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Abstract

The aim of this study was to quantitatively evaluate the function of the cranial diploic and spinal epidural veins
as cerebrospinal fluid (CSF) drainage pathways by measuring lipocalin-type prostaglandin D synthase (PGDS)
and cystatin C (CysC) dissolved in the blood of these veins. This was a prospective study involving 51
consecutive patients, 31 males and 20 females, who underwent 41 cranial and 10 spinal surgeries.
Intraoperatively, peripheral venous blood and diploic venous blood, or peripheral venous blood and spinal
epidural venous blood samples were simultaneously collected and immediately centrifuged. For all samples,
dissolved albumin (for reference), PGDS and CysC were measured using an enzyme-linked immunosorbent
assay. The diploic vein/peripheral vein ratios in five cranial locations and epidural vein/peripheral vein ratios
were calculated and statistically evaluated for the three biomarkers. For PGDS, the diploic vein/peripheral vein
ratio was significantly increased in the frontal (P = 0.011), temporal (P = 0.028), parietal (P = 0.046) and skull
base (P = 0.039), while it did not reach statistical significance for CysC. For patients older than 45 years, the
diploic vein/peripheral vein ratio for PGDS was significantly decreased in the frontal region (P = 0.028), and
the epidural vein/peripheral vein ratio for CysC was significantly decreased (P = 0.014). These results show that
the diploic veins constitute CSF drainage pathways with heterogeneous functional intensity at different cranial
locations. Compared with the diploic veins, spinal epidural veins seem to drain less CSF. The cranial diploic and

spinal epidural veins may jointly function as an alternative, age-related trans-dural CSF drainage system.
Key words: biomarkers; CSF drainage; diploic veins; spinal epidural venous plexus.

Introduction

It has been suggested that arachnoid granulations located
in the walls of the cranial dural sinuses, olfactory mucosa,
lymphatics and cranial nerve sheaths function as outlets for
intracranial cerebrospinal fluid (CSF; Koh et al. 2005; Glim-
cher et al. 2008; Kapoor et al. 2008; Pollay, 2010). These
arachnoid granulations have been explored by neuroimag-
ing (Roche & Warner, 1996; Farb, 2007; Leach et al. 2008;
Chen et al. 2011), post mortem dissection (Haybaeck et al.
2008; Chen et al. 2011; Yew et al. 2011), and by using cast-
ing material (Johnston et al. 2007) and ex vivo models
(Glimcher et al. 2008). However, there have been few
reports showing the process of intracranial CSF absorption
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in vivo (Tsutsumi et al. 2014). A fraction of intracranial
arachnoidal structures protruding into the skull and con-
tiguous with the diploic veins is present throughout the cra-
nium; however, their distribution and functional
implications have rarely been documented (Tsutsumi et al.
2014). On post mortem specimens, various fine arachnoidal
structures are found to protrude into the skull through
defects in the dura mater. Tsutsumi et al. (2013, 2014) pro-
posed the hypothesis that these arachnoidal structures and
diploic veins may function as alternative CSF drainage
routes.

Previous studies have also indicated that the spinal CSF
may be absorbed into the bloodstream through spinal
arachnoid villi and granulations. Contrast agents with low-
molecular weights, such as metrizamide (Golman, 1975;
Eldevik, 1983), indium-labeled diethylene triamine pen-
taacetic acid (Partain et al. 1978) and iopamidol (Seyfert
et al. 2003) were detected in the peripheral blood after
they were infused into the lumbar subarachnoid space. In
contrast, there have been few reports documenting the
morphology of spinal arachnoid granulations with a
substantially smaller diameter than those in the cranial
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cavity (Kido et al. 1976; Tubbs et al. 2007). However, in such
studies that have been conducted thus far, a close relation-
ship between the arachnoid granulations and intradural
(Tubbs et al. 2007) or interdural (Kido et al. 1976) venous
structures was suggested.

Lipocalin-type prostaglandin D synthase (PGDS) is an
endogenous B chaperone with a molecular weight of 19
kDa that is present in the brain and secreted into the CSF
(Yamashima et al. 1997; Urade & Hayashi, 2000). PGDS is
thought as a CSF-specific biomarker, and is sensitive to
inflammatory demyelinating diseases (Huang et al. 2009),
Alzheimer's disease and normal pressure hydrocephalus
(Kanekiyo et al. 2007). Cystatin C (CysC), a cysteine pro-
teinase inhibitor with a molecular weight of 13 kDa, is
known to be more highly expressed in the CSF compared
with plasma (Carrette et al. 2005).

There is substantial anatomical and functional continuity
between the veins, venous sinuses, and venous plexus of
the brain and spine (Tobinick & Vega, 2006). On the other
hand, the cerebrospinal dura mater delimits the subarach-
noid spaces throughout the central nervous system, consti-
tuting broad interfaces between the arachnoid membranes
and the extradural venous system. The objective of the pre-
sent study was to quantitatively evaluate the cranial diploic
veins and spinal epidural veins functioning as CSF drainage
pathways by measuring PGDS and CysC levels dissolved in
the blood of these venous systems.

Materials and methods

This prospective study was performed in accordance with the guide-
lines for human research of the Juntendo University Urayasu Hospi-
tal. Written informed consent was obtained from all patients.

The study included 51 adult patients with intact skull, dural
sinuses and bony spinal canal who underwent craniotomy, endona-
sal transsphenoidal surgery or spinal surgery between December
2012 and November 2014. Patients with pituitary adenoma accom-
panying bony erosion in the sella turcica were included. Patients
who underwent craniospinal surgeries, presented with CSF leakage,
or with symptoms of increased intracranial pressure or intracranial
hypotension were excluded from the study. The cranial part of the
current study did not include patients from the earlier investigation
(Tsutsumi et al. 2014). For these 51 patients, peripheral and diploic
venous blood, or peripheral and epidural venous blood was simul-
taneously collected. The cranial locations for collecting the diploic
venous blood were classified into frontal, temporal, parietal, occipi-
tal and skull base. The topological classification in the cranial con-
vexity followed that of the cerebral lobes underneath. Suboccipital
craniotomy and endonasal transsphenoidal surgery in which diploic
venous blood was collected from the bony defects in the posterior
cranial fossa and sella floor were allotted to the ‘skull base’ cate-
gory. The diploic venous blood was manually aspirated in 5-mL syr-
inges when drained from the bony edges at the cranial convexity
and skull base. The epidural venous blood was manually aspirated
in 5-mL syringes under direct vision, by puncturing the ventral or
dorsal part of the internal vertebral venous plexus following bony
resection at the anterior or posterior approach to the spinal canal.
All samples were poured into test tubes without any mounting

reagent, and were immediately centrifuged to remove cells and
debris, aliquoted and finally stored in polypropylene tubes at —80
°C until ready for biochemical analysis. Albumin, PGDS and CysC
were measured in all samples by enzyme-linked immunosorbent
assay. Albumin was used as a reference marker, with a larger molec-
ular weight (66 kDa) than PGDS and CysC. The diploic vein/periph-
eral vein ratios in each cranial site and the spinal epidural vein/
peripheral vein ratio were calculated for PGDS and CysC. Further-
more, correlations between these ratios and the patients’ age and
body mass index were evaluated. The results were analyzed using
the Wilcoxon signed-rank test (SPSS 18.0 software package; IBM;
New York, NY, USA). A P-value less than 0.05 was considered statis-
tically significant.

Results

General patient characteristics

Of the 51 patients, there were 31 men and 20 women with
a mean age of 55 years (range, 25-87 years). The mean
body mass index was 22.6 kg m 2, ranging from 16.2 to
31.9 kg m~2. Thirty-six patients underwent craniotomy, five
had endonasal transsphenoidal surgery and 10 had spinal
surgeries. The number of patients and pathology for each
of the cranial and spinal surgeries performed are shown in
Tables 1 and 2, respectively. Chiari type 1 malformation in
Tables 1 and 2 were different patients.

Cranial surgery

The cranial locations for collecting the diploic venous blood
are shown in Fig. 1. The diploic venous blood was collected
with ease in all 41 patients who underwent cranial surg-
eries. The mean + standard deviation PGDS levels in the
peripheral and diploic venous blood were 162.2 + 137.5 and
286.9 + 299.9 ng mL~" in the frontal area, 130.1 + 106.8
and 386.8 + 553.7 ng mL™" in the temporal area, 118.3 +

Table 1 Pathology and number of patients receiving cranial surgeries.

Pathology n

Meta 1
Glioma
Meningioma
PT

TN
Neurinoma
Lymphoma
AVM

SAH

ICH
Hemifacial sp.
Chiari

Total

[N N I BT, BN

B
uiry

AVM, arteriovenous malformation; ICH, intracerebral hemor-
rhage; PT, Pituitary tumor; SAH, subarachnoid hemorrhage; TN,
Trigeminal neuralgia.
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Table 2 Pathology and number of patients receiving spinal surgeries.

Pathology n

(&)

LCS

IMCCT

Chiari

SIDEMT

Total 1

O - = = wah

CS, cervical spondylosis; IMCCT, intramedullary cervical cord
tumor; LCS, lumbar canal stenosis; SIDEMT, sacral intradural
extramedullary tumor.

55.2 and 283.5 + 253.8 ng mL~ " in the parietal area, 194.0 +
106.6 and 398.0 + 175.6 ng mL~" in the occipital area, and
145.9 + 141.8 and 177.1 + 113.6 ng mL~" in the skull base,
respectively. The diploic vein/peripheral vein ratio in the
frontal, temporal, parietal, occipital and skull base was 2.1
+ 1.5in frontal, 29 + 2.0,2.6 £ 1.5,3.0 + 29 and 1.6 = 0.8,
respectively. The diploic vein/peripheral vein ratio was
significantly increased in the frontal (P = 0.011), temporal
(P=0.028), parietal (P =0.046) and skull base (P=0.039). For
patients older than 45 years, the diploic vein/peripheral
vein ratio was significantly decreased in the frontal area
(P=0.028; Fig. 2).

The CysC levels in the peripheral and diploic venous blood
were 391.3 & 223.8 and 385.7 + 196.4 ug L™ in the frontal
area, 390.5 + 271.1 and 532.8 + 583.9 ug L~ in the tempo-
ral area, 417.3 4+ 183.1 and 377.0 + 123.8 ug L~ " in the pari-
etal area, 539.8 + 304.0 ug L' in the occipital area, and
383.2 + 188.5 and 359.3 + 98.4 ug L' in the skull base,
respectively. The diploic vein/peripheral vein ratio in the
frontal, temporal, occipital and skull base was 1.2 + 0.5, 1.2
+ 0.4, 1.0+ 0.3, 1.0 +£ 0.2 and 1.0 £ 0.3, respectively, and
did not show a significant increase in any area (Fig. 3).

For both the PGDS and CysC, the body mass index was
not a significant factor for the diploic vein/peripheral vein
ratio.

Occipital: 4

Fig. 1 Pie chart showing the cranial locations for collecting the diploic
venous blood among 41 patients receiving cranial surgeries.
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Spinal surgery

Epidural venous blood was collected from the cervical, lum-
bar and sacral spine levels in six, three and one patient,
respectively, that underwent spinal surgery. In four patients,
the anterior approach was adopted, while the posterior
approach was selected for the remaining six patients
(Table 2). The epidural venous blood was collected with
ease in all 10 of these patients. The PGDS levels in the
peripheral and epidural venous blood were 182.2 + 94.7
and 230.2 + 182.9 ng mL ™, respectively. The epidural vein/
peripheral vein ratio was 1.3 + 0.8, which did not show a
significant increase (Fig. 2).

The CysC levels in the peripheral and epidural venous
blood were 402.8 + 112.6 and 328.7 + 102.2 ug L ', respec-
tively. The epidural vein/peripheral vein ratio was 0.8 + 0.1,
which did not reach a significant increase (Fig. 3). For
patients older than 45 years, the epidural vein/peripheral
vein ratio was significantly decreased (P = 0.014).

The epidural vein/peripheral vein ratio did not differ sig-
nificantly between the four patients operated by an anterior
approach in the supine position and the six patients who
were treated by a posterior approach in the prone position.
For both PGDS and CysC, body mass index was not a signifi-
cant factor for the epidural vein/peripheral vein ratio.

Albumin showed a stable and constant value in the
diploic, spinal epidural and peripheral venous blood (Figs 2
and 3).

Discussion

The present study showed that the intracranial CSF may
drain into the diploic and spinal epidural veins. The diploic
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Fig. 2 Box plot of diploic (DV) plus spinal epidural (EV) to peripheral
vein (PV) ratios of prostaglandin D synthase (PGDS) and albumin con-
centration in different cranial locations and spine showing a significant
increase in the frontal, temporal, parietal and skull base.
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Fig. 3 Box plot of diploic (DV) plus spinal epidural (EV) to peripheral
vein (PV) ratios of cystatin C (CysC) and albumin concentration in
different cranial locations and spine.

veins showed heterogeneous functional intensity at differ-
ent cranial locations, and the spinal epidural veins drained
relatively less CSF. These results suggest that in addition to
the classic CSF drainage pathways through intracranial
arachnoid granulations that directly protrude into the dural
sinuses, there are alternative systems functioning as trans-
dural routes throughout the craniospinal axis. Furthermore,
the amounts of CSF draining through the cranial frontal
region and spinal axis were shown to decrease in patients
more than 45 years old, which was consistent with the two
biomarkers assessed, PGDS for the former and CysC for the
latter. This result may indicate that the trans-dural CSF
absorption in the frontal region and spinal axis may regress
with increased age. The difference in significant biomarkers
between these two locations may partly be explained by
the much smaller size of the spinal arachnoidal structures
(Kido et al. 1976) compared with those in the intracranial
cavity, which function as CSF outlets with a limited capabil-
ity to permeate only a small amount of CSF and proteins
with lower molecular weights. These results were probably
influenced by the architecture, nature of the end group,
and molecular weight of PGDS and CysC used for investiga-
tion, in addition to the property, distribution and diameter
of each arachnoidal structure and connecting diploic vein.
Given that all the blood samples were obtained under gen-
eral anesthesia, drugs and anesthetics used intraoperatively
might have influenced the results. Furthermore, interindi-
vidual variations in intracranial and intraspinal pressure and
intravenous pressure may be an influencing factor.

In the present study, body mass index did not have a sig-
nificant influence on CSF drainage, which is in contrast to a
previous report that documented inverse correlation of
iodine contrast transfer from lumbosacral CSF to blood (Sey-
fert et al. 2003). Furthermore, the epidural vein/peripheral
vein ratio did not show a significant difference between
the four patients that were operated on in the supine posi-
tion and the six patients who were operated on in the
prone position, in which the pressure in the epidural veins
is likely to be increased. Given that all of the blood samples
were collected during stable conditions under mechanical
ventilation, these results might not appropriately reflect the
true physiological condition of the patients. Further investi-
gations with larger samples, using different CSF-specific
biomarkers are needed to increase the accuracy of the
results obtained in the present study.

The vertebral venous system is divided into three inter-
communicating divisions. The first is the internal vertebral
venous plexus, which consists of veins surrounding the
spinal dura mater. This part of the plexus is partially sup-
plied by radicular veins arising intradurally and veins dis-
tributing in the posterior part of the bony canal. The
second division is the basivertebral veins, which comprise
the vessels in the vertebral bodies, and the third is the exter-
nal vertebral venous plexus that surrounds the vertebral col-
umn (Groen et al. 1997). The human spinal arachnoid villi
and granulations are divided into those located entirely
internal to the dura, those that are extended into the dura,
and those that penetrate the dura completely. Furthermore,
most arachnoid proliferations found along the dural sleeves
were located adjacent to the dural sinuses (Groen et al.
1997; Griessenauer et al. 2015). These anatomical findings
strongly suggest that the CSF in the spinal subarachnoid
space is connected to the epidural veins. Therefore, it was
considered that trans-dural CSF drainage in the spinal axis
could be monitored by measuring the CSF-specific biomark-
ers dissolved in the spinal epidural venous blood. Previous
studies did not use endogenous biomarkers (Golman, 1975;
Partain et al. 1978; Eldevik, 1983; Seyfert et al. 2003).

Despite the shortcomings in the methodology and the
relatively low number of subjects included in the present
analysis, the authors believe that these results convincingly
support the notion that at least a fraction of the intracra-
nial and intraspinal CSF is drained into the cranial diploic
and spinal epidural veins throughout the craniospinal axis.

Concluding remarks

The diploic veins constitute CSF drainage pathways with
heterogeneous functional intensity at different cranial loca-
tions. Compared with the cranial diploic veins, spinal epidu-
ral veins appear to drain less CSF. These results suggest that
the cranial diploic and spinal epidural veins may jointly
function as an alternative, age-related trans-dural CSF drai-
nage system.

© 2015 Anatomical Society
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