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Abstract
Degenerative cervical myelopathy (DCM) is hallmarked by spinal canal narrowing and related cord compres-
sion and myelopathy. Cerebrospinal fluid (CSF) pressure dynamics are likely disturbed due to spinal canal ste-
nosis. The study aimed to investigate the diagnostic value of continuous intraoperative CSF pressure
monitoring during surgical decompression. This prospective single center study (NCT02170155) enrolled
DCM patients who underwent surgical decompression between December 2019 and May 2021. Data from
n = 17 patients were analyzed and symptom severity graded with the modified Japanese Orthopedic Score
(mJOA). CSF pulsations were continuously monitored with a lumbar intrathecal catheter during surgical de-
compression. Mean patient age was 62 – 9 years (range 38-73; 8 female), symptoms were mild-moderate in
most patients (mean mJOA 14 – 2, range 10-18). Measurements were well tolerated without safety concerns.
In 15/16 patients (94%), CSF pulsations increased at the time of surgical decompression. In one case, respon-
siveness could not be evaluated for technical reasons. Unexpected CSF pulsation decrease was related to
adverse events (i.e., CSF leakage). Median CSF pulsation amplitudes increased from pre-decompression
(0.52 mm Hg, interquartile range [IQR] 0.71) to post-decompression (0.72 mm Hg, IQR 0.96; p = 0.001). Mean
baseline CSF pressure increased with lower magnitude than pulsations, from 9.5 – 3.5 to 10.3 – 3.8 mm Hg
( p = 0.003). Systematic relations of CSF pulsations were confined to surgical decompression, independent
of arterial blood pressure ( p = 0.927) or heart rate ( p = 0.102). Intraoperative CSF pulsation monitoring was
related to surgical decompression while in addition adverse events could be discerned. Further investigation
of the clinical value of intraoperative guidance for decompression in complex DCM surgery is promising.

Keywords: cerebrospinal fluid pressure; degenerative cervical myelopathy; intraoperative monitoring;
intraoperative neurophysiological monitoring; spinal cord compression

Introduction
Degenerative cervical myelopathy (DCM) is a disabling

and painful spine disorder.1 Despite being a common

cause for neurological impairment in adults, it is gener-

ally underrecognized.2–5 The pathophysiology is com-

plex and incompletely understood, but spinal cord

compression, mechanical stress, and secondary ischemia

and axonal degeneration are considered fundamental

for its development.6,7 Diagnosis of cervical myelopathy

is based upon clinical findings and cervical magnetic res-

onance imaging,8 complemented by neurophysiological

examination to confirm and exclude alternate diag-

noses.9 However, pathology suggested by imaging often

does not adequately reflect disease severity. Historically,

cerebrospinal fluid (CSF) pressure dynamics have been

assessed through Queckenstedt’s test to diagnose
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cervical cord compression.10 Those bedside CSF pressure

assessments were also responsive to surgical decompres-

sion when done sequentially before and after surgery.11

More recently, intraoperative CSF pressure monitoring

has been investigated in acute spinal cord injury (SCI),

revealing increased baseline CSF pressure during sur-

gery.12 In DCM, however, injury mechanisms are differ-

ent, and translation from SCI is not straightforward.

Therefore, this study aims to investigate intraopera-

tive CSF pressure dynamics in DCM, with a focus on

cardiac-induced CSF pulsations, which have not been

investigated to date in spinal cord compression. We hy-

pothesized that CSF pulsations increase during surgical

decompression, related to specific surgical steps. The

analysis of CSF pressure dynamics during surgical de-

compression may help to better understand the patho-

physiology of DCM and potentially contribute to the

field of intraoperative monitoring in DCM.

Methods
Trial profile and main outcome measures
Details on the methodology and the study protocol were

published previously.13,14 This prospective cohort study

in patients with degenerative cervical myelopathy un-

dergoing surgical deCOMPression of the spinal CORD

(COMP-CORD), was registered in clinicaltrials.gov

(NCT02170155). The study conformed to the latest revi-

sion of the Declaration of Helsinki and was approved by

the local Ethics Committee of the University Hospital of

Zurich (KEK-ZH number PB-2016-00623). Patients pro-

vided written informed consent prior to enrollment. Nine-

teen patients were enrolled, two patients were excluded

from further analysis: in one patient, monitoring data

quality was compromised due to technical reasons, in an-

other patient lumbar catheter insertion was not feasi-

ble (see Fig. 1 for details on recruitment). All data are

reported for patients with sufficient intraoperative data

(n = 17). Surgical decompression was recommended in

patients with moderate to severe stenosis (i.e., score

of £14 in modified Japanese Orthopedic Assessment

[mJOA]), and in patients with mild myelopathy but per-

sistent disabling deficits or incipient neurological deteri-

oration.15 The primary outcome of the present study was

the intraoperative monitoring of cardiac-induced CSF

pulsations from before to after surgical decompression

and their relation to specific surgery events. Reporting

followed the Strengthening the Reporting of Observatio-

nal Studies in Epidemiology standard.16

Diagnostic assessments
DCM was diagnosed in patients with at least one clini-

cal symptom and one sign of cervical myelopathy,17

FIG. 1. Strengthening the Reporting of Observational Studies in Epidemiology flowchart of study
recruitment.
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complemented by corresponding stenosis and/or hyperin-

tense T2-weighted signal in cervical spine magnetic res-

onance imaging (MRI). Each patient underwent full

neurological examination and scoring of mJOA,18 Nurick

score,19 American Spinal Injury Association Impairment

Scale,20 Spinal Cord Independence Measure (SCIM),21

and Numerical Rating Scale for pain assessment (NRS).

All but two patients received Graded Redefined Assess-

ment of Strength, Sensation and Prehension (GRASSP).22

Details on neurophysiological examination, imaging, and

recording of surgery are provided in the Supplementary

Materials.

CSF pressure monitoring
A lumbar catheter was introduced before surgery follow-

ing induction of anesthesia and intubation at level

L3/L4, L4/L5, or L5/1 and CSF pressure was continu-

ously monitored. Correct placement of the catheter in

the spinal canal was confirmed with CSF reflux, respi-

ratory modulation of the signal, response to machine-

assisted inspiration-hold maneuvers, and/or spontaneous

CSF pulsation. To identify cardiac- induced CSF pulsa-

tions, arterial blood pressure (ABP) was obtained inva-

sively from radial artery in all patients except two. The

monitoring software, ICM+,23 allowed online display of

the raw signal and power values of cardiac-induced pul-

sations (i.e., those in the frequency range of ABP), which

allowed to distinguish these high frequency pulsation am-

plitudes from low frequency respiration-associated mod-

ulations of the pressure signal (i.e., corresponding to the

respiratory rate). Therefore, both peak-to-peak ampli-

tudes and power values are reported. For technical details

on the CSF pressure assessment, please refer to the study

protocol (published previously).14

Surgical procedures
Anterior cervical discectomy and fusion was performed

in 11 patients. A dorsal decompression with laminectomy

and in some cases additional laminotomy was performed

in six cases. Further specific imaging details are provided

in Table 1, including the level of maximum stenosis,

number of segments affected, presence of myelopathy,

site, and extent of maximum cord compression.

Anesthesia procedures
Total intravenous anesthesia was induced and maintained

with propofol using a target-controlled infusion system.

Details on anesthesia procedures are provided in the Sup-

plementary Materials.

Statistical analysis
Data analysis was performed with MATLAB (The Math-

Works, Inc., Natick, MA). For signal processing, the CSF

pressure recordings were first high-pass filtered (cut-off

frequency = 0.02 Hz) to discount artificial low frequency

signal changes related to height adjustment of the operat-

ing table and physical impact on the pressure sensor. Dur-

ing this step, the mean CSF pressure was reconstructed

using a moving average filter (window length = 1 min)

on the unfiltered signal. Details on the CSF pressure

data analysis and statistical analysis are provided in the

Supplementary Materials.

Table 1. Clinical Characteristics of DCM Patients

ID Age* Sex mJOA

mJOA
6 months

FU Nurick

Nurick
6 months

FU

BL
GRASSP

L/R** CHEPS
Symptom
duration*

CSF
CSA***

Site
of max.
Compr.

T2-
hyper-

intensity

Max. level
of stenosis
(number of
segments)

OP
access

1 66 F 10 18 3 1 NA NA 1.5 10.54 Bid Y C3 (2) D
2 43 M 14 16 1 1 37/36 Path. <0.5 23.76 Uni N C5 (2) V
3 63 F 15 16 1 1 52/53 Path. 0.5 14.87 Bid Y C3 (2) V
4 63 M 18 18 0 0 60/59 Path. 2.0 39.85 Bid Y C4 (2) V
5 59 F 14 16 1 1 NA Norm. 2.0 99.81 Bid Y C5 (4) D
6 64 M 16 16 1 1 56/60 Path. 1.0 37.37 Bid Y C5 (2) D
7 54 M 12 14 2 2 63/62 NA 0.5-1.0 2.26 Bid Y C3 (2) V
8 72 F 18 18 0 0 64/62 Path. 0.5 6.26 Bid Y C5 (3) V
9 66 F 14 14 2 1 63/64 Path. 0.5-1.0 9.46 Bid Y C6 (3) V

10 66 M 13 15 2 1 66/65 Path. 0.5 21.38 Uni N C3 (2) V
11 73 M 15 15 2 2 64/64 Path. 2.5 63.10 Bid Y C3 (4) D
12 58 M 16 15 1 1 66/66 Norm. 0.5-1.0 49.57 Bid N C3 (3) V
13 65 M 17 17 1 1 61/62 Path. 1.0 31.50 Bid Y C5 (2) D
14 62 F 15 17 2 1 65/65 Norm. 1.0-2.0 11.10 Bid Y C5 (4) D
15 38 F 14 NA 2 NA 64/64 Path. 1.5 25.00 Bid Y C5 (2) V
16 61 M 12 NA 4 NA 61/63 Path. 1.0 25.00 Bid Y C5 (4) V
17 73 F 13 NA 2 NA 60/23 Path. 0.5 11.60 Bid Y C3 (1) V

Two patients are not listed: in one patient, the intraoperative data could not be analyzed at the beginning of surgery due to technical problems, in one
patient catheter insertion was not possible. *in years

**Sensory and grasping scores max. score 66 points.
***in mm2 at max. stenosis.
Bid, bidirectional; BL, baseline; CHEPS, contact-heat evoked potentials; Compr., compression. CSF, cerebrospinal fluid; CSA, cross-sectional area; D,

dorsal; FU, follow-up; L, left; mJOA, modified Japanese Orthopedic Score; N, no; NA, not available; R, right; Uni, unidirectional; V, ventral; Y, yes.

302 ZIPSER ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

t Z
ür

ic
h 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
30

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Results
Demographics and clinical characteristics
Patients mean age was 62 – 9 years (range, 38-73), and

patients were mostly male (9 male; Table 1). Symptoms

were mild to moderate in most patients, severe in one par-

ticipant (mean mJOA 14 – 2, range 10-18; mild: n = 8,

moderate: n = 8; severe: n = 1). Mean duration of symp-

toms was 1 year, range between less than 6 months to

2.5 years. Most patients had sensory deficits of the upper

extremities (16/17; 94%) and pathological GRASSP

scores (14/15, 93%). Other symptoms were spastic ataxia

(9/17; 53%), neuropathic pain (6/17; 35%), and neuro-

genic bladder disorder (2/17; 12%). Mean Nurick score

was 1.5 – 1 (range 0-4) and mean NRS pain in neck

and/or arm area was 20 – 20 (range, 0-40). SCIM was

normal in most patients (mean 100; range 86-100). All

patients were graded AIS D. Blood loss during surgery

ranged between 50- 500 mL. Four patients (ID 3,7,13,18)

underwent revision surgery for adjacent segment degen-

eration. Findings from imaging and neurophysiology

are shown in Table 1 and in detail in the Supplementary

Materials.

Safety
Overall, the measurements were well tolerated. None of

the patients reported discomfort or pain from the catheter

insertion site during or after the measurements. In one pa-

tient a toxic skin lesion developed related to residuals

from disinfectants used during catheter insertion (1/17,

6%). Two patients developed post-puncture syndrome,

which remitted spontaneously within days (2/17, 12%).

There were no signs of local or systemic infection related

to the catheter. The median depth of lumbar catheter

placement from skin was 28 cm (range, 20-35 cm). Cor-

rect catheter placement was confirmed in all patients.

CSF pulsations: Responsiveness
to decompression
In most patients (15/16, 94%), CSF pulsations were timely

responsive to decompression (Fig. 2). In one case, pulsa-

tions were present at the beginning of surgery, but lost

in the time-window of access preparation due to technical

reasons (adjustments of surgery table; ID 16). In three

cases (ID 4, 6, 14), CSF pulsations were lost in the time-

window of decompression or post-decompression associ-

ated with adverse event with impact on CSF pulsations.

From the remaining patients, who all had a persis-

tent increase of pulsations following decompression and

throughout surgery (13/17, 76.5%), median pulsation am-

plitudes were 0.51 mm Hg (interquartile range [IQR]

0.71 mm Hg) before, and 0.72 mm Hg (IQR 0.96 mm

Hg) following decompression ( p = 0.001). Individual CSF

baseline pressures, pulsation amplitudes, and pulsation

powers are shown in Table 2. The different relations be-

tween baseline pulsation magnitude and post-decompression

values are shown for representative examples in (ID 7, 9,

12; Fig. 3).

Temporal evolution of CSF pulsation during
surgical decompression: Video analyses
In most patients who were responsive to decompression

(n = 15), decompression-related increase of pulsations

FIG. 2. Overview of intraoperative changes in cerebrospinal fluid (CSF) pulsations in specific phases of
surgery. CSF pulsations were responsive to decompression in most cases (15/16; 94%) and could be
distinguished from decreased pulsations related to adverse events. Color image is available online.
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occurred gradually over several minutes (13/15; 87%),

whereas in some, instantaneous changes were found

(2/15;13%). Pulsation increase occurred in distinct tem-

poral relation with the initial opening of the posterior

ligament removal (ID 9, 10, 16), ongoing laminectomy

and laminotomy (ID 5, 11), completion of decompres-

sion (ID 6, 8, 12, 15). Representative examples for

cases with an instantaneous and gradual increases of

pulsations are illustrated with ID 9 and ID 5 (Fig. 4).

The surgical video was synchronized to the CSF pulsa-

tion recording in ID 9 following the initial punch of

the posterior ligament of the most caudal stenotic level

(Supplementary Video S1). The corresponding pre-

and 6-month post-surgical MRI for this patient does

not show residual stenosis (Fig. 5). Typical data show-

ing a gradual increase during progressive removal of

the posterior ligament is shown for ID 8 (Supplementary

Video S2).

FIG. 3. Representative cases of patients with initial almost lost (ID 9), moderate (ID 12), and high (ID 7)
Cerebrospinal fluid pulsation amplitudes (red lines) at baseline, and consecutive increment post-
decompression. The changes were independent of systemic blood pressure values (green lines) and effects
of respiration. Color image is available online.

Table 2. Median Values of CSF Pressure Parameters in the Time-Window before (Pre) and following Decompression (Post)
from Lowest to Highest Pulsations before Decompression

ID BL Pre* BL Post* DBL*
Pulsation

Amplitude Pre*
Pulsation

Amplitude Post* DPulsation*
CSF Pulsation
Power Pre**

CSF Pulsation
Power Post** DPower**

9 9.5, 1.8 10.7, 0.2 1.2 0.16, 0.13 1.06, 0.69 0.9 0.0001, 0.0001 0.0876, 0.0384 0.0875
3 10.8, 0.7 12.3, 0.7 1.5 0.16, 0.09 0.29, 0.19 0.13 0.0003, 0.0002 0.003, 0.0011 0.0027
2 4.8, 0.1 5.1, 0.6 0.3 0.19, 0.10 0.24, 0.11 0.05 0.0012, 0.0004 0.0034, 0.0007 0.0022
1 8.6, 0.3 10.6, 3.0 2 0.49, 0.33 0.53, 0.38 0.04 0.0101, 0.0042 0.0118, 0.0063 0.0017

15 8.7, 0.9 8.6, 0.2 -0.1 0.48, 0.25 0.64, 0.26 0.16 0.0119, 0.0034 0.0242, 0.0091 0.0123
12 5.9, 0.4 6.6, 0.3 0.7 0.44, 0.16 0.76, 0.20 0.32 0.0137, 0.0031 0.0536, 0.0099 0.0399
11 5.5, 0.5 5.2, 0.6 -0.3 0.66, 0.30 0.87, 0.39 0.21 0.0239, 0.0126 0.0559, 0.0187 0.032
13 5.6, 1.5 6.6, 0.1 1 0.64, 0.43 0.71, 0.29 0.07 0.0267, 0.0252 0.0450, 0.0050 0.0183
10 11.1, 2.5 11, 0.3 -0.1 0.60, 0.17 0.64, 0.14 0.04 0.0322, 0.0119 0.0371, 0.0083 0.0049
5 9.9, 0.3 10.9, 0.1 1 0.69, 0.31 1.25, 0.39 0.56 0.0426, 0.0088 0.1581, 0.0263 0.1155
8 15.7, 1.5 17.4, 1.7 1.7 1.35, 0.81 5.66, 2.07 4.31 0.1173, 0.0920 2.2103, 1.5144 2.093

17 12.8, 1.7 14.1, 7.3 1.3 1.59, 0.58 1.62, 0.66 0.03 0.2420, 0.1072 0.2800, 1.1149 0.038
7 14.6, 2.9 14.8, 0.2 0.2 2.65, 2.19 3.35, 0.78 0.7 0.9537, 1.1217 1.1048, 0.2147 0.1511

Patients with persistently increased pulsation are listed (n = 13/17), i.e., not those without surgical adverse events and technical limitations (n = 4/17).
The respective median, interquartile range for CSF baseline pressure (*BL in mm Hg), CSF pulsation amplitude (*Pulsation amplitude in mm Hg) and
power (**CSF pulsation power in mm Hg2) are shown for the individuals, as well as the change from pre- to post- (*delta pulsation amplitudes in mm
Hg, **delta power in mm Hg2).

CSF, cerebrospinal fluid; BL, baseline.
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Intraoperative events and adverse events
with impact on CSF pulsation

In 3/17 (18%) patients a secondary, sudden alteration

of CSF pulsations occurred with almost loss of pulsa-

tion. Mean peak-to-peak amplitude severely decreased

from 0.68 – 0.36 mm Hg (range, 0.30-1.16 mm Hg) to

0.12 – 0.10 mm Hg (range, 0.0007-0.24 mm Hg). In the

time-window after decompression, this was related to

CSF- leakage (ID 16), that was detected by the surgeon

during surgery. In one case (ID 6), a decrease was ob-

served in the time-window post-decompression, related

to cage insertion. In ID 4, there was no video recording

available, but upon surgeon judgement, a CSF leakage

was the most likely cause for the loss of pulsation.

Note that none of the patients had clinical sequelae asso-

ciated with these events.

Potential confounders of CSF pulsations:
Cardiocirculatory parameters
and baseline CSF pressure
In patients with increased CSF pulsations, there were no

differences in mean arterial pressure (MAP) before

FIG. 4. Intraoperative recordings of cerebrospinal fluid (CSF) pulsations in blue and arterial pressure (MAP)
in red. Yellow box shows time-window of decompression and indication of CSF pressure responses. Patients
could show either: (A) an instantaneous CSF pressure response. For example, ID 9 following removal of the
posterior ligament (star symbol) showed an instantaneous increase from almost lost CSF pulsations (mean
amplitude 0.16 mm Hg) to increased and persistent CSF pulsation amplitudes (mean 1.06 mm Hg); and
(B) gradually increasing CSF pulsations. In patient ID 5 with stepwise surgical decompression (laminectomy
marked by star symbol) the pulsation power increased by 223.8% (from median pulsation amplitudes
of 0.69 mm Hg to 1.25 mm Hg). See also Supplementary Video S1 for the real time recording and
corresponding surgical video of ID 9. Color image is available online.
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decompression (mean 79 – 6 mm Hg; range 72-91 mm

Hg) and post-decompression (79 – 8 mm Hg; range 65-

95 mm Hg; p = 0.927). Similarly, there were no changes

in heart rate (HR) from pre- (mean 67 – 12/min; range 43-

90/min) to post-decompression (mean 70 – 12/min;

range 53-90/min; p = 0.102).

From patients with a persistent increase of pulsa-

tions throughout surgery, the mean CSF baseline pressure

was 9.5 – 3.5 mm Hg before (range 4.8- 15.7 mm Hg),

and 10.3 – 3.8 mm Hg (range 5.2- 17.4 mm Hg) follow-

ing decompression ( p = 0.003). Pulsation amplitudes in-

creased unrelated to changes in baseline CSF pressure

and MAP as shown in representative patient ID 11 and

15 (Fig. 6).

The correlation between MAP and CSF pulsation was

0.38 before ( p < 0.001), and 0.16 following decompres-

sion ( p < 0.001). The correlation of HR to CSF pulsations

was -0.08 before ( p < 0.001), and -0.07 following decom-

pression ( p < 0.001).

Preliminary clinical follow-up evaluation
Six-month follow-up (completed in 14 out of 17 sub-

jects) showed significant improvement for mJOA, from

pre-operative mean of 15 – 2 to 16 – 1 post-operative

score ( p = 0.048). Changes in Nurick score were slightly

below the threshold for statistical significance ( p = 0.055),

remaining on average 1 – 1 before and after surgery

( p = 0.055). In patients without intraoperative events that

negatively affected CSF pulsations, we did not find a signif-

icant correlation between the magnitude of pulsation

changes and post-operative mJOA changes ( p = 0.538).

Patients with immediate CSF pulsation increase (ID 5 and

9) did not fare better than those with gradual responses.

Both patients that revealed immediate changes had in

common that bidirectional, multi-segmental stenosis was

present.

Discussion
Summary of main findings
To our knowledge, this was the first study that evalu-

ated the dynamics of intraoperative CSF pulsations in

decompressive surgery of DCM. The intraoperative

evolution of CSF pulsations suggests that CSF dynam-

ics were severely affected in cases with spinal cord

compression and increased at the point of surgical de-

compression. All changes were observed during decom-

pression, highlighting the potential of infra-stenotic

CSF pressure monitoring. A potential interference of

MAP, HR, and baseline CSF pressure with recovery of

CSF pulsations from pre- to post-decompression could

be ruled out.

FIG. 5. T2-weighted magnetic resonance imaging of the cervical spine of a representative degenerative
cervical myelopathy patient (ID 9). (A) Pre-operative imaging with sagittal and axial images showing spinal
canal stenosis at levels C5/6 and C6/7 without myelopathy signal. (B) Cervical magnetic resonance imaging
6 months after anterior decompression and spinal fusion C3-C7.
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Bedside investigations of CSF pressure
dynamics in spinal cord compression
Under normal conditions, the intracranial and spinal

CSF compartments are considered a communicating

fluid space. In the presence of spinal canal stenosis, the

communication is compromised.24,25 Thirty years ago, a

study investigated Queckenstedt’s test (QT) in 85 patients

with DCM before and after decompressive surgery and

found that responses recovered following surgical decom-

pression.26 QT is performed by firm manual pressure on

both jugular veins during lumbar puncture and parallel

measurement of CSF pressure at lumbar level. Our findings

extend these observations to the intraoperative setting with

detailed intraoperative analysis of CSF pressure dynamics

and real time feedback illustrating the potential of the

method to allow for timely surgical adjustments as needed

(e.g., in complex or multi-level stenosis).

Intraoperative CSF and intraspinal pressure
monitoring in spinal cord compression:
Comparison of monitoring data and safety
More recently, one study investigated CSF pressure in 22

patients with acute SCI during decompression and fo-

cused on opening CSF pressure as primary outcome.12

The authors described an increase of baseline pressure

following decompression, with initially higher baseline

CSF pressure than in this DCM cohort (13.8 – 1.3 mm

Hg vs. 9.5 – 3.5 mm Hg). The increase of baseline pres-

sure reported for SCI—it nearly doubled—was much

larger than in our cohort, pointing to the differences of

the pathophysiology between DCM and SCI. In acute

SCI, sudden swelling and edema of the spinal cord, as

well as hematoma may contribute to per-acute conditions

with completely blocked CSF space at the injury site

within the spinal canal,27 while in DCM cord

FIG. 6. Intraoperative monitoring of cardiac-related cerebrospinal fluid (CSF) pulsations. Data from two
representative patients (top ID 11, bottom ID 15) illustrating increases of pulsation power pre- to post- surgical
decompression (y-axis; in mm Hg2), as they relate to changes to mean arterial pressure (MAP; x-axis; A and
C) and to changes in baseline CSF pressure (mm Hg: x-axis; in, B and D). Note that increased CSF pulsations
are specific to effects of decompression and not affected by changes in baseline CSF pressure and MAP. Color
image is available online.
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compression develops over months or years, with liga-

mentous, discal, and osseous alterations as the predomi-

nant mechanism of cord compression with remaining

CSF space in most patients.28 We suppose that in DCM

monitoring of pulsations is particularly useful, because

baseline CSF pressure changes were not as striking as

in acute SCI. There is one other study that monitored

CSF pulsations in 13 patients with acute SCI in the

time-window after surgical decompression.29 At that

stage, CSF was non-pulsatile in 21% of the time.

Again, compared with our cohort, from which all patients

had pulsatile CSF, except for those with specific intrao-

perative (adverse) events, the pulsation abnormalities in

acute SCI were more pronounced than in DCM.

CSF pressure monitoring
and intraoperative ultrasound
Intraoperative ultrasound (IOUS) has been proposed as a

tool to detect cord compression in DCM patients undergo-

ing dorsal surgery.30,31 Our findings are in line with the ob-

servation that cord pulsation was impeded in the presence

of stenosis and returned following decompression. CSF

pressure monitoring has the potential advantage that it

would be feasible in both anterior and posterior decom-

pression, while being more invasive than IOUS. To deter-

mine the common ground of IOUS and CSF pressure

readouts, parallel assessment can be helpful.

CSF pressure–clinical outcome interrelation
Most patients who underwent 6-month follow-up showed

significant improvement of mJOA. Therefore, we assume

to have achieved successful decompression in the major-

ity of patients. The absence of a correlation between pre-

liminary outcomes and intraoperative pressure changes

indicates that decompression is only one out of multiple

factors contributing to recovery trajectories. However,

in those who remained clinically stable, recovery may

still be evident at later stages (e.g., within 12 months of

follow-up), as recently shown in a sizable cohort of

DCM patients.17 Further, it is common observation that

patients with mild symptoms experience smaller incre-

ments than patients with severe impairment,32 which de-

mands for more specific outcome measures than mJOA.33

With regards to imaging, despite successful decompres-

sion, those patients with established myelopathy (i.e.,

multiple level of hyperintensity in T2- weighted MRI),

may have worse outcomes than those without.34 In con-

clusion, more follow-up data and possibly larger sam-

ple size is required to perform a meaningful subgroup

analysis.

Safety considerations
With regard to safety, in our study, the measurements

were well tolerated overall, none of the patients com-

plained of pain at the insertion site, post-puncture head-

ache was in the expected range35 and vanished timely.

As we observed a skin lesion due to disinfectant agents,

we recommend careful search for remnants in patients

positioned on their back for surgery to prevent this pre-

ventable adverse event in patients undergoing CSF pres-

sure monitoring.

Pathophysiological underpinnings of CSF
pulsations and cardiocirculatory interplay
The mechanisms behind cardiac-induced CSF pulsations

are complex and incompletely understood. Our results

support the notion of an intracranial origin of pulse gen-

eration,36,37 since pulsation was weak to absent in the

presence of cord compression and sensitive to decom-

pression, which could not be explained unless pulsa-

tions were mainly translated through the spinal canal

and across the level of stenosis. Due to this interplay be-

tween the arterial and CSF compartment,38 changes in

MAP or HR could potentially confound CSF pulsations.

However, within the blood pressure ranges recorded

here (i.e., within the limits of autoregulation, typically

controlled and maintained during spine surgery), any

relevant systematic confounding of the CSF pulsation

transduced by cardiocirculatory dynamics could be

minimized. Further potential confounders need to be

systematically investigated, for instance carbon dioxide

levels.39

Clinical implications
This study represents the proof of concept that intrao-

perative monitoring of CSF pulsation may detect imme-

diate decompression-related changes in DCM. To date,

neuromonitoring with motor evoked potential and so-

matosensory evoked potential is an established tool to

detect intraoperative neurological injury during spine

surgery and improves surgical outcomes.40 Beyond

the concept of prevention of damage, monitoring of

CSF pulsations can potentially provide guidance in re-

vealing and quantifying effects of surgical spinal cord

decompression. Of note, this study aligns with two of

the top 10 research priorities for DCM, identified by

AO Spine RECODE DCM (REsearch Objectives and

Common Data Elements for Degenerative Cervical

Myelopathy): assessment and monitoring, and patho-

physiology.41

Limitations
This study primarily aims at proving safety, feasibility,

and proof-of-concept of CSF pressure monitoring in

DCM. As known from larger DCM cohort studies, this

condition is usually highly heterogenous in terms of

disease mechanisms and severity.17 Our cohort was
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representative for mild- moderate DCM and most com-

monly multilevel stenosis was present. For patients

with more severe symptoms and single level stenosis

these findings should be viewed with caution. Also, pa-

tients with tandem stenosis, which represent a sizeable

proportion of patients with DCM,42 were not included

in this sample. With respect to the radiological findings,

subgroup analyses would be needed to predict specific

CSF pressure signatures of soft tissue versus calcified ste-

nosis.

Conclusion
Intraoperative monitoring of CSF pressure dynamics is

safe and feasible in DCM, and temporally related changes

of CSF pulsations indicate responsiveness to surgical de-

compression. While sensitivity and specificity are high,

there is further need to elaborate on targeted levels of

CSF pulsations and concepts in complex surgical proce-

dures. These results represent the first proof-of-principle

that cord decompression is accompanied by quantifiable

changes in CSF pressure values, suggesting value of

this method for intraoperative monitoring. Further studies

are needed to investigate the diagnostic utility.
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