to place at least one voxel per hemisphere
in tissue with WMH (usually at the level of the lateral ventricles above
the basal ganglia) in the patients’ datasets (Fig. 1A). Subsequently, the
voxel with the highest load of WMH in each hemisphere was selected for
further analysis. In the data sets of control subjects we identified voxels
in deep white matter anatomically corresponding to the selected voxels
of the patients’ data (Fig. 1B). Here, the grid was also shifted as needed
to avoid inclusion of cerebrospinal fluid or gray matter in the selected
voxels as best as possible. For each selected voxel, the 31p MRSI data
were analyzed in the time domain with a nonlinear least-square fitting

PEth

Pi

GPE

GPC
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algorithm (AMARES) implemented in the program jMRUI (http://www.
mrui.uab.es, version 4.0) [35]. The fit was restricted to the metabolites
adenosine-triphosphate (ATP), inorganic phosphate (Pi), phosphocrea-
tine (PCr), phosphoethanolamine (PEth), glycerophosphoethanolamine
(GPE), phosphocholine (PCho) and glycerophosphorylcholine (GPC)
(Fig. 1). pH; was calculated from the chemical shift difference between
the metabolites Pi and PCr using the formula pH = pkA + 10log
([81-50]1/[60-52]) as implemented in jMRUI (default values: pkA =
6.75 ppm, 81 = 3.27 ppm, 62 = 5.63 ppm) [36]. Further to pH; evalu-
ation, we used the ratios PCr/Pi and ATP/Pi for further analyses as
surrogate markers of the cells’ ability to control their energy production
[37]. Higher ratios are indicative of higher (relative) energy-rich sub-
strate concentrations as compared to concentrations of low-energy
metabolites.

2.3.2. Post-processing of quantitative T, and T2* maps for calculation of
T,

All further imaging data were processed with MatLab as well as shell
scripts utilizing tools from the FMRIB’s Software Library (FSL, version
5.0.7) and SPM 12 (Wellcome Department of Cognitive Neurology, UCL
Institute of Neurology, London, United Kingdom). Skull-stripping of the
imaging data (apart from MRSI postprocessing, which is described under
2.3.1) was performed with ‘BET’ [38]. Ty- and Ty*-mapping was per-
formed via mono-exponential fitting of the signal in the series of FSE
(T2) or GE (T2*) data sets obtained with multiple TE. To* mapping
included an algorithm for subject motion correction, replacing
motion-affected lines in k-space by the respective lines acquired in the
additional data sets with reduced k-space sampling [39]. Signal losses
induced by BO distortions were corrected for in the T2*-weighted data
before exponential fitting. To* maps were co-registered to the Ty maps
(six degrees of freedom). T, maps were derived from T,* and Ty maps

according to the formula: 1/T, = 1/To* - 1/Ta.
2.3.3. Post-processing of DTI data

DTI data were postprocessed as reported previously in detail [34] to
calculate parametric maps of the fractional anisotropy (FA) and mean
diffusivity (MD) as established parameters of the white matter (WM)
microstructural tissue integrity in SVD [40,41].

Fig. 1. Illustration of voxel selection for *'P magnetic resonance spectroscopic (MRS) analysis in a SVD patient (A) and a healthy control subject (B) in a slice at the
level of the lateral ventricles above the basal ganglia level. One exemplary spectrum is shown on the right. GPC: glycerophosphocholine; GPE: glycer-
ophosphoethanolamine; PCr: phosphocreatine; ATP: adenosine-triphosphate; PEth: phosphoethanolamine; Pi: inorganic phosphate.
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2.3.3. Post-processing of structural imaging data: tissue segmentation for
quantitative analyses and assessment of conventional SVD imaging
markers

WMH were automatically segmented on skull-stripped FLAIR images
(Fig. 2A). In brief, a custom-built MATLAB script employing functions
from the MRIcron software (Chris Rorden, Columbia, SC, USA; www.
mricro.com) was used to segment the WMH based on FLAIR signal in-
tensities and histogram analyses as described earlier in detail [34]. If
necessary, the WMH segmentations were corrected manually by two
experienced neurological/neuroradiological readers, who also evalu-
ated the number of lacunes and CMBs in each subject. During this pro-
cedure, standardized consensus criteria [42] were applied for the
identification and assignment of the respective lesions based on the
FLAIR, T1- and T2*-weighted images. Based on the evaluated and cor-
rected individual WMH segmentation (Fig. 2B, red areas), the total
WMH volume was calculated for each subject.

Tissue segmentation of the T1-weighted MP-RAGE datasets was
performed with SPM 12, thresholding the WM tissue probability map at
70% to obtain a binary WM mask. For quantitative image analyzes,
FLAIR and T1-weighted images were linearly co-registered (‘FLIRT, FSL)
to the target data set created for Ty mapping [43]. The resulting
co-registration matrices were applied to the WMH mask and WM mask
for co-registration to the target data set. A mask of the NAWM (Fig. 2B,
light blue region) was generated by eliminating voxels inside the WMH
mask from the WM mask. In order to perform image analyses in a
common image space, FA and MD maps were linearly co-registered to
the target data set created for T, mapping. For minimization of partial
volume effects, cerebrospinal fluid (CSF) compartments were removed
from the parameter maps by excluding voxels inside a CSF mask ob-
tained from tissue segmentation. The individual WM and WMH masks
were used to read mean T'2 (Fig. 2C), FA and MD values across WM,
WMH and NAWM from the respective parameter maps.

The normalized brain volume (NBV), which represents the brain
volume relative to the individual skull size, thus being a volume measure
sensitive to atrophy, was obtained from the MP-RAGE datasets using the
FSL tool ‘SIENAX’ [44,45], which was also used to determine the total
intracranial volume (ICV).

2.4. Carotid doppler/ultrasound examination

Doppler/ultrasound of the distal internal carotid arteries (ICA) was
performed using a Philips Affinity 70 G ultrasound machine, equipped
with a 2 MHz ultrasound probe. Vascular pulsatility was measured in a
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systematic manner on a transversal section below the skull base. The
Pulsatility Index (PI, Gosling Index) was calculated automatically with
the device’s software applying the formula: PI = (peak systolic flow
velocity - minimal systolic flow velocity) / mean flow velocity. For
further analyses, the PI was averaged between both sides to obtain the
ICA-PI.

2.5. Cognitive assessment

Cognitive performance was assessed using the German version of the
Consortium to Establish a Registry for Alzheimer’s Disease - Neuropsy-
chological Assessment Battery (CERAD-NAB, CERAD-plus version)
including three tests of the ‘subcortical’ cognitive domains executive
functioning und mental speed (Trail Making Test (TMT) part A and B, S-
Words) [46,47]. To correct for the influence of demographic variables,
raw scores of the CERAD-plus test battery were converted to standard-
ized z-scores adjusted for age, sex and education, based on two
normative samples for the German CERAD-plus version and by the
means of a freely available Excel® application (https://www.memory
clinic.ch) [47,48]. Since TMT-A, TMT-B and ‘S-words’ as markers of
executive functioning are of particular relevance in cerebral small vessel
disease, these tests were evaluated separately [49,50]. Furthermore, an
executive function composite score was calculated by averaging the
z-scores of these tests. As a global measure of cognitive performance, a
composite score similar to the Chandler CERAD total score was calcu-
lated by averaging the z-Scores of six CERAD-NAB variables (verbal
fluency, Boston Naming Test, word list learning, word list recall, word
list recognition and constructional praxis) [51].

2.6. Statistical analysis

A chi-square test was used to compare categorical variables between
the groups. Other demographic characteristics as well as the imaging
parameters were tested for normal distribution with the Kolmogorov-
Smirnov-test. Due to the skewed distribution, WMH volumes were
normalized to the individual ICV for further statistical analyses. For
group comparisons of not normally distributed variables the Mann-
Whitney-U test was applied. Normally distributed parameters were
compared with unpaired t-tests after evaluation for homogeneity of
variance using the Levene-test. Pearson’s correlation (for normally
distributed parameters), respectively Spearmans rank correlation (for
not normally distributed parameters) were applied to test for significant
parameter correlations. Statistical analyses were performed with IBM
SPSS 27 (Armonk, NY). All tests were two-sided and a p < 0.05 was

Fig. 2. Illustration of WMH and tissue segmentation in a representative SVD patient. A: brain-extracted FLAIR image; B: brain-extracted FLAIR image with overlaid

WMH segmentation (read regions) and WM mask (light blue area); C: coregistered T’2 map. WMH and WM masks were used to extract mean values of T/2 for the

respective compartments from the coregistered T, parameter map. Note that voxels reflecting CSF were subtracted from the T, map before quantitative analysis to

minimize partial volume effects. ms: milliseconds.
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considered statistically significant.
3. Results

3.1. Demographic characteristics, structural/diffusion imaging and
cognitive performance

SVD patients and control subjects did not differ significantly in terms
of age (p = 0.527) and sex (p = 0.409). Patients showed significantly
impaired global cognitive performance (p < 0.001) and impaired global
executive functioning (p = 0.029). Also in the separate analysis of the
‘plus’-subtests, SVD patients exhibited significantly compromised exec-
utive function compared to healthy control subjects (z-score TMT-B:
-0.52 + 1.24 vs. 0.52 £+ 1.32, p = 0.013; z-score ‘S-words: -0.43 +
1.40 vs. 0.63 + 1.07, p = 0.017). With regard to psychomotor speed, no
significant group difference could be found (z-score TMT-A: -0.62 +
1.21 vs. —0.41 + 1.50, p = 0.596).

There was no difference between SVD patient and control subjects
regarding the NBV (p = 0.782). FA showed a significant decrease across
the entire WM and the NAWM of patients compared to control subjects
(whole WM: 0.380 =+ 0.059 vs 0.436 + 0.026, p < 0.001; NAWM: 0.380
+ 0.061 vs. 0.436 + 0.025, p < 0.001). MD averaged across the entire
WM as well as the NAWM was significantly increased in patients
compared to controls (whole WM: 0.9563 + 0.3186 10 3mm?s! vs.
0.8178 + 0.0534 10°>mm?s~, p < 0.001; NAWM: 0.9356 + 0.3264
10 3mm?s ™! vs. 0.8056 + 0.0470 10 >mm?s~!, p = 0.003).

Demographic baseline characteristics, structural and diffusion im-
aging parameters as well cognitive performance of SVD patients and
healthy control subjects are summarized in Table 1.

3.2. Quantitative T'2 values in the cerebral (NA)WM and within WMH

Quantitative T, values averaged across the entire WM and in the
NAWM were significantly increased in SVD patients compared to control
subjects (149.51 + 16.94 ms vs. 138.19 + 12.66 ms, p = 0.024 and
147.45 + 18.14 ms vs. 137.99 + 12.19 ms, p = 0.034; Fig. 3A and B). In
the group of SVD patients, T, values extracted from the WMH were
significantly higher compared to T, in the surrounding NAWM (p <

Table 1

Demographic baseline characteristics, structural and diffusion imaging param-
eters and cognitive parameters of SVD patients and control subjects (mean +
SD).

SVD patients Control subjects p-

(n=32) (n=17) value
Mean age (years) 70.0 +10.2 71.8 £7.5 0.527
Female (n (%)) 13 (40.6%) 9 (52.9%) 0.409
NBV (cm®) 1418 + 68.69 1426 + 95.44 0.782
WMH volume (cms) 25.80 + 18.76 5.69 + 5.48 <
0.001
Lacunes (n) 1.06 +£1.41 0.25 + 0.77 0.019
Microbleeds (n) 1.06 + 1.75 0.13 £ 0.34 0.059
FA NAWM 0.380 + 0.061 0.436 + 0.025 <
0.001
MD NAWM (10 °mm?s ) 0.9356 + 0.8056 + 0.0470  0.003
0.3264
TMT-A (z-score) -0.62 + 1.21 -0.41 + 1.50 0.596
TMT-B (z-score) -0.52 +1.24 0.52 +£1.32 0.013
S-Words (z-score) -0.43 +1.40 0.63 + 1.07 0.017
Global cognitive compound -0.67 + 0.83 0.21 + 0.60 <

(averaged z-scores)* 0.001
Executive function compound -0.50 + 1.1 0.25 + 0.93 0.029
(averaged z-scores)**

NBV: normalized brain volume; WMH: white matter hyperintensity; FA: frac-
tional anisotropy; MD: mean diffusivity; NAWM: normal-appearing white mat-
ter; TMT: trail making test.
" averaged z-scores of the CERAD subtests comprised in the Chandler Score.
" averaged z-scores of the ‘plus’-subtests.
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0.001, Fig. 3C). A positive correlation between T’2 values averaged
across the whole WM as well as within WMH and the normalized lesion
volume (to the ICV) was observed (whole WM: p=0.441, p = 0.006;
WMH: p=0.564, p < 0.001), indicating that higher lesion burden is
associated with increased T/2 values (Fig. 4A and B).

3.3. Relationship between quantitative T, and intracellular energy
metabolism

The pH; averaged across the volumes-of-interest of both hemispheres
was numerically increased in SVD patients compared to control subjects,
but the difference was not statistically significant (7.0301 + 0.04131 vs.
7.0269 + 0.01538, p = 0.756). Furthermore, no significant differences
were found between the groups for the ratio PCr/Pi (p = 0.235) and the
ratio ATP/Pi (p = 0.423). PH; across the entire cohort of subjects showed
a significant positive correlation with the averaged T, values obtained
from the entire segmented WM (p = 0.299, p = 0.044 (Fig. 4C)) as well
as with T, values extracted from the WMH (p = 0.327, p = 0.029
(Fig. 4D)), while no significant associations between T'2 and the ratios
PCr/Pi and ATP/Pi were found (p-values > 0.305).

3.4. Relationship between T,/pH; and vascular pulsatility

In the group of SVD patients, quantitative T, values extracted from
the entire WM as well as from the WMH showed a significant positive
correlation with the ICA-PI (entire WM: p=0.596, p = 0.001 (Fig. 5A);
WMH: p = 0.475, p = 0.014). Furthermore, a significant positive cor-
relation between pH; and the ICA-PI was observed (p = 0.452, p = 0.016
(Fig. 5B)).

4. Discussion

In this exploratory and pathophysiological study, >!P MRS and
quantitative T’z—mapping were used to investigate alterations of the tis-
sue oxygen metabolism and pH; in patients with SVD. The present cohort
of SVD patients exhibited significantly compromised WM integrity
beyond the visible WMH according to commonly used DTI measures, as
well as cognitive impairment compared to healthy controls (Table 1).
Global WM T, values were significantly increased (Fig. 3A and B) in SVD
patients compared to control subjects and prolongation of T, was more
pronounced within WMH as compared to the surrounding NAWM
(Fig. 3B). Furthermore, T’2 values increased with increasing WMH vol-
ume (Fig. 4A and B) as a conventional imaging marker of SVD disease
severity. T, correlated positively with pHj, suggesting a close coupling
between changes of tissue oxygen metabolism and intracellular energy
metabolism in SVD (Fig. 4C and D). Both parameters showed significant
positive associations with the vascular pulsatility measured in the distal
ICA (Fig. 5A and B).

T, represents a surrogate marker of the cerebral OEF since it sensi-
tive to locally increased concentrations of deoxygenated hemoglobin in
the cerebral capillaries and veins, which lead to a shortening of T, [29,
31,33]. Our results demonstrated increased T’2 values in SVD patients
compared to control subjects (Fig. 3A, B), which indicate a shift towards
elevated concentrations of oxygenated hemoglobin [31] and conse-
quently suggest decreased cerebral OEF in the SVD patient group.
Although it is still unclear whether this must be interpreted as one of the
causes or rather a consequence of this condition [18], SVD is usually
associated with reduced CBF [52]. In general, one would assume that in
order to preserve the CMRO,, decreased CBF should lead to an OEF
increase under ischemic conditions [15,18]. In fact, based on positron
emission tomography (PET) measurements, elevated OEF at decreased
CBF in patients with SVD has been reported [53,54]. However, although
OEF alterations in SVD have been repeatedly demonstrated, the
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NAWM. ms: milliseconds; WM: white matter; SVD: cerebral small vessel disease; NAWM: normal-appearing white matter; WMH: white matter hyperintensities.
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available data in the literature are controversial with regard to the di-
rection of the OEF change since several studies also reported a decrease
of the cerebral OEF in SVD [55,56]. One possible explanation for these
discrepancies might be the heterogeneity of pathomechanisms leading
to the development of WMH and microstructural impairment of the

surrounding NAWM, which may affect the tissue oxygen extraction ca-
pacity differently or to varying degrees. Apart from disturbed vascular
autoregulation, thickening of the vascular wall and increased BBB
leakage with enlargement of the extracellular space as well-described
features of vascular and microstructural impairment in SVD [20,21,42,
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571, capillary dysfunction has been recently suggested as a key patho-
mechanism actually limiting the cerebral oxygen extraction ability [57].
Since oxygen diffuses passively along the concentration gradient be-
tween the capillary blood and the surrounding interstitium/brain tissue,
capillary flow patterns have a major impact on the effectiveness of ox-
ygen extraction [18,57]. Capillary dysfunction in the context of cerebral
hypoperfusion is defined as the inability of capillary blood flows to
homogenize in situations with relatively increased CBF, i.e. upon
neuronal activation [57]. Risk factors for SVD such as arterial hyper-
tension and diabetes can compromise capillary flow patterns via path-
omechanisms like damage of pericytes, thickening of basal membranes
and glycocalyx degradation [57]. Those altered capillary flow patterns
characterized by less inhomogeneous blood flow result in a faster transit
of the oxygenated blood across the capillary bed, thereby limiting the
maximum amount of extractable oxygen and thus impairing the oxygen
extraction efficiency [18,56-58]. Initially, this might be compensated by
an increase of the CBF, but later on the capillary transit time has to be
slowed down through a decrease of the CBF in an attempt to avoid a
further drop of the OEF [18]. On the whole, those alterations ultimately
lead to a reduction of the CMRO». According to those pathophysiological
considerations, one might assume that our patient collective mainly
comprised subjects with capillary dysfunction as the predominant
pathomechanism leading to microstructural tissue damage and the
development of WMH in this cohort. Apart from the pathomechanistic
phenotype underlying the SVD-related ischemic tissue damage, the
heterogeneity of oxygen exchange alterations in SVD might also be
related to disease severity [55]. Several PET-based studies found
reduced CBF and oxygen metabolism in patients with vascular dementia
while cognitively unimpaired patients with WMH showed a less
decreased CBF, normal oxygen metabolism and even increased OEF
[53-56]. Apart from the conclusion that cognitive function in SVD is
determined by oxygen metabolism rather than by WMH volume [55],
these findings may lead to the assumption that a clinically relevant
disease stage is characterized by reduced oxygen metabolism, whereas
in earlier subclinical stages a compensatory OEF increase still succeeds.
In our study, SVD patients were not evaluated regarding the fulfillment
of the criteria for vascular dementia, since this was not an inclusion
criterion. Still, SVD patients showed significantly impaired cognitive
performance compared to control subjects (Table 1), indicating a clini-
cally relevant stage of the disease. According to the existing literature,
the finding of a reduced OEF (reflected by increased T'Z) could be
well-explained by the fact that our patient group consisted of cognitively
impaired subjects instead of asymptomatic elderly subjects with WMH,
since cognitive impairment in SVD is associated with compromised ox-
ygen metabolism [53-55].

For pH; values, no significant difference between SVD patients and
healthy control subjects could be detected. Nonetheless, we found a
significant relationship between T, and pH; as higher T, values - ob-
tained both from the WMH and the entire segmented WM - were
significantly associated with increased and thus more alkaline pH;

(Fig. 4C, D). This association suggests a coupling between compromised
oxygen metabolism and changes of intracellular energy metabolism re-
flected by an increasing pH;j in SVD. The question arises which mecha-
nisms in general contribute to the development of an elevated pH; and
how they are related to different pathophysiological aspects in the
context of SVD. First of all, the finding of an increased tissue pH in SVD
patients is consistent with previous data on subacute and chronic cere-
bral ischemia, which demonstrated a shift towards alkalosis after an
initial period of tissue acidosis [23-26]. Especially ischemic cell necrosis
with immigration of inflammatory cells and glial cell proliferation as
well as the formation of intracellular edema with alignment of the
intracellular and extracellular bicarbonate concentrations have been
discussed as underlying pathomechanisms [24,26]. Another possible
explanation for an increase of pH; in chronic cerebral ischemia is an
adaptation of brain buffering mechanisms due to initial lactic acidosis,
including the upregulation of the Na*/H "-antiporter [24] in still viable
tissue due to growth factor stimulation and Na™-influx into the cells. One
study reported an association of alkalotic pH with reduced oxygen
fraction in subacute cerebral ischemia. This finding was interpreted as a
sign of “luxury” perfusion or metabolic paralysis in functionally and
structurally impaired ischemic tissue in subacute stroke after (partial)
restoration of perfusion [59]. Gliotic tissue conversion as well as in-
flammatory cell migration have also been described in SVD [60-62],
while the tissue edema in SVD - apart from (sub)acute lacunar infarcts -
is usually restricted to the extracellular space [20,21]. Since a special
isoform of the Na'/H'-antiporter (Na'/H'-exchanger 1) is induced
under hypoxic conditions [63,64] and (relative) cellular hypoxia must
be assumed due to impairment of the cerebral oxygen extraction [18,56,
58], this ion transporter might play a role with regard to the increasing
intracellular alkalosis at increasing T, in SVD. Given the significant
positive correlation between T, values and pHj, another important
mechanism possibly explaining the shift towards more alkaline pH;
values is that an alkaline pH;j leads to an augmentation of the glycolysis
rate through an acceleration of key enzymatic reactions and increased
enzymatic activity [28]. In this sense, pH; is the link between impaired
oxygen supply, caused by SVD-related pathological alterations of the
cerebral vasculature and brain parenchyma, and adaptations of the
intracellular energy metabolism. Consequently, the positive relationship
between T, values and pH; might reflect the impaired oxygen extraction
leading to reduced cellular oxidative phosphorylation, which is
compensated by an augmented glycolysis rate [28]. A coupling between
glycolysis and oxidative phosphorylation exists also under physiological
conditions via the Krebs cycle, but this might be amplified under the
condition of cerebral hypoperfusion, respectively reduced oxygen sup-
ply, which is reflected by the significant positive relationship between
T, and pH;. As we found no significant association between T, and the
ratios PCr/Pi and ATP/Pi, this cellular adaptation mechanism seems to
be sufficient to maintain overall normal intracellular concentrations of
the high-energy metabolites PCr and ATP. In case of decreasing
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intracellular concentrations of energy-rich metabolites as a consequence
of impaired cellular OFF, a significant negative of relationship of T, with
the ratios PCr/Pi and ATP/Pi would be expected. Both T, values and pH;
showed significant positive correlations with the pulsatility measured in
the distal ICA (Fig. 5A, B), suggesting more pronounced impairment of
the OEF and increasing intracellular alkalosis at increased vascular
stiffness and compromised cerebral autoregulation [65,66]. Since the
latter may affect the cerebral microcirculation and consequently also the
oxygen and energy metabolism, and an elevated PI is associated with
both disease severity and progression of SVD [66,67], those findings are
in line with the previous pathophysiological considerations.

4.1. Limitations

This study has several limitations. First of all, the sample size is
relatively small, which might affect in particular the detectability of
significant differences in pH; since the numerical differences between
SVD patients and healthy control subjects are generally small for this
parameter. However, it should be considered that due to the relatively
long acquisition time necessary for combined quantitative MRI, DTI and
MRS, it is difficult to obtain the data presented in this study in an elderly
patient collective with clinically relevant cerebrovascular disease -
especially because additional comprehensive cognitive testing was
performed. Furthermore, since this is not a longitudinal study, we
cannot comment on potential changes of T, and pH; over time and the
dynamics of those in SVD, which may depend on the disease stage.
Future studies should use larger sample sizes and a longitudinal design
along with systematic analyses of other clinical SVD features going
beyond cognitive decline, such as gait impairment. Although 3D 3!p
MRS data were acquired and thus the entire brain was covered to
perform metabolite measurements, we deal with a poor point spread
function in 3!P MRS, which means that there is significant signal from
the region close to the targeted voxel. This is a potential limitation when
restricted lesions or areas are targeted as regions-of-interest. In addition,
31p harbors some important technical limitations including a low signal-
to-noise ratio and poor spatial resolution, making it prone to partial
volume effects and potentially affecting the obtained metabolite and
parameter measurements. Finally, some of the mechanisms described in
our interpretations have not yet been entirely elucidated. Consequently,
although they are plausible from the mechanistic and pathophysiolog-
ical point of view, some of our causative explanations are still subject to
uncertainty and should be generalized with caution. Our findings
require confirmation in larger cohorts with even more comprehensive
imaging protocols.

5. Conclusions

In conclusion, using combined 3!P MRS and oxygenation-sensitive
quantitative T,-mapping, this exploratory and pathophysiological
study demonstrates impaired cerebral oxygen extraction and compen-
satory mechanisms through the adjustment of intracellular energy
metabolism by an elevated pH;j in SVD. Our findings are plausible from
the pathophysiological point of view and point towards a tight coupling
between changes of cerebral oxygen extraction and other changes of
intracellular energy metabolism. Our findings provide important in-
sights into the pathophysiology of SVD with regard to alterations of the
cellular energy metabolism presumably related to an impairment of the
cerebral microcirculation and the microstructural tissue integrity.
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