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Abstract

Interstitial fluid movement in the brain parenchyma has been suggested to contribute to sustaining the
metabolism in brain parenchyma and maintaining the function of neurons and glial cells. The pulsatile
hydrostatic pressure gradient may be one of the driving forces of this bulk flow. However, osmotic pres-
sure-related factors have not been studied until now. In this prospective observational study, to elucidate
the relationship between osmolality (mOsm/kg) in the serum and that in the cerebrospinal fluid (CSF),
we simultaneously measured the serum and CSF osmolality of 179 subjects with suspected neurological
conditions. Serum osmolality was 283.6 + 6.5 mOsm/kg and CSF osmolality was 289.5 + 6.6 mOsm/kg.
Because the specific gravity of serum and CSF is known to be 1.024-1.028 and 1.004-1.007, respectively,
the estimated average of osmolarity (mOsm/L) in the serum and CSF covered exactly the same range (i.e.,
290.5-291.5 mOsm/L). There was strong correlation between CSF osmolality and serum osmolality, but the
difference in osmolality between serum and CSF was not correlated with serum osmolality, serum electro-
lyte levels, protein levels, or quotient of albumin. In conclusion, CSF osmolarity was suggested to be equal
to serum osmolarity. Osmolarity is not one of the driving forces of this bulk flow. Other factors such as hy-
drostatic pressure gradient should be used to explain the mechanism of bulk flow in the brain parenchyma.
This study was approved by the Institutional Review Board of the Tohoku University Hospital (approval No.
IRB No. 2015-1-257) on July 29, 2015.
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Introduction

The concept of fluid dynamics in the central nervous system
(CNS) has dramatically changed in the last decades. The fluid
circulation within the CNS was once believed to occur sim-
ply from the arteries to the veins, and to be totally indepen-
dent from circulation of cerebrospinal fluid (CSF) (Bering,
1955; Whedon and Glassey, 2009; Veening and Barendregt,
2010). In other words, circulation of CSF was believed to be
completely independent from the fluid circulation inside the
CNS. Recently, a new concept known as “glymphatic system”
has been proposed and experimentally confirmed (Iliff et al.,
2013; Nedergaard, 2013; Hladky and Barrand, 2014, 2016).
In the glymphatic hypothesis, interstitial fluid in the CNS is
discharged into the perivascular spaces, which consist of a
continuum of CSF around the CNS. This drainage system is
suggested to discharge dissolved toxic metabolites and car-
bon dioxide from the brain parenchyma into the CSF around
the CNS (Eugene and Masiak, 2015; Akaishi et al., 2019). At
present, one of the primary driving forces producing such
slow bulk flow in the brain parenchyma is expected to be
the hydrostatic pressure gradient from the arteries to the
brain parenchyma (Papisov et al., 2013; Hladky and Barrand,
2014). However, when we think of the factors producing
bulk flow within the parenchyma, difference in some un-
identified factors from the cerebral arteries to the CSF sur-
rounding the CNS will be needed. Osmotic pressure-based
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fluid movement may be one of the factors regulating such
bulk flow of interstitial fluid (Stohrer et al., 2000; Hladky and
Barrand, 2014). Rosenberg et al. (1980) showed that intrave-
nous administration of 1.5-3.0 g/kg mannitol to the animals
led to inflow of fluid into gray matter from the ventricles.
Even in human subjects, some previous reports suggested
that drastic change of the osmotic pressure in the blood or in
the CSF may trigger neurological symptoms (Martin, 2004;
Giuliani and Peri, 2014; Akaishi et al., 2018a, b). It is likely
that an abnormal osmolarity difference between the serum
and the CSF may cause neuronal and glial dysfunctions by
disturbing the bulk flow within the parenchyma.

In this prospective observational study, we simultaneously
collected data associated with the osmotic pressure from
both serum and the CSF from a large number of human sub-
jects to determine whether the osmotic pressures in serum
and CSF contribute to producing the supposed bulk flow
in the central nervous system. Also, we tried to identify the
possible factors that produce such an osmolality gradient, if
any, between serum and CSE

Subjects and Methods

Subjects

In this prospective observational study, patients with sus-
pected miscellaneous neurological disorders, who under-
went blood testing and a lumbar puncture in Tohoku Uni-
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versity Hospital (Japan) between November 2015 and March
2017 were asked to be enrolled. Therefore, 179 consecutive
inpatients agreed to participate in this study. The eventual
definite diagnoses of the enrolled subjects included polyneu-
ropathy (n = 28) as well as motor neuron diseases consisting
of amyotrophic lateral sclerosis (n = 22), multiple sclerosis
(n = 14), myelitis or myelopathy (n = 13), spinocerebellar
degeneration (n = 8), Parkinson’s disease (n = 6), multiple
system atrophy (n = 6), neuromyelitis optica spectrum dis-
orders (n = 5), epilepsy (n = 4), sarcoidosis (n = 4), spastic
paraplegia (n = 4), Creutzfeldt-Jakob disease (n = 3), psy-
chosomatic disorder (n = 3), and other miscellaneous condi-
tions (n = 59). Among the 179 subjects, 102 were male and
77 were female. The age during the sample collection was
55.5 + 17.5 years (mean + standard deviation). None of the
included patients suffered from diseases that are known to
cause osmotic pressure abnormality, such as the syndrome of
inappropriate antidiuretic hormone secretion (SIADH). This
study was approved by the Institutional Review Board of the
Tohoku University Hospital (approval No. IRB No. 2015-1-
257) on July 29, 2015 and conducted in accordance with the
Declaration of Helsinki. Written informed consent was ob-
tained from all enrolled patients.

Studied variables and sample measurement

The following variables were comprehensively collected
from the enrolled subjects: age, diagnosis, serum and CSF
osmolality [mOsm/kg], serum sodium ion level, serum po-
tassium ion level, serum and CSF chloride ion levels, serum
and CSF total protein levels, serum and CSF albumin levels,
serum and CSF immunoglobulin G (IgG) levels, serum and
CSF glucose levels, and cell count in the CSF. Based on these
measured variables, the albumin quotient (QAlb), quotient
of IgG (QIgG), and the IgG index were calculated. The IgG
index was calculated based on the following equation (Tib-
bling et al., 1977; Blennow et al., 1994):

(CSF IgG/serum IgG)
(CSF albumin/serum albumin)

IgG-index = 245 —

Qaib

The difference in osmolality between serum and CSF
(A-osmolality) was calculated in each subject by the follow-
ing equation:

A-osmolality [mOsm/kg] = CSF osmolality — serum osmolality

Serum samples were prepared by centrifugation at 2000—
2500 x g for 5 minutes, and the following measurements of
serum substances were swiftly performed after centrifuga-
tion. Serum and CSF osmolality was measured by freezing
point depression method using OSMO STATIONTM OM-
6060 (Arkray, Kyoto, Japan). Serum and CSF sample mea-
surements were performed within 120 minutes. Because the
specific gravity for each acquired sample was not measured,
data from previous reports were utilized to estimate serum
and CSF osmolarity [mOsm/L] based on the acquired osmo-
lality [mOsm/kg]. The range of specific gravity in serum was
regarded to be 1.024-1.028 and that in the CSF was regarded
to be 1.004—1.007 (Araki et al., 2012; Lee et al., 2015).

Statistical analysis

Osmotic pressure-related variables between serum and CSF
were compared using a paired t-test. The correlation coeffi-
cient between each pair of studied variables was calculated
using the Pearson’s correlation coefficient. Multiple regres-
sion analysis was also performed to assess the relationship
between each fraction of osmolality and the achieved A-os-
molality within the enrolled subjects.

Because multiple comparisons were simultaneously per-
formed, a P-value < 0.01 was regarded as statistically signif-
icant. Based on the same reason, 99% confidence intervals
(CI) of the estimated correlation coeflicients in the studied
pairs were calculated. Statistical analyses were conducted
using either SPSS Statistics Base 22 software (IBM, Armonk,
NY, USA) or MATLAB R2015a (MathWorks, Natick, MA,
USA).

Results

Measurements of blood and CSF data

Measurements of laboratory serum and CSF data are shown
in Table 1. Osmolality levels and chloride ion levels were
significantly higher in the CSF than those in the serum. As
described later, CSF osmolality was slightly greater than
serum osmolality in most of the studied subjects with the
difference of 0-12 mOsm/kg. The types of neurological dis-
orders of the enrolled subjects did not significantly affect the
value of serum osmolality, CSF osmolality, or A-osmolality.
The grouped scatter plots of serum osmolality, CSF osmolal-
ity, and A-osmolality among the enrolled subjects are shown
in Figure 1. As described above, if we regard the estimated
range of specific gravity in serum to be 1.024-1.028 and
that in CSF to be 1.004-1.007, the estimated average of the
osmolarity [mOsm/L] in serum will be 290.4-291.5 and that
in CSF will be 290.7-291.5, both of which are almost totally
overlapped.

Correlation coefficients between the osmolality and other
laboratory data

To assess the relationship between the value of A-osmolal-
ity and each of the osmotic pressure-related variables, we
evaluated the correlation coefficients between the measured
osmolalities (i.e., serum osmolality, CSF osmolality, A-osmo-
lality) and other laboratory data. The correlation coefficient

Table 1 Laboratory blood and CSF data

Pairs (n) Venous blood CSF P-value

Osmolality 179 283.6%6.5 289.5+£6.6 < 0.0001
(mOsm/kg)

Chloride ion 157 104.2+3.0 126.5+3.2 < 0.0001
(mEq/L)

Total protein (g/dL) 170 6.78+0.56 0.05+0.03 < 0.0001
Albumin (g/dL) 168 4.04+0.49 0.03+£0.02 < 0.0001
IgG (mg/dL) 162 11234335 42428  <0.0001
Glucose (mg/dL) 173 101.7£30.1 61.1+15.0 < 0.0001

Data are expressed as the mean + SD. The shown P-values are the results
of the paired t-test. CSF: Cerebrospinal fluid; IgG: immunoglobulin G;
SD: standard deviation.

945



Akaishi T, Takahashi T, Nakashima I, Abe M, Aoki M, Ishii T (2020) Osmotic pressure of serum and cerebrospinal fluid in patients with
suspected neurological conditions. Neural Regen Res 15(5):944-947. doi:10.4103/1673-5374.268906

P <0.0001
330

320

310

300

290

280

Osmolality (mOsm/kg)
A-osmolality (mOsm/kg)

270

260

250

Serum CSF

matrix is shown in Table 2. The osmolality of CSF showed a
very strong positive correlation with serum osmolality, and
also showed a strong positive correlation with serum sodium
ion level (P < 0.0001 for both). Meanwhile, CSF osmolality
and A-osmolality did not correlate with QAlb, QIgG, IgG-in-
dex or CSF cell count (P = 0.01 for all). Lastly, a multiple
regression analysis was performed using A-osmolality as the
objective variable. Sex, age, serum and CSF protein levels,
serum and CSF chloride levels, and serum and CSF glucose
levels were used as the explanatory variables. None of the
above-described explanatory variables were significantly
correlated with the value of A-osmolality (P = 0.10 for all
variables).

Discussion

In this study, to further elucidate the physiological mecha-
nisms of bulk flow in the CNS, we focused on the osmotic
pressure in the blood and the CSE. In each subject, CSF os-
molality (mOsm/kg) was slightly higher than serum osmo-
lality. The observed osmolality difference was independent
of age, sex, and type of neurological conditions. Moreover,
based on the assumption that the specific gravity of serum is
1.024-1.028 and that of the CSF is 1.004-1.007, the deduced
serum and CSF osmolarity was estimated to be 290-292
mOsm/L. This study showed that CSF osmolality was
strongly correlated with serum sodium ion levels, but it did
not correlate with protein levels or QAIb, a supposed marker
of blood-brain barrier (BBB) (Chen, 2011; Akaishi et al.,
2015). These results suggest that the level of CSF osmolality
is not regulated by CSF protein level or the permeability of
BBB, but it is regulated simply by serum electrolyte level and
the relatively free movement of water molecules across the
blood-CSF barrier.

The interstitial fluid of the brain parenchyma is believed
to be mostly produced by slow bulk flow from the capillary
side to the CSF side in the concept of glymphatic hypothesis
(Nedergaard, 2013; Hladky and Barrand, 2014, 2016; Nakada
and Kwee, 2019). The achieved results showed that the cal-
culated osmolarity [mOsm/L] was exactly the same between
serum and CSE, implying that osmotic pressure is not one of
the driving forces to produce the bulk flow within the brain
parenchyma. This result further supports the previous stud-
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Figure 1 Difference in osmolality
51 between serum and CSE.
The osmolality (mOsm/kg) was signifi-
10+ cantly higher in CSF than in serum (P <
0.0001; n = 179, paired t-test). Almost all
of the subjects showed positive values for
5¢ A-osmolality. CSF: Cerebrospinal fluid;
A-Osm: difference in osmolality between
0 serum and CSE.
-5+
-10L

Table 2 Correlation coefficient matrix between osmolality and other
laboratory tests

Serum
osmolality CSF osmolality ~ A-Osmolality
Serum - 0.917" —0.144
osmolality
(0.880-0.943)  (—0.327-0.049)
CSF osmolality — - 0.262™
(0.074-0.432)
Age 0.244" 0.183 -0.148
(0.049-0.421)  (-0.015-0.367) (—0.335-0.051)
Serum Na" 0.648™ 0.709™ 0.096
(0.501-0.758)  (0.582-0.803)  (—0.124-0.307)
Serum K* 0.151 0.017 —-0.295
(~0.099-0.383) (—0.230-0.262) (—0.504— —0.052)
Serum CI° 0.421™ 0.527"™ 0.187
(0.196-0.604)  (0.323-0.684)  (—0.061-0.413)
CSF CI” 0.713™ 0.786™ 0.122
(0.570-0.813)  (0.673-0.863)  (—0.122-0.351)
Serum TP 0.237 0.194 -0.105
(~0.020-0.465) (—0.065-0.429) (—0.351-0.155)
CSF TP -0.229 -0.322" —-0.199
(~0.437-0.002) (—0.514——0.098) (—0.411-0.034)
QAIlb -0.102 —0.192 -0.175
(-0.351-0.160) (—0.429-0.070) (—0.415-0.087)
CSF-CC —-0.001 —0.069 —0.142
(-0.225-0.223) (-0.288-0.157)  (—0.355-0.084)
IgG-index -0.139 —0.231 —-0.099

(-0.413-0.158) (—0.489-0.064) (—0.379-0.198)

A list of Pearson’s correlation coeflicients (r) with the 99% confidence
intervals. A-Osmolality is the difference of osmolality between CSF
and venous blood. A(TP-Alb) is the difference between the serum total
protein level and the serum albumin level. CSF: Cerebrospinal fluid;
CSF-CC: cell count in the cerebrospinal fluid; IgG: immunoglobulin G;
QALDb: quotient of albumin; QIgG: quotient of immunoglobulin G; TP:
total protein. *P < 0.01, **P < 0.001, *#**P < 0.0001.

ies reporting that the primary driving force of the bulk flow
in the brain parenchyma may be the hydrostatic pressure
gradient (Iliff et al., 2013; Smith et al., 2017; Mestre et al.,
2018).

There are some limitations to this study. First, the data
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were collected from human subjects with suspected neuro-
logical disorders, but not from healthy controls. Second, the
specific gravity of each acquired sample was not measured
in this study. Thus, serum and CSF osmolarity [mOsm/]] is
exactly the same, we need to collect samples from subjects
without neurological disorders, such as pre-operative pa-
tients receiving lumbar anesthesia. Third, serum osmolality
(mOsm/kg) and other serum laboratory data were measured
using venous blood, but not arterial blood. The electrolyte
levels seem to be similar between the venous blood and the
arterial blood, but this has not been validated by clinical
studies. Thus, strictly speaking, we need to simultaneously
collect arterial blood and CSF, together with the data of the
specific gravity. Serum and CSF osmolarity (mOsm/L) is tru-
ly the same. Osmotic pressure gradient does not contribute
to producing the fluid movement in the brain parenchyma.
The last limitation is that serum osmolality could have been
affected by the sample processing, such as centrifugation. To
solve this problem, whole blood without any sample process-
ing should be used to evaluate the osmolality in the blood.
However, because the plasma level of fibrinogen is usually
less than 10% of the total plasma proteins, so the effect of
sample processing on serum osmolality seems to be minimal
and negligible.

To conclude, CSF osmolality (mOsm/kg) is higher than se-
rum osmolality, but the estimated osmolarities (mOsm/L) of
the serum and the CSF were exactly the same. Thus, osmotic
pressure would not be one of the factors to produce the bulk
flow in the brain parenchyma. Rather, hydrostatic pressure
gradient from the arterial side to the venous or CSF side
would be the primary driving force to realize fluid movement
within the brain parenchyma.
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