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CHAPTER 7 

Effects of Uterine 
Contractility on the Fetal 

Cranium 
Perspectives from the Past, Present, and Future 

TIMOTHY J. KRIEWALL and 
GREGG K. McPHERSON 

ln the effort to reduce cerebral trauma from compression, the detection of 
signs heralding imminent danger to the fetal brain would be invaluable. 
Unfortunately, if such signs occur, their existence has not yet been discovered , 
probably because techniques for monitoring parameters other than the fetal 
heart rate have not yet been developed . 

John V. Kelly ' 

1. Introduction 

The obstetrical literature is filled with studies that examine empir
ical relationships between the strength of uterine contractions and the 
progress of labor. Furthermore, there are numerous statistical studies 
that present retrospective relationships between perinatal outcome and 
intrapartum factors such as length of labor, method of delivery, and 
fetal heart rates. But relatively little has been written about the direct 
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effects of uterine contractility on the fetus. Indeed, observations have 
been made to demonstrate that sometimes relationships exist between 
uterine fonction and secondary measures of fetal well-being such as 
fetal heart rate or postpartum f etal skull molding, but the pathophy
siology of such fetal responses are usually left to conjecture. This 
chapter examines the direct effects of uterine contractility on the fetal 
cranium and attempts to explain how the intrapartum assessment of 
these effects could help in the safe management of parturition. 

2. Fètal Skull Molding 

2.1. Why Study Skull Molding? 

Fetal skull molding is the change in shape of the fetal head due to 
the forces of labor. The process is a normal part of every gestation and 
labor, and its occurrence has been recognized for centuries. To a certain 
degree, molding permits the fetal head to fit the shape of the maternai 
birth canal. However, since molding is a passive process in that the 
forces of the contractions "fit" the head to the pelvis, no known feedback 
mechanism exists to retard the strength of the contractions when 
molding begins reaching unsafe limits. Excessive molding with subse
quent cerebral trauma has been found to be statistically correlated with 
postpartum conditions that range from subtle psychoneurological dis
abilities to mental retardation, cerebral palsy, and even death. 2

-
4 

Fortunately for ail of us, the incidence of extreme molding with 
resultant trauma is not high. However, unlike other debilitating diseases 
wherein a fraction of the population acquires the disease and must be 
treated for it, we ail are subjected to intrapartum skull molding and 
thereby ail stand the risk of being impaired by the process. Prospectively, 
little can be' done to predict which fetus will have severe skull molding 
if delivery is left to proceed normally. During parturition, !iule can be 
done to diagnose the degree and effect of molding. X rays can be taken, 
but, besicles exposing the mother and fetus to ionizing radiation, they 
do not show the soft tissues of the pelvis (and as you will see, the soft 
tissues may cause more molding than does the bony pelvis), nor do they 
indicate how much more the soft tissues of the pelvis and the cranium 
can safely compress. They do show change in head shape, but oftentimes 
the planar projection of the complex three-dimensional structures 
presents false impressions. 

If the threat of traumatic skull molding is to be eliminated, different 
assessment techniques than those currently available must be developed. 
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Research must be performed to find those new assessment methods. 
To know in what direction the research should go, the etiology of 
traumatic skull molding must be defined and the research tracks of 
others must be uncovered . 

2.2. The Trauma of Birth and Perinatal Mortality and 
Morbidity 

In the Collaborative Perinatal Project, birth trauma was the cause 
of death in 1. 7 per 1000 live births~ du ring the years 1959 to 1966. In 
91 % of the cases, large subdural hematomas were found at autopsy. 
Wigglesworth and Husemeyer6 report that between 1966 and 1976 in 
one hospital in England, 27 infants out of 19,475 live births <lied from 
intracranial birth trauma, a rate of 1.4 per 1000 live births. Furthermore, 
ail neonatal deaths in infants weighing more than 3000 g were associated 
with intracranial birth trauma, a mortality rate of 20.3 per 1000 births. 

ln addition to those who die from birth complications, it is estimated 
that as many as four to five times more are born with severe mental or 
physical handicaps.7 It is very difficult to identify specific perinatal 
factors as the cause of this morbidity, but certainly mechanical trauma 
produces some casualties. 11 Many investigators feel that mechanical 
trauma rarely operates alone but is concomitant with other insults such 
as anoxia-asphyxia.9 ln the United States, cerebral palsy is estimated 
to occur in about 2 to 5 per l 000 live births and mental retardation has 
an incidence of about 30 per 1000 live births." Factors associated with 
these neurological disorders besicles trauma are prematurity (low birth 
weight), placental complications, toxemia of pregnancy, cord prolapse, 
and breech delivery. 

Besicles causing severe mental or physical impairment, the forces 
of labor on the fetal cranium can cause more subtle psychoneurological 
disorders. These impairments range from lower intellectual and motor 
capabilities 10

-
12 to behavioral problems. 

In Sections 2.2.1-2.2.4 a brief overview will be given to document 
just how varying intrapartum forces can affect intellectual and motor 
development. 

2.2.1. The Effects of Delivery Presentation on Intellectual 
Development 

It would be a rare obstetrician who does not recognize that a breech 
presentation carries with it a higher risk of perinatal mortality and 
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morbidity. Within our own institution, retrospective statistics indicate 
a term, vaginally born breech infant stands five limes the risk of dying 
as a result of the birth process as does a term vertex-born infant. 14 

Wigglesworth and Husemeyer6 recorded 477 vaginal breech deliveries 
from 19,475 live births, 17 ofwhich died with evidence ofintracranial 
trauma; this is a rate of 37 per 1000 vaginal breech live births. Todd 
and Steer, 15 after correcting for prematurity, twins, and deaths from 
other causes, found a "corrected" perinatal mortality rate of l l per 
1000 vaginal breech live births: 4 per 1000 died from trauma, 4 per 
1000 died from asphyxia, and 3 per 1000 died with both. 

But besides death, Mayer and Wingate demonstrated a positive 
association between.. cerebral palsy and vaginal breech delivery. 16 Ber
endes,8 Birch et al., 17 and numerous others have documented the 
association of breech deliveries with increased risk of mental retardation. 

The biomechanics of presentation may be a factor in more subtle 
types of psychoneurological fonction, too. Willerman 10 tested the intel
lectual differences in infants born occiput left (OL) and occiput right 
(OR). The premise was that the left hemisphere of the brain is endowed 
with greater capability for serving verbal fonctions, while the right 
hemisphere bas a greater capacity for the development of performance 
fonctions. He found that the mean performance IQs were significantly 
higher than the verbal IQs among OR-born children (P < 0.005), 
indicating some left-hemisphere injury may occur in these infants due 
to an uneven distribution of pressures. In a second study described in 
the same report, the mean 4-year Stanford-Binet IQ for left occiput 
anterior (LOA)-born infants was significantly higher than that of the 
right occiput anterior (ROA)-born infants (P < 0.001). He concludes 
that these results suggest that differential impairment of intellectual 
potential is associated with presumptive cerebral lesions as a result of 
the birth process. 

In a similar study Rosenbaum 11 found that 22 l children born 
occiput posterior (OP) had lower Bayley mental scores at 8 months (p 
< 0.05) and lower Stanford-Binet IQs at 4 years (p < 0.001) than did 
220 children born occiput anterior. 

Clifford and Drorbaugh 12 in an analysis of 87 severely retarded 
children at age 7 found that 5 cases were directly attributable to 
perinatal trauma. There were 8 others that were attributable to both 
trauma and other complications. The causes of trauma were listed as 
small midpelvis with arrested right occipital posterior presentation, 
contracted pelvis, small anthropoid pelvis, occiput transverse presen
tation, and cephalopelvic disproportion . 

Finally, Fianu4 found that breech-delivered children had a signif-
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icantly higher incidence of what he termed "minimal brain damage" 
than did vertex-born children. Questionnaires were sent to the parents 
and teachers of breech-born infants and to the parents and teachers of 
a contrai group of vertex-barn children. The results showed that 
significantly more breech-delivered children required special education 
classes (P < 0.001). There were significantly more visual and auditive 
defects among breech-delivered children (P < 0.001). Likewise, breech
delivered children had significantly more speech disorders (p < 0.001). 
Finally, although the IQs of breech-delivered children ranged within 
normal limits, there existed a notable increased incidence of such 
symptoms as hyperactivity, low ability to focus attention, and psycho
motoric restlessness. 

It therefore appears that the forces of labor and delivery may 
detrimentally affect many of us in oftentimes indeterminable ways. 

2.2.2. The Effects of Labor Patterns on Neonatal Well-Being 

Historically, fetal skull molding was thought to occur in the second 
stage of labor only, after the cervix is dilated, and as the fetal head 
passes through the bony maternai pelvis. As such, it was felt that the 
duration of the second stage should be minimized to reduce untoward 
molding. However, Cohen 18 demonstrated in a rettospective study of 
4403 nulliparas that there was no apparent increase in perinatal 
mortality or depressed 1-min Apgar scores with increased length of the 
second stage. However, he did observe a higher frequency of low 1-min 
Apgar scores in patients with abnormal first-stage labor patterns. 

This finding is supported by Friedman et al. 13 Using 3- and 4-year 
follow-up data from the Collaborative Perinatal Project, Stanford-Binet 
intelligence scores showed a positive correlation with labor pattern 
abnormalities. ln general, the IQs of children born after normal labor 
were no different from those born after a prolonged latent phase. 
However, somewhat lower scores occurred with prolonged active phase 
labors and the lowest scores overall were associated with active stage 
arrest. However, since protraction disorders usually led to operative 
vaginal deliveries, the data were further analyzed according to method 
of delivery. They found that protraction disorders were associated with 
reduced IQ scores only if there was an instrument delivery. Apparently, 
unless active stage arrest occurs, Iengthy labors by themselves are not 
necessarily deleterious to infants from a mechanical viewpoint. 

But what about the other end of the scale, namely, precipitous 
labors? Much has already been written about the effects of breech 
deliveries. As far as the cranium is concerned, a breech delivery 
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represents a precipitous labor. The pressures of the contractions form 
the head one way as the fetal body descends through the birth canal, 
but then in a very short time, the head must be reformed to better fit 
the pelvis.5

•
19 This factor may be one of the major contributors of 

perinatal mortality and morbidity in breech-born infants. The finding 
of Wigglesworth and Husemeyer6 that ail neonatal deaths in breech
delivered infants weighing more than 3000 g were associated with 
intracranial birth trauma supports this theory. 

In a study of 281 vertex-born infants that were severely mentally 
retarded and had cerebral pals y, Durkin et al. :w found that 35 had been 
delivered precipitously (less than 3 hr). Except for prematurity, precip
itous labor was the etiology of cerebral palsy in the largest percentage 
of their study group. 

Thus, it appears that the head cannot safely withstand rapid shape 
changes. The definition of "rapid," though, remains an enigma at this 
time. 

2.2.3. The Effects of Forceps Delivery on Neonatal Outcome 

Forceps have been used for years to aid in the vaginal delivery of 
the fetus. There is no doubt that forceps are indispensable obstetrical 
tools. However, un der certain conditions the cranium of the fetus is 
particularly sensitive to the forces applied toit during forceps extraction. 
The application of forceps in difficult deliveries is associated with an 
increased likelihood of trauma to the fetal head. 

In the aforementioned study of Cohen, 18 long second stages did 
not increase mortality or morbidity significantly; however, midforceps 
delivery had an associated increased incidence of depressed 1-min 
Apgar scores (P < 0.001). 

Friedman et al.13 found that 4-year Stanford-Binet IQ trends were 
significantly lowered with operative vaginal deliveries, especially mid
forceps deliveries (p < 0.01). In addition, there existed an increased 
incidence of 3-year speech-language-hearing disorders with midfor
ceps delivery. 

In a separate report, Friedman21 found a perinatal Joss of 2.2 per 
1000 births when delivery was spontaneous, 6.2 per 1000 births when 
delivery was with the application of low forceps, and 18.9 per 1000 
births when delivery was with the application of midforceps. When 
accounting for labor aberrations, he found matters to be worse. The 
application of forceps, whether low or mid-, had an associated increased 
perinatal Joss if forceps were applied af ter protraction or arrest disor-
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ders. The losses were 28.5/1000 when midforceps were applied after 
protraction disorders and 38.3/l 000 when midforceps were applied 
after arrest. The conclusion drawn was that the protraction pattern 
does not of itself contribute to the poor perinatal outcome that is 
sometimes encountered, but rather that poor perinatal outcome results 
from the potentially traumatic operative procedures used for delivery. 

One must therefore ask, do the mechanical properties of the fetal 
cranium change during a protracted or arrested labor so that the 
cranium becomes increasingly sensitive to the trauma that forceps can 
inflict during extraction? 

2,2.4. Trauma and Premature Delivery 

Although many factors such as quality of neonatal care add to the 
incidence of cerebral palsy and mental retardation in prematures, 
evidence exists to implicate trauma as a significant cause. At first 
thought, one might consider that the premature infant is at least risk 
to trauma, since its head is significantly smaller than its term counterpart 
and should pass through the maternai pelvis with less opposing pres
sures. lnstead, it appears that the premature infant is at increased risk 
of suffering from trauma. 

Lilienfeld and Parkhurst22 found a higher frequency of prematurity 
among cases of cerebral palsy without complications of pregnancy and 
birth that would cause anoxia than in cases with such complications. 

Eastman and DeLeon23 identified complications of pregnancy that 
might have caused fetal anoxia in only a third of their study patients 
with cerebral palsy who had been born prematurely. They considered 
that some other factors associated with ·prematurity was causative in the 
remaining two-thirds. 

Mayer and Wingate 16 found that 32% of their 158 study patients 
with cerebral palsy had been delivered prematurely. This was the largest 
single etiological factor found in their study. 

Finally, according to Durkin et al.,20 the etiology of cerebral palsy 
and severe retardation in 22% of their study patients was prematurity, 
the largest single cause. 

The etiology of cerebral palsy and mental retardation in the 
prematurely born infant is difficult to assess. However, the increased 
incidence associated with prematurity is indisputable. As will be shown 
later, a physiological explanation exists that can implicate trauma as an 
etiological factor in at least some of these cases. 
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2.3. Cephalopelvic Disproportion 

2.3.1. Etiology of Trauma 

Insurmountable cephalopelvic disproportion is the ultimate con
dition wherein skull molding would surpass safe limits. If allowed to 
continue by the obstetrician, the forces of labor would continue to press 
the fetal head against the bony pelvis, causing a severe reshaping and 
compression of the fetal cranium. Brain damage can result in one of 
three ways 1: ( 1) The increased pressure can be transmitted inside the 
calvarium where it may overcome the intravascular blood pressure 
resulting in arrest of cerebral circulation. (2) The cerebral compression 
can distort the mobile and separated skull bones, stretching the faix 
cerebri and tentorium cerebelli. The resultant stretching of the tento
r.ium or faix may cause them to tear. If the laceration extends into the 
venous sinuses, bleeding may damage vital centers. (3) Severe compres
sion can even cause a fracture of a skull bone. 

2.3.2. Method of Diagnosis 

Diagnosis of extreme cephalopelvic disproportion (CPD) is routine 
on most obstetrical services; predicting CPD is rare. When fetal descent 
stops or labor becomes aberrant, cephalopelvic disproportion should be 
considered. X rays are often used to visualize the fetal head and 
materna! pelvis concomitantly. When cephalopelvic disproportion exists, 
a relatively large head that is visibly molded is generally seen within a 
relatively small pelvis. The ideal would be to make this diagnosis 
prospectively before extreme molding occurs. By doing so, both the 
mother and fetus could be spared an exhausting, fruitless labor. 
However, at present, this is only wishful thinking. 

Between extreme cephalopelvic disproportion, a wide range -exists 
wherein a f etal head may or may not pass through the birth canal with 
or without cerebral trauma. Making a diagnosis of which fetuses can be 
safely left to deliver vaginally and which should be delivered by cesarean 
section is not easy. Ball and Marchbanks24 developed a quantitative 
technique to assist in this diagnosis, the application of which has been 
well reviewed by Friedman and Taylor.25 However, the utilization and 
efficacy of pelvimetry -in the prospective management of labor still 
remains in doubt. 

Kelly et al. 26 reviewed 67,07 deliveries in which 6.9% were X-rayed 
for pelvimetry studies. They found that there were no set indications 
for performing the pelvimetrie : in tead, the criteria seemed to vary 
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from hospital to hospital and even from physician to physician within 
the same hospital. As to the effectiveness of pelvimetry, they present 
evidence that indicates pelvimetry does not help the clinician make a 
decision regarding whether or not a cesarean section should be per
formed. In addition, the prognostic value of pelvimetry was found to 
be lacking. X-ray pelvimetry, as it was used in the 16 hospitals studied, 
did not significantly shorten tabor in women delivered by cesarean 
section for disproportion when compared to a similar group in which 
cephalopelvic disproportion was diagnosed by clinical judgment only. 

If these findings are universal, one must seriously question whether 
patients should be exposed to the X radiation for pelvimetry, not to 
mention the additional expense associated with the same. 

2.3.3. The Efficacy of Pelvimetry at The University of Michigan 

To test the benefit of pelvimetry at our own institution, a sample 
group of 44 patients who had X rays taken for suspected CPD during 
the year 1977 were studied; 22 patients were eventually delivered by 
cesarean section, 22 patients delivered vaginally. Table I presents the 
correspondence between the radiologists' diagnoses and the method of 
delivery. A chi-square test on these statistics indicates that there is no 
dependence between the radiologists' diagnoses and the method of 
delivery (x2 = 1.8). (lt should be noted that few reports presented any 
pelvic dimensions or indicated that any quantitative measurements were 
made.) 

Obstetricians presented with this information were not concerned; 
they felt that with their clinical experience they were better able to 
diagnose cephalopelvic disproportion from X rays than were the 
radiologists who did not actually see the patients. In order to attempt 
to verify this hypothesis, 15 of the 44 X rays were selected and presented 
at a departmental meeting in the form of a quiz. The X rays (an 

Table I. Cerrespondence between 
Radiologists' Diagnosis of Pelvimetry X 

Rays and Method of Delivery in a 
Randomly Sampled Study Group at The 

University of Michigan 

Vaginal 
Cesarean section 

Diagnosis 

No CPD CPD 

18 
14 

4 
8 

Association ATIDE 
Centre de Documentation ARIANE



504 Timothy J. Kriewall and Gregg K. McPherson 

anterioposterior view and lateral view) were presented to the group for 
each patient in sequence. Those present were asked to evaluate the X 
rays in their customary way to determine how they thought labor would 
end, by cesarean section or by vaginal delivery. (No measurements were 
made.) A ballot was given to each person on which they were to check 
the method of delivery. 

The results were analyzed by group: clinical faculty (n = 3), bouse 
officers (n = 14), medical students (n = 8), and nonclinical personnel 
(n = 3). Of the 15 patients, 11 had been delivered vaginally, 4 by 
cesarean section. Based on ail the patients, the faculty agreed with the 
clinical outcome in 49% of the cases, the house officers 44%, the medical 
students 51 %, and the nonclinical personnel 53%. Since it could have 
been that those who were delivered by cesarean section may not in fact 
have had insurmountable CPD, the analysis was repeated for only those 
patients who delivered vaginally. On these, the faculty agreed with 58%, 
the house officers 53%, the medical students 53%, and the nonclinical 
personnel 61 %. Statistically, the results from viewing X rays alone were 
no different than if the group had ail flipped coins with each patient 
and made a determination according to the coin flip. 

Statistically testing the individual groups for consistency of response 
showed there was none. That is, the choices of vaginal vs. cesarean 
section were randomly scattered over ail the subjects. 

These results tend to reinforce the results of Kelly et al. that 
pelvimetry X rays alone are generally not beneficial in determining the 
outcome in patients suspected of having cephalopelvic disproportion. 

However, since pelvimetry X rays were assessed only subjectively 
by our staff, the method of Balf.M was applied using computer tech
niques. 25·27·28 With the help of a radiologist, 10 measurements were 
made on each patient's X rays. A total of 45 patients' X rays were used 
(which included the 44 mentioned previously). Of these, 23 had 
delivered vaginally, 22 had been delivered by cesarean section for 
possible CPD. Magnification errors caused by divergence of the X ray 
beam were corrected. From the 10 measurements made, various head 
and pelvic capacities were computed. Table II lists the variables and 
their average values for each group. 

ln ail, 25 measurements and ratios were compared for the two 
groups. An attempt was made to find which measurements or computed 
values, if any, were statistically different between the two groups of 
patients. 

The results indicated that there was no statistical difference in any 
of the quantitative values between the two groups. 

One might conjecture that if the sample size was larger, statistical 
differences might have been found. However, these results indicate that 
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Table II. The Means (and Standard Deviations) of the Measurements and 
Computations Made from X Rays of Patients Who Delivered Vaginally and by 

Cesarean Section (CS) 

Vaginal (n = 
23) C/S (n = 22) 

Mean (SD) Mean (SD) 

1. Widest transverse inlet diameter (A) J 1.6 J a (0.89) 11.66 (0.92) 
2. Anteroposterior inlet diameter (B) 11.23 (1.06) 10.87 (1.11) 
3. Interspinous diameter (C) 10.31 (0.69) 10.15 (1.01) 
4. Fetal head diameter from anteroposterior view (D) 9.68 (0.66) 9.95 (0.76) 
5. Fetal head diameter from lateral view (E) 9.58 (0.82) 9.51 (0.41) 
6. D + A 0.84 (0.06) 0.86 (0.06) 
7. E + B 0.85 (0.06) 0.88 (0.06) 
8. D + C 0.94 (0.07) 0.99 (0.0 ) 
9. 'ITD2/4 + '1TA 2/4 0.70 (0.10) 0.73 (0.11) 

10. 'ITE2/4 + 'ITB 2/4 0.73 (0.10) 0.78 (O.11 , 
11. 'ITD2/4 + '1TC2/4 0.89 (0.13) 0.98 (0.16) 
12. '1T(D2 + E2)/8 + '1T(A2 + B2)/8 0.72 (0.09) 0.75 (0 .09) 
13. 'IT[(D + E)/2]2/4 + 'IT[(A + B)/2]2/4 0.72 (0.09) 0.75 (0.09) 
14. '1T(D2 + E2)/8 + '1TC2/4 0.89 (0.15) 0.94 (0.16) 
15. 'IT[(D + E)/2]2/4 + '!TC2/4 0.89 (0.15) 0.94 (0.16) 
16. 'ITDE/4 + 'ITAB/4 0.72 (0.09) 0.75 (0.09) 
17. 'ITD3/6 + '1TA 3/6 0.59 (0.12) 0.63 (0.15) 
18. 'ITE3/6 + 'ITB3!6 0.63 (0.13) 0.69 (0.15) 
19. 'ITD3/6 + '1TC3/6 0.85 (0.19) 0.97 (0.25) 
20. '1T(D3 + E5)/12 + '1T(A 5 + B5)/12 0.61 (0.11) 0.65 (0.13) 
21. 'IT[(D + E)/2]5/6 + 'IT[(A + B)/2]5/6 0.61 (0.11) 0.65 (0.13) 
22. '1T(D5 + E 5)/12 + '!TC5/6 0.85 (0.22) 0.92 (0.25) 
23 . 'IT[(D + E)/2]5/6 + '!TC3/6 0.84 (0.21) 0.92 (0.25) 
24. 'ITD2E/6 + '!TA 2B/6 0.60 (0.11) 0.65 (0.13) 
25. 'ITDE2/6 + '1TAB 2!6 0.62 (0.11) 0.67 (0.13) 

• Dimensions in centimeters. 

sufficient overlap occurs between the two groups that if one were faced 
with the prospective decision of deciding into which group a patient in 
labor belonged, it would not be possible. 

Thus, it seems a better method of diagnosing cephalopelvic dis
proportion, and skull molding in general, is needed. Before work begins 
toward this end, the groundwork laid by others should be examined. 

2.4. Fetal Head Molding: A Review and Reevaluation 

The first person to seriously examine the interaction between the 
fetal head and the maternai pelvis was the Dutch obstetrician, Hendrik 
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van Deventer (1651-1724). He was the first to emphasize that pelvic 
contraction is a factor in a delayed or difficult labor. He also recognized 
that molding could result in brain injury. 29 

William Smellie proposed the principles of clinical pelvimetry in 
1752: "In lingering labor, when the head of the child hath been in the 
pelvis so that the bones ride over one another and the shape is 
pretematurally lengthened, the brain is frequently so much compressed 
that violent convulsions ensue before or soon after delivery to the 
danger and oft-times the destruction of the child."30 

Jean Louis Baudeloque ( 17 48-1810) developed practical techniques 
both for measuring normal and contracted pelves in living women and 
also for correlating these measurements to the measurements of the 
fetal head. In 1781 he described experiments in which the heads of 
nine stillbom infants were compressed with forceps and the resulting 
distortion of the head examined.30 

In 1847 J. M. Sims detailed molding: 

The head, by the labor, is elongated in the occipito-frontal diameter to 
ils greatest possible extent, and it is consequently diminished in its vertical 
diameter to ils smallest dimensions, by the parietal bones overlapping the 
occipital through almost the entire length of the lambdoidal suture. The 
edge of the occipital is always forced up under the edges of the parietal al 
the posterior fontanelle in every labor. There is not an exception to this rule 
. . . as the parietals are compressed laterally to diminish the biparietal 
diameter, they exercise a degree of traction over the "pars occipitalis" 
[occipital part] (independently of the forces acting on it from behind) 
drawing il upward in a line towards the anterior fontanelle and thus 
shortening the vertical diameter. 

In 1867 J. G. Swayne31 added an important concept to the under
standing of molding. He postulated that deformations are often due to 
pressure exerted by an imperf ectly dilated, rigid cervix. This was in 
opposition to the current thinking that the deformations were due only 
to the pressures from the bony pelvis. 

Like Baudeloque, R. Milne Murray32 in 1888 determined the effects 
of varying degrees of forceps compression. He found that moderate 
degrees of anteroposterior compression caused the frontal and occipital 
bones to slide under the parietal bones. This mode of compression 
caused no appreciable increase in the transverse diameter but did cause 
the parietals to elevate creating a vertical elongation of the skull. 

Seventeen years later, M. Stumpf14 described the restitution of 
head shape in the postpartum period. He hypothesized that it took a 
number of days for the head to return to its unmolded state. Using a 
lead wire to determine head contours, he found that restitution seems 
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to be complete by the seventh day postpartum, thus supporting the 
previous findings of Ballantyne. Stumpf first realized the inherent 
limitations of using simple measurements of anatomical landmarks for 
determining complex changes in head shape. His reasoning for the 
limited value of such measurements were ( 1) the ref erence points on 
the skull were changing with restitution, (2) the deformations were not 
always in the measured diameters, and (3) the measurement technique 
did not possess a sufficient degree of reproducibility. 

In 1922 Eardley Holland 35 published a landmark paper on the 
effects of stress on the fetal head. Holland was the first to investigate 
molding using systematic analytical techniques. He qualitatively de
scribed not only the change in position and curvature of the cranial 
bones, but also the change in tension produced in the underlying septa 
of the dura mater. He hypothesized that the septa act as a protective 
system to limit displacement of the cranial bone and hence reduce the 
stress transmitted to the cranial contents. 

Holland proposed two broad categories of molding types. The first 
was characterized by a decrease in the anteroposterior diameters
decreases normally seen in vertex and breech presentations. The second 
was characterized by increases in the anteroposterior diameters
changes seen in brow and face presentations. 

He also proposed a theory which attempted to explain the modes 
of septal tearing observed during excessive molding. 

W. O. Greenwood,36 in 1924, took exception to Holland's analysis 
that the vertex elevated in vertex and breech presentations. By using 
plaster casts of heads taken immediatelv after birth and again a week 
later, he attempted to demonstrate that j ust the opposite was true. A 
great deal of the disagreement between Greenwood and Holland 
centered on the definition of the anteroposterior dimensions. While 
Holland classified dimensions such as the sulxx:cipitobregmatic diameter 
as anteroposterior, Greenwood asserted that it was more nearly vertical. 
In addition, the reference landmarks that Greenwood used to compare 
casts were not fixed but varied with the tate of molding-a problem 
that Stumpf had mentioned in his earlier ime ti~tion . 

H. C. Moloy37 in a 1942 radiographie tud focu ed on the base of 
the skull-a region previously thou ht co ri ·d . He inclicated the 
skull base is capable of a slight degree o be dm lo" ele\'ation of 
the occipital plate. He noted , howe\'er, lh l t ar ed change 
brought about by molding is the ele\'alÏon o He noted 
a definite decrease in the occipitofrontal diam 

Moloy described the interaction of the 
coronal and lambdoidal suture. Slight p res ure 
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decreased the transverse diameters of the parietal bones enough to 
prevent the frontal and occipital bones from overriding the parietal 
bones when a longitudinal pressure is applied. He wrote, "the apparent 
overlapping of the parietal and frontal bones is not true overlapping 
but is brought about by the elevation of the parietal bones which 
changes the direction of the anterior fontanel from a horizontal to a 
vertical plane. This is really pseudo-overlapping." 

J. Baxter38 attempted in 1946 to describe why a load applied in the 
plane of the suboccipitobregmatic circumference caused an increase in 
the height of the vertex. In experiments using stillborn infants, a 
"moderate pressure" in this plane caused a bending upward of the 
frontal and occipital bones. The vertical portion of the parietal bones 
also were moved inward, causing the posterior ends of the parietals to 
diverge. Under these conditions, overlapping along any of the sutures 
was not evident. Baxter noted that "the biparietal diameter is not 
significantly reduced by moderate compression forces, but when the 
force is raised, reduction of this diameter brings the parietal bones close 
together and they may overlap along the sagittal suture. The suboccip
itobregmatic diameter may be reduced by as muchas 6 mm." 

In 1949 Ortiz and Brodie39 radiographically studied the growth of 
the infant head from birth to 3 months of age. They separated those 
changes that were due to molding from those that were due to growth. 
They disagreed with the previous findings of Moloy regarding the 
flexibility of the base of the skull. Results from their radiographie studY 
indicated that the base is rigid and does not contribute to the molding 
response. 

Ortiz and Brodie also compared the rotation of the occipital · 
with the inward displacement of the frontals by bending. They obsen -
the elevation of the parietal bones and a widening of the temporal 
sutures. These effects caused a decrease in the anteroposterior dimen
sions and an increase in the vertical dimensions of the head. The heads 
restituted to an unmolded shape by the third day postpartum. 

In 1958 Borell and Fernstrom began publishing a series of pa
pers,40-43 which were the first to describe the changes in head shape 
during labor. The previous work reported was based on observations of 
either stillborns or newborn infants. Borel) and Fenstrom used simul
taneous anteroposterior and lateral radiographs to assess molding as 
the head passed through the birth canal. 

In normal vertex presentations, the type of molding was the same 
in ail cases observed, although the degree of molding varied. According 
to these investigators, molding in vertex presentations is characterized 
by an elevation of the vertex. This elevation is facilitated by an upward 
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movement of the parietal bones at the temporal sutures as well as an 
upward and outward rotation of the upper parts of the parietals. This 
also results in an increase in the biparietal diameter, an increase which 
can be as great as 10 mm. In addition, the occipital and frontal bones 
are displaced inward, causing a reduction in the occipitofrontal diam
eter. Molding disappears completely when the head passes through the 
outlet of the bony pelvis due to the redistribution of forces on the head 
from the pelvic floor and bony pelvis, but reappears as the head crowns 
and passes through the perineum. 

Borell and F ernstrom noted an association between the amount of 
molding and the length of labor. They also hypothesized that molding 
in normal labors is due to the pressures from the soft tissues and not 
the bony pelvis. 

In contracted pelves, they noted definite differences in the type of 
molding from that seen in normal deliveries. The most striking change 
was a diff erence between the levels of the two parietal bones at the 
sagittal suture. In cases of muscular spasm of the lower uterine segment, 
they noticed an exaggeration of the type of molding seen in normal 
labors with an increase in elevation of the vertex. 

Shortly after Borel) and Fernstrom published their results, Lennart 
Lindgren44 attempted to quantify the cause of head molding. Lindgren 
used a series of small pressure transducers inserted between the uterus 
and the fetal membranes enclosing the fetal head to monitor pressures. 
These transducers were spaced so as to measure amniotic pressure as 
well as three pressures along a meridian of the head. 

Lindgren found that in the stage of labor the pressure at the largest 
circumference of the head was three to four times greater than the 
corresponding amniotic pressure and that the pressure successively 
declined toward the lower pole of the head. He hypothesized that it is 
this difference in pressure which provides the driving force for the 
characteristic shape changes of the fetal head . 

In 1970 R. L. Schwarcz and his colleagues,45 in a study similar to 
Lindgren's, substantiated Lindgren's find ings of a higher pressure at 
the largest circumference of the head . They noted, however, that the 
ratio of the pressure at the largest ci rcumference to the amniotic 
pressure was lower by a factor of 2 than the values quoted by Lindgren. 
They hypothesized that this difference was due to the different types 
of pressure transducers used in the re pecthe tudies. 

Recently, Kriewall et al. 46 published the resul of an investigation 
concerning the restitution of head shape in the a period postpartum. 
Various diameters of infants' heads .,,,ere e red a 24-hr intervals 
using obstetrical calipers. The results mdica r · ants born in 
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normal vaginal deliveries, the biparietal and mentovertical diameters 
decreased during the first 3 days postpartum, while the suboccipito
frontal diameter increased (see Table III) . De Souza and his colleagues47 

also noted the same decrease in the biparietal diameter in the puerperal 
period. If molding only compresses the parietals together, as some 
think, until overlapping (which is really pseudooverlapping) of the 
parietals at the sagittal suture occur with extreme molding, then the 
biparietal diameter would increase during the puerperal period. The 
decreases noted above are further verification of the findings of Borell 
and Fernstrom, that molding is a dynamic process. The bones of the 
cranium are moved in a number of different directions during fetal 
descent. How the head is distorted immediately after labor does not tell 
the complete story of what shapes the head took during the intrapartum 
period. 

In fact, Kriewall and his associates demonstrated that the fetal head 
is already molded in the antepartum period in a direction opposite to 
that created by a vaginal delivery. They developed a dimensionless 
molding index that equaled the square of the mentovertical diameter 
divided by the product of the suboccipitofrontal and biparietal diame
ters. They compared the molding indices of 15 infants who were 
delivered by elective cesarean section before labor began with 23 infants 
who were delivered after being subjected to the forces of labor. Table 
IV shows a comparison of the average molding index of both groups 

Table III. Skull Measurements in Early Neonatal Period Compared by Labor0 

Labor Paired No labor Paired Strata 
Variable (n = 23) significance• (n = 15) significance significance0 

Biparietal diameter 9.3 cm 9.4 cm NS6 

(day 0) p < 0.01 p < 0.01 Biparietal diameter 9.1 cm 8.9 cm NS 
(day 3) 

Suboccipitofrontal 10.6 cm 10.6 cm NS 
diameter (day 0) p < 0.01 NS Suboccipitofrontal 10.8 cm 10.7 cm NS 
diameter (day 3) 

Mentovertical diameter 13.9 cm 12.9 cm p < 0.01 
(day 0) 

p < 0.01 p < 0.01 Mentovertical diameter 13.5 cm 13.2 cm NS 
(day 3) 

Birth weight 2341 g 3145 g NS 

• The paired significance shows the change in the repeated measurements among the same groups 
and the strata significance compares the measurements made at the same relative time between the 
two. 

b NS, Not statistically significant. 

Association ATIDE 
Centre de Documentation ARIANE



Effects of Uterine Contractility on Fetal Cranium 311 

Table IV. Comparison of Molding Index Stratified by La.bor 

Yes Paired . ·o Paired Strata 
Variable (n = 23) significance (n = 15) ignificance significance 

Molding index (day 0) 2.00 1.6 p < 0.01 
(SD = 0.22) 

Molding index (day 3) 1.86 
p < 0.01 

(SD = 0. 19) 
p < 0.01 

1. 2 NS• 
(SD = 0.12) (SD = 0.15) 

• NS, Not statistically significant. 

immediately after delivery and than again 3 days later. Note first that 
at the end of 3 days, the effects of molding have disappeared and both 
groups have the same basic head shape. Second, note that the differences 
between the molding indices for the two groups is the same (as are the 
ratios of the largest to the smallest, i.e., 2.00/1.86 = l.82/1.68 = 1.08). 
Finally, note that the indices of the two groups are significantly different 
(P < 0.0005), with the heads of the infants born after labor being 
longer, more elliptical, and the heads of the infants born before labor 
being rounder, less elliptical. This substantiates the postulates of oth
ers5·19.48 that in a breech delivery the head must be remolded quickly as 
it passes through the birth canal. Perhaps this quick alteration in head 
shape contributes to the increased risk of mortality and morbidity the 
breech-delivered infants face. 

2.5. A Qualitative Picture of the Sequential Steps of Molding 
in Normal Vertex Presentations 

With the review just presented, a qualitative picture can be pieced 
together to illustrate the dynamics of the molding process. Figure 1 
depicts the steps of molding for a normal vertex presentation from the 
antepartum, through the intrapartum, to the postpartum period. 

Figure 1 a depicts an unmolded fetal head that has no external 
forces applied to it. Figure 1 b represents a head that has been molded 
from Braxton-Hicks contractions. The fetal head becomes rounder and 
flatter at the vertex than its normal equilibrium shape would be. 

As labor begins and the cervix dilates, the pressure distribution is 
concentrated at the vertex as shown by the arrows in Fig. le. The 
pressure is the greatest on the upper portion of the parietals, causing 
a slight decrease in the biparietal diameter as well as a slight increase 
in the curvature and height of the vertex. lnward displacement of the 
frontal and occipital bone is not evident at this stage. 
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Figure 1. A pictorial description of the effects of uterine contractility on the fetal skull 
during a normal vertex vaginal delivery. See text for description. 
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Figure 1. (Continued) 
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At complete dilatation (Fig. Id), the biparietal diameter continues 
to decrease and reaches its minimal value. The parietals continue to 
elevate with a marked curvature of the vertex being noted. The frontal 
bones begin to bend inward, while the occipital bone rotates inward 
about the occipital hinge, the net result being a decrease in the 
anteroposterior diameter. 

As labor continues through the second stage, the plane of greatest 
pressure shifts to the lower portions of the parietal bones (Fig. le). This 
pressure distribution causes the lower portion of the pariètals to rotate 
inward and move upward while the upper portions move outward. The 
biparietal diameter hence increases. The temporal and sagittal sutures 
widen as the bones rotate and translate. The curvature of the vertex 
decreases slightly from its earlier shape, but the anteroposterior diam
eter is a minimum due to the continued inward displacement of the 
frontal and occipital bones. In no cases do the bones of the vault 
overlap. Apparent overlapping, or pseudooverlapping, as seen on X 
rays is caused by a misalignment between the adjacent bones creating 
a "step" between them. Up to this point, the molding is caused by the 
soft tissues of the cervix. 

However, with fetal descent into the bony pelvis, the molding 
process reverses when the vertex reaches the pelvic floor (Fig. If). 
These findings are documented by Borel! and Fernstrom. 

Finally, as the head passes through the vaginal outlet, the distri
bution of forces is similar to that created by the cervix, causing a 
renewed elongation of the mentovertical diameter (Fig lg). 

The recovery of the head from its molded state to an unmolded 
state takes place in two phases. The initial elastic recovery is largely 
completed as the head is delivered and hence belies the degree to which 
the head was deformed. The second and slower phase is the viscoelastic 
recovery, which takes place in the initial postpartum period. This 
recovery is complete by the seventh day and is probably gone as early 
as the third day postpartum (Fig. lh). 

2.6. Skull Molding: What Still Needs To Be Known 

A qualitative picture of the molding process has just been put forth, 
but one can rightfully ask what prospective clinical significance that has 
to the physician who wants to know if molding is approaching unsafe 
limits. Answers to questions such as how much molding is too much, or 
what puts the premature at higher risk to trauma, or how can forceps 
cause trauma, can only be answered from quantitative descriptions of 
the molding process. Such quantitative approaches have already been 
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applied to the understanding of the mechanism of adult traumatic 
injury.29

-
31 What follows are the first steps ta ·en toward applying this 

same quantitative approach to understandmg intrapartum injury. 

3. Developing a Model 

Classical analysis techniques of engineering mechanics require the 
knowledge of three distinct areas of any structure, be it a bridge, a 
plane, or a fetal head. That is, the mechanical properties of the 
structural material must be known, the geometrical configuration of 
the structure must be defined, and the forces, or loads, that are applied 
to the structure must be understood. Possessing this knowledge permits 
the creation of a mathematical mode! of the structure. Once such a 
mode! is formulated, its response can be compared to the actual 
structure under certain nondestructive test conditions. Once the mode! 
is validated as being representative of the actual structure, it can then 
be used to extrapolate responses that have not or cannot be tested. 

Preliminary information is currently available for both the structural 
configuration of the various cranial components52 and the loads on the 
fetal cranium during labor.44

.4
5 Until only recently, no investigations of 

the mechanical properties of fetal cranial tissue have been described. 
The following sections consolidate the information the authors will have 
described in other places. 53

·
54 

4. The Mechanical Properties of Fetal Skull 
Bone 

The mechanical properties of fetal skull bone can be described in 
their simplest terms by the modulus of elasticity. The modulus of 
elasticity is, in essence, a spring constant. lt relates how much force 
(stress) is needed to change the length of the bone (strain). This assumes 
that a linear, elastic relationship exists between stress and strain. 
Linearity rarely exists in biological tissue, but the assumption can still 
be quite applicable as long as the limitations imposed by the assumption 
are adhered to. The following will describe how the elastic modulus was 
found for fetal cranial bone using three-point bending tests. 

4.1. Material 

The fetal cranial bone used in this study was obtained from six 
subjects ranging in estimated gestational age from 25 to 40 weeks. ln 
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Table V. Biograpbical Data for Test Material Used in This Investigation 

Estimated 
Calvarium gestational age 

No. (weeks) Sex 

40 ± 2 M 
2 38 ± 2 F 
!l 27 ± 2 M 
4 25 ± 2 M 
5a 

6 28 ± 2 M 

7 40 ± 2 M 
8 6-year-old M 

• Not tested due to bone deterioration. 

Weight (g) 

3,118 
2,800 
970 
650 

1,025 

3,640 
16,600 

Bone thickness (mm) 

Mean 

0.76 
0.71 
0.63 
0.41 

0.64 

0.86 
3.33 

SD 

0.10 
0.15 
0.10 
O.IO 

0.05 

0.08 
0.28 

Cause of death 

Congenital heart failure 

Insufficient respiratory effort 
Prematurity 

Systemic candidiasis, bronchopulmonary 
dysplasia 

Meconium aspiration 
Acute bronchopneumonia (hydrocephalic) 

l,O ... 
0, 
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addition, the calvarium of a 6-year-old child ed or com parative 
purposes. No material was utilized in th" tha1 ho~·ed evidence 
of deterioration due to pathological condi ·o . Table \:' provides a 
summary of the biographical data for the te material. 

At the time of postmortem exarnination (u uallv within 12 to 24 hr 
after death), the cranial bones of the , aull with attached septa and dura 
mater were removed in one piece and placed in a container of cold
buffered saline. The material was rnaimained under refrigeration at 
between - l 0°C and - 20°C until the lime of specimen preparation and 
testing. 

4.2. Selecting Specimen Size and Shape 

Fetal cranial bone presents a unique set of constraints that influence 
specimen size and shape. The bones of the fetal cranium are highly 
curved and very thin structures (see Fig. 2). Together, these constraints 
prohibit the fabrication of flat, straight specimens for use in bending 
tests. In addition, the small size of the fetal cranium severely limits the 
maximum overall dimensions of any specimen if a reasonable number 
are to be obtained from each cranial bone. 

2PR4PD7 

Figure 2. A typical test specimen of fetal cranial bone. 
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The theory of flexure is most accurate for long, thin beams, i.e., 
beams with large length/thickness ratios. Beams having length/thickness 
ratios from 8 to 24 or more (depending on material and cross section) 
are capable of being accurately analyzed using Euler-Bernoulli beam 
theory. 55 

Using these values as a guide, and assuming a bone thickness of 1 
mm, a span length of 20 mm was selected. To aUow a suitable amount 
of material to project beyond the end support, the overall length of the 
specimen was increased to 25 mm. A beam width of 2 mm was arbitrarily 
chosen to allow a large number of specimens to be obtained from a 
bone. 

Since the specimens had a variable thickness due to the varying 
bone thickness, and since they were curved in the plane of the long axis 
of the specimen due to cranial bone curvature, those variables had to 
be taken into account in the subsequent data analysis. 

4.3. Specimen Preparation 

Another anatomical feature which must be taken into account in 
specimen preparation is the grain structure of the fetal calvarium. Split
line analysis studies have demonstrated that the fetal skull has an 
ordered grain structure, particularly in the regions of the vault. 56 (See 
Fig. 3.) At adulthood, this well-defined pattern is replaced by a random 
pattern; the grain structure of the adult is more homogeneous than 
that of the fetus (see Fig. 4). 57 Specimens were therefore taken with the 
long axis of the specimens oriented in preferred directions with respect 
to the ordered grain structure of the bone, either parallel or perpen
dicular. 

At the time of specimen preparation, the refrigerated cranial vault 
was allowed to warm to room temperature in its saline-filled storage 
container. The membranous sutures holding the bones of the vault 
together were excised. The inner and outer membranes covering the 
bone were carefully removed. Each bone was placed in a separate saline
filled container. At ail times, the bone was kept wet by periodic bathing 
in a normal saline solution. 

A 25-mm square mylar template was used in the initial step of 
bending specimen fabrication. The outline of the square was transferred 
to the bone using a No. 2 pencil. Using the outline, a square section of 
material was removed from the cranial bone using a razor knife and 
scissors. The section of bone was then positioned in a miter box with 
the bone fiber oriented so that the finished specimens would have fiber 
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Figure 3. (a) The skull bones of the fetus ha,e a pronounced fi ber orientation as 
demonstrated by split lines of ink droplets that folio....- 1he grain suuaure. (b) These fibers 
are also visible in an excised parietal bone. 
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Figure 4. At adulthood, the distinct liber pattern of the fetus disappears.s7 (Reproduced 
with permission.) 

orientations either parallel or perpendicular to the long axis of the 
specimen, as desired. Successive parallel cuts were made with a razor 
until ail possible specimens had been taken frorn the section. As each 
specirnen was fabricated, it was placed in a labeled saline-filled container. 

4.4. Specimen Measurements 

Because the specirnen thickness and initial curvature could not be 
controlled during specirnen fabrication , the degree of influence which 
these variables had on specirnen response were evaluated. Classical 
flexure theory indicates that the deflection of a beam is not influenced 
by a srnall initial curvature. The word small, however, is only vaguely 
defined, and hence a careful evaluation of the effect of initial curvature 
for the particular case of the fetal cranial bone specirnens was necessary. 
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Examination of the bending specimen re, eale<l a maximum initial 
midspan displacement of approximatel 2.5 mm with respect to the 
specimen ends. In order to ascertain the effect of this initial curvature, 
a beam with a half-sinusoidal initial curvature was modeled using finite 
element analysis.58 This beam was assumed to be made of isotropie 
material and possessed a rectangular cross section. The beam was 
discretized into eight beam elements. The initial curvature at midspan 
was assumed to be one-tenth the span length, a curvature which 
corresponded to the greatest initial curvature seen in the bone speci
mens. Bearn dimensions were those described above with an assumed 
depth of 0.65 mm. Comparison of the finite element beam response 
with that predicted by simple beam theory for an initially straight beam 
in three-point bending indicated that the initial curvature induced an 
error in the calculated deflection of less than 1 %. Hence it was concluded 
the effect of initial curvature was small and could be ignored in the 
data reduction. 

A second finite element analysis was performed to evaluate the 
effects of varying specimen thickness on beam response. The thickness 
of a beam influences its response through the area moment of inertia59

: 

bh' 
/=-

12 

where / = area moment of inertia (mm 4
) 

b = beam width (mm) 
h = beam thickness (mm) 

(1) 

The width and depth of a randomly selected specimen were measured 
with dia! calipers at five equally spaced locations along the specimen. 
With these measurements, an average moment of inertia from ail 
subsections was also used in the equation for the midspan deflection of 
a uniform beam in three-point bending59

: 

where y = midspan deflection (mm) 
P = midspan load (N) 
l = span length (mm) 

E = elestic modulus (µPa) 
I = area moment of inertia (mm 4

) 

(2) 

Comparison of the results of the finite element model with simple beam 
theory indicated that averaging sectional data induced an error in the 
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calculated deflection of 18%. Hence, the varying thickness of the 
specimen could not be ignored. As a result, the width and thickness of 
each specimen was measured with dia! calipers to the nearest 0.01 mm 
at five equally spaced locations along each specimen. The measurement 
locations were at the end-support points, the midpoint, and the points 
equidistant between the supports and midpoint. These data were 
recorded in tabular form for use in the data reduction. 

4.5. Preliminary Investigations 

Previous investigators of f etal skull molding indicate that molding 
is primarily a bending phenomenon (as opposed to a tensile or torsional 
phenomenon). 35

•
40 In addition, the process is slow, as uterine contrac

tions during labor generally average about l min induration. Therefore, 
an appropriate test of fetal cranial bone is a quasistatic bending test. 

Prior to the main test program, however, preliminary investigations 
were performed in order to determine the effects of variations in 
several parameters on material response. Two preliminary investigations 
were performed. These were (l) the effect of multiple load-unload 
cycles on specimen response, and (2) the eff ect of testing with the 
specimen immersed in warm saline versus testing in room air. 

4.5.1. Multiple-Cycle Loading 

Fung60 has noted a differential response of biological tissue with 
multiple-cycle loading. In general, tissue needs to be exercised, i.e., 
preconditioned, through several loading cycles before repeatable ma
terial response is obtained. 

To test this effect, four specimens from the right parietal bone of 
calvarium No. 2 were tested in three-point bending at a crosshead rate 
of 0.5 mm/min. Each specimen was cycled through 10 complete 
load-unload cycles. Two specimens were tested allowing 2 min between 
each load while the other two specimens were cycled continuously 
through ail 10 load-unload repetitions. Each specimen was kept moist 
throughout the test procedure by a constant drip of normal saline. 

In each case, repeatability was established after the completion of 
the third cycle as depicted in Fig. 5. Therefore, ail specimens subse
quently tested were cycled three times to precondition the material 
prior to measuring material response. 
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tïgure 5. At least tour load-unload cycles were requ1red lor each specimen bel"ore 
reproducible stress/strain characteristics were noted. 

4.5.2. Warm Saline vs. Room Air 

After preconditioning, eight bending specimens from the right 
parietal bone of calvarium No. 2 were loaded in three-point bending to 
a midspan deflection of 0.25 mm and unloaded. The specimens were 
divided into two equal groups. In the first group, the specimen was 
initially tested in normal saline maintained at 37 ± 2°C. After allowing 
15 min for equilibration with ambient air, the specimen was reloaded 
to a midspan deflection of 0.25 mm and unloaded. In the second group, 
the order of testing was reversed. In ail cases the stiffness of the beam 
(defined as the Joad divided by the midspan deflection) was computed. 
Table VI summarizes the results. 

Although the stiff ness of the specimens tested in normal saline was 
slightly less than that of those tested in room air (4.4%), the difference 
was not statistically significant. Sedlin61 noted a similar difference in the 
modulus of elasticity of femoral specimens tested as cantilevers at 27 
and 37°C. While the evidence suggests that a difference in specimen 
response between the two test conditions exists, the difference was not 
large enough to warrant the increased difficulty of testing using the 
warm saline bath. Ali specimens therefore were tested at ambient room 
conditions. 
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Table VI. Beam Sûffness Comparison for 
Specimens Tested in Warm Saline vs. Room 

Air 

Specimen Ksa (N/mm) 

2PR-PDI 1.23 (2)' 
2PR-PD2 1.58 (2) 
2PR-PD3 1.93 (2) 
2PR-PD4 2.80 (2) 
2PR-PD5 2.36 (1) 
2PR-PD6 3.15 (1) 
2PR-PD7 2.28 (1) 
2PR-PD8 l.75 (1) 

Mean: ITI 
SD: ±0.64 

• Ks, Stiffness as tested in saline. 
b Ka, Stiffness as tested in air. 

Kab (N/mm) 

1.23 (1) 
1.40 (1) 
1. 75 (1) 
2.98 (1) 
3.15 (2) 
2.54 (2) 
2.45 (2) 
2.01 (2) 
~ 

±0.71 

' Number in parenthesis indicates order of testing. 

4.6. Bending-Test Procedure 

Bending tests were performed on 86 specimens obtained from 6 
fetal calvariums. In addition, 12 full-section specimens from the parietal 
bone of a 6-year-old child were tested for comparative purposes. 

Ali test equipment was allowed to warm up for l hr before 
calibration and testing. The displacement transducer was calibrated in 
place using a micrometer head rigidly mounted to the side frame of the 
test machine (lnstron Floor Mode! TT-C). The load transducer was 
calibrated using deadweight loads. Each specimen (in its container of 
normal saline) was allowed to equilibrate to room temperature for one 
hour prior to the test. During testing, each specimen was kept moist by 
a constant drip of normal saline. The test procedure was as follows: 

1. The specimen was centered on the bending supports of the test 
fixture with the convex surface upwards. 

2. The specimen was cycled three times to a midspan deflection of 
0.25 mm at a crosshead speed in both loading and unloading of 
0.5 mm/min. 

3. The specimen was loaded to a midspan deflection of 1.5 mm at 
a crosshead speed of 0.5 mm/min and then unloaded at the 
same speed. 

4. The specimen was removed from the fixture and returned to its 
storage container. 
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4. 7. Method of Data Reduction 

The method of unit loads was utilized to account for the specimen 
thickness variability. 59 For a beam in pure bending, the load deflection 
equation can be expressed as 

where y = deflection at the desired location (mm) 
l = span length (mm) 

(3) 

M = bending moment for the applied load distribution (N-mm) 
m = bending moment created by a unit point load acting at the 

location where the deflection is to be found (N-mm) 
E = elastic modulus (MPa) 
I = area moment of inertia (mm4

) 

x = position along the span (mm) 

For a simply supported beam with a concentrated load at midspan 
and a constant modulus of elasticity, Equation (3) can be written as 

8 = ~ [ ('12 ~ dx + (' (l - x)2 dx] 
4E Jo I J112 I 

where 8 = deflection at midspan (mm) 
P = applied load at midspan (N) 
x = linear coordinate along the beam (mm) 

(4) 

Solving Equation ( 4) requires a knowledge of the inertia of each 
beam section. Since the specimens had a randomly varying thickness, 
the beam was divided into sections of constant inertia. 

Subdividing the beam into four equal segments and solving Equa
tion (4) yields 

where li = inertia of section 1 (mm 4
) 

/2 = inertia of section 2 (mm 4
) 

ls = inertia of section 3 (mm 4
) 

/ 4 = inertia of section 4 (mm 4
) 

(5) 
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The accuracy of this method was compared with both an eight
element model based on finite element methods and an eight-section 
model using the unit load method. An analysîs of several randomly 
selected specimens indicated the results for the four-section model 
deviated from the other more complex models by a maximum of 2%. 
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Figure 6. Effect of gestational age and liber orientation on the elastic modulus as 
determined from bending tests. Verucal bars represent ± SD of mean value of modulus; 
horizontal bars represent range of estimated gestational age. 

Association ATIDE 
Centre de Documentation ARIANE



Effects of Uterine ContractiJity on Fetal Cranium 327 

Hence this simpler mode! was emplo~ ed in all -u _ uent data reduc
tion. 

The rationale behind the bendin~ data reduction was to compute 
a fictitious beam stiffness from the specimen eometrv data, assuming 
an elastic modulus of 6895 MPa. The actual beam stiffness was measured 
from data obtained from the bending te t. The ratio of these two 
stiffnesses was a direct measure of the elastic modulus of the material. 

4.8. Results 

The elastic modulus as determined in bending was calculated for 
86 specimens from the six calvariums. The results are tabulated in 
Table VII and illustrated in Fig. 6. This figure depicts the effects of 
gestational age and fiber orientation on the elastic modulus. 

The data were subdivided into two groups according to estimated 
gestational age (EGA). Data from specimens between 24 and 30 weeks 
EGA were classified as preterm, while data from specimens between 36 
and 40 weeks EGA were classified as term. A Student's t test of the 
grouped data indicate that highly significant differences (p < 0.001) 
exist for the elastic modulus between parallel and perpendicular fiber 
orientation specimens regardless of gestational age (Table VIII). In 
addition, a highly significant difference (P < 0.001) exists between the 
elastic modulus of term and preterm bone regardless of fiber orienta
tion. 

A first-order least-squares curve was fitted to the experimental data 
for bath parallel and perpendicular fiber orientation specimens. A 
moderate correlation coefficient exists for both parallel fibers (r = 0.74, 
p < 0.10) and perpendicular fibers (r = 0.76, p < 0.10). 

The results of the testing for the 6-year-old parietal bone are listed 
in Tabel VII. A paired Student's t test of the data from the 6-year-old 
indicates that a significant difference (p < 0.001) in elastic modulus 
exists between specimens oriented parallel to the sagittal suture and 
those oriented perpendicular to the sagittal suture. 

4.9. Discussion 

Fetal cranial bone is a very thin, nonhomogeneous, and highly 
curved material with a distinctly oriented fiber pattern. As such, it 
presents unique problems in determining the mechanical properties of 
the material. The typical "dumbbell" specimens used in uniaxial tension 
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Table VII. Effect of Gestational Age and Fiber Orientation on the Elastic Modulus as Determined from Bending Tests 

Estimated Elastic modulus ± 
gestational age No. of SD' Coefficient of 

Calvarium No. (weeks) Bone4 Fiber orientation6 specimens (X 10- 3 MPa) variability (%) 

40 ± 2 PR PA 3 4.01 ± 1.28 31.9 
PR PD 3 1.74 ± 0.59 33.9 
FL PA 2 3.05 ± 0.88 28.9 
FR PD 2 1.70 ± 0.79 46.5 

2 38 ± 2 PR PA 9 4.24 ± 0.73 17.2 
PR PD 8 0.84 ± 0.19 22.6 

3 27 ± 2 PR PA 10 0.94 ± 0.41 43.6 
PR PD 3 0.18 ± 0.03 16.7 

4 25 ± 2 PR PA 8 1.30 ± 0.60 46.2 
PL PD 3 0.12 ± 0.01 8.3 

6 28 ± 2 PR PA 5 3.62 ± 0.46 12.7 
PR PD 5 0.14 ± 0.08 57.l 

7 40 ± 2 PR PA 5 3.72 ± 0.35 9.4 
PL PA 5 3.30 ± 0.64 19.4 
PL PA 5 0.57 ± 0.14 24.6 
FR PA 5 2.83 ± 0.96 33.9 
FL PA 5 3.29 ± 0.71 21.6 

8 6-year-old child PL PAd 6 7.38 ± 0.84 ll.4 
PL PAd 6 5.86 ± 0.69 11.8 

• PR, Parietal, right; PL, parietal, left; FR, frontal, right; FL, frontal, left. 
• PA, Parallel to long axis of specimen; PD, perpendicular to long axis of specimen. 
'Three-point bending; deflection rate: 0.5 cm/min; tested at room temperature while being kept moist with normal saline drip. 
d For calvarium No. 8, PA designates specimens parallel to sagittal suture, while PD designates specimens perpendicular to sagittal suture. 
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Table VIII. t-Testing the Effect of Gestational Age and Fïber Orientation on the 
Elastic Modulus (in Bending) of Fetal Parieul Bone 

Gestational age group 

Preterm 

Term 

Statistical significance 

• Standard deviations in parentheses. 

Elastic modulus in bendin E8 

(M Pa 

Parallel libers 

1650 ( 1170)" 
n = 23 

3880 (780) 
n = 22 

p < 0.001 

Perpendicular 
fibers 

145 (62) 
n = li 

951 (572) 
n = 16 

p < 0.001 

Statistical 
significance 

p < 0.001 

p < 0.001 

tests cannot be fabricated from the highly curved structure. More 
indirect test methods are necessary. 

Simple (or three-point) bending tests provide a method to alleviate 
some of the difficulties. Ben ding tests, however, are primarily a struc
tural test and material properties can only be inferred using assumptions 
about the material's structure. While Euler-Bernoulli bending theory 
provides a method for handling a wide variation in structural and 
material parameters, solutions to the differential equations require 
constraining simplifications. Typically, the beam is assumed to be of 
uniform cross section, and composed of homogeneous isotropie mate
rial. None of these criteria are met for the bending specimens fabricated 
from fetal cranial bone. 

In our study, certain ofthese variables have been taken into account 
by using approximate methods based on energy conservation. The 
method of unit loads was utilized to allow the varying beam thickness 
to be approximated in the deflection equation. This requires a simulation 
of the continuously varying beam thickness by a discrete number of 
constant thickness elements. Comparative studies have shown that the 
use of four elements results in only a 2% difference from the more 
refined eight-element model, hence justifying the use of this simpler 
model. Nevertheless, some error in the final result is inevitable because 
the actual continuous variation in beam thickness is not modeled. 

The fiber pattern of fetal cranial bone is radially oriented within 
each bone and the focus of the pattern lies at the center of ossification 
{Fig. 3a). For example, in the parietal bone, the fibers radiale from the 
parietal emminence. In fabricating a specimen of finite width, it is 
therefore impossible to have ail of the fibers running either truly 
parallel or truly perpendicular to the long axis of the specimen. 
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Deviations from this ideal condition can be severe, particularly for 
perpendicular-fiber-oriented specimens. While every effort was taken 
to minimize this variable during specimen fabrication, the variations 
that did exist were ignored in the resulting analysis. Furthermore, it is 
not possible to easily account for the variations in bone porosity. 
Therefore, the analysis utilizes the simplifying assumptions of homo
geneity and isotropy. 

Ali of these factors in conjunction with the variability of the material 
itself result in the wide range of coefficient of variability seen in Table 
VII. Nevertheless, when these data are plotted (as shown in Fig. 6) 
distinct trends become evident. Linear regression analyses indicate that 
there is a significant increase in the elastic modulus with gestational age 
regardless of the fiber orientation of the specimen. While data are 
obviously limited, this trend seems to continue at least through the sixth 
year of Iife. Wood62 was able to discern no such difference in the 
adult-a finding which is supported by the homogeneous grain struc
ture of adult cranial bone (Fig. 4). 

No conclusions can be drawn from these data regarding the 
homogeneity of response of the material between cranial bones of the 
same skull. Examination of the data for calvarium No. 7 in Table VII 
(a well-ossified term skull) indicates a range of mean elastic modulus 
values as well as coefficients of variability. Conclusions regarding 
homogeneity of response must await more sensitive test methods. 

The results of this study allow several hypotheses to be formulated 
relating to clinical observations and procedures. First, the significantly 
lower modulus values exhibited by the preterm specimens would 
indicate that preterm infants may be at a higher risk of receiving 
cerebral trauma during parturition than are term infants. In the 
preterm fetus, the lower value of the elastic modulus coupled with the 
thinner structure of the cranial bones allow much greater deformation 
of its head. If so, the use of forceps to "protect" the preterm fetal head 
during delivery may, in fact, also cause trauma. Slight inadvertent 
traction on the forceps may create point pressures on the skull that 
would be imperceptible to the physician. The weaker nature of the 
preterm skull would make it particularly sensitive to these localized 
forces. 

Second, the radially oriented grain structure with its associated 
variation in material properties of the cranial bones and platelike nature 
are teleogically well-adapted to the deformations required for the safe 
passage in the birth canal. Abnormal variations in any of these factors, 
however, can have adverse consequences on the molding process and 
ultimately on the well-being of the f etus. 
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Extreme molding in the term f etus is ret.arded b, the mechanical 
interactions of adjoining skull bones. As molding progresses and 
extremes are reached, the frontal and occipital bones interlock at the 
temporal and lambdoidal sutures, respecùvel ·. In addiùon, the parietal 
bones interlock at the sagittal suture. Thus, the head, after optimally 
adapting to the conformation of the birth canal, begins to actas a more 
rigid body in protracted labors, preventing further molding and pro
tecting the brain. ln the case of the premature fetus, however, the skull 
bones are not well ossified, especially at the margins, and the sutures 
are wider. Thus the interlocking mechanism does not create as rigid a 
structure, and for this reason, too, the premature infant may be at 
greater risk to birth trauma. 

5. Minerai Content and the Elastic Modulus 
of F etal Cranial Bone 

5.1. Introduction 

A number of investigators have attempted to correlate the me
chanical properties of bone with their histological properties.63

-
66 These 

investigations have been primarily directed toward a better understand
ing of fracture strength of the long bones, particularly in osteoporotic 
patients. 

To date, no studies have been performed to relate the mechanical 
and histological properties of fetal bone. Yet, the mechanical properties 
of fetal bone can have a significant effect on the long-term well-being 
of the fetus. The following relates the minerai content of fetal cranial 
bone to its elastic modulus. 

5.2. Material and Methods 

The fetal cranial bone used in this study was obt.ained from the 
same subjects used in the study of Section 4. Follo\\ing the mechanical 
testing, each specimen was dried in an oven at i5°C for 96 hr. They 
were weighed at 48, 72, and 96 hr to insure that their "'·ei hts were not 
diminishing and that the 96-hr weight was indeed the dry wei ht. The 
specimens were then ashed in a platinum crucible at 55 =c. The lowest 
of three consecutive ash weights was assumed to be the true ash \•,eight 
for that sample. 
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5.3. Results 

Table IX summarizes the results of the testing for the fetal cranial 
tissue, while Table X gives the results for the 6-year-old. The elastic 
modulus of the fetal cranial bone specimens is plotted as a function of 
the ash percentage of dry weight in Fig. 7. A linear regression curve 
was fitted to the data with a resulting correlation coefficient equal to 
0.56 (p < 0.005). 

In addition, the ash percentage of dry weight was plotted as a 
function of estimated gestational age (Fig. 8). A linear regression 
analysis of these data resulted in a correlation coefficient equal to 0.82 
(p < 0.05). 

5.4. Discussion 

Previous investigators63
•
67 have shown that there is a posltlve 

correlation between the elastic modulus of adult cortical bone and the 
percentage of bone ash. The results of this investigation of fetal cranial 
bone support this conclusion (Fig. 7). It is of interest to note, however, 
that the range of values for ash content is significantly larger for fetal 
cranial bone (50-68%) than those values quoted by Currey63 for adult 
cortical bone (63-68%). This wide range of values for the ash content 
is indicative of the dynamic nature of the minerai deposition process 
during the fetal period. This conclusion is enhanced by the results 
shown in Fig. 8, which indicate that a strong positive correlation exists 
between ash content and estimated gestational age. 

Table IX. Elastic Modulus and Ash Content of Fetal Cranial Bone 

Estimated 
Elastic modulus 

Specimen No. of gestational age 
E x 10-3 MPa Ash % dry wt. 

group" specimens (weeks) Mean SD Mean SD 

lPR & FL 5 40 ± 2 3.63 1.14 60.68 0.23 
2PR 5 38 ± 2 4.41 0.75 60.80 0.67 
3PL 5 27 ± I 1.44 0.41 54.52 1.11 
4PR 5 25 ± 1 1.39 0.65 53.34 3.91 
6PR 5 28 ± 1 3.62 0.46 60.20 5.04 
7PR 5 40 ± 2 3.72 0.35 67.66 2.32 
7PL 5 40 ± 2 3.30 0.64 65.72 2.29 
7FL 5 40 ± 2 3.29 0.71 65.56 1.75 
7FR 5 40 ± 2 2.83 0.96 63.82 5.14 

• Lo~g axis of ail specimens oriented parallel co grain liber. Abbreviations: PR, right parietal; PL, Jeft 
panetal; FR, right frontal , FL, Iefc frontal. 
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Figure 7. Elastic modulus of fetal cranial b<me as a function of ash content. Dotted line 
is the least-square linear regeression of the data. 

Table X. Elastic Modulus and Ash Content of Six-Year-Old Cranial Bone 

Specimen No. of Type of 
Elasûc modulus .\ili ~ drv wt. 

Bone orientation specimens specimen Mean SD 

Left Parallel to 5 Full-section 7.12 X 103 G.59 O.ï9 
parietal sagittal beam MPa . {Pa 

suture 
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Figure 8. Ash content of fetal cran_ial bone as a fonction of estimated gestational age. 
Vertical bars represent ± SD of the mean value while the horizontal bars represent the 
range of estimated gestational age. 

By the time the fetus has reached full term, the minerai content of 
the cranial bones is in the same range as that found in the adult. The 
comparative data from the 6-year-old (Table X) tend to support this 
conclusion. While the ash content remains relatively constant from the 
time of birth to adulthood, the elastic modulus does not. Comparison 
of the values listed in Tables IX and X indicate that the elastic modulùs 
is significantly higher at 6 years of age than at birth. Hubbard68 tested 
full-section specimens of adult cranial bone in three-point bending. He 
reported a mean value for the elastic modulus of 9.93 X 103 MPa, 
which is significantly higher than that found in the 6-year-old (viz., 7. l 0 
x 103 MPa). 
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We previously hypothesized in Section 4 that th1 mcrease in elastic 
modulus with increasing maturity is largely a structural effect as opposed 
to a material effect. These data support our hypothesis. Cranial bone 
undergoes considerable structural differentiation from birth to adult
hood with the primary change being the development of an intermediate 
layer of cancellous bone known as the diploe. The overall result of this 
di fferentiation is the creation of cranial bone structure very reminiscent 
of honeycomb sandwich structures known in the aerospace industry for 
their high stiff ness/weight ratio. The fact that ash content does not 
increase significantly from birth to adulthood !ends further support to 
the structural theory of increasing bone stiff ness with increasing ma
turity. 

6. Finite Element Modeling of the Fetal 
Parietal Bone 

ln Section 3 we outlined the necessary information that was needed 
before a mathematical mode! of the fetal cranium and its response to 
the forces of labor could be developed. Our research is still uncovering 
the necessary knowledge to formulate such a model. However, before 
proceeding any further, we can take a brief look ahead to see if what 
we are finding can be incorporated into a coarse mode! that corresponds 
to reality. If we can, then we will receive the necessary encouragement 
to return and seek for more information that will lead to a finer mode!. 

6.1. Basic Modeling Guidelines 

Because occiput transverse, vertex presentations constitute 75-80% 
of ail vaginal deliveries,69 this presentation is used as the basis of the 
following model. With the head in a transverse position, and assuming 
a synclitic presentation, the distribution of pressure on the head is 
symmetrical with respect to the sagittal plane. The condition of sym
metry permits simplification of the mode!. 

The fetal skull consists of four regions : (l) the face/base region, 
(2) the frontal bones, (3) the parietal bones, and (4) the occipital bone. 
The face/base region consists of well-ossified bones and (in comparison 
with the cranium) is relatively rigid. This region can therefore be 
neglected in molding studies. lt has also been demonstrated that the 
occipital bone is relatively rigid and displacements of the bone are 
limited to rotations of the bone about the occipital hin e 37 \\'hile the 
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frontal bones and occipital bone do contribute to the overall response, 
the largest amount of distortion seems to take place within the parietal 
bones. The increased curvature and elevation of the vertex seen in 
studies such as those described by Borell and Fernstrom40

•
41 appear to 

be largely due to the deformations within these bones. 
In view of the foregoing, the initial modeling was confined to the 

parietal bones. This allowed an analysis of the deformation response 
uncomplicated by the effects of the underlying brain, the septa of the 
dura mater, and the membranous sutures. 

Another aspect of this modeling effort was to investigate the 
differences in response between preterm and term bone. Premature 
birth is the most significant factor in neonatal death.69 Due to the 
pressures of labor, increased deformations of the preterm skull, as 
compared to the term skull, could be an important contributor to this 
neonatal mortality. 

6.2. Structural Geometry and Modeling 

To investigate the deformation response of the fetal skull, the 
geometry of the skull first must be quantified. Because the skull has a 
complex irregular shape, traditional methods of measurement are 
unsuitable for accurately describing the surface geometry. The approach 
used in this investigation utilizes three orthogonal radiographs of a full
term anatomical specimen (Fig. 9). A full-scale drawing of the fetal skull 
was constructed from these radiographs using orthographie projections. 
(Fig. 10.) 

The surface geometry of the preterm skull is assumed to correspond 
to that of the term skull with the overall dimensions reduced to 
representative values for a gestational age of 24 weeks. Data from 
Scammon and Calkins5

i indicate that an overall scale reduction of 0.6 
yields an accurate representation of the skull of the preterm fetus. 

A mathematical mode! of the fetal head was formulated using the 
material property statistics given previously and a technique employed 
by engineers to characterize structures, a technique known as finite 
element analysis. A structure, e.g., a bridge as depicted in Fig. 11, can 
be broken into a number of straight-line elements. Each element can be 
given its own set of material properties, usually those tested in a 
laboratory. The interaction of all the elements can then be observed as 
the entire structure is subjected to any kind of prescribed Joad. This is 
typically performed on a computer because most structures of signifi
cance can be modeled only by a large set of finite elements. 
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Figure 9. Orthogonal radiographs of the skull from a term fetus used to quantify fetal 
head geometry. 

Because of the symmetry conditions mentioned previously, it is 
necessary to model only one of the parietal bones. The left parietal 
bone of both the term and preterm fetus is modeled using 63 thin-shell 
elements as shown in Fig. 12. This element is a quadrilateral formed 
from four compatible triangles. The membrane and bending behavior 
are obtained from the constant strain triangle and a conforming 
quadrilateral plate element (LCCT9), respectively, The quadrilateral 
has 6 degrees of freedom per node in the global coordinate system. 
The element is a standard library element in the SAP IV structural 
analysis program. 70 

Element node locations were chosen from both anatomical and 
structural analysis viewpoints. Certain locations, such as the parietal 
eminence and the corners of the bone margins, are natural node 
locations. The other node locations were chosen to best represent the 
curvature of the skull surface and also to minimize the element aspect 
ratio. The choice of this structural grid also allows the radial nature of 
the bone fibers (which are characteristic of fetal parietal bone) to be 
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Figure 1 O. Orthogonal drawing of the skull of a term fetus prepared using the radiographs 
shown in Fig. 9. 

modeled conveniently. Preliminary investigations using other grid con
figurations established that the grid shown in Fig. 12 is the coarsest 
grid that allows a reasonable approximation to the geometry of the 
bone. The geometry chosen is representative of normal anatomy. 

The decreasing bone thickness from the eminence to the margins 
is incorporated into the mode! by decrementing the·element thickness 
in the three concentric rings of elements. Bone thickness values used 
in both the term and preterm models (listed in Table XI) are constant 
within any one ring. They are based on the data from Section 4. 

The boundary conditions used in the mode! are chosen to remove 

20' 20' 

Roadway 

Figure 11. Finite element analysis requires a structure to be subdivided into a matrix of 
simple elements, a straightforward task for this bridge where each part of the truss can 
be represented by a single straight-line element. 
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Figure 12. Finite element mode! of a fetal parietal bone. F,,. denotes a node with 
displacements constrained in ail directions; F., denotes a node with a constrained 
displacement in the x axis while movement is permitted in the _v- z plane. 

rigid body displacements and to satisfy the requirements of symmetry. 
The node at each lower corner of the mode! is fixed with regard to 
displacement but rotations about the y axis are permitted (Fig. 12). 
Nades in the y-z plane along the upper margin of the bone are required 
to stay within that plane (x-displacement constrained) but can translate 
or rotate within the plane as the solution dictates. These boundary 
conditions were chosen to prevent the parietal bone mode! from rotating 
across the sagittal plane and hence "overlapping" the other parietal 
bone of the skull-a condition which never occurs in the actual fetus.40 

6.3. Material Properties 

Material property data are taken from Section 4. Designating the 
r direction as that parallel to the bone fiber and the t direction as that 
perpendicular to the bone fiber, the mean moduli values for a term 
fetus are 

E, = 3.86 x 103 MPa 

E, = 9.65 x 102 MPa 
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Table XI. Bone-Thiclmess Values for Elements 
of the Fetal Parietal Bone Model 

Element thickness (mm) 

Element grou p Preterm Term 

Inner ring 0.61 0.89 
Middle ring 0.48 0.74 
Outer ring 0.36 0.61 

From the data, fetal skull bone can be seen to be an orthotropic 
material, but because the fetal skull is thin in comparison to its external 
diameters, a state of plane stress may be assumed. The constitutive 
equation for plane stress is written in matrix form as 

(6) 

Where CT = normal stress, T = shear stress, E = normal strain, 'Y = 
shear strain, and Cii = constants. The constants Cii are given by 

where 

C11 
Er = 

1 - Vrt Vir 

C22 
E, 

= 1 - Vrt V,r 

C12 
Er V,r 

= 
1 - Vrt V,r 

C21 
E, Vtr 

= 
1 - Vrt Vir 

C33 = G,, 

Er = elastic modulus in the r direction (MPa) 
E, = elastic modulus in the t direction (MPa) 

(7) 

(8) 

(9) 

(10) 

(11) 

vrt = Poisson's ratio for Joad in the r direction with lateral 
contraction in the t direction 

Vir = Poisson's ratio for Joad in the t direction with lateral 
contraction in the r direction 

G,1 = shear modulus (MPa) 
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Using symmetry arguments, it can be shown that 

(12) 

and hence 

E, E, 
(13) 

No data are available for Poisson's ratio, v.., in fetal bone, but 
McElhaney et al. 50 report a value of 0.28 for adult cortical cranial bone. 
Assuming this value for fetal cranial bone, Equation (13) implies that 
v,, is approximately equal to 0.08 for term bone, white the value for 
preterm bone is approximately 0.03. 

The shear modulus, Gn, is also unavailable, but for isotropie 
materials: 

G = E 
2(1 + v) 

(14) 

Assuming that E and vin Equation (14) may be approximated by E, and 
v,., respectively, a value for Gn may be calculated. Substituting the 
appropriate values into Equations (7)-( 11 ), the mean mate rial param
eters for the constitutive matrix may be derived. They are listed in 
Table XII. 

6.4. Loading Data 

Bell71 extensively analyzed the pressure distribution of the fetal 
head interacting with the cervix during the first stage of labor. He 
assumed the head was a rigid sphere acted on by a radial contact 
pressure from the walls of the cervix and also by a hydrostatic pressure 

Table XII. Material Parameters for Term and Preterm 
Fetal Cranial Booe Assuming a State of Plane Stress 

Gestational age 

Preterm 
Term 

Material parameters x 10- ' MPa 

1.67 0.04 0.14 0.63 
3.96 0.30 0.99 1.4 
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due to the amniotic fluid. In a theoretical development, he calculated 
the magnitude of the pressure distribution on the fetal skull. Bell's 
analysis is used in this study as the basis for determining the loads 
because it provides the only known estimate of the distribution of 
pressure over the entire head. Equally as important, Bell's analysis 
allows the distribution and magnitude of the pressure to be calculated 
as a fonction of dilatation. 

Assuming a variation in pressure of the form 

P" = Cri (15) 

where C is a constant, the equilibrium of forces equation yields the 
relationship between amniotic pressure and the radial contact pressure: 

where P" = radial contact pressure 
Pa = amniotic pressure 
R = radius of the f etal head at the equator 
ro = radius of the cervical os 
r = minor radius of the fetal head 

(16) 

In order to compare more easily the response of the mode! at 
increasing degrees of dilatation, a constant amniotic pressure at 50 mm 
Hg is assumed. 

Using 5 cm as the radius for the fetal head, Equation (16) can be 
solved for the radial contact pressure as a fonction of cervical dilatation. 

The pressure at the largest diameter of the fetal head is relatively 
constant for dilatations of 40% or Jess but increases as dilatation 
progresses. The calculated pressure distribution shows good agreement 
with the experimental results of Lindgren44 and Schwarcz et al. 45 for 
dilatation of 75% or Jess. 

Below the suboccipitobregmatic plane (see Fig. 13), where the 
cervix is in contact with the fetal head, the loads applied to the mode! 
of the parietal bone are those calculated using Bell's analysis. Above 
this plane, the cervix is no longer in contact with the head and the 
normal pressure equals the amniotic pressure. 

Loads in the case of the preterm skull are calculated in exactly the 
same manner as in the term skull using a radius for the preterm skull 
of 3 cm. 
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.-~"'!""l'~-i"/!"' .... ---susocc1P1ro
BREGMAT1c PLANE 

Figure 13. The well-flexed head of a fetus is shown diagrammatically as it is positionecl 
in most delivery presentations. 

6.5. Results 

The finite element model of the term parietal bone was analyzed 
for four different pressure distributions. These distributions corre
sponded to the case of hydrostatic pressure (present before engagement 
of the head) and to degrees of cervical dilatation of 25, 50, and 75%. 
In addition, the preterm parietal bone model was analyzed for a 
pressure distribution corresponding to 50% cervical dilatation. 

In order to more easily assess bone distortions under the applied 
loads, three linear measurements of deformation were calculated for 
each load case. These "strains" were defined as the percentage change 
in the length of a chord connecting two points on opposite margins of 
the bone to the initial chord length (Fig. 14). Three chords were used: 
(1) the chord joining the midpoints of the anterior and posterior 
margins of the bones, (2) the chordjoining the midpoints of the superior 
and inferior margins of the bone, and (3) the chord joining the parietal 
erninences of the two sicles of the head (the biparietal diameter). The 
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Figure 14. Diametral strains used to defme bone distortion. 

change in length of each chord was determined from the calculated 
displacement of the nodes at each end of the chord. The results for the 
term parietal bone mode) are plotted in Fig. 15. 

Severa) observations are apparent. First, some distortion of the 
parietal bone is present before active labor begins due to the hydrostatic 
pressure distribution of the amniotic fluid. As labor and dilatation 

0.016 

0.014 

0.012 

z -€, 
< 0.010 
a: 
1-
Cl) 

0.008 

€2 

0.006 

0 0.2 0.4 0.6 0.8 

DILATATION (r0 /RI 

Figure 15. Mean diametral strains for the term parietal bone as a function of dilatation. 
E1, Anteroposterior strain; E2, vertical strain; E,, transverse strain. 
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- - UNMOLDED BONE 
-- MOLOED BONE 

Figure 16, Deformation of the term parietal bone mode! for the case of hydrostatic 
pressure. Deformations are shown twice the normal size for clarity. SOB, Suboccipito
bregmatic plane; BA, axis of birth canal. 

progress, the deformation of the bone increases in a linear manner. 
The mentovertical chord increases in length while the other two chords 
decrease. For a dilatation of 75% or less, the magnitude of the increase 
in the anteroposterior chord is larger than the magnitude of the 
decrease in the other two chords. A comparison of the magnitude of 
the strains for the preterm and term parietal bones at a given level of 
dilatation reveals that the strains are approximately two to four limes 
greater in the premature bone than in the term bone (Table XIII). 

Three orthographie drawings of the term parietal bone were 
prepared to depict the deformations as they appear superimposed on 
the undeformed skull (Figs. 16-18). These figures represent the cases 
of hydrostatic pressure, and 50% dilatation and 95% dilatation, respec
tively. The figures also incorporate a graphie representation of the 
respective pressure distributions. 

Table XIII. Comparison of Diametral Strains for Preterm 
and Term Parietal Bone Model 

Gestational age 

Preterm 
Term 

-0.0299 
-0.0133 

50% Dilatation 

0.027 
0.0100 
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UNMOLDED BONE 

MOLDED BONE 
.,. LOCATION OF CERVICAL OS 

Figure 17. Deformation of the term parietal bone mode! for the case of 50% cervical 
dilatation. Deformations are shown twice the normal size. SOB, Suboccipitobregmatic 
plane; BA, axis of birth canal. 

UNMOLOED BONE 

MOLDEDBONE 

_,. LOCATION OF CERVICAL OS 

"' 

[J 
0 

Figure 18. Deformation of the term parietal bone mode! for the case of 95% cervical 
dilatation. Deformations are shown twice the normal size. SOB, Suboccipitobregmatic 
plane; B_A, axis of birth canal. 
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6.6. Discussion 

One of the basic questions regarding molding is : How do the bony 
plates of the fetal skull influence the overall molding process? Do they 
move as rigid structures with no deformation or, at the opposite 
extreme, do they simply deform (with no rigid-body displacement) 
around their initial position? While previous investigators have at-
ernpted to qualitatively describe the deformations of the parietal bones, 

this investigation attempts to provide a method for quantitative descrip
non. Using the approach of mathematical modeling, it is possible not 
only to define linear measures unavailable to previous investigators, 
but, more importantly, it is possible to analytically contrai those variables 
that would be difficult or impossible to control under experimental 
conditions. 

The analysis includes many simplifications and approximations that 
are made to create an initial model of the parietal bone. Small strain 
mate rial parameters, linear fini te element theory, and calculated pres-
ure distributions ail tend to limit the range of deformations which may 

be presently analyzed. Nevertheless, the results indicate that any effort 
to describe the molding process must account for deformations within 
the skull bones. 

The ultimate test of any mode!, of course, is its correspondence to 
reality. Many of the results of this modeling study agree qualitatively 
with the results of previous investigators. Before labor ensues, Kriewall 
et al. 46 found that the antepartum hydrostatic forces of Braxton-Hicks 
contractions shorten the mentovertical diameter. This is seen in Fig. 16. 
Figures 17 and 18 show that as dilatation progresses, the parietal bone 
shortens in its anteroposterior dimension while the vertex elevates. This 
is in agreement with the previous findings of Borel! and Fernstrom.40 

The elevation of the vertex causes an apparent displacement between 
the frontal and parietal bones and between the occipital and parietal 
bones when the head is viewed from the sicle-a displacement easily 
seen on skull radiographs (Fig. 19). This misalignment is evident, 
furthermore, even when displacement in the frontal and occipital bones 
are ignored, as is the case in this investigation. This misalignment 
between the bones raises questions regarding the qualitative description 
of previous investigators.37

•
38 These inve tigators contend that the 

misalignment is at least partially an indication of the inward displace
ment of the frontal and occipital bones. Our imesûgation has demon
strated, however, that this does not have to be the ca..<.e. Misalignment 
occurs through deformations of the parietal bone5 alone future 
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Figure 19. The same type of parietal elevation which our finite element model predicts 
is evident in X rays of neonates with molded heads. (Reprinted with permission.72

) 

investigations are required to assess the contributions of the frontal and 
occipital bones to the overall molding process. 

The thinner, more flexible preterm parietal bone has been shown 
to be capable of undergoing larger deformations than term parietal 
bone under the same applied pressures. This may be a contributing 
factor to the increased incidence of birth trauma experienced by the 
preterm f etus. A common clinical misconception is that molding is 
induced by the maternai bony pelvis. If the bony pelvis was the sole 
cause of molding, then the preterm head would pass more easily 
through the birth canal. However, the lower uterine segment and the 
cervix are capable of molding the head. The intrauterine pressures are 
comparable in magnitude between preterm and term labors. Conse-
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quently, the preterm head with its weaker material properties may 
undergo significantly more deformation than its term counterpart. 

Figures 16, 17, and 18 indicate that the posterior portion of the 
parietal bone model crosses the sagittal plane and hence "overlaps" the 
opposite parietal bone. Such a condition is never observed clinically.40 

This discrepancy is the result of the initial choice of boundary conditions 
for the mode!. The nodes that cross the symmetry plane are not 
restrained because they do not originally lie in that plane. Fixing each 
node as it reaches the plane of symmetry would require an incremental 
loading approach which was not justified for this initial study. Never
theless, this apparent overlap does point out the restraining effect of 
the soft tissue joining these bones in the actual head. 

The magnitudes and distributions of applied loads used in the 
models are representative (particularly for smaller degrees of dilatation) 
of normal vertex presentations with no complicating factors. Conditions 
that complicate vertex presentations such as cephalopelvic disproportion 
or muscular spasm in the lower part of the cervix dramatically increase 
the magnitude of the applied loads and possibly more important, they 
alter the distribution of these pressures. These changes are reflected in 
larger deformations of the bones and consequently of the enclosed 
brain. 

7. Inferences and Conclusions 

In an exposition aimed at answering the question of what amount 
of forceps pull is safe and what amount is hazardous, Kelly 1 put forth 
a teleological argument. Referencing Lindgren's work,44 he theorized 
that the maximum amount of safe forceps pull is an amount equal to 
the maximal thrust force that is exerted on a term baby's head during 
spontaneous delivery in a primigravid woman. The work we have done 
thus far to build our mode!, as crude as it is, would indicate this is not 
sound reasoning. The fetal head can be relatively resilient and strong 
when stressed in one direction, but when stressed in the opposite 
direction, its response could be very compliant and weak. The forces of 
labor are compressive; the retractive forces of forceps are opposite in 
direction. The structural makeup of the fetal head is such that pulling 
forces can have dramatically different effects than compressive forces. 

Engineering techniques only now are being developed to handle 
the complex problems of life. Engineering systems analyses have been 
developed to characterize the general class of systems that are linear 
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and time-invariant. Most inanimate, man-made structures are of this 
variety. But biological systems are generally nonlinear and time-variant. 
Analyses of such systems are orders of magnitude more complex and 
will require the use of high-speed computers to completely analyze. For 
those who need and want to analyze such problems, the computers and 
computer software are still being developed. The complete modeling 
of the fetal skull and its response to the forces of labor and iatrogenic 
forces must await these new engineering analysis techniques. But the 
future looks bright as we look back at how much we have learned in a 
relatively short time by using simplifications and approximations. 

The techniques of engineering structural analysis have been used 
to investigate the biomechanics off etal head molding. The simplification 
was that the material of the skull bone behaved linearly under small 
strains. Indeed, our experimental tests on bone specimens indicated 
that to a first-order approximation, this is so. However, we also found 
that the material properties .of the skull are age-dependent. Summariz
ing, we now can conclude: 

1. The mean value of the elastic modulus in bending for fetal 
cranial bone specimens whose long axis is parallel to the grain 
pattern ranges from 1650 MPa for preterm bone at 25 weeks 
gestation to 3860 MPa for term bone. 

2. There is a highly significant difference (p < 0.001) in the 
modulus between term and preterm cranial bone regardless of 
specimen orientation with respect to the bone fiber. 

3. There is a highly significant difference (p < 0.001) in the elastic 
modulus between parallel and perpendicular fiber-oriented 
specimens regardless of gestational age. 

4. The significant differences in properties that exist between the 
preterm and term material could be one factor in explaining 
why preterm infants are more at risk to cerebral trauma than 
are term infants. 

The mechanical and histological testing of specimens of fetal cranial 
bone have resulted in the further conclusions: 

5. The ash content of fetal cranial bone increases significantly with 
gestational age. 

6. The ash content of term fetal cranial bone is not significantly 
differènt from that of adults. 

By applying this experimentally-found information into a mathe
matical mode! represenùng a part of the fetal head, we can also 
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conclude: 

7. Fetal cranial bone is a structure which is capable of deforming 
under Joad distributions typical of those found in normal labor. 

8. Deformations in the model are qualitatively similar to those seen 
in radiographs of molded fetal heads. 

9. Preterm parietal bone is capable of undergoing two to four 
times the deformations of term parietal bone for the same Joad 
distribution. 

From these conclusions we can infer that the premature infant is 
biomechanically at risk to trauma due to its poorer protection by the 
skull bone. In addition, molding can be accounted for, in part by flexion 
of the parietal bones. Finally, the cranial bones seem to afford their 
protection through their structural makeup as opposed to their material 
content. 

8. Directions for the Future 

Oùviously, the surface has only been scratched. We still need to 
know many things: 

l. We need to know if the deformations predicted by our finite 
element model will agree quantitatively with the experimentally 
measured deformations of an intact bone when subjected to in 
vitro force distributions comparable to those seen in labor. If 
they do not, we need to develop a better mode!. 

2. We need to define better the effects of porosity, fiber pattern, 
density, and minerai content on the material properties of the 
cranial structures. 

3. We need to know what role the dura plays in restricting molding 
and protecting the brain. 

4. We need to define better the behavior of the cranium at the 
sutures. 

5. We need to know how the intracranial contents affect the 
molding process and how the molding process affects the 
intracranial contents. In particular, what viscoelastic phenomena 
occur that seem to be so traumatically sensitive to rapid molding 
processes or can be sensitized by arrested or aberrant labor 
patterns. 

With this information, we can look forward to answering such 
questions as how much molding is too much. We should be able to 
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derive quantitative results to indicate at what point external surface 
contouring of the fetal skull becomes a critical manifestation of what 
may be happening inside the head, specifically with regard to the 
integrity of the faix cerebri and the tentorium cerebelli. 

How can we use such a mode! to determine the degree of intra
partum molding? Molding is a strain phenomenon-one that is deter
mined by changes in dimension. Making intrapartum fetal skull meas
urements is difficult at best, impossible at worst. A good structural 
mode! will relate dimensional changes with pressure distributions. 
Intrapelvic pressure measurements are possible as has been demon
strated by Lindgren44 and Schwarcz et al,,<15 Current microelectronic 
techniques would permit the fabrication of sufficiently small pressure 
transducers so that intrapelvic pressures could be made relatively 
unobtrusively. With these direct measurements, indirect fetal head 
dimensions could be computed. 

Our task first is to find analytical relationships that are not statistical 
in nature. The relationships must tell us what the state of well-being is 
of a single fetus compared to itself and not compared to the average of 
a thousand others. 

Can we doit? We don't know. Sometimes as we look ahead, a haze 
of overwhelming impossibility looms. However, when these feelings of 
despair arise, ail we need do is look back at the sobering incidence of 
present-day perinatal mortality and morbidity and witness the frustra
tions of obstetricians who wonder what the best management of difficult 
deliveries is. We conclude it is worth every effort. If we can apply 
engineering analyses to help the obstetrician assess the effects of uterine 
contractility on the fetal skull, then we have succeeded. If we're foiled, 
we at least feel the satisfaction that we've tried, and the only structure 
that will receive untoward effects of our hypothetical stressful loads will 
be our fictitious head mode! stored in some computer. 
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