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There is ongoing debate over the existence of cranial motion resulting from manual manipulation during
Cranial Osteopathy (CO). The purpose of this study was to review and summarize the literature regarding
cranial mobility and human cranial stiffness in order to evaluate the validity of cranial movement in

humans due to manual manipulation.

Methods

In Part I, the literature was reviewed to determine the existence and extent of cranial motion in animals
and humans. In Part Il, the literature was reviewed to determine the stiffness of the human cranium. In
Part Ill, a biomechanical analysis was performed to determine the amount of force necessary to cause
cranial deflections reported in the studies identified in Part |, using published skull stiffness values

reported in the studies identified in Part II.

Results

Skull deflection across the cranial sutures of animals ranged from 0 ym to 910 ym. Cranial vault deflection
in living humans was reported to range from 0.78 pm to 3.72 pm. Reported human skull stiffness values
ranged from 390 N/mm to 6430 N/mm depending on the region of the skull and the method of loading.
Based on the range of skull stiffness values, it was determined that an applied force between 0.44 N and
23.2 N would be required to cause 0.78 ym of deflection, and between 2.09 N and 111 N would be

required to cause 3.72 pm of deflection.

Conclusion

Externally applied forces and increases in intracranial pressure can result in measurable cranial motion
across the cranial sutures in adolescent and adult mammalian animal species, and measurable changes
in cranial vault diameter in post-mortem and living adult humans. However, the amount of cranial motion
may vary by subject, the region of the head to which forces are applied, and the method of force
application. Given that the forces required to generate reported cranial deflections in living humans are
within the range of forces likely to be used during CO, it is reasonable that small amounts of cranial

deflection can occur as a result of the forces applied to the skull during CO.
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Biomechanics

Introduction

Cranial Osteopathy (CO), also referred to as Osteopathy in the Cranial Field (OCF), is used by
osteopaths to treat a variety of medical conditions and symptoms resulting from injuries. Several studies
report that CO has successfully improved symptoms of neurological and medical problems in
childrent.2=r¢3 and adults4=r¢5 including but not limited to: infantile colic,2 infantile gastroesophageal
reflux,s vision impairment,+ and lasting effects of brain injury.s The potential improvement of symptoms
resulting from the lasting effects of brain injury are of particular importance due to the prevalence and
morbidity of these injuries in athletics,67 89 10 112nd12 automobile collisions,13.14. 152 16 and  the
military.17. 18and 19

In 1899, Dr. William G. Sutherland began the development of CO.20=¢21 Practitioners of CO believe that
rhythmic motion of the cranial bones exists due to fluctuations of the cerebrospinal fluid pressurez and
arterial blood pressure.z« The fundamental theory behind the cranial techniques used during CO is that
passive palpation can be used to detect spontaneous or rhythmic movement of cranial bones, and the
application of selective pressure to the cranial bones can manipulate the rhythmic movement of the bones
and intracranial fluids to achieve a therapeutic outcome.20.21.222n 23 Therefore, the belief that the cranial
vault is both a mobile and compliant structure is critical to the basis of CO, and without this motion the
rationale of therapeutic cranial techniques is unsubstantiated.2

The human cranium (or skull) is comprised of eight plate-like bones: the frontal bone, left and right
sphenoid bones, left and right parietal bones, left and right temporal bones, and the occipital bone.zs The
areas where these bones join together are known as cranial sutures. During infancy the bones of the skull
are not rigidly joined together.2s A membrane (called a fontanelle or “soft-spot”) made up of strong,
fibrous, elastic tissues fills the space where two sutures join.zs After approximately 12-18 months, the
cranial bones begin to grow together and fuse as part of normal development.

In both children and adults, cranial bone mobility resulting from CO has been described to occur mainly at
the cranial sutures.23=¢24 The size and flexibility of the fontanelle in an infant skull creates a non-rigid
cranium structure, which likely results in increased cranial mobility in children compared to that of an
adult. This could potentially explain the success of CO in treating the symptoms of neurological and
medical problems in children.1.22¢ 3 However, many medical professionals believe that motion across the
cranial sutures is not possible in adults due to fusion of the sutures with age.21a¢23 Some studies have
reported that the cranial bones are completely fused between 13 and 19 years of age.26a27 Other
studies have reported that the closure of the sutures varies by individual, and that while the sagittal,
coronal, and lambdoid sutures close by 40 years of age complete boney union of all sutures is not

complete until the 8th decade of life.282n 29 Still other studies indicate that a rigid union of sutures never
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occurs, and therefore some degree of mobility at the sutures is possible throughout life.30 312432 The
discrepancies in the literature regarding closure of the cranial sutures has lead to an ongoing debate over
the existence of cranial mobility in adults, particularly across the sutures.212d23

Although several studies have been conducted to investigate the existence of cranial bone movement,
there have been mixed findings regarding the existence and degree of cranial
structure, there is debate as to whether the forces generated from manual manipulation during CO are
sufficient enough to cause movement of the cranial bones.302r¢38 This study approached the debate of
cranial mobility as a result of CO from an engineering perspective. The purpose of this study was to
review and summarize the literature regarding cranial mobility and human cranial stiffness in order to

evaluate the validity of cranial movement in humans due to manual manipulation.

Methods

This study was conducted in three parts. In Part |, the literature was reviewed to determine the existence
and extent of cranial motion in animals and humans. In Part Il, the literature was reviewed to determine
the stiffness of the human cranium. In Part lll, a biomechanical analysis was performed to determine the
amount of force necessary to cause published cranial deflections (Part I) using published skull stiffness

values (Part Il).

Part I: review of cranial motion

A review of the literature was performed to identify published studies investigating cranial motion in
animals and humans. The literature search was performed using one search vehicle: PubMed. Various
combinations of the following search terms were used: cranialsacral, cranial, skull, therapy, manipulation,
intracranial, pressure, distraction, coronal, parietal, bone, suture, mobility, movement, deflection. The
reference sections of the relevant publications identified through these searches were then searched to
identify additional relevant publications. All studies which quantified the cranial motion of animals and
humans due to spontaneous motion, externally applied force, or an increase in intracranial pressure were

briefly summarized. Measured values of cranial motion were reported for each study.

Part Il: review of human skull stiffness

A review of the literature was performed to identify published studies investigating the mechanical
stiffness of the whole human skull or regions of the human skull. The literature search was performed
using two search vehicles: PubMed and the Society of Automotive Engineering (SAE) Safety Series.
Various combinations of the following search terms were used for both search vehicles: biomechanical,
mechanical, response, stiffness, human, skull, head, impedance, force/deflection, tolerance. The

reference sections of the relevant publications identified through these searches were then searched to
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identify additional relevant publications. All studies which quantified and reported the mechanical stiffness
of the whole human skull or regions of the human skull were then summarized, including a brief

description of methods and the reported stiffness values.

Part Ill: biomechanical analysis

The amount of external force required to achieve the human skull deflections reported in the literature
(Part 1) was estimated using the average human skull stiffness reported in the literature (Part Il). This was
done by multiplying the average skull stiffness (N/mm) for a given study by the skull deflections (mm)

reported in the literature.

Results

Nine published studies investigating cranial motion are reviewed in Part | of the results. Six studies
performed tests on animal specimens, and three studies performed tests on human specimens. Part I
reports human skull stiffness values from nine studies and results of the biomechanical analysis regarding
cranial motion. Part Il reports the estimated amount of external force required to achieve the human skull

deflections reported in the literature.

Part I: review of cranial motion

Animal studies

Michael and Retzlaffs evaluated the motion of the parietal bone in adult, female monkeys, Saimrir
sciureus, due to externally applied forces and passive spinal motion. The heads of the primates were
rigidly immobilized with a stereotaxic frame during the experiments. Lateral immobilization was
accomplished using tapered rods inserted in the external auditory meatus. Vertical immobilization was
accomplished using a flat bar pressing upward against the roof of the mount and hook-like bars pressing
downward on the infra-orbital ridges. The frequency of parietal bone movement was monitored using a
transducer attached to a screw placed in the right parietal bone. Michael and Retzlaff:: reported that both
externally applied forces and passive spinal motion resulted in parietal bone motion. This study noted that
one pattern of parietal bone motion was synchronized with respiration rate. A second pattern of motion
was also observed, but could not be attributed to heart rate, respiration rate, or venous pressure.
Unfortunately, quantitative measurements of cranial motion were not reported in terms micrometers (um).

Retzlaff et al.» performed a follow-up study to evaluate the motion of the parietal bones in adult, female
squirrel monkeys. Parietal bone motion was quantified using force displacement transducers attached to
screws placed into the approximate midpoint of the left and right parietal bones. The heads were loosely
mounted in a stereotaxic frame, as opposed to rigidly immobilizing the head like Michael and

Retzlaff.7s The results of the study showed that there was oscillatory motion of the parietal bones. In
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addition, Retzlaff et al.» noted that the slow and fast oscillatory motion of the parietal bones was directly
correlated with respiration rate and cardiac activity, respectively. Although Retzlaff et al.» provided
example data plots of these measurements, the scale was not indicated. Therefore, quantitative
measurements of cranial motion could not be determined in terms of micrometers (um).

Oudhof and van Doorenmaalens used strain gauges to measure deflection between the sagittal and
coronal sutures in six-week old and three-year old beagles. Deflection of 5-10 ym was observed in the
beagle puppies (Table 1). In addition, it was found that the skull deflection patterns matched changes in
aortic pressure and an electrocardiogram (ECG). While no deflection was seen in the skulls of the adult
beagles, Oudhof and van Doorenmaalenss noted that a lack of measurable movement in adult skulls could

be due to the insufficient instrumentation sensitivity.

Table 1. Cranial movement in various animal specimens.

Author Specimen Number of Spontaneous Motion vs. Observed Skull Skull
Subjects Applied Force Deflection (Yes/No)  Deflection
(nm)
Michael and Retzlaff*  Adult N/R External Compressive Yes N/D/R
Primate Force & Spinal Motion
Ratzlaff et al.* Adult N/R Spontaneous Motion Yes N/D/R
Primate
Oudhof and van Beagle N/R Spontaneous Motion Yes 5-10
Doorenmaalen® Puppy
Adult N/R Spontaneous Motion No 0
Beagle
Pitlyk et al.*® Dog 6 Increased Intracranial Yes N/D/R
Pressure
Adams et al.” AdultCats  N/R Internal and External Yes 17-75
Forces
Downey et al.*® Rabbit 13 Tension Across Suture Yes 310-910

Note: N/R is Not Reported; N/D/R is No Deflection Values Reported.

Table options

Pitlyk et al.zs used strain gauges to measure cranial movement due to changes in intracranial pressure in
six dogs. Intracranial pressure was increased with a balloon attached to the end of a catheter and
inserted into the subarachnoid space of the brain or by injections of saline into the spine. Strain gauges
were attached to an apparatus that arched mediolaterally across the head to measure changes in skull
diameter. Unfortunately, the quantitative measurements of cranial motion were only reported in terms of
the millivolt (mV) output of the strain gauges, as opposed to micrometers (um). Although deflection data
for cranial motion was not reported in the publication, the study concluded that cranial movement
correlates to an increase in intracranial pressure (Table 1).

Adams et al.» measured movement across the sagittal suture of anesthetized adult cats. An apparatus
with two strain gauges to measure cranial motion was placed across the sagittal suture. One gauges
measured deflection across the sagittal suture, while the other gauges measured the degree of parietal

bone rotation. Cranial motion was induced by various external and internal forces exerted on the skull.
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External forces included manual compression of the sides of the skull, manually applied downward force
on the sagittal suture, and a 2.2 N compressive or tensile force applied by a spring across the parietal
bones. Three different methods were used to exert internal forces on the skull which aimed to increase
intracranial pressure: induced hypercapnia by inhaling excess COg; intravenous injection of
norepinephrine; and injection of artificial cerebrospinal fluid (CSF). Adams et al.s” reported that
measurable motion across the sagittal suture occurred from all externally and internally applied forces on
the skull, and ranged from approximately 17-75 pm depending on the method of force application and

animal (Table 1 and Table 2). Adams et al.&7 noted that application of force to the sides of the head

caused the parietal bones to move closer together and rotate inward, which resulted in an increase in
intracranial pressure as well as transient changes in heart and respiratory rate. After removal of the
applied force, the position of the parietal bones, heart rate, and respiratory rate returned close to normal.
Conversely, the application of a downward force on the sagittal suture caused the parietal bones to move
further apart and rotate outward, but did not result in any changes in intracranial pressure, heart rate, or
respiratory rate. The 2.2 N compressive force applied by a spring caused the parietal bones to move

closer together, while the 2.2 N tensile force applied by a spring caused the parietal bones to move

further apart.
Table 2. Cranial movement in anesthetized cats reported by Adams et al.&
Internal or External Force Application Method Skull Deflection (pum)
External Force  Manual compression of sides of head —65
Manual downward force on sagittal suture 30
Spring compression across sagittal suture ~ —40
Spring tension across sagittal suture 75
Internal Force  Induced hypercapnia 30
Norepinephrine injection =50
Artificial Cerebrospinal Fluid (CSF) 17-70

Note: Positive deflections indicate separation of the parietal bones; Negative deflections indicate compression of

the parietal bones.

Table options

A study conducted by Downey et al.z2 observed separation across the coronal suture in New Zealand
white rabbits. Brackets were mounted to the skull on either side of the suture and used to apply tension
across the suture. All subjects were exposed to 5, 10, 15, and 20 g of force. One subject experienced
additional loads of 100 g to 10,000 g. Radiographs were taken of each subject's skull during exposure to
load and used to determine the amount of separation at the coronal suture. Skull deflection resulting from
most of the forces was not significant. However, the subject that experienced the additional loads
between 100 g and 10,000 g showed separation of the coronal suture up to 0.31 mm at 5000 g and
0.91 mm at 10,000 g (Table 1).

Human studies
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In 1971, Frymann investigated cranial motion in living human subjects using a noninvasive apparatus
that mechanically measured changes in cranial diameter. Frymann¥ did not report the number, age, or
gender of the human subjects. In this study, subjects placed their heads in a U-shaped frame which had
metallic rods attached to differential transformers. The metallic rods were then placed against the lateral
aspects of the cranium. The differential transformers were used to measure the displacement of the metal
rods, thereby measuring changes in the diameter of the cranium. Frymann2 concluded that inherent
cranial motion existed in the living humans that were tested, and that the cranial motion occurred in a
rhythmic pattern that was slower than the cardiac and respiration rates. Although Frymanns provided
example data plots of these measurements, the scale was not indicated. Therefore, quantitative
measurements of cranial motion could not be determined in terms of micrometers (um).

Pitlyk et al.z observed minute cranial motion of a dry human skull and a fresh human cadaver skull due to
an externally applied load and motion of a fresh human cadaver skull due to increased intracranial
pressure, with the skin and intracranial contents intact. Strain gauges were attached to an apparatus that
was placed across the medial-lateral diameter of the skull to measure changes in diameter. Cranial
deflections resulted from both externally applied force to the outside of the dry skull (direction of force not
specified), and increased intracranial pressure in the cadaver. Intracranial pressure was increased by
intraspinal injections of saline. It was determined that there is a correlation between the amount of saline
injected into the spine and the amount of cranial motion. Unfortunately, the quantitative measurements of
cranial motion were only reported in terms of the millivolt (mV) output of the strain gauges, as opposed to
micrometers (um) (Table 3). However, the data from this publication support the existence of cranial

motion resulting from both externally applied force and increased intracranial pressure.

Table 3. Cranial movement in various human specimens.

Author Subject Type Number of Spontaneous Motion vs. Observed Skull Skull
Subjects Applied Force Deflection (Yes/ No) Deflection
(um)
Frymann® Living N/R Spontaneous Motion Yes N/D/R
Volunteers
Pitlyk et al.*® Dry Cadaver 1 External Compressive Yes N/D/R
Skull Force
Fresh Cadaver 1 Increased Intracranial Yes N/D/R
Skull Pressure
Heifetz and Comatose 2 Increased Intracranial Yes Subject
Weiss® Patient Pressure 1=3.72
Subject
2=0.78

Note: N/R is Not Reported; N/D/R is No Deflection Values Reported.

Table options

Heifetz and Weiss® used an apparatus instrumented with strain gauges placed to measure changes
across the medial-lateral diameter of the skull due to an increase in intracranial pressure in two comatose
patients. The total intracranial pressure was elevated to between 15 mmHg and 20 mmHg using a

different method in each patient. In Case 1, pressure was raised via bilateral jugular compression. In
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Case 2, the cranial ventricles were infused with 7-12 cc of Ringer's lactate solution. The average skull

deflections detected were 3.72 um in Case 1 and 0.78 um in Case 2 (Table 3).

Part Il: review of human skull stiffness

Several studies have investigated the stiffness characteristics of the human skull by region and as a
whole. The publications reviewed in this study utilized different methods to quantify human skull stiffness

such as: mechanical impedance, impact tests, and drop tests.

Three studies41.42and43 determined skull stiffness through mechanical impedance techniques. A force
generator was attached directly to a cadaver skull to exert low-amplitude sinusoidal forces of varying
frequencies at the point of contact. The motion of the skull and forces exerted on the skull were recorded.
The response of the skull varied with respect to frequency. Two frequencies of interest were those at anti-
resonance, where skull stiffness is the greatest, and resonance, where the skull stiffness is the lowest.
Although manual skull manipulation is performed at much lower frequencies than those corresponding to
resonance and anti-resonance, the skull stiffness at anti-resonance is most applicable to the current study
given that the stiffness at resonance is essentially zero.

Franke+' performed mechanical impedance tests between 200 Hz and 1600 Hz on various human
specimens. It was determined that a dry, eviscerated human skull had a higher resonant frequency than
the same skull filled with gelatin. Franke+ did not report the gender of the skull or if it was fresh versus
embalmed. Tests were also performed on a human cadaver. Franke+ did not report the gender of the
cadaver or if it was fresh versus embalmed. The frequency corresponding to minimum stiffness
(resonance) of the cadaver head was at 900 Hz. No maximum stiffness values (anti-resonance) or their
corresponding frequencies were reported (Table 4). Finally, tests were performed on live subjects.
Franke+' did not report the age, gender, or number of the live subjects evaluated. No bone vibration was
detected in the live human subjects, due to the poor coupling between the piston and skull. Minimum

stiffness values for all subjects were very close to zero.

Table 4. Results of mechanical impedance studies on human specimens.

Author Subject Type Skull Number of Frequency at Maximum Maximum Stiffness
Region Specimens Stiffness [Anti-Resonance] [Anti-Resonance]
(Hz) (N/mm)
Franke® Dry Skull Whole 1 N/R N/R
Dry Skull Whole 1 N/R N/R
with Gelatin
Cadaver Whole 1 N/R N/R
Live humans Whole N/R No bone vibration detected
Hogdson Cadaver Frontal 2 360 26,269
etal.”
Side 2 450 26,269
parietal
Top 2 300 15,761
parietal

Occipital 2 180 29,772
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Author Subject Type Skull Number of Frequency at Maximum Maximum Stiffness

Region Specimens Stiffness [Anti-Resonance] [Anti-Resonance]
(Hz) (N/mm)
Stalnaker Cadaver Whole 1 166 4553

etal.”
Note: N/R is Not Reported; N/D/R is No Deflection Values Reported.

Table options

A study conducted by Hodgson et al.«2 quantified the dynamic stiffness of the frontal, side parietal, top
parietal, and occipital regions of two human skulls over a frequency range of 5 Hz-5000 Hz. Hodgson
et al.«2did not report the gender of the skull or if it was fresh versus embalmed. Maximum stiffness and the
corresponding frequencies varied by region (Table 4). Frequencies corresponding to minimum stiffness
also varied by region, but the corresponding skull stiffness values were essentially zero for all regions.

Stalnaker et al.#2 used mechanical impedance techniques to quantify skull stiffness of a fresh,
unembalmed, male human cadaver head between frequencies of 30 Hz and 5000 Hz. Maximum stiffness
was reported to occur at 166 Hz with a corresponding skull stiffness of 4553 N/mm (Table 4). Minimum
stiffness was reported to occur at 820 Hz, but no corresponding minimum stiffness value was reported.

Other studies investigated skull stiffness by conducting compression tests, impact tests,45 46 47 = 49and
drop tests.ss During all types of tests, the force exerted on the skull and the amount of skull deflection was
measured. These data were used to generate applied force versus measured deflection curves (force—
deflection curves) from which skull stiffness values were determined. Force—deflection curves often

exhibit a nonlinear toe region in which the skin deflects first and then the skull (Fig. 1). The majority of the

studies reviewed in the current study did not include the toe region for skull stiffness calculations, but
used only the linear portion of the curve.44.45 46 472449 There was only one study which included the

nonlinear toe region by using the peak force and peak deflection to calculate skull stiffness.
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Force

L 3

Deflection
Figure 1. Typical force—deflection curve.

Figure options

McElhaney et al.# measured the force-deflection response of twenty-four unembalmed human cadavers
heads (20 male, 3 female) positioned between two steel platens (150 mm diameter). A total of twelve
tests were performed by loading the frontal and occipital bone (anterior-posterior compression), and
twelve tests were performed by loading the right and left temporo-parietal regions (right-left compression).
Stiffness values were calculated from the linear-most region of the force—deflection curve as
demonstrated in Fig. 1. McElhaney et al.« reported that the stiffness for the frontal region ranged from
1400 to 3500 N/mm while the stiffness in the temporal region ranged from 700 to 1750 N/mm (Table 5).

Table 5. Human skull stiffness values determined by compression tests, impact tests, and drop tests.

Author Skull Loading Bone/ Region  Loading Number of Average Stiffness  Test Setup
Rate (m/s) Specimens [Min-Max]
(N/mm)
McElhaney Frontal- Occipital (Anterior-  N/R 12 1225 [700-1750]
et al.” Posterior) Circular Disks = So%
Temporo-Parietal (Right- N/R 12 2450 [1400— | - I
Left) Circular Disks 3500] I | o S
Allsop et al. Frontal Rectangular N/R 13 1013 [400-2220] l
Impactor l

LSRN
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Author Skull Loading Bone/ Region  Loading Number of Average Stiffness  Test Setup

Rate (m/s) Specimens [Min-Max]
(N/mm)

Allsop et al.® Parietal Rectangular 4.3 11 4200 [1600— ‘

Impactor 6430]

v
Temporo-Parietal Circular 2.7 20 1800 [700-4760] l
Impactor
v

Yoganandan Average of top, parietal, 0.0025 6 812 [467-1290] l
etal.” temporal, frontal, occipital

Circular Impactor l

Average of top, parietal, 7.1-8.0 6 4023 [2462— -~ -~

temporal, frontal, occipital 5867]

Circular Impactor
Yoganandan Temporo-Parietal Drop Test ~ 4.9-7.7 10 562 [390-689]
et al.” [ :

C—

Cormier Frontal Circular Impactor 5.3 26 475 [not ‘
et al.49™ o4 specified] l

Note: N/R is Not Reported.

Table options

A study conducted by Allsop et al.#s investigated frontal bone impact and stiffness. Thirteen unembalmed
male cadaver heads (4 male, 9 female), including the skin and intracranial contents, were exposed to
impacts with a semi-circular, 230 mm long impactor. Force exerted on the skull was measured with a
series of miniature load cells. A potentiometer was used to measure the deflection of the skull. Stiffness
values were calculated from the linear-most region of the force—deflection curve. The average stiffness of
the frontal bone was reported to be 1013 N/mm (Table 5).

A second study conducted by Allsop et al.«s measured force-deflection characteristics of the temporo-
parietal region of the skull on thirty-one (12 male, 19 female) unembalmed human cadaver heads,
including the skin and intracranial contents. Cadaver heads were mounted in plaster and impacted by one
of two impactors: a flat, rectangular surface; or a flat, circular impacting surface (Table 5). The impactors
were instrumented with force transducers and string potentiometers to measure force on the skull and
deflection of the skull, respectively. The rectangular impactor was dropped onto the parietal region of the
skull from a height of 102 cm, which resulted in an impact velocity of 4.3 m/s. The circular impactor was
dropped onto the temporo-parietal region from a height of 38 cm and impacted the head at a velocity of

2.7 m/s. Stiffness values were calculated from the linear-most region of the force—deflection curve. The
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average stiffness was 4200 N/mm for impacts with the rectangular impactor and 1800 N/mm for impacts
with the circular impactor (Table 5).

Yoganandan et al.# determined the stiffness characteristics of the entire skull at two loading rates. Twelve
unembalmed human cadaver heads (5 male, 7 female), with the skin and intracranial contents intact,
were exposed to a low speed loading rate of 0.0025 m/s and high speed loading rates between 7.1 m/s

and 8.0 m/s. All impacts were performed with a hemispherical anvil (Table 5). Several regions of the skull

were tested. The force exerted on the skull was measured by a uniaxial force gauges while the deflection
of the skull was measured by a linear variable differential transformer. Stiffness values were determined
from the linear-most region of force—deflection curves. For the low speed tests, stiffness ranged from
467 N/mm to 1290 N/mm with an average of 812 N/mm (Table 5). For the high speed tests, stiffness
ranged from 2462 N/mm to 5867 N/mm with an average of 4023 N/mm (Table 5).

A second study conducted by Yoganandan et al.# investigated the effects of lateral impacts on the skull.
Ten unembalmed human cadaver heads, with the skin and intracranial contents intact, were tested.
Yoganandan et al.#¢ did not report the gender of the cadavers. The skulls were instrumented with tri-axial
accelerometers to calculate skull deflection at the temporo-parietal region contralateral to the impacted
side, the anterior region, and the posterior region of the head. The heads were dropped from various
heights, with impact velocities between 4.9 m/s and 7.7 m/s. The skulls were oriented so that the
temporo-parietal region of the skull impacted a padded force platform which was instrumented with a six-

axis load cell to measure the force exerted on the skull (Table 5). The average skull stiffness was

562 N/mm (Table 5). Using the data presented in this study, skull stiffness was calculated using the peak

force and peak deflection and therefore included the toe region of the force—deflection curve.
Consequently, the reported skull stiffness may be lower than other studies which do not include the toe
region in the stiffness calculation.

A study conducted by Cormier et al.492v 94 investigated frontal bone impact and stiffness. Twenty-seven
unembalmed male cadaver heads, including the skin and intracranial contents, were exposed to forty-six
impacts with a rigid cylindrical impactor. The impact speed was 5.3 m/s. A load cell was used to measure
the force exerted on the skull. Two uniaxial accelerometers were used to calculate the deflection of the
skull. Stiffness values were calculated from the linear-most region of the force—deflection curve. The

average stiffness of the frontal bone was reported to be 475 N/mm (Table 5).

Part lll: biomechanical analysis

The amount of external force required to achieve the human skull deflections reported in the literature

was estimated using the average human skull stiffness values reported in Table 5. This was done by

multiplying the average skull stiffness (N/mm) for a given study by the skull deflections (mm) reported in
the literature (Table 6). Since Heifetz and Weiss# were the only researchers to report cranial deflections

of human specimens, cranial deflections from this study were used estimate the amount of external force
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required to achieve skull deflections in living humans. For adult human skulls, the forces ranged from
0.44 N to 23.22 N for cranial movement of 0.78 ym and from 1.78 N to 110.75 N for cranial movement of
3.72 ym.

Table 6. Estimated force required to achieve the cranial deflections reported by Heifetz and Weiss. 4«

Study

Skull Region/Bone

Test Method

Case 1:
3.72 pm

Required Force (N)

Case 2:
0.78 pm

Hogdson et al.** Frontal Bone Mech. Impedance 97.72 20.49
Side Parietal Bone Mech. Impedance 97.72 20.49
Top Parietal Bone Mech. Impedance 58.63 12.29
Occipital Bone Mech. Impedance 110.75 23.22
Stalnaker et al.* Whole Skull Mech. Impedance 16.94 3.55
McElhaney et al.* Frontal-Occipital A-P Compression 4.56 0.96
Temporo-Parietal R-L Compression 9.11 1.91
Allsop et al.* Frontal Bone Rectangular 3.77 0.79
Impactor
Allsop et al.* Parietal Bone Rectangular 15.62 3.28
Impactor
Temporo-Parietal Circular Impactor 6.70 1.40
Yoganandan Average — All Regions (Low Circular Impactor 3.02 0.63
et al.47™™48 Speed)
Average — All Regions Circular Impactor 21.83 4.58
(High Speed)
Temporo-Parietal Drop Test 2.09 0.44
Cormier et al.49™ 79 Frontal Bone Circular Impactor 1.78 0.37
Maximum 110.75 23.22
Minimum 1.78 0.44
Average 32.16 6.74

Table options

Discussion

The purpose of this study was to review findings of cranial movement in animal and human specimens
and evaluate the validity of cranial movement due to manual manipulation in humans through
biomechanical analysis. Several studies reported quantitative and qualitative results of cranial movement.
In these studies, cranial motion was induced by various internal and external stresses on the cranium. A
wide range of cranial motion was observed across animal and human specimens. A biomechanical
analysis was conducted to determine whether measurements of human cranial motion as a result of CO

were reasonable.

The review of literature regarding cranial motion in animals illustrated that measurable cranial motion

across the sagittal and coronal sutures does occur in both adolescent and adult mammalian species due

across cranial sutures is possible is further supported by studies which have investigated the properties of
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isolated bone-suture-bone specimens. These studies have reported that the cranial sutures are not only
compliant, but are significantly weaker and more compliant than the surrounding cranial
bone.50 51.52.5320d 54 This finding implies that deflection across the suture will occur before deflection of the
cranial bone. Although the strength of the cranial sutures has been reported to be positively correlated to
the degree of bone interdigitation, the strength of the sutures never exceeded that of the cranial bone.s In
regard to adolescent skulls versus adult skulls, studies on isolated bone-suture-bone specimens have
shown that adult human cranial sutures are stiffers: than the cranial sutures of human infants.53=d54 In
addition, adult human cortical bone is stiffer than the cortical bone in human
which could potentially explain the success of CO in treating the symptoms of neurological and medical
problems in children.1.2and3

The review of literature regarding cranial motion in humans illustrated that measurable changes in cranial
vault diameter (medial-lateral) does occur in adult humans due to both externally applied forces and
increases in intracranial pressure.36 392440 This was found to be true in both post-mortem human
skullszsand living human subjects.39an¢40 The finding that cranial deflection does occur in human skulls is
further supported by recent publications which, through the use of medical imaging modalities, reported
deformations of the falx cerebri following externally applied forces to the skullst and changes in the
geometry of the cranial vault following CO.s2

The review of literature regarding the stiffness of the human skull showed that skull stiffness values varied
considerably between studies (390 N/mm to 6430 N/mm). Given the complex geometry of the human
skull and cranial sutures, some of the variation could be attributed to differences in skull stiffness by
region (i.e. frontal, occipital, parietal, temporo-parietal, etc.) and direction of load application. Some of the
variation could also be attributed to variation between subjects. It has been well established in the
literature that the structural response of bone varies considerably between individuals due to differences
in age, gender, bone mineral density, material properties, geometry, and cortical bone
result in differences in measured response. For example, a larger force would be required to obtain a
given amount of deflection when using a large loading area versus a small loading area (e.g.: a large
plate versus a needle). Therefore, measured stiffness can vary with respect to the area of loading in a
given experiment. With respect to loading velocity, it is well known that bone is a viscoelastic material and
is therefore affected by the rate of loading.56 74 7576 77 Assuming that all other test conditions are
similar, the stiffness of bone will increase with increased loading velocity. Given the number of potential
reasons for the variation in reported skull stiffness between studies, it is not possible to determine the
relative contributions of each of variable without conducting a controlled study. Regardless, these studies
provide valuable data regarding the range of human skull stiffness values under various loading

conditions.
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To estimate the amount of external force required to induce reported cranial deflections in human
specimens, the measured human skull deflections from published studiesse 392940 were used in
conjunction with published human skull stiffness values.41 42.43.44.45.46.47 482nd 49 Since Pitlyk et al.ss and
Frymanns did not report the quantitative measurements of cranial deflection in micrometers (um), no
forces could be calculated from these studies. Heifetz and Weiss+ reported small cranial deflections
(0.78 ym and 3.72 pym) due to increases in intracranial pressure in two comatose patients. Depending on
the region of the head to which forces are applied, it was estimated that a force ranging from 0.44 N to
23.22 N would be required to cause 0.78 pm of cranial deflection and 2.09 N-111.75 N for cranial
deflections of 3.72 ym. For comparison, CO palpation studies have reported that the force applied by the
index finger during CO ranges between 0.13 N and 0.80 N during frontal bone palpation and between
0.8 N and 8.2 N during cervical spine palpation.7s=¢79 Given that osteopathic physicians typically use
more than one finger during manual manipulation, the total amount of force applied to the skull during CO
would be greater (up to 5 times greater or 0.65 N-41 N) than the forces reported in the CO palpation
studies. Therefore, the total force likely exerted on the skull during CO would lie within the range of forces
required to cause the cranial deflections reported in the literature. The finding that cranial motion due to
CO can occur in human skulls is further supported by a recent publication which, through the use of

medical imaging modalities, reported changes in the geometry of the cranial vault following CO.s

Limitations and future studies

There are limitations in the current study that should be addressed. Many of the cranial motion
investigations reviewed in the current study involve expansion of the skull while CO involves compression
of the skull. The accuracy of the reported measurements of cranial deflection must also be considered.
The forces quantified in the current study are based on only two subjects in whom very small amounts of
cranial deflection were measured.2t Such measurements would require extremely sensitive strain gauges
and an extremely stiff test apparatus. Since little is known about the strain gauges used in the study, the
accuracy and sensitivity of those strain gauges could not be assessed. In addition, the strain gauges used
to measure cranial deflection on those subjects measured changes across the diameter of the head. The
expansion or contraction of the cranial vault could be a result of motion at the sutures, flexing of the
cranial bones, or a combination of both.22 Therefore, the cranial deflection measurements reported by
Heifetz and Weiss#cannot be attributed solely to motion at the sutures, if at all.

Future studies should be conducted to determine the relative amount of motion at the sutures versus
cranial bone flexion during expansion or contraction of the cranial vault. This could be done
experimentally with the apparatus used by Heifetz and Weiss# in conjunction with strain gauges placed
across the relevant cranial sutures. This limitation could also be addressed with the use of computational
modeling. Finite element models of the human body have advanced dramatically over recent years, and

are extensively validated using relevant biomechanical data. These models are commonly used to
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estimate hard and soft tissue deformations and assess injury risk due to externally applied
loading.s0-81-82. 83 8485 86 87- 88 8990 91.922 93 Therefore, existing human head modelssg 90.91.922n4 93 could
be used to quantify the amount of motion at the sutures versus cranial bone flexion resulting from external
forces applied during CO with the use of published cranial bone  material

properties,53 54.55. 56.57and 58 isolated ~ suture  properties,s0.51.5253ad54 and ~ whole  skull  response

The relevance of this study to CO should also be considered. Although CO has been used to treat
symptoms of medical and neurological problems, the underlying physiological mechanisms of CO must
be investigated. In other words, the correlation between cranial motion and the effectiveness of CO
should be investigated. Although the results of the current study indicate that cranial deflection can be
generated due to the forces applied during CO, there is no existing evidence as to whether cranial motion
contributes to the reduction in symptoms that result from CO. Patient improvement may be attributed to
several different mechanisms such as: a placebo effect, relaxation of muscles due to massaging effects,
or a decrease in pressure on the cranial nerves due to massaging. Therefore, further research should be

conducted to investigate the effects of cranial motion in CO on patient improvement.

Conclusions

In the current study, the validity of cranial movement due to manual manipulation was evaluated through
a review of the literature and a biomechanical analysis to determine the amount of force necessary to
generate reported cranial deflections in humans. The review of literature regarding cranial motion
illustrated that both externally applied forces and increases in intracranial pressure result in measurable
motion across the cranial sutures in adolescent and adult mammalian species, and measurable changes
in cranial vault diameter in post-mortem and living adult human skulls. However, the amount of cranial
motion may vary by subject, the region of the head to which forces are applied, and the method of force
application. For living humans, cranial vault deflections were reported to range from 0.78 pym to 3.72 pm.
However, it is unclear as to whether the expansion of the cranial vault was a result of motion at the
sutures, flexing of the cranial bones, or a combination of both. The review of literature regarding the
stiffness of the human skull showed that skull stiffness values ranged from 390 N/mm to 6430 N/mm
depending on the region of the skull and method of loading. Based on the range of skull stiffness values,
it was determined that an applied force between 0.44 N and 23.2 N would be required to cause 0.78 ym
of deflection, and between 2.09 N and 111 N would be required to cause 3.72 pym of deflection. Given that
the forces required to generate reported cranial deflections in living humans are within the range of forces
likely to be used during CO, it is reasonable that small amounts of cranial deflection can occur as a result

of the forces applied to the skull during CO.
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