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Background: Disruptions in cerebrospinal fluid (CSF) flow during aging could
compromise protein clearance from the brain and contribute to the etiology of
Alzheimer’s Disease (AD).

Objective: To determine whether CSF flow is associated with cognitive deficit in elderly
patients (>70 years).

Methods: We studied 92 patients admitted to our geriatric unit for non-acute
reasons using phase-contrast magnetic resonance imaging (PC-MRI) to calculate their
ventricular and spinal CSF flow, and assessed their global cognitive status, memory,
executive functions, and praxis. Multivariable regressions with backward selection
(criterion p < 0.15) were performed to determine associations between cognitive
tests and ventricular and spinal CSF flow, adjusting for depression, anxiety, and
cardiovascular risk factors.

Results: The cohort comprised 71 women (77%) and 21 (33%) men, aged
84.1 + 5.2 years (range, 73-96). Net ventricular CSF flow was 52 + 40 plL/cc (range,
0-210), and net spinal CSF flow was 500 + 295 pl/cc (range, 0-1420). Ventricular CSF
flow was associated with the number of BEC96 figures recognized (8 = 0.18, Cl, 0.02—
0.33; p = 0.025). Spinal CSF flow was associated with the WAIS Digit Span Backward
test (B = 0.06, Cl, 0.01-0.12; p = 0.034), and categoric verbal fluency (3 = 0.53, Cl,
0.07-0.98; p = 0.024) and semantic verbal fluency (8 = 0.55, Cl, 0.07-1.02; p = 0.024).

Conclusion: Patients with lower CSF flow had significantly worse memory, visuo-
constructive capacities, and verbal fluency. Alterations in CSF flow could contribute to
some of the cognitive deficit observed in patients with AD. Diagnosis and treatment of
CSF flow alterations in geriatric patients with neurocognitive disorders could contribute
to the prevention of their cognitive decline.

Keywords: cerebrospinal fluid, cognitive dysfunction, aged patients, dementia, magnetic resonance imaging,
phase contrast
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INTRODUCTION

The cerebrospinal fluid (CSF) is an important part of the central
nervous system, as it allows exchange of water, small molecules
and proteins between the brain parenchyma and arterial and
venous blood (Oreskovic and Klarica, 2010; Brinker et al., 2014),
by either passive diffusion or active transport (Oreskovic and
Klarica, 2014; Oreskovic et al., 2017b). The CSF therefore plays an
important role in regulating brain homeostasis, waste clearance
(Puy et al, 2016), as well as intracranial pressure and blood
supply (Baledent et al, 2004). During aging, CSF turnover
can be disrupted (Rubenstein, 1998; Stoquart-ElSankari et al.,
2007) which could contribute to the etiology of age-related
neurocognitive disorders (Rubenstein, 1998; Weller et al., 20005
Launer, 2002; Silverberg et al., 2003; Chakravarty, 2004). Several
studies revealed that patients with Alzheimer’s disease (AD) have
disrupted CSF pressure (Silverberg et al., 2006), turnover (Henry-
Feugeas and Intracranial, 2009; Serot et al., 2012), and oscillations
(Silverberg et al., 2006; Stoquart-ElSankari et al., 2007). Moreover,
biomarkers for AD are found in the CSE and their abundance
was shown to have predictive value for clinical progression
(Wolfsgruber et al., 2017).

The increase of intracranial pressure during the cardiac cycle
causes a flow from the blood and brain interstitial fluid to the
CSFE, and a net CSF flow toward its extracerebral compartment
and venous blood (Oreskovic et al., 2017a). Since this CSF flow
is important for protein clearance from the brain (Puy et al,
2016), it is possible that impaired CSF flow could be associated
with cognitive decline (Coblentz et al., 1973; Sohn et al., 1973;
Rubenstein, 1998). Moreover, CSF flow is linked with brain
perfusion (Egnor et al., 2002; Baledent et al., 2004), defects of
which are known causes of neurocognitive disorders in the elderly
(O’Brien and Thomas, 2015). A number of studies suggested that
the choroid plexus and the ventricular walls degenerate with the
progression of AD (Serot et al., 2000; Balusu et al., 2016; Daouk
et al.,, 2016), but none could determine whether disrupted CSF
flow causes cognitive decline, or whether it is a by-product of AD
or normal aging.

To the authors’ knowledge, there are no published studies
that investigated the relationship between CSF flow alterations
and cognitive deficit in the elderly, adjusting for cardiovascular
risk factors for the development of neurocognitive disorders. The
purpose of this study was therefore to evaluate the association of
CSF flow in the brain ventricles and cervical spine with cognitive
deficit (assessed using neurocognitive tests in clinical settings) in
a cohort of elderly patients (>70 years) admitted to our geriatric
unit for non-acute reasons. The hypothesis was that reduced
CSF flow would be associated with cognitive deficit. Improved
knowledge of such associations could guide the development
of medical or surgical treatments to limit or prevent cognitive
decline in the elderly (Nakajima et al., 2018).

MATERIALS AND METHODS

We enrolled 115 consecutive patients admitted to our
geriatric unit for non-acute reasons between October 2015

and March 2018. The inclusion criterion was patients aged
over 70 years. Twenty-one patients were excluded because of
contraindications to phase-contrast magnetic resonance imaging
(PC-MRI) for analysis of brain fluid motion, and two patients
died before completing neurocognitive assessments. This left a
study cohort of 92 patients (Figure 1) who underwent PC-MRI
that enabled calculation of ventricular (aqueduct) CSF flow and
spinal (C2-C3) CSF flow.

Data Acquisition
The PC-MRI was performed using a 1.5-T machine.
Conventional morphologic image sequences were first acquired

Initial cohort
115 patients

% 21 contraindications to MRI

2 died before completing
cognitive assessment

Study Cohort
92 patients

FIGURE 1 | Flowchart of patient inclusion.

TABLE 1 | Patient demographics.

Cohort (n =92)

mean + SD (range)
Women 71 (77%)
Age (years) 84.1 £5.2 (73-96)
BMI (kg/m?) 252+ 4.8 (15.6-40.0)
Depression (MADRS?/60) 7.3+6.6 (0-31)
Anxiety (Goldberg/9) 28+24 (0-9)
CSF flow
Ventricular (uL/ccP) 52 4+40  (0-210)
Spinal (ul/ccP) 500 + 295 (0-1420)
Diabetes 11 (12%)
Inflammation 40 (43%)
Hypercholesterolemia 5 (5%)
Hypertriglyceridemia 19 (21%)
Malnutrition 65 (71%)
Anemia 57 (62%)
Diagnosis
Mild cognitive impairment 41 (46%)
Vascular dementia 11 (12%)
Alzheimer’s disease 5 (6%)
Dementia with Lewy bodies 1 (1%)
Mixed dementia 32 (36%)

aMADRS, Montgomery-Asberg Depression Rating Scale; cc, cardiac cycle.
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in the sagittal and axial planes. The CSF flow acquisition planes
were then selected perpendicular to the presumed direction of
flow through the Sylvius aqueduct [representing the ventricular
flow (Jacobson et al., 1996)] and the spinal C2-C3 sub-arachnoid
spaces (representing the spinal flow). Flow images were acquired
using a velocity-encoded phase-contrast pulse sequence with
peripheral gating, as previously described (Baledent et al., 2001,
2004). Velocity sensitization was set at 10 cm/s for the ventricular
flow and 5 cm/s for the spinal flow.

Data Analysis

Phase-contrast magnetic resonance imaging data were
transferred to a Sparc 10 workstation (SUN Microsystems)
and analyzed using an in-house image processing software with
Interactive Data Language (Baledent et al., 2001). This software
automatically measures the CSF flow curve over the cardiac cycle
for a given region of interest. Cranial-caudal flows were positive
(CSF flush), whereas caudal-cranial flows were negative (CSF
fill). The difference between CSF fill and flush flows is the net
CSF flow, which reflects the volume of CSF produced (Nilsson
et al., 1994). For technical reasons, intracranial sub-arachnoid
CSF flow was not investigated.

Neurocognitive Assessment

All patients underwent a battery of neurocognitive tests that
assessed global cognitive status, memory, executive functions,
praxis, as well as depression and anxiety (Table 2). Global
cognitive efficiency was assessed by the Mini-Mental State
Examination (MMSE) (Folstein et al., 1975), standard of
Kalafat et al. (2003), following the GRECO standardization
and calibration, and the Mattis Dementia Rating scale (MDRS)
(Hersch, 1979; Gardner et al., 1981). The memory domain was
assessed using the Wechsler Adult Intelligence Scale (WAIS-
III) - Digit Span task (Iverson and Tulsky, 2003; Hill et al,
2010) and the Grober-Buschke (GB) test (French version
of the Free and Cued Selective Reminding Test) (Buschke,
1984; Grober et al., 1988; Grober and Kawas, 1997; Van der
Linden and Juillerat, 2004). Instrumental cognition was assessed
with Signoret’s Battery of Cognitive Efficacy (BEC 96) (visuo-
constructive subscale) (Jacus et al., 2001). Attention and executive
domains were assessed using the Stroop Color and Words Test
(Comalli et al., 1962), as well as two categoric and semantic
verbal fluency tests, as impaired semantic fluency is a predictor
of progression to AD (Vaughan et al., 2018) and categoric fluency
may be impaired in amnesic MCI (Balthazar et al., 2007). In
addition, the patients were evaluated with the Montgomery-
Asberg Depression rating scale (MADRS) (Montgomery and
Asberg, 1979), on 60 points, and the Goldberg anxiety scale
(Goldberg et al., 1987; Huber et al., 1999) on 9 points, to rule out
effects of depression or anxiety on cognitive test results.

Mild cognitive impairment was diagnosed based on the
criteria of Petersen et al. (Petersen et al., 2001), while AD and
AD-like diseases were diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders, 4th Edition (DSM-IV)
and the recommendations of the National Institute on Aging -
Alzheimer’s Association workgroups (McKhann et al., 2011).

TABLE 2 | Cognitive assessment.

Cohort (n =92)

mean = SD (range)
General Cognition
Mini Mental-State Exam (MMSE) 22.0+4.8 (7-30)
Mattis Dementia Rating Scale 117.7 £17.8 (60-143)

(MDRS)

Memory Domain

Wechsler Adult Intelligence Scale -
(WAIS) Digit Span task

Forward (numbers) 44+£09 (37

29408 (2-6

Backward (numbers)

Grober-Bushke Free and Cued
Selective Reminding Test

Encoding (words) 13.8+29 (3-16)
Recall (words) 13.8+9.5 (0-36)
Storage (words) 32.8+14.9 (0-49)
Intrumental Cognition Domain

BEC96 visuo-constructive subscale 85+29 (0-12
(Figures)

Executive Domain

Stroop Color and Word Test

Colors (delay, s) 234 +12.8 (6-70)
Colors (non-corrected mistakes) 03+1.0 (0-6)
Words (delay, s) 421 £ 254 (14-147)
Words (non-corrected mistakes) 11+21 (09
Interference (delay, s) 559+ 245 (15-116)
Interference (non-corrected 83+79 (0-24)
mistakes)

Verbal Fluency Test

Semantics (words) 9.3+6.5 (0.0-34.0
Categories (words) 128 +£6.6 (1.0-33.0)

Vascular risk factors were diagnosed based on a
comprehensive geriatric assessment performed at our geriatric
unit. Blood samples were obtained after a minimum of 10 h
of fasting. The diagnosis of diabetes was attributed with blood
glucose levels above 7 mmol/L, anemia with hemoglobin levels
below 12 (women) or 13 (men) g/dL and inflammation with
CRP levels above 10 mg/L. Likewise, the reference range was
4.1-6.5 mmol/L for total cholesterol, 0.6-1.8 mmol/L for
triglycerides and 35-50 g/L for Albumin. Malnutrition was
defined by Albumin levels <35 g/L.

Statistical Analysis

Descriptive statistics were used to summarize the data.
Shapiro-Wilk tests were used to assess the normality of
distributions. Pearson’s or Spearman’s coefficients were
calculated to identify significant correlations between CSF
flow (ventricular and spinal) and all cognitive test results.
The ventricular CSF flow was correlated with the BEC96
visuo-constructive subscale (r = 0.231, p = 0.037), while the
spinal CSF flow was correlated with the backward WAIS
digit span task (r = 0.251, p = 0.023) and the GB recall
test (r = 0.230, p = 0.054). Multivariable regressions with

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2019 | Volume 11 | Article 87


https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Attier-Zmudka et al.

CSF Flow Association With Cognition

backward selection (criterion p < 0.15) were performed
to determine associations between the aforementioned
cognitive tests and thirteen independent variables, to adjust
for depression, anxiety, and cardiovascular risk factors (Barnes
and Yaffe, 2011) [gender, age, BMI, CSF flow (ventricular),
CSF flow (spinal), MADRS, and Goldberg scores, as well as
presence of diabetes, inflammation, hypercholesterolemia,
hypertriglyceridemia, malnutrition or anemia]. Statistical
analyses were performed using R version 3.3.2 (R Foundation
for Statistical Computing, Vienna, Austria). P-values <0.05 were
considered statistically significant.

RESULTS

The final cohort comprised 71 women (77%) and 21 (33%) men,
aged 84.1 & 5.2 years (range, 73-96), with BMI 25.2 + 4.8 kg/m?
(range, 15.6-40.0) (Table 1). The MADRS score was 7.3 £ 6.6
(range, 0-31), and 4 patients (4.3%) had scores >20, indicating
moderate to severe depression. The Goldberg score was 2.8 + 2.4
(range, 0-9), and 23 patients (25%) had scores >5, indicating
possible anxiety. Net ventricular CSF flow was calculated at
52 + 40 pL/cc (range, 0-210), and net spinal CSF flow at
500 & 295 pL/cc (range, 0-1420). The majority of patients
reported cognitive impairment and overall diagnosis revealed
mild cognitive impairment in 41 patients (46%), vascular
dementia in 11 (12%), AD in 5 (6%), Lewy-body dementia
in 1 (1%), and mixed dementia in 32 (36%). The cognitive
assessment echoed these findings with an MMSE score of
22 + 4.8 (range, 7-30), and a MDRS or 117.7 & 17.8 (range,
60-143) (Table 2).

Multivariable analysis of factors affecting the memory domain
revealed that (i) the WAIS Digit Span Backward results improved
with increasing spinal CSF flow (B = 0.06, CI, 0.01-0.12;
p = 0.034) and were worse for patients with anemia (§ = —0.54,
CI, —0.90 to —0.18; p = 0.004); (ii) the GB recall results increased

with spinal CSF flow (8 = 0.70, CI, —0.01-1.14; p = 0.054) and
were worse in patients with malnutrition (f = —6.30, CI, —10.88
to —1.73; p = 0.008) (Table 3).

Multivariable analysis also revealed that (i) the number of
BEC96 figures recognized increased with ventricular CSF flow
(B = 0.18, CI, 0.02-0.33; p = 0.025) and decreased in patients
with malnutrition (B = —1.48, CI, —2.81 to —0.15; p = 0.029)
(Table 4); (ii) categoric verbal fluency increased with spinal CSF
flow (B = 0.53, CI, 0.07-0.98; p = 0.024) and in men (B = 3.88, CI,
0.68-7.08; p = 0.018), and was decreased in patients with diabetes
(B =—7.48,CI, —11.92 to —3.05; p = 0.001); (iii) semantic verbal
fluency increased with spinal CSF flow (x100) (B = 0.55, CI,
0.07-1.02; p = 0.024) and was decreased in patients with diabetes
(B = —5.08, CI, —9.66 to —0.51; p = 0.030).

DISCUSSION

The main finding of this study is that CSF flow was associated
with cognitive test results. Ventricular CSF flow was associated
with the number of recognized BEC 96 figures, while spinal CSF
flow was associated with the WAIS digit-span backward test,
categoric and semantic verbal fluencies, as well as the Grober-
Buschke recall test (borderline). Taken together, these results
suggest that CSF flow influences memory, visuo-constructive
capacities, and verbal fluency. Interestingly, our findings are
coherent with CSF flow values reported in recent literature. Our
measures of ventricular CSF flow were comparable to values
reported for healthy adults, but higher than those reported for
healthy elderly volunteers, while our measures of spinal CSF
flow were slightly higher than those reported for all elderly
patients, except those with amnesic mild cognitive impairment
(Table 5; Baledent et al., 2004; El Sankari et al., 2011; Puy et al.,
2016).

It is unclear how CSF flow alterations could affect cognition.
While CSF flow could be influenced by blood perfusion

TABLE 3 | Multi-variable regressions to identify factors associated with the memory domain (Backward selection p < 0.15).

WAIS Digit Span Backwards (n = 80)

GB recall (n = 70)

regression coefficient 95% C.l. (range)

p-value regression coefficient 95% C.l. (range) p-value

Male Gender

Age (years)

BMI (kg/m?)

CSF Flow (Ventricular?)
CSF Flow (Spinal®)
Depression (MADRS)
Anxiety (Goldberg)
Diabetes

0.06
-0.02

0.01-0.12)
(~0.04- 0.01)

Inflammation

Hypercholesterolemia

Hypertriglicerydemia

Malnutrition

—0.54

Anemia (—=0.90to —0.18)

0.034
0.162

0.70 (—0.01-1.41) 0.054

—6.01 (-15.39- 3.36) 0.205

—6.30 (—10.88 to —1.73) 0.008

0.004

aregression coefficients given for increments of 10 ul/cc. Pregression coefficients given for increments of 100 ulJ/cc.
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TABLE 4 | Multi-variable regressions to identify factors associated cognitive tests (Backward selection p < 0.15).

BEC96 Figures (n = 78)

Verbal fluency (categoric) (n = 76)

Verbal fluency (semantic) (n = 76)

regression 95% C.I. (range) p-value regression 95% C.l. (range) p-value regression 95% C.I. (range) p-value
coefficient coefficient coefficient

Male Gender 3.88 (0.68-7.08) 0.018

Age

BMI

CSF Flow (Ventricular?) 0.18 (0.02-0.39) 0.025

CSF Flow (Spinal®) 0.53 (0.07-0.98) 0.024 0.55 (0.07-1.02) 0.024

Depression (MADRS)

Anxiety (Goldberg)

Diabetes —7.48 (—=11.92 to —3.05) 0.001 —5.08 (-9.66 to —0.51) 0.030

Inflammation

Hypercholesterolemia

Hypertriglicerydemia

Malnutrition —1.48 (—2.811t0 —-0.15) 0.029 —2.58 (—5.43-0.27) 0.076

Anemia

aregression coefficients given for increments of 10 ul/cc. Pregression coefficients given for increments of 100 ul/cc.

TABLE 5 | CSF flow measures in our cohort and reported in the recent literature.

Author Date Journal Cohort n Ventricular CSF Flow (nL/cc) Spinal CSF Flow (iL/cc)
(year) mean + SD mean + SD

This study - - Hospitalized elderly 92 52 + 40 500 + 295

Puy et al. 2016 Frontiers in Aging Neuroscience CH patients 9 174 £ 174 444 + 188

El Sankari et al. 2011 Fluids and Barriers of the CNS Healthy elderly 12 34 +17 457 + 154

El Sankari et al. 2011 Fluids and Barriers of the CNS aMCl patients 10 73 £33 584 + 152

El Sankari et al. 2011 Fluids and Barriers of the CNS AD patients 9 39 + 18 450 + 221

El Sankari et al. 2011 Fluids and Barriers of the CNS NPH patients 13 167 £ 89 455 + 221

Balédent et al. 2004 Investigative Radiology Healthy adults 16 51+ 25 467 + 147

Balédent et al. 2004 Investigative Radiology CH patients 12 196 + 100 467 + 260

cc, Cardiac Cycle; CH, Communicating Hydrocephalus; aMCl, amnesic mild cognitive impairment; AD, Alzheimer’s disease; NPH, normal-pressure hydrocephalus.

(Baledent et al., 2004), the cognitive picture of altered CSF
flow offered in this study is more reminiscent of AD
(Chakravarty, 2004) rather than vascular dementias, in which
memory deficits are less constant (O’Brien and Thomas,
2015). Impaired CSF flow was shown to affect the local
biochemical composition of CSF (Puy et al, 2016), and
thus, could affect protein clearance. This could lead to
amyloid or phosphorylated tau accumulation in the brain
parenchyma, which are thought to be important elements in
the etiology of AD, and whose concentration in the CSF was
shown to predict clinical development (Wolfsgruber et al.,
2017). This is consistent with ongoing research into CSF
biology suggesting that CSF and interstitial fluid exchange
along a brain-wide perivascular network, linking glial and
vascular function (Simon and Iliff, 2016). This “glymphatic
system” is hypothesized to contribute to neuroinflammation
and neurodegeneration, especially in the aging brain. CSF
flow disruptions are common in AD (Silverberg et al,
2006; Stoquart-ElSankari et al, 2007; Henry-Feugeas and
Intracranial, 2009; Serot et al., 2012), confirming an etiological

role for CSF flow disturbance in the development of late-
onset AD.

Normal pressure hydrocephalus (NPH) is a rare form of
neurocognitive disorder, in the elderly - characterized by the
triad of dementia, gait apraxia and incontinence - thought to
be caused by impaired CSF circulation (Leinonen et al., 2017).
Its effects on cognition are similar to AD, and several studies
(Del Bigio et al., 1997; Bech et al., 1999; Savolainen et al., 1999;
Silverberg et al., 2006) underlined the high prevalence of AD
in patients meeting clinical criteria for hydrocephalus. Results
of hydrocephalus treatment by ventriculoperitoneal shunting are
promising (Silverberg et al., 2002; Nakajima et al., 2018), but a
trial to apply this technique in AD patients showed no benefits
(Silverberg et al., 2008). Thus, it is likely that AD and NPH are
separate disorders, with some clinical similarity. However, due
to its rarity and to partial overlap of symptoms, NPH is often
misdiagnosed as AD. Unlike in AD, where ventricular CSF flow is
normal or decreased (Silverberg et al., 2006), in NPH, ventricular
CSF flow is increased (El Sankari et al., 2011). Measurement
of CSF flow as performed in this study thus presents the
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opportunity to better diagnose neurocognitive disorders of the
elderly and offer appropriate treatment. Further, a proportion
of AD patients is characterized by symptoms resembling NPH
(Silverberg et al., 2002; Chakravarty, 2004), and in light of our
findings, it is likely that CSF flow impairment is responsible for
some cognitive impairment in these patients, who could therefore
benefit from treatment (Attier-Zmudka et al., 2016).

In this study, multivariable analysis revealed negative
associations between diabetes and executive functions (as
indicated by the verbal fluency tests), between malnutrition and
episodic memory and executive function (indicated by the GB
recall test and the categoric verbal fluency test, respectively),
and between anemia and working memory (indicated by the
WAIS digit span backward test). In addition, men had greater
categoric fluency, which could be explained by the fact that
they were on average younger than the women (80 + 4.8 vs.
85 £ 4.9 years, respectively). Our findings are consistent with
the literature: Diabetes is an important predictor of cognitive
decline in the elderly and is associated with deficits in attention
and executive functions (Ryan et al, 2016). Malnutrition is
a broad disorder, but folate levels have been associated with
reduced episodic memory (Hassing et al., 1999). Similarly, low
hemoglobin levels are known to affect memory in the elderly
(Shah et al., 2009).

This study is the first to report direct associations between CSF
flow and cognition, and could improve our understanding of the
complex etiologies and symptoms of neurocognitive disorders
in the elderly. It shows that altered CSF flow is associated
with cognitive deficits in elderly patients, and thus suggests
that treatments aiming at restoring normal CSF flow could
reduce cognitive deficits. This is in accordance with a clinical
observation in our practice, of a patient who recovered from
debilitating neurocognitive disorders after sleep apnea treatment
and ventriculoperitoneal shunting (Attier-Zmudka et al., 2016).
However, this study has certain limitations. First, hydrocephalus
diagnosis could not be performed in these patients, though
it was suspected in several cases. Advanced hydrocephalus
presents a complex etiological picture, and the presence of
these patients in our cohort could affect the results of the

REFERENCES

Attier-Zmudka, J., Serot, J. M., Douadi, Y., Capel, C., Bouzerar, R., and Baledent,
0. (2016). Normal-pressure hydrocephalus, sleep apnea syndrome, and quality
of life in an octagenarian. J. Am. Geriatr. Soc. 64, 1922-1923. doi: 10.1111/jgs.
14422

Baledent, O., Gondry-Jouet, C., Meyer, M. E., De Marco, G., Le Gars, D,
Henry-Feugeas, M. C,, et al. (2004). Relationship between cerebrospinal fluid
and blood dynamics in healthy volunteers and patients with communicating
hydrocephalus. Invest. Radiol. 39, 45-55. doi: 10.1097/01.rli.0000100892.
87214.49

Baledent, O., Henry-Feugeas, M. C., and Idy-Peretti, I. (2001). Cerebrospinal
fluid dynamics and relation with blood flow: a magnetic resonance study with
semiautomated cerebrospinal fluid segmentation. Investig. Radiol. 36, 368-377.
doi: 10.1097/00004424-200107000-00003

Balthazar, M. L. F.,, Cendes, F., and Damasceno, B. P. (2007). Category verbal
fluency performance may be impaired in amnestic mild cognitive impairment.
Dement. Neuropsychol. 1,161-165. doi: 10.1590/51980-57642008dn10200008

study. Second, patients with more severe cognitive deficit had
difficulty in performing the tests, and could not provide data,
so that the multivariable models do not make use of the full
cohort. Third, the scope of the study is limited by the lack
of control group of age-matched patients with no cognitive
impairment, so we cannot extrapolate our findings to the general
population. Finally, our list of competing risk factors was
incomplete, and we were unable to correctly or systematically
assess the patients’ smoking habits, alcohol consumption, or lack
of physical activity.

In conclusion, this study revealed direct associations of
ventricular and spinal CSF flows with cognitive scores in a
geriatric population with cognitive impairment. CSF flow was
associated with memory, visuo-constructive ability and verbal
fluency. It is therefore possible that CSF flow alterations are
responsible for at least a part of the cognitive deficit observed
in our patients. Better diagnosis and treatment of CSF flow
alterations in geriatric patients suffering from neurocognitive
disorders is therefore recommended.

ETHICS STATEMENT

Written informed consent was obtained from all patients
for their participation and confirmed by their next-of-kin if
necessary. The study protocol was approved by an independent
Ethical Review Board (CPP Amiens: 2015/6) and the National
Data Protection Authority (CNIL:150075B-31). The study was
registered in clinicaltrials.gov (NCT02578303). All procedures
were performed according to the Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

JA-Z and OB designed the study, collected the data, and edited the
manuscript. J-MS designed the study and edited the manuscript.
JV wrote and edited the manuscript and performed the statistics.
MS wrote and edited the manuscript. A-SM, SD, and YD collected
the data. MD and KM validated the statistics.

Balusu, S., Brkic, M., Libert, C., and Vandenbroucke, R. E. (2016). The choroid
plexus-cerebrospinal fluid interface in Alzheimer’s disease: more than just a
barrier. Neural Regen. Res. 11, 534-537. doi: 10.4103/1673-5374.180372

Barnes, D. E., and Yaffe, K. (2011). The projected effect of risk factor reduction
on Alzheimer’s disease prevalence. Lancet Neurol. 10, 819-828. doi: 10.1016/
S1474-4422(11)70072-2

Bech, R. A., Waldemar, G., Gjerris, F., Klinken, L., and Juhler, M. (1999). Shunting
effects in patients with idiopathic normal pressure hydrocephalus; correlation
with cerebral and leptomeningeal biopsy findings. Acta Neurochir. 141,
633-639.

Brinker, T., Stopa, E., Morrison, J., and Klinge, P. (2014). A new look at
cerebrospinal fluid circulation. Fluids Barriers CNS 11:10. doi: 10.1186/2045-
8118-11-10

Buschke, H. (1984). Cued recall in amnesia. J. Clin. Neuropsychol. 6, 433-440.
doi: 10.1080/01688638408401233

Chakravarty, A. (2004). Unifying concept for Alzheimers disease, vascular
dementia, and normal pressure hydrocephalus - a hypothesis. Med. Hypotheses
63, 827-833. doi: 10.1016/j.mehy.2004.03.029

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2019 | Volume 11 | Article 87


http://clinicaltrials.gov
https://doi.org/10.1111/jgs.14422
https://doi.org/10.1111/jgs.14422
https://doi.org/10.1097/01.rli.0000100892.87214.49
https://doi.org/10.1097/01.rli.0000100892.87214.49
https://doi.org/10.1097/00004424-200107000-00003
https://doi.org/10.1590/s1980-57642008dn10200008
https://doi.org/10.4103/1673-5374.180372
https://doi.org/10.1016/S1474-4422(11)70072-2
https://doi.org/10.1016/S1474-4422(11)70072-2
https://doi.org/10.1186/2045-8118-11-10
https://doi.org/10.1186/2045-8118-11-10
https://doi.org/10.1080/01688638408401233
https://doi.org/10.1016/j.mehy.2004.03.029
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Attier-Zmudka et al.

CSF Flow Association With Cognition

Coblentz, J. M., Mattis, S., Zingesser, L. H., Kasoff, S. S., Wisniewski, H. M., and
Katzman, R. (1973). Presenile dementia. Clinical aspects and evaluation of
cerebrospinal fluid dynamics. Arch. Neurol. 29, 299-308.

Comalli, P. E. Jr., Wapner, S., and Werner, H. (1962). Interference effects of Stroop
color-word test in childhood, adulthood, and aging. J. Genet. Psychol. 100,
47-53. doi: 10.1080/00221325.1962.10533572

Daouk, J., Bouzerar, R., Chaarani, B., Zmudka, J., Meyer, M. E., and Baledent,
O. (2016). Use of dynamic (18)F-fluorodeoxyglucose positron emission
tomography to investigate choroid plexus function in Alzheimer’s disease. Exp.
Gerontol. 77, 62-68. doi: 10.1016/j.exger.2016.02.008

Del Bigio, M. R., Cardoso, E. R., and Halliday, W. C. (1997). Neuropathological
changes in chronic adult hydrocephalus: cortical biopsies and autopsy findings.
Can. J. Neurol. Sci. 24, 121-126. doi: 10.1017/s0317167100021442

Egnor, M., Zheng, L., Rosiello, A., Gutman, F., and Davis, R. (2002). A model of
pulsations in communicating hydrocephalus. Pediatr. Neurosurg. 36, 281-303.
doi: 10.1159/000063533

El Sankari, S., Gondry-Jouet, C., Fichten, A., Godefroy, O., Serot, J. M., Deramond,
H., et al. (2011). Cerebrospinal fluid and blood flow in mild cognitive
impairment and Alzheimer’s disease: a differential diagnosis from idiopathic
normal pressure hydrocephalus. Fluids Barriers CNS 8:12. doi: 10.1186/2045-
8118-8-12

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). Mini-mental state".
A practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189-198.

Gardner, R. Jr., Oliver-Munoz, S., Fisher, L., and Empting, L. (1981). Mattis
dementia rating scale: internal reliability study using a diffusely impaired
population. J. Clin. Neuropsychol. 3,271-275. doi: 10.1080/01688638108403130

Goldberg, D. P., Bridges, K., Duncan-Jones, P., and Grayson, D. (1987).
Dimensions of neuroses seen in primary-care settings. Psychol. Med. 17,
461-470.

Grober, E., Buschke, H., Crystal, H., Bang, S., and Dresner, R. (1988). Screening for
dementia by memory testing. Neurology 38, 900-903.

Grober, E., and Kawas, C. (1997). Learning and retention in preclinical and
early Alzheimer’s disease. Psychol. Aging. 12, 183-188. doi: 10.1037/0882-7974.
12.1.183

Hassing, L., Wahlin, A., Winblad, B., and Backman, L. (1999). Further evidence on
the effects of vitamin B12 and folate levels on episodic memory functioning:
a population-based study of healthy very old adults. Biol. Psychiatr. 45,
1472-1480. doi: 10.1016/s0006-3223(98)00234-0

Henry-Feugeas, M. C., and Intracranial, M. R. (2009). dynamics in
clinically diagnosed Alzheimer’s disease: the emerging concept of
"pulse wave encephalopathy". ~Curr. Alzheimer Res. 6, 488-502.

doi: 10.2174/156720509790147124

Hersch, E. L. (1979). Development and application of the extended scale for
dementia. J. Am. Geriatr. Soc. 27, 348-354. doi: 10.1111/j.1532-5415.1979.
tb06056.x

Hill, B. D., Elliott, E. M., Shelton, J. T., Pella, R. D., O’Jile, J. R., and Gouvier,
W. D. (2010). Can we improve the clinical assessment of working memory?
An evaluation of the wechsler adult intelligence scale-third edition using a
working memory criterion construct. J. Clin. Exp. Neuropsychol. 32, 315-323.
doi: 10.1080/13803390903032529

Huber, P., Mulligan, R., Mackinnon, A., Nebuloni-French, T., and Michel, J. P.
(1999). Detecting anxiety and depression in hospitalised elderly patients using a
brief inventory. Eur. Psychiatr. 14, 11-16. doi: 10.1016/s0924-9338(99)80710-x

Iverson, G. L., and Tulsky, D. S. (2003). Detecting malingering on the WAIS-
III. Unusual digit span performance patterns in the normal population and in
clinical groups. Arch. Clin. Neuropsychol. 18, 1-9. doi: 10.1016/s0887-6177(01)
00176-7

Jacobson, E. E., Fletcher, D. F., Morgan, M. K., and Johnston, I. H. (1996). Fluid
dynamics of the cerebral aqueduct. Pediatr. Neurosurg. 24, 229-236. doi: 10.
1159/000121044

Jacus, J. P., Martin, C., Ailleret-Jean, C., Courcet, L., Delmotte-Tsocanakis, G.,
Faraldi, O., et al. (2001). [Cognitive aging in chronic psychotic patients]. Presse
Med. 30(25 Pt 1), 1246-1252.

Kalafat, M., Poitrenaud, J., and Hugonot-Diener, L. (2003). The Mini Mental
State (MMS): french standardization and normative data [Standardisation et
étalonnage francais du "Mini Mental State” (MMS) version GRECO]. Rev.
Neuropsychol. 13, 209-236.

Launer, L. J. (2002). Demonstrating the case that AD is a vascular disease:
epidemiologic evidence. Ageing Res. Rev. 1,61-77. doi: 10.1016/s0047-6374(01)
00364-5

Leinonen, V., Vanninen, R., and Rauramaa, T. (2017). Cerebrospinal fluid
circulation and hydrocephalus. Handb. Clin. Neurol. 145, 39-50. doi: 10.1016/
B978-0-12-802395-2.00005-5

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T, Jack, C. R. Jr.,
Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s
disease: recommendations from the national institute on aging-Alzheimer’s
association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 7, 263-269. doi: 10.1016/j.jalz.2011.03.005

Montgomery, S. A., and Asberg, M. A. (1979). new depression scale designed to be
sensitive to change. Br. J. Psychiatry 134, 382-389. doi: 10.1192/bjp.134.4.382

Nakajima, M., Miyajima, M., Ogino, I, Akiba, C., Kawamura, K., Kurosawa,
M., et al. (2018). Shunt intervention for possible idiopathic normal
pressure hydrocephalus improves patient outcomes: a nationwide hospital-
based survey in japan. Front. Neurol. 9:421. doi: 10.3389/fneur.2018.
00421

Nilsson, C., Stahlberg, F., Gideon, P., Thomsen, C., and Henriksen, O. (1994). The
nocturnal increase in human cerebrospinal fluid production is inhibited by a
beta 1-receptor antagonist. Am. J. Physiol. 267(6 Pt 2), R1445-R1448.

O’Brien, J. T., and Thomas, A. (2015). Vascular dementia. Lancet 386, 1698-1706.
doi: 10.1016/S0140-6736(15)00463- 8

Oreskovic, D., and Klarica, M. (2010). The formation of cerebrospinal fluid: nearly
a hundred years of interpretations and misinterpretations. Brain Res. Rev. 64,
241-262. doi: 10.1016/j.brainresrev.2010.04.006

Oreskovic, D., and Klarica, M. (2014). A new look at cerebrospinal fluid movement.
Fluids Barriers CNS 11:16. doi: 10.1186/2045-8118-11-16

Oreskovic, D., Rados, M., and Klarica, M. (2017a). New concepts of cerebrospinal
fluid physiology and development of hydrocephalus. Pediatr. Neurosurg. 52,
417-425. doi: 10.1159/000452169

Oreskovic, D., Rados, M., and Klarica, M. (2017b). Role of choroid plexus in
cerebrospinal fluid hydrodynamics. Neuroscience 354, 69-87. doi: 10.1016/j.
neuroscience.2017.04.025

Petersen, R. C., Doody, R., Kurz, A., Mohs, R. C., Morris, J. C., Rabins, P. V.,
et al. (2001). Current concepts in mild cognitive impairment. Arch. Neurol. 58,
1985-1992.

Puy, V., Zmudka-Attier, J., Capel, C., Bouzerar, R,, Serot, ]. M., Bourgeois, A. M.,
etal. (2016). Interactions between flow oscillations and biochemical parameters
in the cerebrospinal fluid. Front. Aging Neurosci. 8:154. doi: 10.3389/fnagi.2016.
00154

Rubenstein, E. (1998). Relationship of senescence of cerebrospinal fluid circulatory
system to dementias of the aged. Lancet 351, 283-285. doi: 10.1016/s0140-
6736(97)09234-9

Ryan, C. M., van Duinkerken, E., and Rosano, C. (2016). Neurocognitive
consequences of diabetes. Am. Psychol. 71, 563-576. doi: 10.1037/a0040455

Savolainen, S., Paljarvi, L., and Vapalahti, M. (1999). Prevalence of Alzheimer’s
disease in patients investigated for presumed normal pressure hydrocephalus:
a clinical and neuropathological study. Acta Neurochir. 141, 849-853. doi:
10.1007/s007010050386

Serot, J. M., Bene, M. C., Foliguet, B., and Faure, G. C. (2000). Morphological
alterations of the choroid plexus in late-onset Alzheimers disease. Acta
Neuropathol. 99, 105-108. doi: 10.1007/pl00007412

Serot, J. M., Zmudka, J., and Jouanny, P. (2012). A possible role for CSF turnover
and choroid plexus in the pathogenesis of late onset Alzheimer’s disease.
J. Alzheimers Dis. 30, 17-26. doi: 10.3233/JAD-2012-111964

Shah, R. C., Wilson, R. S., Tang, Y., Dong, X., Murray, A., and Bennett, D. A.
(2009). Relation of hemoglobin to level of cognitive function in older persons.
Neuroepidemiology 32, 40-46. doi: 10.1159/000170905

Silverberg, G., Mayo, M., Saul, T., Fellmann, J., and McGuire, D. (2006). Elevated
cerebrospinal fluid pressure in patients with Alzheimer’s disease. Cerebrospinal
Fluid Res. 3:7.

Silverberg, G. D., Levinthal, E., Sullivan, E. V., Bloch, D. A., Chang, S. D., Leverenz,
J., et al. (2002). Assessment of low-flow CSF drainage as a treatment for AD:
results of a randomized pilot study. Neurology 59, 1139-1145. doi: 10.1212/01.
wnl.0000031794.42077.al

Silverberg, G. D., Mayo, M., Saul, T., Fellmann, J., Carvalho, J., and McGuire,
D. (2008). Continuous CSF drainage in AD: results of a double-blind,

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2019 | Volume 11 | Article 87


https://doi.org/10.1080/00221325.1962.10533572
https://doi.org/10.1016/j.exger.2016.02.008
https://doi.org/10.1017/s0317167100021442
https://doi.org/10.1159/000063533
https://doi.org/10.1186/2045-8118-8-12
https://doi.org/10.1186/2045-8118-8-12
https://doi.org/10.1080/01688638108403130
https://doi.org/10.1037/0882-7974.12.1.183
https://doi.org/10.1037/0882-7974.12.1.183
https://doi.org/10.1016/s0006-3223(98)00234-0
https://doi.org/10.2174/156720509790147124
https://doi.org/10.1111/j.1532-5415.1979.tb06056.x
https://doi.org/10.1111/j.1532-5415.1979.tb06056.x
https://doi.org/10.1080/13803390903032529
https://doi.org/10.1016/s0924-9338(99)80710-x
https://doi.org/10.1016/s0887-6177(01)00176-7
https://doi.org/10.1016/s0887-6177(01)00176-7
https://doi.org/10.1159/000121044
https://doi.org/10.1159/000121044
https://doi.org/10.1016/s0047-6374(01)00364-5
https://doi.org/10.1016/s0047-6374(01)00364-5
https://doi.org/10.1016/B978-0-12-802395-2.00005-5
https://doi.org/10.1016/B978-0-12-802395-2.00005-5
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1192/bjp.134.4.382
https://doi.org/10.3389/fneur.2018.00421
https://doi.org/10.3389/fneur.2018.00421
https://doi.org/10.1016/S0140-6736(15)00463-8
https://doi.org/10.1016/j.brainresrev.2010.04.006
https://doi.org/10.1186/2045-8118-11-16
https://doi.org/10.1159/000452169
https://doi.org/10.1016/j.neuroscience.2017.04.025
https://doi.org/10.1016/j.neuroscience.2017.04.025
https://doi.org/10.3389/fnagi.2016.00154
https://doi.org/10.3389/fnagi.2016.00154
https://doi.org/10.1016/s0140-6736(97)09234-9
https://doi.org/10.1016/s0140-6736(97)09234-9
https://doi.org/10.1037/a0040455
https://doi.org/10.1007/s007010050386
https://doi.org/10.1007/s007010050386
https://doi.org/10.1007/pl00007412
https://doi.org/10.3233/JAD-2012-111964
https://doi.org/10.1159/000170905
https://doi.org/10.1212/01.wnl.0000031794.42077.a1
https://doi.org/10.1212/01.wnl.0000031794.42077.a1
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Attier-Zmudka et al.

CSF Flow Association With Cognition

randomized, placebo-controlled study. Neurology 71, 202-209. doi: 10.1212/01.
wnl.0000316197.04157.6f

Silverberg, G. D., Mayo, M., Saul, T., Rubenstein, E., and McGuire, D. (2003).
Alzheimer’s disease, normal-pressure hydrocephalus, and senescent changes
in CSF circulatory physiology: a hypothesis. Lancet Neurol. 2, 506-511.
doi: 10.1016/s1474-4422(03)00487-3

Simon, M. J., and Iliff, J. J. (2016). Regulation of cerebrospinal fluid (CSF) flow
in neurodegenerative, neurovascular and neuroinflammatory disease. Biochim.
Biophys. Acta 1862, 442-451. doi: 10.1016/j.bbadis.2015.10.014

Sohn, R. S., Siegel, B. A., Gado, M., and Torack, R. M. (1973). Alzheimer’s disease
with abnormal cerebrospinal fluid flow. Neurology 23, 1058-1065.

Stoquart-ElSankari, S., Baledent, O., Gondry-Jouet, C., Makki, M., Godefroy, O.,
and Meyer, M. E. (2007). Aging effects on cerebral blood and cerebrospinal fluid
flows. J. Cereb. Blood Flow Metab. 27, 1563-1572. doi: 10.1038/sj.jcbfm.9600462

Van der Linden, M., and Juillerat, A. C. (2004). [Neuropsychological rehabilitation
in early stage Alzheimer’s disease: principles, methods and perspectives]. Rev.
Neurol. 160(4 Pt 2), S64-S70.

Vaughan, R. M., Coen, R. F,, Kenny, R., and Lawlor, B. A. (2018). Semantic and
phonemic verbal fluency discrepancy in mild cognitive impairment: potential
predictor of progression to Alzheimer’s disease. J. Am. Geriatr. Soc. 66,755-759.
doi: 10.1111/jgs.15294

Weller, R. O., Massey, A., Kuo, Y. M., and Roher, A. E. (2000). Cerebral amyloid
angiopathy: accumulation of A beta in interstitial fluid drainage pathways in

Alzheimer’s disease. Ann. N. Y. Acad. Sci. 903, 110-117. doi: 10.1111/j.1749-
6632.2000.tb06356.x

Wolfsgruber, S., Polcher, A., Koppara, A., Kleineidam, L., Frolich, L.,
Peters, O., et al. (2017). Cerebrospinal fluid biomarkers and clinical
progression in patients with subjective cognitive decline and mild
cognitive impairment. J. Alzheimers Dis. 58, 939-950. doi: 10.3233/jad-
161252

Conflict of Interest Statement: MS and JV are employed by ReSurg SA (research
consulting firm that was paid by St Quentin Hospital to perform statistical analyses
and write the manuscript).

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Attier-Zmudka, Sérot, Valluy, Saffarini, Macaret, Diouf, Dao,
Douadi, Malinowski and Balédent. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2019 | Volume 11 | Article 87


https://doi.org/10.1212/01.wnl.0000316197.04157.6f
https://doi.org/10.1212/01.wnl.0000316197.04157.6f
https://doi.org/10.1016/s1474-4422(03)00487-3
https://doi.org/10.1016/j.bbadis.2015.10.014
https://doi.org/10.1038/sj.jcbfm.9600462
https://doi.org/10.1111/jgs.15294
https://doi.org/10.1111/j.1749-6632.2000.tb06356.x
https://doi.org/10.1111/j.1749-6632.2000.tb06356.x
https://doi.org/10.3233/jad-161252
https://doi.org/10.3233/jad-161252
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Decreased Cerebrospinal Fluid Flow Is Associated With Cognitive Deficit in Elderly Patients
	Introduction
	Materials and Methods
	Data Acquisition
	Data Analysis
	Neurocognitive Assessment
	Statistical Analysis

	Results
	Discussion
	Ethics Statement
	Author Contributions
	References


