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The spine-brain axis: is spinal anatomy
associated with brain volume?

Sergio Grosu,I Trayana Nikolova,I Roberto Lorbeer,I ®Veit M. Stoecklein,2
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First small sample studies indicate that disturbances of spinal morphology may impair craniospinal flow of cerebrospinal fluid and
result in neurodegeneration. The aim of this study was to evaluate the association of cervical spinal canal width and scoliosis with
grey matter, white matter, ventricular and white matter hyperintensity volumes of the brain in a large study sample. Four hundred
participants underwent whole-body 3 T magnetic resonance imaging. Grey matter, white matter and ventricular volumes were quan-
tified using a warp-based automated brain volumetric approach. Spinal canal diameters were measured manually at the cervical ver-
tebrae 2/3 level. Scoliosis was evaluated using manual measurements of the Cobb angle. Linear binomial regression analyses of
measures of brain volumes and spine anatomy were performed while adjusting for age, sex, hypertension, cholesterol levels, body
mass index, smoking and alcohol consumption. Three hundred eighty-three participants were included [57% male; age: 56.3
(£9.2) years]. After adjustment, smaller spinal canal width at the cervical vertebrae 2/3 level was associated with lower grey matter
(P =0.034), lower white matter (P = 0.012) and higher ventricular (P = 0.006, inverse association) volume. Participants with scoliosis
had lower grey matter (P = 0.005), lower white matter (P =0.011) and larger brain ventricular (P = 0.003) volumes than participants
without scoliosis. However, these associations were attenuated after adjustment. Spinal canal width at the cervical vertebrae 2/3 level
and scoliosis were not associated with white matter hyperintensity volume before and after adjustment (P > 0.864). In our study, co-
hort smaller spinal canal width at the cervical vertebrae 2/3 level and scoliosis were associated with lower grey and white matter vo-
lumes and larger ventricle size. These characteristics of the spine might constitute independent risk factors for neurodegeneration.
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Graphical Abstract

The spine-brain axis — is spinal anatomy
associated with brain volume?
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» Smaller spinal canal width at the C2/3 level was associated with
lower gray matter, lower white matter, and higher ventricular
volumes of the brain.

» Participants with scoliosis had lower gray matter, lower white
matter, and higher ventricular volumes of the brain than
participants without scoliosis. However, these associations were

attenuated after adjustment.

Introduction

The CSF system closely interconnects the spine and brain."
CSF protects the brain in different ways, providing supply of
nutrients, metabolic homoeostasis, regulation of intracranial
pressure and serving an important function in the removal of

waste products.' The spinal CSF space serves as a buffer

system to compensate for increased intracranial pressure
during systole, when arterial inflow causes a short-term vol-
ume challenge, and continues during diastole, when venous
outflow leaves space for the CSF to flow through the
spinal subpial space, thanks to an interplay between the ar-
terial expansion and volume changes of the CSF spaces and

veins.*®
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The spine-brain axis

The importance of CSF dynamics for brain health is cur-
rently receiving attention as recent studies demonstrated
that physiologic CSF circulation is responsible for brain re-
generation.”® Unrestricted CSF flow between the cranial
and spinal CSF compartments, along with other drainage
mechanism such as the glymphatic system, Pacchioni granu-
lations and transependymal resorption, could be an import-
ant component in maintaining brain health.”'?

Morphological features of the spine such as spinal canal
diameter and scoliosis may impair systolic CSF outflow
into the spinal canal. In animal models, cervical spinal canal
stenosis has been associated with hydrocephalus develop-
ment.'®'* A pilot study of 42 participants showed that max-
imal systolic craniospinal CSF flow rates were significantly
reduced and spinal canal diameters at the cervical vertebrae
(C) 2/3 level significantly smaller in patients with idiopathic
normal pressure hydrocephalus. A significantly positive cor-
relation between maximal CSF flow rates and spinal canal
width at the C2/3 level was found.'® Furthermore, reduced
spinal canal width could potentially impair the buffer func-
tion of CSF during systole and thus promote the develop-
ment of white matter hyperintensities (WMHs) through
increased intracranial blood pressure.'® However, despite
potential implications for neurodegeneration, data on the re-
lationship between brain volumes and spinal canal anatomy
are scarce, especially assessing larger study samples.

We therefore aimed to evaluate potential associations be-
tween spinal canal diameter at the C2/3 level and scoliosis
with grey matter, white matter, ventricular and WMH vo-
lumes of the brain in a large sample from the general popu-
lation in the region of Augsburg, Germany.

Materials and methods

This study was performed according to the Declaration of
Helsinki and approved by the ethics committee of the
Bavarian Chamber of Physicians, Munich (S4: EC No. 99186
and for genetic epidemiological questions 05004, F4 and FF4:
ECNo. 06068). The MRI examination protocol was approved
by the ethics committee of the Ludwig-Maximilian-University
Hospital, Munich.

This study is a retrospective analysis of a prospective sam-
ple of 400 participants from the population-based KORA
FF4 study (2013-14, 2279 participants) younger than 75
years and without myocardial infarction, stroke, peripheral
artery disease, Type 1 diabetes, missing oral glucose toler-
ance test, poor overall health condition, contraindication
to MRI or unwillingness to undergo MRI, as described in de-
tail previously.!”'® In a prior study on this study population,
we investigated WMH volumes of the brain in patients with
pre-diabetes, diabetes and normoglycaemia,'® whereas in
this manuscript, we evaluate the association of spinal canal
width and scoliosis with grey matter, white matter, ventricu-
lar and WMH volumes of the brain.
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Covariates including measures of body weight, blood pres-
sure, cholesterol levels, alcohol consumption and smoking
were collected in a standardized manner within the KORA
study design according to Holle ez al.'”

Image acquisition was performed on a 3 T MRI scanner
(Magnetom Skyra; Siemens Healthineers, FErlangen,
Germany) with a whole-body coil-matrix system accordingly
to Bamberg et al.'® All participants were positioned in supine
position in the centre of the table with arms parallel to the
body and parallel, slightly bent legs.*°

Volumetric grey matter, white matter and ventricle measure-
ments were obtained using a warp-based automated brain
volumetric approach based on T2-weighted FLAIR images
accordingly to Beller et al.*' To adjust for differences in
head size, ratio-corrected brain volumes were calculated by
dividing grey matter, white matter and ventricular volume
by total intracranial volume.?"** WMH volume could po-
tentially influence white matter volume.

Cerebral WMHs were manually segmented on T2-weighted
FLAIR images reconstructed in axial plane accordingly to
Grosu et al.*®> Image analyses were performed blinded to
all other measurements and all clinical data.

Spinal canal diameters were manually measured in the mid-
sagittal plane at the cervical vertebrae (C) 2/3 level from the
ventral margin of the spinal canal (CSF column) at the height
of the midpoint of the intervertebral disc space and drawn
perpendicular to the anterior cord surface on T2-weighted
FLAIR images.”* Additionally, spinal canal diameters of
the lumbar vertebra (L) 1 to sacral vertebra (S) 1 levels
were measured on T1-weighted VIBE DIXON images.
Measurements were performed by a radiologist (S.G., 5
years of experience in neuroimaging) and edited where ne-
cessary by an independent radiologist (S.S., 8 years of experi-
ence in neuroimaging). To assess inter- and intra-reader
variability, an independent radiologist (N.F., 5 years of ex-
perience in neuroimaging) evaluated a subsample of 60 par-
ticipants. Inter- and intra-reader agreement for spinal canal
diameter measurements was performed using the intra-class
correlation coefficient (ICC). Image analyses were performed
blinded to all other measurements and all clinical data.
Repeated measurements for inter- and intra-reader assess-
ment were performed blinded to the previous measurements,
other measurements and all clinical data.
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To evaluate scoliosis, the Cobb angle was assessed on
T1-weighted VIBE DIXON images by a radiologist
(S.8.W., 5 years of experience in musculoskeletal imaging)
and independent trauma surgeon (E.M., 6 years of experi-
ence in musculoskeletal imaging) measuring the angle cre-
ated by an extension line from the upper end-plate of the
uppermost vertebral body and lower end-plate of the lower-
most vertebral body involved in lateral spinal deviation
(Supplementary Fig. 1).>°**° Scoliosis was defined as lateral
spinal deviation with a Cobb angle > 10°.%” To assess inter-
and intra-reader variability, an independent radiologist
(N.F., 5 years of experience in musculoskeletal imaging)
evaluated a subsample of 60 participants. Inter- and
intra-reader agreement for scoliosis measurements was per-
formed using ICC. Image analyses were performed blinded
to all other measurements and all clinical data. Repeated
measurements for inter- and intra-reader assessment were
performed blinded to the previous measurements, other mea-
surements and all clinical data.

Characteristics of the study population were summarized by
arithmetic means with standard deviation for continuous
variables or counts and percentages for categorical variables.

Normal distribution of variables was tested graphically
and by Shapiro-Francia W test. Unadjusted comparisons
of brain volume parameters between participants without
and with scoliosis were displayed as boxplots and tested by
t-test. The associations between spinal canal diameter as
well as scoliosis (independent variables) and total grey mat-
ter volume, total white matter volume and brain ventricular
volume (dependent variables) were evaluated by separated
univariate linear regression analysis with estimated
B-coefficients. Models were unadjusted (Model A) and ad-
justed for age, sex, hypertension, low-density-lipoprotein
cholesterol (LDL-C), body mass index (BMI), smoking and
alcohol consumption (Model B) providing estimates with
95% confidence intervals (Cls). For the association of spinal
canal diameter with WMH volume, incidence rate ratios
from zero-inflated negative binomial regression analysis
were estimated. Modification effects of BMI and systolic
blood pressure on the investigated associations were tested
by including the product of both risk factors with each spinal
canal width parameter additionally in the multivariable ad-
justed model, separately. Twelve participants with insuffi-
cient MRI image quality of the brain and five participants
with insufficient MRI image quality of the spine were ex-
cluded. Brain volume measurements were missing in 36 par-
ticipants due to insufficient brain segmentation resulting
from suboptimal atlas registration. Spinal canal width mea-
surements were missing in four participants at the C2/3 level
due to insufficient coverage of the examined area by the field
of view. Cobb angle measurements were missing in one par-
ticipant due to incomplete image data (Fig. 1). Multiple

S. Grosu et al.

imputation of missing data by predictions did not change
the results substantially. All significant associations re-
mained significant.

P-values <0.05 were considered to denote statistical
significance. In addition, we evaluated the results according
to a Bonferroni-adjusted significance level of P <0.008
(0.05/6), due to multiple tests of two independent with three
outcome variables.

Ethics approval

This study was performed according to the Declaration
of Helsinki. All study methods were approved by the
ethics committee of the Bavarian Chamber of Physicians,
Munich (S4: EC No. 99186 and for genetic epidemiological
questions 05004, F4 and FF4: EC No. 06068). The
MRI examination protocol was approved by the ethics com-
mittee of the Ludwig-Maximilian-University Hospital,
Munich.

Results

The study sample consisted of 383 participants [57% male;
age: 56.3 (+9.2) years]. The brain volume analysis sample
for spinal canal width at the C2/3 level comprised 343 parti-
cipants. The brain volume analysis sample for scoliosis
comprised 346 participants. Mean total grey matter volume
was 594 569 (+59 783) mm? [intracranial volume (ICV)-
corrected: 0.417 (+0.016)], mean total white matter volume
was 586323 (+59430) mm® [ICV-corrected: 0.411
(£0.016)], and mean brain ventricular volume was 243
731 (+42280) mm’ [ICV-corrected: 0.171 (+0.028)].
Fifty-four (16%) participants had scoliosis. None of the
participants had brain signal abnormalities other than
WMH. None of the participants had myelopathic signal
changes in the spinal cord. None of the participants had
undergone cervical spine surgery. None of the participants
had known dementia or anti-dementia medication. Further
details and covariates such as blood pressure, blood lipid le-
vels, BMI, smoking and alcohol consumption are presented
in Table 1.

Spinal canal width measurements showed an excellent inter-
reader reliability (ICC = 0.94) and excellent intra-reader re-
liability (ICC=0.97).

Smaller spinal canal width at the C2/3 level was signifi-
cantly associated with lower total grey matter volume
[=0.003 (95% CIL 0.001; 0.004), P<0.001. These
effects were confirmed after adjustment for age, sex, hyper-
tension, LDL-C, BMI, smoking and alcohol consumption
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Figure | Flow diagram of the study population. C, cervical vertebrae; FOV, field of view; OGTT, oral glucose tolerance test; PAD,

peripheral artery disease.

[8=0.001 (95% CIL: 0; 0.002), P =0.034]. However, after
consideration of multiple testing with a Bonferroni-adjusted
significance level of P < 0.008, this association did not stay
significant after adjustment.

Smaller spinal canal width at the C2/3 level was signifi-
cantly associated with lower total white matter volume
[8=0.003 (95% CI: 0.001; 0.004), P < 0.001]. These effects
were confirmed after adjustment for age, sex, hypertension,
LDL-C, BMI, smoking and alcohol consumption [f=
0.002 (95% CI: 0; 0.003), P=0.012]. However, after
consideration of multiple testing with a Bonferroni-adjusted

significance level of P < 0.008, this association did not stay
significant after adjustment.

Smaller spinal canal width at the C2/3 level was significantly
associated with higher brain ventricular volume [f=—-0.005
(95% CL: —0.008; —0.003), P<0.001] (Figs 2 and 3).
These effects were confirmed after adjustment for age,
sex, hypertension, LDL-C, BMI, smoking and alcohol
consumption [f=-0.003 (95% CI. -0.005; -0.001),
P=0.006]. After consideration of multiple testing with a
Bonferroni-adjusted significance level of P < 0.008, this associ-
ation remained significant after adjustment. No association
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Table | Demographics table

S. Grosu et al.

All Without scoliosis With scoliosis
N =383 N=323" N =60°

Age (years) 56.3 (+9.2) 55.7 (£9.1) 59.1 (+8.9)
Male sex 218 (57%) 179 (57.2%) 36 (60%)
Total grey matter volume (mm?) 594 569 (+59 783) 595456 (+61 268) 589 655 (+51 885)
Total grey matter volume (ICV-corrected) 0.417 (+0.016) 0.418 (+0.016) 0.412 (+0.015)
Total white matter volume (mm?) 586 323 (+59 430) 587 159 (+61213) 581725 (+49 583)
Total white matter volume (ICV-corrected) 0411 (£0.016) 0.412 (+0.016) 0.406 (+0.016)
Brain ventricular volume (mm?®) 243731 (+42280) 240764 (=41 644) 260 396 (+42 368)
Brain ventricular volume (ICV-corrected) 0.171 (+0.028) 0.170 (+0.028) 0.182 (+0.027)
Spinal canal width C2/3 (mm) 1.7 (+1.2) 1.7 (+1.3) 1.7 (+1.2)
BMI (kg/m?) 28.0 (+4.7) 28.1 (+5.0) 27.7 (+3.5)
Hypertension® 128 (33%) 100 (32%) 26 (43.3%)
Systolic BP (mmHg) 120.4 (+16.8) 120.0 (+17.4) 122.9 (x14.2)
Diastolic BP (mmHg) 753 (x10) 75.5 (£10.4) 74.1 (+8.0)
Total cholesterol (mg/dl) 218.3 (+35.9) 218 (£36.7) 219 (£32.8)
HDL (mg/dl) 62.3 (+17.6) 61.5 (+17.5) 66.4 (+18.6)
LDL-C (mg/dl) 139.8 (+32.4) 139.9 (£33.0) 139 (+29.6)
Triglycerides (mg/dl) 130.1 (+82.2) 133.2 (+85.6) 118.6 (+67.0)
HbAIlc (%) 5.56 (+0.72) 5.55 (+0.73) 5.65 (+0.72)
Fasting serum glucose (mg/dl) 104 (+22.6) 103.9 (+23.4) 104.6 (+20)
Glucose after 2- OGTT (mg/dl) 113.3 (+40.9) 114.5 (+42.3) 105.2 (+£32.7)
Smoking status

Never smoker 140 (37%) 110 (35.1%) 26 (43.3%)

Former smoker 165 (43%) 137 (43.8%) 23 (38.3%)

Current smoker 78 (20%) 66 (21.1%) 11 (18.3%)

Pack years 12.6 (+17.8) 12.9 (£17.6) 12.4 (+£20.1)
Alcohol

No consumption 93 (24%) 78 (24.9%) 13 (21.7%)

<20 g/day 147 (38%) 118 (37.7%) 24 (40%)

20-40 g/day 75 (20%) 64 (20.5%) 8 (13.3%)

>40 g/day 68 (18%) 53 (16.9%) 15 (25%)

Data are means and standard deviations for continuous variables and counts and percentages for categorical variables. OGTT, oral glucose tolerance test. *Hypertension was defined as
systolic blood pressure > 140 mmHg, diastolic blood pressure > 90 mmHg and/or use of anti-hypertensive medication. ®The brain volumes analysis sample for scoliosis comprised 292

participants without scoliosis and 54 with scoliosis.

was modified by BMI or systolic blood pressure (all P-values
>0.05).

Spinal canal width at the C2/3 level was not significantly
associated with WMH volume before (P =0.864) and after
adjustment (P =0.960) (Table 2).

Spinal canal width at the L1-S1 levels was not significantly as-
sociated with white matter volume, grey matter volume, brain
ventricular volume or WMH volume (Supplementary Table 1).

Cobb angle measurements showed an excellent inter-reader
reliability (ICC = 0.93) and excellent intra-reader reliability
(ICC=0.98).

Participants with scoliosis (Cobb angle of >10°) had sig-
nificantly lower total grey matter volumes [f=-0.006
(95% CIL: —0.011; —0.002), P =0.005], significantly lower
total white matter volumes [8=—-0.006 (95% CI: —0.011;
—0.001), P=0.011] and significantly larger brain ventricular
volumes [#=0.012 (95% CI: 0.004; 0.02), P=0.003] than
participants without scoliosis (Cobb angle of <10°)
(Fig. 4). However, these associations were attenuated after

adjustment for age, sex, hypertension, LDL-C, BMIL, smok-
ing and alcohol consumption for total grey matter volumes
[8=-0.003 (95% CI: —0.007; 0.001), P=0.137], total
white matter volumes [8=0.004 (95% CI: —0.008; 0.001),
P =0.099] and brain ventricular volumes [8=0.006 (95%
CI: 05 0.013), P=0.065] (Table 3).

Participants with scoliosis (Cobb angle of >10°) did not
have significantly higher WMH volumes than participants
without scoliosis (Cobb angle of <10°) before (P =0.999)
and after adjustment (P =0.976).

After adjustment, higher Cobb angle values were asso-
ciated with lower grey matter volume [f=-0.0002 (95%
CI: —0.0005; 0), P=0.049], lower white matter volume
[=-0.0003 (95% CI: —0.0006; 0), P =0.030] and higher
brain ventricular volume [f=0.0005 (95% CI: 0.0001;
0.001), P=0.015] (Table 4). However, after consideration
of multiple testing with a Bonferroni-adjusted significance le-
vel of P <0.008, these associations did not stay significant
after adjustment. Cobb angle values were not significantly
associated with WMH volumes before (P = 0.987) and after
adjustment (P =0.962).

In a subgroup analysis of participants with scoliosis
(N =60), higher Cobb angle values were associated with
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Figure 2 MRI of the brain and cervical spine. Axial T2-weighted FLAIR images of the brain (top row) and midsagittal T2-weighted FLAIR
images of the spine at the cervical vertebrae (C) 2/3 level (bottom row). (A) A 51-year-old woman with a larger spinal canal diameter at the C2/3
level of 13.1 mm and non-dilated lateral ventricles. (B) A 69-year-old man with a smaller spinal canal diameter at the C2/3 level of 10.] mm and

larger lateral ventricles.

lower grey matter volume [f=-0.0002 (95% CI: —0.0008;
0.0003), P=0.419], lower white matter volume [B=
—0.0003 (95% CI: —0.0009; 0.0003), P=0.267] and higher
brain ventricular volume [f=0.0005 (95% CI: —0.0004;
0.0015), P=0.259]. However, these associations were not
significant.

Linear regression model revealed no adjusted mean differ-
ence of spinal canal width at the C2/3 level between partici-
pants without and with scoliosis [#=0.05 mm; 95% CI
—-0.30; 0.40, P=0.779].

Discussion

In this population-based study, we evaluated the association
of spinal MR imaging morphology with brain volume.
Confounder adjusted analysis showed that smaller spinal canal
width at the C2/3 level was significantly associated with lower
grey matter, lower white matter and higher ventricular

volumes. However, after consideration of multiple testing,
only the association of spinal canal width at the C2/3 level
with ventricular volumes remained significant after adjustment.
Cobb angle values showed a significant association with
grey matter, white matter and ventricular volumes after adjust-
ment. Brain matter volumes were significantly decreased,
and brain ventricular volumes were significantly increased
in participants with scoliosis compared with participants
without scoliosis. However, these effects were attenuated after
adjustment. Spinal canal width at the C2/3 level and scoliosis
were not associated with WMH volume before and after
adjustment.

Our findings support the notion that the compliance of the
spinal CSF compartment may be influenced by spinal morph-
ology. In a pilot study of 10 participants with idiopathic nor-
mal pressure hydrocephalus and 32 healthy controls,
maximal systolic craniospinal CSF flow rates were significantly
reduced (P < 0.01) and spinal canal diameters at the C2/3 level
significantly decreased (P< 0.001) in patients with idiopathic
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Figure 3 Association of spinal canal width with brain volumes.
Visualization of predicted unadjusted grey matter volume (ratio), white
matter volume (ratio) and brain ventricular volume (ratio) (y-axis)
according to spinal canal width in mm at the cervical vertebrae (C) 2/3
level from a linear regression model with 95% Cl (grey area) (Pearson
correlation coefficients: r=0.207, P<0.00l; r=0.120, P<0.001;
r=-0.228, P < 0.001, respectively) (N = 343).

normal pressure hydrocephalus. Additionally, a significantly
positive correlation between maximal CSF flow rates and
spinal canal width at the C2/3 level was found, showing a
lower maximal CSF flow with lower spinal canal width at
the C2/3 level (R=0.47; P<0.05)."" An animal model de-
monstrated significant ventricular enlargement (P< 0.002) in
cats with sub-chronic cervical stenosis at the C2 level
compared with healthy controls."> A longitudinal study of
15 patients with spinal cord injury (=12 cervical and/or
thoracic level) and 18 healthy controls showed a significant
acceleration of ventricular enlargement (third ventricle:

S. Grosu et al.

Table 2 Association of spinal canal width with total grey
matter volume, total white matter volume, brain
ventricular volume and WMH volume

Spinal canal width C2/3

Estimate (95% CI) P-value

Total grey matter A  0.003 (0.001; 0.004) <0.001
volume B 0.001 (0; 0.002) 0.034
Total white matter A 0.003 (0.001; 0.004) <0.001
volume B 0.002 (0; 0.003) 0.012
Brain ventricular A -0.005 (—0.008; —0.003) <0.001
volume B -0.003 (-0.005; —0.001) 0.006
WMH volume#* A 0.80 (0.06; 10.52) 0.864
B 0.93 (0.06; 14.1) 0.960

Estimates are B-coefficients from linear regression or *incidence rate ratios from
zero-inflated negative binomial regression models. A: Unadjusted. B: Adjusted for age,
sex, hypertension, LDL-C, BMI, smoking and alcohol consumption.

P =0.017; fourth ventricle: P = 0.006) compared with healthy
controls.?%*’

A further potential mechanism causing brain matter loss
might constitute retrograde demyelination of the brain in-
duced by spinal canal compression at the C2/3 level. In 27
patients with cervical spinal canal stenosis and 24 healthy
controls, it was shown that cervical spinal canal stenosis
caused by spondylosis may lead to brain atrophy through
retrograde demyelination affecting the white and grey matter
of the sensorimotor cortex.>’

In addition to mechanical components, disturbances of
the glymphatic system caused by impaired drainage into
the spinal subpial compartment due to reduced spinal canal
width at the C2/3 level might potentially contribute to brain
matter loss. The glymphatic system is composed of a net-
work of perivascular channels made of astroglia cells, which
among others play a key role in brain fluid clearance, trans-
port of nutrients and waste removal during sleep.” !
Disturbances of the glymphatic system have been associated
with brain matter loss and ventricular enlargement in idio-
pathic normal pressure hydrocephalus and Alzheimer’s dis-
ease.'” The hypothesis that reduced spinal canal width
could potentially promote the development of WMH was
not confirmed in the present study.

The present study adds to the field by providing a compre-
hensive, confounder-adjusted evaluation of the association
between spinal canal width at the C2/3 level and brain vo-
lumes in a population-based sample of 383 participants.
Our results strengthen the notion that smaller spinal canal
width at the C2/3 level might be associated with brain ven-
tricular dilation and brain matter loss. Additionally, it pro-
vides new insights in the potential effect of scoliosis on
brain ventricular enlargement and brain atrophy. Our results
indicate that scoliosis may have a negative impact on the
compliance of the spinal CSF space. Scoliosis may impair
the outflow of systolic CSF volume into the spinal canal, po-
tentially resulting in ventricular enlargement and brain mat-
ter loss. To the best of our knowledge, this potential
association has not been previously addressed.
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Figure 4 Comparisons between participants without and
with scoliosis. Unadjusted comparisons (t-tests) of grey matter
volume (ratio), white matter volume (ratio) and brain ventricular
volume (ratio) (y-axis) between participants without scoliosis
(Cobb angle of <10°, N=292) and with scoliosis (Cobb angle of
>10°, N =54) (x-axis). Participants with a Cobb angle of >10° had
significantly smaller grey matter volumes (**P = 0.005), smaller
white matter volumes (*P=0.011) and larger brain ventricular
volumes (**P = 0.003).

The results of this study need to be interpreted in the light
of its limitations. This study is based on structural measure-
ments of the brain and spine only, with spinal canal diameter
as a readily available and easy-to-measure parameter.
Further studies assessing morphological measurements
such as the cross-sectional area, Pavlov’s ratio or myelon-
corrected relative spinal canal width, as well as additional
functional parameters such as CSF flow rates, are war-
ranted.’’ After consideration of multiple testing with a
Bonferroni-adjusted ~ significance level of P <0.008,
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Table 3 Association of scoliosis (Cobb angle of >10°)
with total grey matter volume, total white matter
volume and brain ventricular volume

Participants with scoliosis
(Cobb angle of >10°) versus
participants without scoliosis

(Cobb angle of <10°)

Estimate (95% CI) P-value
Total grey matter A -0.006 (—0.011; —0.002)  0.005
volume B —-0.003 (-0.007; 0.001) 0.137
Total white matter A -0.006 (-0.011; —0.001)  0.011
volume B —0.004 (—0.008; 0.001) 0.099
Brain ventricular A 0.012 (0.004; 0.02) 0.003
volume B 0.006 (0; 0.013) 0.065

Estimates are B-coefficients from linear regression models. A: Unadjusted. B: Adjusted
for age, sex, hypertension, LDL-C, BMI, smoking and alcohol consumption.

Table 4 Association of lateral spinal deformity (Cobb
angle) with total grey matter volume, total white
matter volume, brain ventricular volume and WMH
volume

Lateral spinal deformity (Cobb

angle)
Estimate (95% CI) P-value

Total grey matter A —-0.0004 (—0.0007; —0.0001)  0.005
volume B —0.0002 (—0.0005; 0) 0.049
Total white matter A —0.0004 (—0.0007; —0.0001)  0.005
volume B —0.0003 (—0.0006; 0) 0.030
Brain ventricular A  0.0008 (0.0003; 0.0013) 0.002
volume B 0.0005 (0.0001; 0.001) 0.015
WMH volume* A | (0.57; 1.74) 0.987
B 0.99 (0.54; 1.79) 0.962

Estimates are B-coefficients from linear regression or *incidence rate ratios from
zero-inflated negative binomial regression models. A: unadjusted. B: adjusted for age,
gender, hypertension, LDL-C, BMI, smoking and alcohol consumption.

associations of spinal canal width at the C2/3 level with
grey matter and white matter volumes did not stay significant
after adjustment for age, sex, hypertension, LDL-C, BMI,
smoking and alcohol consumption, as well as associations
of scoliosis with brain volumes. None of the participants
had known dementia or anti-dementia medication; however,
a thorough assessment of symptoms of normal pressure
hydrocephalus was not performed in this study. Due to
time restrictions of the whole-body MRI protocol of the
KORA MRI study, T1-weighted sequences of the brain
were not acquired. Selected cortical regions, especially the
central region, and total white matter volume tend to be un-
derestimated by the warp-based automated brain volumetric
approach based on T2-weighted FLAIR images used in this
study. Scoliosis measurements were acquired on MRI data
sets with participants in supine position. However, it was
shown that measurements of the spine in standing position
and supine position are comparable when participants are
positioned correctly.>*?3 All participants in this study were
positioned for MRI according to a standardized protocol.
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Conclusion

In conclusion, smaller spinal canal width at the level of C2/3 was
associated with lower brain matter and higher ventricular vo-
lumes in this population-based study. Participants with scoliosis
had lower brain matter and higher ventricular volume.
However, these effects were attenuated after adjustment.
These characteristics of spinal morphology might constitute in-
dependent risk factors for neurodegenerative disorders such as
idiopathic normal pressure hydrocephalus and should be further
evaluated in future studies.

Supplementary material

Supplementary material is available at Brain Comumunications
online.
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