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Objective: The primary aims of this study were to determine the major frequencies and powers of oscillations

in cerebrospinal fluid (CSF) pressure in the anesthetized rat, and determine whether the CSF pressure

oscillations correlated with the major oscillation frequencies in the cardiovascular and respiratory systems as

proposed by some chiropractic theories.

Methods: The cardiac and ventilatory cycles, and CSF pressure were simultaneously recorded during

spontaneous and positive-pressure mechanical ventilation in the anesthetized rat. Power spectra were

generated from the raw data to identify the major oscillation frequencies in cardiorespiratory and CSF data

sets. Entrainment of CSF pressure with ventilation was tested by mechanically pacing the ventilation over a

range of frequencies.

Results: The most powerful oscillation in CSF pressure was coincident with ventilatory chest movement

during both spontaneous and mechanically paced ventilation. In 22 of 26 trials, there was also a very weak

oscillation in CSF pressure that was entrained to heart rate. In addition, in 21 of 26 trials, it was possible to

identify a low-frequency oscillation (b0.25 Hz) in CSF pressure that was coincident with a low-frequency

oscillation in the power spectrum of the cardiac cycle.

Conclusions: This study suggests oscillations in CSF pressure in the anesthetized rat are entrained to and

driven by ventilation. The arterial pulse pressure makes little contribution to oscillations in CSF pressure in the

immobile, anesthetized rat. This study provides normative, quantitative data on which to develop studies

concerning the effects of vertebral movements and spinal posture on CSF dynamics. (J Manipulative Physiol

Ther 2007;30:351Q356)
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T
he clinical application of manual therapies such as

cranial and spinal manipulation is guided by

certain fundamental clinical hypotheses and theo-

ries concerning the causes of disease and the physiologic

impact of the involved treatments. Indeed, at times such

hypotheses and theories may seem to hold more importance

than objective and quantitative measures of clinical effects.

Many of these clinical hypotheses and theories remain to be

rigorously tested.
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Among theories at the core of certain manual therapies

are hypotheses that altered motion or malposition of the

cranial bones or vertebrae interfere with normal neurologic

function and thus result in disease.1-3 Different iterations of

these core theories may evoke somewhat different and

perhaps complementary pathologic mechanisms such as

direct pressure on neural structures, tension on meninges, or

disturbances in normal cerebrospinal fluid (CSF) move-

ment.3-5 With regard to the latter, it has been proposed that

rhythmic oscillations, both normal and abnormal, in CSF

pressure may result in palpable movements of the cranial

and vertebral bones, sometimes termed the cranial rhythmic

impulse (CRI), and that this CRI may therefore have some

application to diagnosis. However, little data exist concern-

ing the normal frequencies of the CRI, and it is uncertain

whether oscillations of CSF pressure actually result in a CRI

that is palpable on manual examination.6,7

Previously, it has been possible to measure lumbar CSF

pressure in anesthetized rats,8 and to demonstrate large

absolute pressure changes associated with cerebral hemor-

rhage. However, it is unclear whether relatively small

changes in CSF pressure at the cervical level (or higher)

might be detectable at the lumbar level given the normal
351
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oscillations in CSF pressure at this level. In other words,

there may be too much noise in the normal lumbar CSF

pressure recording to permit detection of a subtle pressure

signal from the more rostral spine or cranium. Furthermore,

even in the prone animal, pressure measures at the lumbar

level may be affected by, for example, small changes in

head position,9 and hence, in absolute terms, lumbar CSF

pressure cannot be equated with intracranial pressure. Thus,

in the absence of quantitative data on normal oscillation

frequencies, it would be difficult to identify changes in CSF

fluid dynamics associated with vertebral movement or static

malposition at any spinal level, and no conclusions can be

made about any relationship between lumbar CSF oscil-

lations and the putative CRI.

Although animal models have been developed to study

the effects of spinal joint fixation on vertebral morphol-

ogy,10 and the effects of vertebral motion and manipulation

on paravertebral muscle spindle behavior,11 there are

currently no available animal models to study the effects

of vertebral movement or position on CSF dynamics. The

aim of this study was to quantify the frequencies and

relative strengths (powers) of oscillations in CSF pressure in

the anesthetized rat as a first step in developing a model to

investigate the effects of vertebral displacements and

manipulations on CSF dynamics.
METHODS

Experiments were performed on 8 urethane-anesthetized

adult male Wistar rats aged 8 to 12 weeks and weighing 360

to 430 g. All procedures were performed in accordance with

protocols approved by the University of Newcastle animal

care and ethics committee, and conformed to the Australian

National Health and Medical Research Council Code for

Practice for the use of animals in experiments.

Anesthesia was induced by an intraperitoneal injection of

urethane (1.3 g/kg). Animals were then tracheotomized and

intubated, and initially allowed to ventilate spontaneously.

A carotid artery was catheterized for the continuous

measurement of blood pressure (BP) and heart rate (World

Precision Instruments, BP-1, Sarasota, Fla), and a jugular

vein was catheterized for administration of supplementary

anesthetic and fluids as necessary. Respiratory rate was

monitored by a pressure transducer (MP100, PowerLab,

ADInstruments, Castle Hill, Australia) placed under the

chest to measure chest excursion. In trials involving

positive-pressure mechanical ventilation (see later), animals

were ventilated at rates of between 65 and 100 breaths per

minute using a small animal ventilator (Small Animal

Ventilator Model 683, Harvard Apparatus, South Natick,

Mass) with a spirometer (MLT1L Spirometer, ADInstru-

ments) placed in series with the ventilator to monitor

ventilatory flow. No paralyzing agent was used in these

experiments. This allowed some animals, which remained in
good physiologic condition, to be returned to spontaneous

ventilation. The electrocardiogram (EKG) was recorded

from subcutaneous electrodes on each side of the chest. The

EKG served as a backup for monitoring the cardiac cycle in

the event, as sometimes happens in prolonged experiments,

that the carotid cannula became obstructed. Body temper-

ature was monitored via a rectal probe (Model 43TA;

Yellow Springs Instrument Company, Yellow Springs,

Ohio) and maintained at 378C to 37.58C by using a heating

blanket (K-20-D, American Pharmaseal Company, Valencia,

Calif) and infrared lamp. Adequacy of anesthesia was

judged by stability of heart rate and BP, and by periodically

checking for the absence of withdrawal and corneal reflexes.

A catheter (PE10, Atom Medical, Tokyo) was intro-

duced into the subarachnoid space of the lower lumbar

spine via a partial laminectomy of the L5 vertebra by using

an established protocol.8 Specifically, the caudal half of the

L5 lamina was surgically exposed and removed along with

the yellow ligament, leaving the dura mater intact. A small

incision was made in the dura mater, and through this

incision a 25-gauge needle was inserted and used to make

a small puncture in the arachnoid mater caudal to the

termination of the spinal cord. Under direct visualization

with a dissecting microscope (OPMI-11, Carl Zeiss,

Sydney, Australia), approximately 5 mm of PE10 tubing

was fed into the subarachnoid space, and the incision in

the arachnoid mater was sealed with tissue adhesive

(Quick Fix, Shelley Pty Ltd Padstow, NSW, Australia).

The catheter was filled with artificial CSF (aCSF)12 from a

reservoir in a side port and connected to a pressure

transducer for continuous measurement of lumbar CSF

pressure. The EKG, BP, CSF pressure, ventilatory flow,

and chest excursion were recorded on a computer (G3

Apple Macintosh) and analyzed by using a dedicated data

acquisition system (MacLab 8S, ADInstruments). Mean

arterial pressure and mean CSF pressure were computed by

using the data acquisition system and displayed in real-

time to monitor the stability of the preparation.

Data were sampled at a rate of 2000 Hz (EKG, BP, and

CSF pressure) or 200 Hz (chest excursion and ventilatory

flow), and analyzed using a dedicated software data analysis

system (Chart ver 4.1.1, ADInstruments). Data were

obtained from a total of 26 trials performed in 8 animals.

Each trial consisted of a 4-minute recording period with

ventilation at a stable rate, during which time systolic BP

remained higher than 80 mm Hg and a stable anesthetic

plane was maintained. Twelve trials were performed with

spontaneous breathing and 14 trials were performed in

animals that were mechanically ventilated (see above) at

rates of between 65 and 100 breaths per minute. Hence, in

all animals, recordings were obtained during both sponta-

neous and mechanical ventilation, and in some animals, it

was possible to obtain records during more than 1 rate of

mechanical ventilation. Four-minute blocks of data were

recorded for analysis of power spectra to capture a minimum
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of 260 respiratory cycles even at the slowest rate of

mechanical ventilation. Power spectra were generated using

64K or 128K fast Fourier transforms with a Hamming

window (Chart ver 4.1.1, ADInstruments).

Data were analyzed as follows: peak frequencies in CSF

pressure, revealed by power spectrum analysis, were

examined for correlation with peak frequencies in the power

spectra of the respiratory and cardiac cycles, thus including,

but not limited to, the mean respiratory rate and mean heart

rate. Furthermore, simultaneous recordings of CSF pressure

waves and either chest excursion or BP were averaged (n =

500 ventilatory or cardiac cycles) using commercial soft-

ware (Scope ver 3.0, ADInstruments) to determine the phase

relationship between these waves.

In 6 of 8 animals, after paced respiration, the upper

cervical vertebrae were exposed, a 26-gauge needle was

introduced into the subarachnoid space at the occiput-C1

level, and the entry site was then sealed with surgical

adhesive (Quick Fix, Shelley’s). Discrete volumes (range,

0.05-0.31 mL) of aCSF were introduced at the occipital-C1

level while concurrently measuring the lumbar CSF

pressure. The purpose of this protocol was to confirm that

pressure changes at the upper cervical level were detectable

via the lumbar catheter. In 3 rats, at the conclusion of the

experiment, blue food dye was mixed (1% Solution) with

aCSF and injected (typically 0.25 mL) at the occipital-C1

level to determine if the lumbar cannular was placed in the

subarachnoid space.
Fig 1. Power spectra of simultaneously recorded 4-minute epochs
of CSF pressure (A), BP (B), and chest excursion (C) in a
spontaneously breathing anesthetized rat. The insets, top right of
each panel, show 8-second epochs of raw data for the CSF
pressure, BP, and chest excursion, respectively. The dashed line
marks the time of peak inspiration. The principal peaks in the CSF
pressure spectrum occur at 0.122 and 1.251 Hz. Principal peaks in
the BP spectrum occur at 1.251 Hz (average instantaneous
respiratory rate) and 6.042 Hz (average instantaneous heart rate).
The larger CSF power spectrum peak (A) clearly coincides with
the larger peak power spectrum of chest excursion (C). There is
also a second (harmonic) peak at 2.5 Hz in the spectral analysis
chest excursion (C). In this animal, the CSF peak at 0.122 Hz (A)
correlated with a very small peak in the BP power spectrum, which
RESULTS

In all 6 of 8 animals tested, injection of small volumes of

aCSF into the cisterna magna resulted in essentially

instantaneous increases in CSF pressure measured at the

lumbar level, indicating that the lumbar catheter was patent.

In all 3 rats in which dye was injected into the cisterna

magna, dye was found to track in the subarachnoid space at

the level of the lumbar cannula and could be aspirated with

the lumbar catheter, demonstrating that the catheter was

within the subarachnoid space.

cannot be discerned in this figure.
Frequencies of CSF Pressure Oscillations
At the commencement of data collection, the mean

(FSD) CSF pressure for all spontaneously breathing rats

(n = 8) was 4.18 F 2.49 mm Hg. All 8 rats exhibited

pressure waves in the CSF (Fig 1A, inset). The power

spectra of CSF pressure, in both spontaneously ventilating

and mechanically ventilated rats, showed peaks within

3 frequency ranges: 0.006 to 0.24 Hz (7/8 rats—in 9 of

12 trials with spontaneous breathing, and 12 of 14 trials with

mechanical ventilation); 0.98 to 1.95 Hz (8/8 rats); 5.37 to

8.06 Hz (8/8 rats) (Fig 1A). The mean (FSD) of the peaks

in each of the frequency ranges, for all rats, was 0.18 F
0.07, 1.53 F 0.36, and 6.99 F 0.08 Hz, respectively.
Powers of CSF Pressure Oscillations
The CSF power spectra were reanalyzed with 8K fast

Fourier transforms, effectively creating bins of 0.25 Hz in

width. This second analysis, using a broader bin width, does

not allow as precise an identification of peak frequency, but

pools power over the bin width for a more efficient

comparison of powers within the ranges sampled. In 25 of

26 trials, the largest peak in the power spectrum of CSF

pressure was that peak within the frequency range of 0.98 to

1.95 Hz. The powers of the 3 peaks in each CSF pressure

spectrum were normalized to the power of the major peak in

the 0.98 to 1.95 Hz range. Within the same trials, the peaks



Fig 2. This figure shows averaged records (n = 500) of chest
excursion (upper panel) and CSF pressure (lower panel) over 2
cycles of spontaneous breathing (A) and mechanical ventilation
(93 breaths/min) (B). Averages (n = 500) of BP (upper panel) and
CSF pressure (lower panel) are shown during spontaneous
breathing (C). These data are from the same animal and clearly
show that CSF pressure waves are entrained to ventilatory
movement. With spontaneous ventilation the peak pressure in
CSF occurs at peak expiration (Exp), whereas minimum pressure
occurs at peak inspiration (Insp) (A). Note that the phase of CSF
pressure shifts 1808 with mechanical ventilation (B) and is greatest
with positive pressure ventilation (+ve) and least with negative
(�ve) pressure ventilation. There was no apparent entrainment of
CSF pressure (lower panel) with BP (upper panel) in this rat (C).

Fig 3. Frequency of the most powerful oscillation in the CSF
pressure (CSF) plotted against the frequency of ventilation (Resp)
of both spontaneous and mechanically ventilated rats (26 trials in
8 rats; some data points overlap) in this study. The blinearQ
regression line (solid line) and 95% confidence intervals (dashed
lines) have been plotted. The blinearQ correlation (coefficient of
determination = r2) was 0.271.
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in the power spectra of CSF pressure within the 5.37 to 8.06

Hz range had less than 1% of the power of the peaks in the

0.98 to 1.95 Hz range. Similarly, in 21 of 26 trials, the low

frequency peak (below 0.25 Hz) in CSF pressure had a

power of less than 8% of the power of the major peak in the

0.98 to 1.95 Hz range. In the remaining 3 trials, the powers

of these low frequency peaks (below 0.25 Hz) were 27%,

37%, and 285% of the power of the major peak in the 0.98

to 1.95 Hz range.
Entrainment of CSF Pressure Oscillations to Cardiac and Respiratory Cycles
Power spectra analysis of the EKG and BP demonstrated

coincident major peaks within the frequency ranges of 5.402

to 8.392 Hz. Minor peaks also occurred at successive,

higher harmonic frequencies (Fig 1B). In 4 animals, there

was also a small peak in the BP power spectra within the
range of 1.068 to 1.648 Hz. The BP power spectra

invariably included more bnoiseQ than the EKG power

spectra, and the major peaks in the BP power spectra were

relatively wide compared to the coincident peaks in the

EKG spectra because of this noise. In 21 of 26 trials, it was

possible to resolve a relatively small, low frequency peak

below 0.25 Hz in the EKG power spectra.

The power spectra of chest excursion invariably revealed

a single major peak within the range of 1.076 to 1.648 Hz,

with minor peaks at successive, higher harmonic frequen-

cies (Fig 1C). There were no lower frequency peaks in the

chest excursion records in any spontaneously breathing or

mechanically ventilated animals. In mechanically ventilated

animals the frequencies of the major peaks in the power

spectra of chest excursion were, within the limits of

accuracy of the equipment, coincident with the major peaks

in the power spectra of the spirometer and reflected the rate

of ventilation set by the ventilator.

In 22 trials collected from 6 animals, simultaneous

recordings of chest excursion and CSF pressure, averaged

more than 500 respiratory cycles, showed that CSF pressure

was phase-locked to chest excursion (Fig 2). In sponta-

neously ventilating animals, CSF pressure and intrathoracic

pressure were in phase, with the maximum CSF pressure

coincident at the peak of expiration. In mechanically

ventilated animals, however, CSF pressure peaked at the

point of maximal chest expansion. In both spontaneous and

mechanically ventilated rats the frequency of the most

powerful oscillation in the CSF pressure had a weak blinearQ
correlation (r2 = 0.27) with rate of ventilation (Fig 3). In

9 trials in 5 animals, simultaneous recordings of BP and
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CSF pressure failed to demonstrate any phase locking of

these pressure waves.
DISCUSSION

Kusaka et al8 had reported rhythmic variations in lumbar

CSF pressure in anesthetized rats that they took to be

entrained to the respiratory cycle. Furthermore, Barth et al13

reported variations in CSF pressure, measured at the cisterna

magna, which they took to be coincident with respiration

and the cardiac cycle. In neither instance, however, were

quantitative data reported and there was no attempt to

determine CSF pressure oscillation frequencies. Similar

rhythmic oscillations in CSF pressure have also been

reported in other species.14,15

In addition to rhythmic oscillations in CSF pressure,

apparently coincident with the cardiac and respiratory

cycles, there are numerous reports of low-frequency

oscillations, the B waves or Lundberg waves, in humans.

These waves have been identified in patients with intra-

cranial pathology, and have been attributed to the low-

frequency oscillations in respiratory rate that characterize

brain injury.16,17 However, these waves have also been

described in artificially ventilated patients and in healthy

volunteers, and so cannot be causally attributed solely to

pathologic respiratory rhythms.17,18

Because of the superimposition of nonharmonic rhythms,

including those associated with the respiratory and cardiac

cycles, any given oscillation in intracranial pressure is likely

to have a complex waveform,19 and it may be difficult to

recognize component CSF pressure waves without mathe-

matical processing of the raw signal (see, eg,20,21). Hence,

in this study, we used power spectrum analysis to search for

component waves within the CSF oscillations. We partic-

ularly sought entrainment to the cardiac and respiratory

cycles, but also searched at lower frequencies for phenom-

ena such as Lundberg waves. In this regard, we note that in

human beings and other animals, low-frequency oscillations

in BP, sometimes called Mayer waves, have been identified

and attributed to an intrinsic slow rhythm in sympathetic

output.22 In humans, Mayer waves have a duration in the

order of 10 seconds. No coincident oscillation has pre-

viously been reported in CSF pressure. However, if Mayer

waves were to entrain oscillations in CSF pressure, the

effect in humans should be distinguishable from B waves,

which have wavelengths of 0.5 to 2 minutes. Furthermore, if

B waves are attributable to oscillations in the respiratory

rhythm,16 they should be effaced by paced respiration,

whereas Mayer waves should be relatively unaffected.

In the current study, 3 peaks were consistently found in

the CSF pressure power spectrum, suggesting that pressure

oscillations at 3 different frequencies were present. In both

spontaneously ventilating and mechanically ventilated

animals, the power spectrum of CSF pressure invariably

displayed a major peak, between 0.98 and 1.95 Hz, which
was at or very close to the major peak in the power spectrum

of chest excursion (Fig 1). In 25 of 26 trials, this was far and

away the most powerful peak in the CSF spectrum. In

mechanically ventilated animals, this major CSF power

spectrum peak was perfectly coincident with the rate of

ventilation as determined from power spectrum analysis of

the spirometer placed in series with the tracheal cannula.

Hence, in both spontaneously ventilating and mechanically

ventilated animals oscillations in CSF pressure were

entrained to ventilation. This was confirmed by averaging

of simultaneous recordings that showed phase-locked waves

in CSF pressure and chest excursion. Furthermore, with

positive-pressure mechanical ventilation, wherein maximum

intrathoracic pressure occurs at the peak of chest excursion,

the phase of entrainment shifted 1808. This strongly

suggests that not only are CSF pressure oscillations strongly

entrained to ventilation, but that they are also driven by

intrathoracic pressure changes.

In 22 of 26 trials, the power spectra of CSF pressure also

displayed a small peak, between 5.37 and 8.06 Hz, which

was at or very close to the major peak of the cardiac cycle,

and so reflected an association with heart rate. The power of

this peak in the CSF pressure power spectrum was

invariably less than 1% of the power of the major peak,

between 0.98 and 1.95 Hz, which was coincident with the

ventilatory rate. Others have reported oscillations in CSF

pressure that appeared to be entrained to the cardiac cycle.14

However, our results suggest that in anesthetized rats the

arterial pulse exerts only a very minor influence over

oscillations in CSF pressure at the lumbar level.

In 21 of 26 trials, it was also possible to resolve a low-

frequency oscillation, between 0.006 and 0.24 Hz, in CSF

pressure. This peak occurred in both spontaneously breath-

ing rats and in rats mechanically ventilated at a fixed rate.

This oscillation did not correspond to any detectable peak in

the power spectra of the ventilatory cycle. Rather, it was

entrained to a low-frequency oscillation in the power spectra

of the EKG.
CONCLUSION

The results of this study suggest that, in the anesthetized

rat, oscillations in CSF pressure are most strongly entrained

to the ventilatory cycle and are driven by intrathoracic

pressure. The major frequency of the cardiac cycle (heart

rate) contributes little power to oscillations in CSF pressure,

suggesting that arterial pulse pressure has only a weak

influence on oscillations in CSF pressure at the lumbar

level. On the other hand, in some animals oscillations in

CSF pressure are entrained to a low-frequency oscillation in

the cardiac cycle, and in a small minority of animals this

rivals the influence of the ventilatory cycle.

Changes in CSF pressure induced by injections of small

volumes of aCSF at the cisterna magna were immediately

detectable at the lumbar level, suggesting that this model
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may be useful in studies of the effects of vertebral position

and motion on CSF fluid dynamics. However, the signal

from CSF pressure at the lumbar level is complex, involving

at least 3 nonharmonic waves. Consequently, although

pressure changes may be transmitted from the upper cervical

region to the lumbar subarachnoid space, a single pressure

pulse might be obscured by background noise. On the other

hand, sustained changes in CSF dynamics and manifesting

as a shift in the frequency or power of a component

oscillation may well be detectable by power spectrum

analysis even if not evident on cursory inspection of the raw

CSF pressure signal.

This study has quantified the frequencies and relative

strengths (powers) of oscillations in the lumbar CSF

pressure in the anesthetized rat and identified a clear

association with the ventilatory cycle. It has also identified

constraints in the measurement and interpretation of lumbar

CSF pressure in the rat that need to be considered when

investigating the effects of vertebral displacements and

manipulations on CSF pressure dynamics.
Practical Applications

! CSF pressure in rats fluctuates in a deterministic

fashion.

! In the anesthetized rat, CSF pressure fluctuation

involves superimposition of oscillations at 3 or

more distinct frequencies.

! Most often, the most powerful influence on CSF

pressure oscillation is ventilation. CSF pressure

waves are entrained to and driven by the respira-

tory cycle.

! Most often, a less powerful influence on CSF

pressure is a low-frequency oscillation in the

cardiac cycle.

! The arterial pulse wave has only a minor influence

on the oscillation of CSF pressure.
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