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Cerebrospinal fluid osmolality cannot 
predict development or surgical outcome 
of idiopathic normal pressure hydrocephalus
Eva Kjer Oernbo1, Annette Buur Steffensen1, Hanne Gredal2, Helle Harding Poulsen2, Nina Rostgaard3, 
Cecilie Holm Rasmussen2, Marlene Møller‑Nissen2, Anja Hviid Simonsen4, Steen Gregers Hasselbalch4,5, 
Marianne Juhler3,5 and Nanna MacAulay1* 

Abstract 

Background: The etiology of idiopathic normal pressure hydrocephalus (iNPH) is currently unknown. With no vis‑
ible obstructions, altered cerebrospinal fluid (CSF) dynamics may explain the accumulation of ventricular fluid. We 
hypo thesized that elevated osmolality in the CSF of iNPH patients could potentiate formation of ventricular fluid and 
thereby cause the disease progression and/or predict the surgical outcome. To address this hypothesis, we deter‑
mined the lumbar and ventricular CSF osmolality of iNPH patients at different disease stages and compared with 
lumbar CSF samples obtained from control subjects.

Methods: The osmolality of CSF was determined on a total of 35 iNPH patients at diagnosis and at the subsequent 
treatment with shunt surgery (n = 20) and compared with the CSF osmolality from 20 control subjects. Simultane‑
ously collected lumbar and ventricular CSF samples from experimental pigs were used to evaluate the compatibility 
between CSF from different compartments.

Results: We found no evidence of increased osmolality in the CSF of iNPH patients upon diagnosis or at the time of 
shunt treatment months after the diagnosis, compared with control individuals. CSF tapped from the lumbar space 
could be used as a read‑out for ventricular CSF osmolality, as these were similar in both the patient group and in 
experimental pigs. We further observed no correlation between the CSF osmolality in iNPH patients and their respon‑
siveness to shunt surgeries.

Conclusions: The osmolality of lumbar CSF is a reliable reflection of the ventricular CSF osmolality, and is not ele‑
vated in iNPH patients. iNPH therefore does not appear to arise as a function of osmotic imbalances in the CSF system 
and CSF osmolality cannot serve as a biomarker for iNPH or as a predictive tool for shunt responsiveness.
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Introduction
CSF surrounds the mammalian brain and fills the cen-
tral ventricular cavities. Abnormal expansion of the 
ventricular space signifies the pathological condi-
tion known as hydrocephalus. Although some forms 
of hydrocephalus arise following blockage of CSF cir-
culation within the ventricular system and/or the CSF 
drainage routes, clinical hydrocephalus often manifests 
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in the absence of a detectable blockage of these path-
ways. Idiopathic normal pressure hydrocephalus 
(iNPH) patients belong to the latter group, as these 
present with enlarged ventricles in the absence of a 
discernible blockage of the CSF pathways [1, 2]. In 
addition to their ventriculomegaly, this elderly patient 
group presents with the clinical triad of symptoms 
consisting of urinary incontinence, gait disturbances 
and cognitive decline [1, 3]. Drainage of the excess 
ventricular fluid by shunt insertion often improves 
the patients’ clinical status [4, 5], which suggests that 
CSF accumulation is part of the underlying etiology of 
iNPH. However, it remains unresolved what drives the 
pathological CSF accumulation. iNPH may associate 
with elevated CSF outflow resistance [6, 7] and/or with 
hyperdynamic CSF flow [8–10], which could potentially 
represent CSF hypersecretion. Although the osmotic 
gradient between CSF and plasma in healthy rats, pigs, 
and humans appears negligible [11], experimental 
elevation of CSF osmolality increases the rate of CSF 
secretion in experimental animals [11–14] and leads 
to hydrocephalus in healthy rats [15, 16]. Pathological 
elevation of CSF osmolality could thus precipitate the 
enlarged ventricles observed in iNPH patients. How-
ever, diagnostic CSF sampling is routinely obtained 
from the lumbar section of the spine, the composition 
of which may differ from that residing in the ventricu-
lar compartment [17–21]. CSF osmolality disturbances 
may therefore not be detected in lumbar CSF samples 
despite their potential occurrence in the ventricular 
compartment with direct access to the CSF production 
site at the choroid plexus.

The shunt surgery commonly used to treat iNPH 
patients diverts excessive ventricular fluid into the perito-
neal cavity. Even though 80% of the iNPH patients appear 
to respond to these shunts with clinical improvement of 
their symptoms [22], complications, shunt failures and 
subsequent shunt revisions often require repeated neuro-
surgeries, which may be associated with serious compli-
cations [22, 23]. Therefore, a comprehensive risk–benefit 
analysis of each patient is crucial to decide whether surgi-
cal ICP management should be initiated. Predictive tools 
to select the group of patients with enhanced probabil-
ity of successful treatment are greatly needed [24]. The 
clinical severity of the iNPH disease differs greatly. In 
Copenhagen, iNPH patients with more severe symptoms 
are often referred to neurosurgical shunt implantation, 
whereas patients with milder symptoms are not operated 
immediately, but followed for progression. This approach 
is based on the higher degree of diagnostic uncertainty 
in patients with mild symptoms, but studies suggest that 
early shunt surgery improves patient survival, stressing 
the need for early diagnostic biomarkers [25]. An early 

iNPH diagnosis could possibly be aided by inclusion of a 
biomarker, such as altered CSF osmolality if this would 
reflect disease severity.

We here assessed the CSF osmolality in iNPH patients 
versus that obtained in a control group, evaluated the 
resemblance between lumbar and ventricular CSF osmo-
lality, and determined whether CSF osmolality could 
serve as a predictive tool to select patients benefitting 
from surgical management.

Methods
Patients
This study included CSF samples extracted from 35 iNPH 
patients. Patients were diagnosed with iNPH according 
to the international guidelines from 2005 [1], includ-
ing evaluation of cognitive impairment, gait/balance 
disturbances, urinary incontinence and brain imaging. 
All patients had a supplementary diagnostic test (infu-
sion test followed by a tap-test using the CELDA system 
(Likvor, Umeå, Sweden) through two lumbar needles). 
The infusion test measures resting intracranial pres-
sure (ICP) and resistance to outflow  (Rout). An abnor-
mally high  Rout increases the diagnostic accuracy, but a 
normal  Rout does not preclude iNPH [26]. The lumbar 
CSF sample was obtained from the infusion test dur-
ing the diagnostic examination. Because of mild symp-
toms, 15 iNPH patients were not recommended shunt 
surgery (group: no shunt). Patients with mild symptoms 
had mild gait problems (mean gait score 3 = wide-based 
gait with sway, without foot corrections, on a gait scale 
from zero = normal gait and 8 = wheelchair bound [27]) 
and only mild cognitive dysfunction and/or mild urinary 
incontinence. iNPH patients in need of shunt surger-
ies had ventricular CSF collected upon insertion of the 
shunt 6.6 ± 8.3  months after the lumbar CSF sampling. 
A ventriculoperitoneal shunt (OSV 2 shunt) was placed 
intraventricularly through a frontal burr hole according 
to standard procedures at the Department of Neurosur-
gery at Rigshospitalet, Copenhagen, Denmark. Of these 
patients, ten responded positively to shunt surgeries 
(group: shunt responders) and ten did not benefit from 
the treatment (group: shunt non-responders), Fig.  1. 
Effect of shunting was evaluated objectively 3–12 months 
after shunting by experienced clinicians during an out-
patient clinic visit. Shunt response was defined as sig-
nificant improvement in at least one symptom without 
worsening of other symptoms. The shunt response evalu-
ation has been described in detail in Carlsen et al. [28]. 
Gait was evaluated by a 10  m gait test, and scored on 
a 8 point gait scale [27], and cognition by Mini Mental 
State Examination (MMSE) and Addenbrooke’s Cog-
nitive Examination (ACE) [29, 30], whereas urinary 
incontinence was evaluated subjectively [27]. Due to the 
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retrospective design of the study, postoperative objective 
measures for gait and cognition were only available in 
approximately 75% of the patients, and in the remaining 
patients, scores were based on clinical evaluation at fol-
low-up visit obtained from patient records. Twenty indi-
viduals, who were referred for evaluation on suspicion of 
cognitive dysfunction, but after evaluation had normal 
cognition and no neuroimaging or biomarkers suggesting 
organic brain disorder (including iNPH) were included 
as control group. The control and iNPH groups were 
not age and sex matched (control; mean age: 63.4 years, 
range 45–84  years, 9F/11M, iNPH no shunt; mean age: 
72.2  years, range 69–89  years, 3F/12M, iNPH shunt 
responders; mean age: 73.9  years, range 66–79  years, 
3F/7M, iNPH shunt non-responders; mean age: 
72.4 years, range 57–82 years, 4F/6M), Table 1. Written 
informed consent was obtained for all patients and the 
study was approved by the Ethical committee of the Cap-
ital Region of Denmark (H-19001474 and H-18046630).

Animals
Danish mixed breeds of Yorkshire, Danish Landrace and 
Duroc pigs (n = 17) with a mean weight of 24.02 ± 4.37 kg 
and an estimated age of 10–13 weeks were included. CSF 

collection was performed with the pigs placed in lateral 
recumbency under general anaesthesia. Anaesthesia was 
induced with an intravenous injection of propofol (Propo 
Vet Multidose 10  mg/ml, Zoetis, Finland, 1–3  mg/kg) 
and subsequently maintained with isoflurane (IsoFlo Vet, 
Zoetis, Finland), 1–2.5 vol% inhalation in a circle system 
after an intramuscular premedication with 1 ml/10 kg of 
a custom-made Zoletil 50 Vet-mixture [125  mg zolaz-
epam, 125 mg tiletamine dry matter (Zoletil50 Vet, Vir-
bac, Denmark) dissolved in 6.25 ml xylazine (20 mg/ml, 
Rompun Vet, Elanco, Denmark), 2.5 ml ketamine (50 mg/
ml, Ketaminol Vet, MSD Animal Health, Denmark) and 
2.5  ml butorphanol (10  mg/ml, Torbugesic Vet, Zoetis, 
Finland)]. Additional 0.07  ml acepromazine (10  mg/ml, 
Plegicil Vet, Pharmaxim, Sweden) and 0.5 ml methadone 
(10  mg/ml, Comfortan Vet., Dechra, Denmark) were 
administrated intramuscularly at the time of premedi-
cation. Upon shaving of all puncture sites and cleaning 
with 70% ethanol, 1 ml CSF was collected from cisterna 
magna and from the lumbar cistern (between L7 and S1) 
with 90 mm and 75 mm spinal needles, respectively. Both 
CSF samples were obtained with < 5 min interval approxi-
mately 3 h after induction of anaesthesia. Animals were 
excluded if puncturing failed at one site. To avoid bias, 

Fig. 1 Patient groups. Upon clinical examination, patients were divided into those who fulfilled the diagnostic criteria for iNPH (iNPH) and those 
that did not (no iNPH). The latter group served as the control group. A group of iNPH patients were referred to shunt implant (shunt) and another 
was not (no shunt). Of the former group of shunted patients, some experienced relief of their symptoms at the follow‑up examination (responsive) 
and some did not (non‑responsive)

Table 1 Clinical characteristics of the study population

Gait score: 1 (normal)—8 (wheelchair bound), urinary continence score :1 (normal)—6 (bladder and bowel incontinence)

iNPH idiopathic normal pressure hydrocephalus, MMSE Mini-Mental State Examination: 0 (poor performance)—30 (optimal performance), ACE Addenbrooke’s 
Cognitive Examination: 0 (poor performance)—100 (optimal performance)

Characteristics All iNPH patients iNPH responders iNPH non-responders iNPH no shunt Elderly control subjects

N 35 10 10 15 20

Age (mean, range) 75, 57–89 years 74, 66–79 years 72, 57–82 years 77, 69–89 years 63, 45–84 years

Sex (M/F) 25/10 7/3 6/4 12/3 11/9

MMSE (mean, range) 25, 11–30 22, 11–28 25, 19–29 28, 23–30 28, 25–30

ACE (mean, range) 75, 29–94 65, 29–85 73, 55–91 83, 58–94 NA

Gait score (mean, range) 3, 1–7 4, 2–7 3, 1–5 3, 2–4 NA

Urinary continence score 
(mean, range)

3, 1–5 3, 2–5 3, 1–5 2, 1–4 NA
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the order of CSF collection was randomly controlled for 
each animal. All animal experiments were performed on 
pigs employed for veterinary student training of abdomi-
nal surgical procedures and according to the legislation 
for animal protection and care, animal permission no. 
2016-15-0201-00957 approved by the Danish Animal 
Experiments Inspectorate.

Osmolality measurement
CSF samples from patients were centrifuged at 2000g 
for 10  min at 4°C within 2  h from collection, whereaf-
ter the supernatant was stored in 500  µl polypropylene 
tubes [31]. To prevent break down of solutes within the 
CSF prior to osmolality measurements, the samples were 
stored at –  80°C and care was taken to only thaw the  
samples the one time in association with the osmolality  
measurements. CSF samples from pigs were used for 
osmolality measurements directly after centrifugation. 
To prepare CSF samples for osmolality measurements, 
100 μl of the CSF sample was transferred to osmometer 
Eppendorf tubes. The CSF osmolality was determined by 
a freezing point depression osmometer (Löser, Type 15, 
Berlin, Germany) with an accuracy of ± 1 mOsm.

Statistical analysis
Data were tested for normal distribution using the Sha-
piro–Wilk test. Data obtained from experimental pigs 
were normally distributed and were analyzed with paired 
two-tailed t-test. Data obtained on human CSF did not 
follow normal distribution and therefore these were ana-
lyzed with Wilcoxon test (paired data) or Mann–Whitney 
test (unpaired data) to evaluate statistically significant 
differences between mean values of groups, as indicated 
in figure legends. Pearson’s correlation analysis was per-
formed to determine correlations between two variables. 

P < 0.05 was considered statistically significant. Data are 
shown as mean values ± standard error of mean (SEM). 
GraphPad Prism (GraphPad Prism Software 9.0, Inc., La 
Jolla, CA, US) was applied for statistical analyses.

Results
No elevated osmolality in lumbar CSF obtained from iNPH 
patients
To determine whether the enlarged ventricles observed 
in iNPH patients could develop subsequently to ele-
vated osmotic pressure in the ventricular compartment, 
we compared CSF osmolality in patients with iNPH to 
that obtained from control subjects (Fig.  1). The lum-
bar CSF osmolality (296 ± 3  mOsm in control subjects, 
n = 20) was not significantly different from the lumbar 
CSF osmolality in iNPH patients (295 ± 2 mOsm, n = 35, 
P = 0.82, Fig. 2a). This finding suggests that the enlarged 
ventricles observed in iNPH patients are not a conse-
quence of elevated osmotic pressure in the CSF with a 
subsequent increase in osmotic water flow into the ven-
tricular compartments. The CSF osmolality in iNPH 
patients, in addition, displayed no correlation with the 
CSF outflow resistance  (Rout, Pearson’s correlation coef-
ficient (r) = − 0.28, n = 25, P = 0.17), Fig. 2b.

iNPH patient CSF osmolality does not reflect the disease 
severity or shunt eligibility
To determine if CSF osmolality could be employed as a 
biomarker for disease severity and therefore for shunt 
eligibility, we evaluated the CSF osmolality in iNPH 
patients enrolled for shunt surgery versus those that 
were not (shunt vs. no shunt, see Fig. 1). The lumbar CSF 
osmolality of iNPH patients enrolled for shunt surgery 
(296 ± 3  mOsm, n = 20) was not statistically different 

Fig. 2 Osmolality of lumbar CSF obtained from iNPH patients versus control subjects. a The osmolality of lumbar CSF (L‑CSF) in control subjects and 
iNPH patients, n = 20 control subjects and n = 35 iNPH patients. The data were evaluated for statistical significance with the Mann–Whitney test. b 
The osmolality of iNPH patient CSF as a function of the outflow resistance measured during diagnostic workup, n = 25 patients. NS not significant
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(P = 0.86) from that of iNPH patients with no shunt refer-
ral (294 ± 1  mOsm, n = 15), Fig.  3a. The CSF osmolality 
of iNPH patients, therefore, seems not to reflect the dis-
ease severity.

The CSF outflow resistance in the iNPH shunt refer-
ral group (16 ± 2  mmHg/ml/min, n = 14) was signifi-
cantly higher than that of the patient group not referred 
to shunt surgery (11 ± 1 mmHg/ml/min, n = 11, P < 0.05) 
reflecting that a high  Rout was part of the decision to 
shunt immediately. The patient  Rout did not correlate with 
the CSF osmolality in iNPH shunt (r = −  0.33, n = 14, 
P = 0.25) or no shunt (r = 0.40, n = 11, P = 0.23) patients, 
Fig.  3b. The resting ICP was similar for both patient 
groups (11.3 ± 1.5  mmHg for the non-shunted patients, 
n = 11 and 11.3 ± 0.7 mmHg for shunted patients, n = 12, 
P = 0.97) and displayed no correlation with CSF osmolal-
ity (r = 0.01, n = 11, P = 0.77 for non-shunted patients and 
r = 0.01, n = 12, P = 0.78 for shunted patients), Fig. 3c.

Compatibility between CSF osmolality in lumbar 
and ventricular spaces
To determine the osmolality in paired lumbar and ven-
tricular CSF samples from individual iNPH patients, we 
employed the lumbar CSF sample taken upon the diag-
nostic workup (from Fig.  3a; shunt group) and a subse-
quent ventricular CSF sample collected during the shunt 
implantation. The osmolality in lumbar CSF of the iNPH 
patients (296 ± 3  mOsm) was not significantly different 
from the osmolality in ventricular CSF (293 ± 3 mOsm), 
n = 20, P = 0.72, Fig.  4a. The ventricular CSF was 
3 ± 4 mOsm lower than the individual lumbar equivalent, 
n = 20, Fig. 4b. However, a subset of patients (7/20) had 

differences > 10 mOsm in their ventricular versus lumbar 
CSF osmolality. As illustrated in Fig. 4b, these large dif-
ferences occurred in both directions (ventricular-to-lum-
bar or lumbar-to-ventricular).

CSF samples such as those employed in this study are 
generally obtained ethically in connection with the rele-
vant clinical procedures and therefore represent i) patient 
samples and ii) samples taken with  ~ 7  months interval 
representing the time between the diagnostic workup 
(lumbar samples) and the shunt surgery (ventricular 
samples). To obtain an experimental scenario in which 
we could determine the osmolality in both CSF compart-
ments simultaneously in healthy organisms, we employed 
experimental pigs. Lumbar and ventricular CSF was col-
lected from anaesthetized pigs at time points with only 
minutes in between. The osmolality of lumbar pig CSF 
was 289 ± 1 mOsm, which was not statistically different 
from the osmolality in ventricular CSF of 290 ± 1 mOsm 
(n = 17, P = 0.05, Fig.  4c). The intra-animal osmotic dif-
ference between the ventricular and lumbar spaces was 
1 ± 1 mOsm (n = 17, Fig. 4d). These data suggest that the 
osmolality is similar in the lumbar and the ventricular 
CSF spaces on a group scale in both patients and experi-
mental pigs.

CSF osmolality is not a predictor of iNPH shunt surgery 
responsiveness
To determine whether the responsiveness to shunt sur-
geries correlates with the CSF osmolality of iNPH patients, 
the patients were divided into either a shunt responsive or 
a non-responsive group at a follow-up evaluation of the 
treatment performed 3–12  months after the ventriculo-
peritoneal shunt operation (see Fig.  1 for patient groups 

Fig. 3 Osmolality of lumbar CSF obtained from iNPH patients selected for shunt surgery versus no surgery. a The osmolality of lumbar CSF (L‑CSF) 
in iNPH patients not shunted (n = 15) versus those who were shunted (n = 20). The data were evaluated for statistical significance with the Mann–
Whitney test. b The osmolality of iNPH patient CSF as a function of the outflow resistance measured during diagnostic workup, n = 11 shunted and 
14 non‑shunted patients. c Patient CSF osmolality plotted versus the resting ICP determined by lumbar infusion tests, n = 11 non‑shunted patients 
and n = 12 shunted patients. NS not significant
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and Methods for clinical criteria). Depending on their clini-
cal evaluation, the CSF osmolality from responsive iNPH 
patients (295 ± 5  mOsm, n = 10) was not significantly 
different (P = 0.67) from that of non-responsive iNPH 
patients (290 ± 3  mOsm, n = 10) in the ventricular com-
partment (Fig. 5a) or the lumbar compartment (responsive: 
298 ± 5  mOsm vs non-responsive: 293 ± 3  mOsm, n = 10, 
P = 0.84, Fig.  5b). There was no correlation between the 
lumbar CSF osmolality and the outflow resistance in either 

of the patient groups (responsive: r = − 0.47, P = 0.20, n = 9; 
non-responsive: r = 0.16, P = 0.80, n = 5, Fig. 5c).

Discussion
We here demonstrate that the enlarged ventricles charac-
teristic of iNPH patients do not appear to arise due to an 
elevated osmolality of the patient CSF and that the shunt 
responsiveness does not hinge on the CSF osmolality.

Fig. 4 Osmolality of lumbar versus ventricular CSF. a The osmolality of lumbar CSF (L‑CSF) versus ventricular CSF (V‑CSF) in iNPH patients, n = 20. b 
The difference in lumbar versus ventricular osmolality in individual iNPH patients, with those with larger differences expanded in the right part of 
the panel. c The osmolality of lumbar CSF (L‑CSF) versus ventricular CSF (V‑CSF) in mini‑pigs, n = 17. d The difference in lumbar versus ventricular 
osmolality in individual pigs, n = 17. The data were evaluated for statistical significance with the Wilcoxon test for the human data and with a paired 
t‑test for the pig data. NS not significant
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Diagnostic workup of various patient groups employ 
CSF biomarker analysis. Although disturbed brain func-
tion is anticipated best reflected in the ventricular CSF 
bordering the affected brain regions, the CSF samples are 
generally obtained from the lumbar region. The lumbar 
sampling is swifter and less invasive than its ventricular 
counterpart and thus employed for ethical reasons and 
general feasibility. However, it remains unresolved to 
what extent the CSF composition at the base of the spine 
resembles that of the ventricular compartments. Blood-
derived proteins, such as albumin, appear elevated in 
lumbar CSF [18, 19, 21], while the abundance of various 
neuroproteins may be constant [17, 21] or decline [20] 
towards the lumbar spinal region. Potential rostro-cau-
dal CSF protein gradients may, however, vary with rate 
of CSF flow and clinical status of the patient [19, 32, 33]. 
We here show that the osmolality of CSF obtained from 
the lumbar region mirrors that of the CSF obtained from 
the ventricular compartment. The higher albumin con-
tent in lumbar CSF [18, 19, 21] contributes exceedingly 
little to the collective osmolality due to the low amounts 
(15–45  mg/100  ml) and high molecular weight (albu-
min; 66  kDa). Even with the slightly elevated albumin 
content in iNPH patients [34], the molar contribution 
of the protein content remains well below 20 μM (which 
approximates 20  μOsm of the 296  mOsm observed in 
lumber CSF samples, this study and [35]). The lumbar 
CSF samples were obtained during the initial diagnostic 
work up and the ventricular sample obtained with delay 
at the time of shunt implantation. Such a time gap was 
ethically required but represents a limitation to the study. 

However, a parallel experimental series on mini-pigs, in 
which we could obtain both samples within an interval 
of a few minutes, provided an identical dataset illustrat-
ing similar osmolality of the CSF obtained in the two 
compartments. Notably, the mini-pigs are animals of 
horizontal stature, versus the upright stature of humans, 
which could potentially represent a confounding effect. 
Altogether, our data suggest that the CSF osmolality 
remains stable throughout the CSF system.

The osmolality of bulk CSF is similar to that of the 
plasma [11], and CSF secretion thus appears to be able 
to occur in the absence of conventional osmotic forces 
and, curiously, can readily proceed even in the face of 
an experimentally-inflicted, oppositely-directed osmotic 
gradient [11–13]. Such fluid secretion is proposed to take 
place by a mechanism relying on transporter-mediated 
water transport [11, 36, 37]. However, the CSF secretion 
rate increases with elevated ventricular osmolality [11–
14, 38], in the order of 0.4% elevation of the secretion 
rate with each milliosmole in the rat [11]. Notably, acute 
elevation of CSF osmolality with bolus administration of 
osmotic challenges up to ten-fold higher than that of the 
healthy rat provided only temporary ventriculomegaly, 
which was resolved 24 h later [15, 16]. However, continu-
ous ventricular delivery of CSF with elevated osmolality 
(+ 30 mOsm) to experimental rats promoted ventriculo-
megaly [15, 16] and it was therefore speculated whether 
some forms of hydrocephalus could arise following a sus-
tained elevation of CSF osmolality. We here demonstrate 
that CSF obtained from iNPH patients is of comparable 
osmolality to CSF obtained from control individuals. It 

Fig. 5 CSF Osmolality in shunt responsive versus non‑responsive iNPH patients. a The osmolality of ventricular CSF in iNPH patients responsive to 
shunt surgery (n = 10) versus those that were non‑responders (n = 10). b The osmolality of lumbar CSF in iNPH patients responsive to shunt surgery 
(n = 10) versus those that were non‑responders (n = 10). The data were evaluated for statistical significance with the Mann–Whitney test. c The 
osmolality of iNPH patient lumbar CSF as a function of the outflow resistance measured during diagnostic workup, n = 10 of each patient group. NS 
not significant
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should be noted that due to the retrospective nature of 
this study, there were age and sex differences between 
the groups and we cannot exclude that our findings may 
have been impacted by these differences. The patient CSF 
outflow resistance, when employed as a marker of dis-
ease pathophysiology, did not correlate with the patient 
CSF osmolality. The ventriculomegaly observed in iNPH 
patients therefore does not seem to arise as a conse-
quence of elevated CSF osmolality and their CSF osmo-
lality cannot be employed as a biomarker to detect iNPH 
development. A similar finding was earlier reported for 
idiopathic intracranial hypertension patients, the CSF 
osmolality of which resembled that of control individu-
als [39]. We cannot rule out that small elevations in CSF 
osmolality, which may have gone undetected in the pre-
sent study, could suffice to cause a slight hypersecretion, 
which over time could promote the ventriculomegaly 
characteristic of iNPH.

Many iNPH patients, regrettably, do not benefit 
from shunt insertion [40]. To spare these patients from 
unnecessary neurosurgery, clinicians would welcome 
a biomarker indicative of potential shunt responsive-
ness [24]. In our search for a predictive marker with 
which to select iNPH patients for shunt surgery, we 
compared the osmolality of CSF obtained from patients 
who experienced relief of symptoms upon shunt place-
ment versus those that did not. The CSF osmolality of 
these two patient groups were similar and CSF osmo-
lality thus cannot be employed as such a marker of 
shunt responsiveness. Future quantification of protein 
markers obtained from shunt responders versus non-
responders may deliver such a biomarker.

In conclusion, the CSF osmolality appears to be sta-
ble throughout the CSF system, as revealed by samples 
obtained in iNPH patients and in healthy pigs. Such sta-
bility allows lumbar CSF sampling to obtain osmolality 
determinations. iNPH patients do not present with ele-
vated CSF osmolality and their ventriculomegaly, there-
fore, does not appear to arise as a function of osmotic 
imbalances in the CSF system. CSF osmolality thus can-
not be employed as a clinical marker for disease progres-
sion or as a predictive tool for shunt responsiveness.

Abbreviations
CSF: Cerebrospinal fluid; ICP: Intracranial pressure; iNPH: Idiopathic normal 
pressure hydrocephalus; Rout: Outflow resistance.

Acknowledgements
We thank Trine Lind Devantier for technical assistance.

Author contributions
EKO, ABS, MJ, AHS and NM designed the research. Experimental performance, 
data analyses, and interpretations were conducted by EKO, ABS, HG, HHP, 
MMN, CHR, AHS, NR, SGH, and NM. EKO and NM drafted the manuscript, 

while ABS, HG, HHP, AHS, NR, SGH, and MJ critically revised the manuscript. All 
authors read and approved the final manuscript.

Funding
Funding was received from the Novo Nordisk Foundation (Tandem Grant 
Number NNF17OC0024718 to NM and MJ), Absalonfonden (to AHS, SGH). The 
funding bodies did not take part in design of the study, in collection, analysis, 
or interpretation of data, nor in writing the manuscript.

Availability of data and materials
Data are available upon reasonable request to the corresponding author.

Declarations

Ethics approval and consent to participate
Written informed consent was obtained from all patients and the study 
was approved by the Ethical committee of the Capital Region of Denmark 
(H‑19001474 and H‑18046630). All animal experiments were performed 
according to the legislation for animal protection and care, animal permis‑
sion no. 2016‑15‑0201‑00957 approved by the Danish Animal Experiments 
Inspectorate and the Local Ethics Committee at The Department of Veterinary 
Clinical Sciences, University of Copenhagen. All animals were euthanized 
upon CSF collection.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neuroscience,  Faculty of Health and Medical Sciences, 
University of Copenhagen, Blegdamsvej 3B, 2200 Copenhagen, Denmark. 
2 Department of Veterinary Clinical Sciences, University of Copenhagen, 
Copenhagen, Denmark. 3 Department of Neurosurgery, Neuroscience Center, 
Copenhagen University Hospital ‑ Rigshospitalet, Copenhagen, Denmark. 
4 Danish Dementia Research Centre, Department of Neurology, Neurosci‑
ence Centre, Copenhagen University Hospital ‑ Rigshospitalet, Copenhagen, 
Denmark. 5 Department of Clinical Medicine, Faculty of Health and Medical 
Sciences, University of Copenhagen, Copenhagen, Denmark. 

Received: 17 February 2022   Accepted: 4 June 2022

References
 1. Relkin N, Marmarou A, Klinge P, Bergsneider M, Black PM. Diagnosing 

idiopathic normal‑pressure hydrocephalus. Neurosurgery. 2005;57:S4‑16.
 2. Williams MA, Malm J. Diagnosis and treatment of idiopathic normal pres‑

sure hydrocephalus. Continuum. 2016;22:579–99.
 3. Hakim S, Adams RD. The special clinical problem of symptomatic 

hydrocephalus with normal cerebrospinal fluid pressure. Observations on 
cerebrospinal fluid hydrodynamics. J Neurol Sci. 1965;2:307–27.

 4. Eide PK, Sorteberg W. Diagnostic intracranial pressure monitoring and 
surgical management in idiopathic normal pressure hydrocephalus: a 
6‑year review of 214 patients. Neurosurgery. 2010;66:80–91.

 5. McGirt MJ, Woodworth G, Coon AL, Thomas G, Williams MA, Rigamonti D. 
Diagnosis, treatment, and analysis of long‑term outcomes in idiopathic 
normal‑pressure hydrocephalus. Neurosurgery. 2005;57:699–705.

 6. Wikkelsø C, Hellström P, Klinge PM, Tans JT. The European iNPH Multicen‑
tre Study on the predictive values of resistance to CSF outflow and the 
CSF Tap Test in patients with idiopathic normal pressure hydrocephalus. J 
Neurol Neurosurg Psychiatry. 2013;84:562–8.

 7. Jacobsson J, Qvarlander S, Eklund A, Malm J. Comparison of the CSF 
dynamics between patients with idiopathic normal pressure hydroceph‑
alus and healthy volunteers. J Neurosurg. 2018;134:1018–23.

 8. Gideon P, Ståhlberg F, Thomsen C, Gjerris F, Sørensen PS, Henriksen O. 
Cerebrospinal fluid flow and production in patients with normal pressure 
hydrocephalus studied by MRI. Neuroradiology. 1994;36:210–5.



Page 9 of 9Oernbo et al. Fluids and Barriers of the CNS           (2022) 19:52  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 9. Luetmer PH, Huston J, Friedman JA, Dixon GR, Petersen RC, Jack CR, et al. 
Measurement of cerebrospinal fluid flow at the cerebral aqueduct by use 
of phase‑contrast magnetic resonance imaging: technique validation 
and utility in diagnosing idiopathic normal pressure hydrocephalus. 
Neurosurgery. 2002;50:534–43.

 10. He WJ, Zhou X, Long J, Xu QZ, Huang XJ, Jiang J, et al. Idiopathic normal 
pressure hydrocephalus and elderly acquired hydrocephalus: evaluation 
with cerebrospinal fluid flow and ventricular volume parameters. Front 
Aging Neurosci. 2020;12:584842.

 11. Oernbo EK, Steffensen AB, Khamesi PR, Toft‑Bertelsen TL, Barbuskaite 
D, Vilhardt F, Gerkau NJ, Tritsaris K, Simonsen AH, Lolansen SD, Andreas‑
sen SN, Hasselbalch SG, Zeuthen T, Rose CR, Kurtcuoglu V, MacAulay N. 
Cerebrospinal fluid formation is controlled by membrane transporters 
to modulate intracranial pressure. BioRxiv. 2021. https:// doi. org/ 10. 1101/ 
2021. 12. 10. 472067.

 12. Heisey SR, Held D, Pappenheimer JR. Bulk flow and diffusion in the 
cerebrospinal fluid system of the goat. Am J Physiol. 1962;203:775–81.

 13. Wald A, Hochwald GM, Malhan C. The effects of ventricular fluid osmolal‑
ity on bulk flow of nascent fluid into the cerebral ventricles of cats. 
ExpBrain Res. 1976;25:157–67.

 14. Marakovic J, Oreskovic D, Rados M, Vukic M, Jurjevic I, Chudy D, Klarica 
M. Effect of osmolarity on CSF volume during ventriculo‑aqueductal and 
ventriculo‑cisternal perfusions in cats. NeurosciLett. 2010;484:93–7.

 15. Krishnamurthy S, Li J, Schultz L, Jenrow KA. Increased CSF osmolarity 
reversibly induces hydrocephalus in the normal rat brain. Fluids Barriers 
CNS. 2012;9:13.

 16. Krishnamurthy S, Li J, Schultz L, McAllister JP. Intraventricular infusion of 
hyperosmolar dextran induces hydrocephalus: a novel animal model of 
hydrocephalus. Cerebrospinal Fluid Res. 2009;6:16.

 17. Aasebø E, Opsahl JA, Bjørlykke Y, Myhr KM, Kroksveen AC, Berven FS. 
Effects of blood contamination and the rostro‑caudal gradient on the 
human cerebrospinal fluid proteome. PLoS ONE. 2014;9: e90429.

 18. Brandner S, Thaler C, Lewczuk P, Lelental N, Buchfelder M, Kleindienst 
A. Neuroprotein dynamics in the cerebrospinal fluid: intraindividual 
concomitant ventricular and lumbar measurements. Eur Neurol. 
2013;70:189–94.

 19. Reiber H. Dynamics of brain‑derived proteins in cerebrospinal fluid. Clin 
Chim Acta. 2001;310:173–86.

 20. Reiber H. Proteins in cerebrospinal fluid and blood: barriers, CSF flow rate 
and source‑related dynamics. Restor Neurol Neurosci. 2003;21:79–96.

 21. Simonsen AH, Bech S, Laursen I, Salvesen L, Winge K, Waldemar G, et al. 
Proteomic investigations of the ventriculo‑lumbar gradient in human 
CSF. J Neurosci Methods. 2010;191:244–8.

 22. Graff‑Radford NR, Jones DT. Normal pressure hydrocephalus. Continuum. 
2019;25:165–86.

 23. Kofoed Månsson P, Johansson S, Ziebell M, Juhler M. Forty years of shunt 
surgery at Rigshospitalet, Denmark: a retrospective study comparing past 
and present rates and causes of revision and infection. BMJ Open. 2017;7: 
e013389.

 24. Bergsneider M, Black PM, Klinge P, Marmarou A, Relkin N. Surgical man‑
agement of idiopathic normal‑pressure hydrocephalus. Neurosurgery. 
2005;57:S29‑39.

 25. Andrén K, Wikkelsø C, Hellström P, Tullberg M, Jaraj D. Early shunt surgery 
improves survival in idiopathic normal pressure hydrocephalus. Eur J 
Neurol. 2021;28:1153–9.

 26. Sæhle T, Farahmand D, Eide PK, Tisell M, Wikkelsö C. A randomized 
controlled dual‑center trial on shunt complications in idiopathic normal‑
pressure hydrocephalus treated with gradually reduced or “fixed” pressure 
valve settings. J Neurosurg. 2014;121:1257–63.

 27. Hellström P, Klinge P, Tans J, Wikkelsø C. A new scale for assessment of 
severity and outcome in iNPH. Acta Neurol Scand. 2012;126:229–37.

 28. Carlsen JF, Backlund ADL, Mardal CA, Taudorf S, Holst AV, Munch TN, et al. 
Can shunt response in patients with idiopathic normal pressure hydro‑
cephalus be predicted from preoperative brain imaging? A retrospec‑
tive study of the diagnostic use of the normal pressure hydrocephalus 
radscale in 119 patients. Am J Neuroradiol. 2022;43:223–9.

 29. Folstein MF, Folstein SE, McHugh PR. “Mini‑mental state”. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189–98.

 30. Mathuranath PS, Nestor PJ, Berrios GE, Rakowicz W, Hodges JR. A brief 
cognitive test battery to differentiate Alzheimer’s disease and frontotem‑
poral dementia. Neurology. 2000;55:1613–20.

 31. del Campo M, Mollenhauer B, Bertolotto A, Engelborghs S, Hampel H, 
Simonsen AH, et al. Recommendations to standardize preanalytical 
confounding factors in Alzheimer’s and Parkinson’s disease cerebrospinal 
fluid biomarkers: an update. Biomark Med. 2012;6:419–30.

 32. Brandner S, Thaler C, Lelental N, Buchfelder M, Kleindienst A, Maler JM, 
et al. Ventricular and lumbar cerebrospinal fluid concentrations of Alzhei‑
mer’s disease biomarkers in patients with normal pressure hydrocephalus 
and posttraumatic hydrocephalus. J Alzheimers Dis. 2014;41:1057–62.

 33. Khan SF, Macauley T, Tong SYC, Xie O, Hughes C, Hall NDP, Street AC. 
When ventricular cerebrospinal fluid assessment misleads: basal meningi‑
tis and the importance of lumbar puncture sampling. Open Forum Infect 
Dis. 2019;6:1–4

 34. Tullberg M, Blennow K, Månsson JE, Fredman P, Tisell M, Wikkelsö C. 
Cerebrospinal fluid markers before and after shunting in patients with 
secondary and idiopathic normal pressure hydrocephalus. Cerebrospinal 
Fluid Res. 2008;5:9.

 35. Berle M, Wester KG, Ulvik RJ, Kroksveen AC, Haaland OA, Amiry‑
Moghaddam M, et al. Arachnoid cysts do not contain cerebrospinal fluid: 
a comparative chemical analysis of arachnoid cyst fluid and cerebrospinal 
fluid in adults. Cerebrospinal Fluid Res. 2010;7:8.

 36. Steffensen AB, Oernbo EK, Stoica A, Gerkau NJ, Barbuskaite D, Tritsaris K, 
et al. Cotransporter‑mediated water transport underlying cerebrospinal 
fluid formation. Nat Commun. 2018;9:2167.

 37. MacAulay N, Keep RF, Zeuthen T. Cerebrospinal fluid production by the 
choroid plexus: a century of barrier research revisited. Fluids Barriers CNS. 
2022;19:26.

 38. Orešković D, Radoš M, Klarica M. New concepts of cerebrospinal fluid 
physiology and development of hydrocephalus. Pediatr Neurosurg. 
2017;52:417–25.

 39. Wibroe EA, Yri HM, Jensen RH, Wibroe MA, Hamann S. Osmolality of cer‑
ebrospinal fluid from patients with idiopathic intracranial hypertension 
(IIH). PLoS ONE. 2016;11: e0146793.

 40. Vanneste JA. Diagnosis and management of normal‑pressure hydroceph‑
alus. J Neurol. 2000;247:5–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1101/2021.12.10.472067
https://doi.org/10.1101/2021.12.10.472067

	Cerebrospinal fluid osmolality cannot predict development or surgical outcome of idiopathic normal pressure hydrocephalus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patients
	Animals
	Osmolality measurement
	Statistical analysis

	Results
	No elevated osmolality in lumbar CSF obtained from iNPH patients
	iNPH patient CSF osmolality does not reflect the disease severity or shunt eligibility
	Compatibility between CSF osmolality in lumbar and ventricular spaces
	CSF osmolality is not a predictor of iNPH shunt surgery responsiveness

	Discussion
	Acknowledgements
	References




