
Cranial Sutures and Bones: Growth and Fusion in Relation to
Masticatory Strain

ZONGYANG SUN1,*, EUGENIA LEE2, and SUSAN W. HERRING2
1 Department of Oral Biology, University of Washington, Seattle, Washington
2 Department of Orthodontics, University of Washington, Seattle, Washington

Abstract
Cranial bones and sutures are mechanically loaded during mastication. Their response to masticatory
strain, however, is largely unknown, especially in the context of age change. Using strain gages, this
study investigated masticatory strain in the posterior interfrontal and the anterior interparietal sutures
and their adjacent bones in 3- and 7-month-old miniature swine (Sus scrofa). Double-fluorochrome
labeling of these animals and an additional 5-month group was used to reveal suture and bone growth
as well as features of suture morphology and fusion. With increasing age, the posterior interfrontal
suture strain decreased in magnitude and changed in pattern from pure compression to both
compression and tension, whereas the interparietal suture remained in tension and the magnitude
increased unless the suture was fused. Morphologically, the posterior interfrontal suture was highly
interdigitated at 3 months and then lost interdigitation ectocranially in older pigs, whereas the anterior
interparietal suture remained butt-ended. Mineralization apposition rate (MAR) decreased with age
in both sutures and was unrelated to strain. Bone mineralization was most vigorous on the ectocranial
surface of the frontal and the parietal bones. Unlike the sutures, with age bone strain remained
constant while bone MARs significantly increased and were correlated with bone thickness. Fusion
had occurred in the interparietal suture of some pigs. In all cases fusion was ectocranial rather than
endocranial. Fusion appeared to be associated with increased suture strain and enhanced bone growth
on the ectocranial surface. Collectively, these results indicate that age is an important factor for strain
and growth of the cranium.
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Physiologically, braincase sutures are subject to two major mechanical loads. One is the force
caused by brain expansion and the other results from masticatory muscle contraction. The
former is a static load and no technique is yet available to measure it on living animals. In
comparison, masticatory strain is dynamic and easily measured using strain gages. In a previous
study we found that during chewing the posterior interfrontal suture was consistently
compressed, whereas the adjacent anterior interparietal suture was tensed (Herring and Teng,
2000). However, age may change the masticatory mechanics. In the previous study (Herring
and Teng, 2000), the oldest animal in the sample (over 5 months of age) demonstrated high
and paradoxical suture strain, suggesting the possibility of age-associated strain change in these
sutures. In the current study, these two sutures were revisited in two age groups, 3 months and
7 months, to examine strain in relation to age.
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How might masticatory strain influence cranial sutures? As growth sites, sutures are expected
to respond readily to epigenetic factors (Herring, 1993; Opperman, 2000) including mechanical
stimuli. Unlike long bones, in which strain magnitude (Rubin and Lanyon, 1985; Turner et al.,
1994), rate (O’Connor et al., 1982), history (Carter, 1987) and circumferential gradients (Gross
et al., 1997; Judex et al., 1997) are all important for adaptation, the polarity of strain, i.e.,
compression vs tension, has traditionally been considered the key factor for sutures (Herring,
1993). Using orthodontic appliances, a body of studies suggests that suture growth is promoted
by tension and retarded by compression (Ten Cate et al., 1977; Persing et al., 1986; Miyawaki
and Forbes, 1987; Wagemans et al., 1988; Kokich, 1992; Teng et al., 1996; Parr et al., 1997;
Sasaki et al., 2002). Masticatory strain can be compressive or tensile or both, depending on the
suture (Herring and Mucci, 1991; Rafferty and Herring, 1999). Surprisingly, the precept
“compression-resorption, tension-formation” is not always followed. In the pig, no evident
retardation of bone formation was associated with the highly compressed nasofrontal suture
(Rafferty and Herring, 1999), suggesting that compression does not necessarily inhibit suture
growth. The effect on cranial sutures is still unknown. In the current study, we hypothesize
that cranial suture growth is related to masticatory strain polarity and that the compressed
interfrontal suture grows more slowly than the tensed interparietal suture.

The contribution of cranial sutures to the overall growth of the braincase has long been an issue
of argument. Based on observation of 3-month-old pigs, Brash (1934) concluded that braincase
growth is due to ectocranial apposition and endocranial resorption without any contribution
from the sutures. In contrast, Mednick and Washburn (1956) found that cranial sutures were
critical for the growth of the skull in infant pigs (1–8 weeks). Evidently, this discrepancy is
due to the different ages of animals. Given the age-associated decrease of growth as reported
in rat cranial sutures (Ten Cate et al., 1977), one can hypothesize that at a certain age, braincase
growth shifts from the sutures to the bone surfaces, leading to thickening rather than widening
of the bones. These two early papers (Brash, 1934; Mednick and Washburn, 1956) were
qualitative and did not include animals older than 3 months. Thus this hypothesis was not
rigorously tested. In this study, we quantified growth at sutures and at the surfaces of adjacent
bones in pigs aged 3, 5 and 7 months.

Another aspect of cranial sutures is fusion. Investigations in rodents show that the dura mater
plays a significant role in governing the patency or fusion of cranial sutures (Opperman,
2000; Warren et al., 2001). However, suture fusion in rats/mice is limited to the posterior
interfrontal, which fuses shortly after weaning (Mehrara et al., 1999). This differs from the
situation in most larger mammals including humans, in which sutures fuse gradually with age.
In particular, the rodent model is inappropriate for investigating the influence of local
mechanical environment, since the only suture to fuse does so at a very early age. In this sense,
the pig is a better model. Interestingly, unlike rodents which have a fused posterior interfrontal
and patent interparietal suture, the pig’s interparietal suture fuses distinctly earlier than the
posterior interfrontal suture (Herring, 1972). Observations on about 50 dry skulls of known
age in our collection suggested that the interparietal suture fuses at about 7 months of age,
while the posterior interfrontal suture remains patent for some months longer. In this study,
strains were observed before and after the presumed time of suture fusion. We expected that
suture fusion would lower suture strain while strains on adjacent bones should increase because
of the loss of compliant soft tissue. Finally, because premature cranial suture fusion
(craniosynostosis) is associated with increased bone formation at suture margins (De Pollack
et al., 1996), we investigated whether normally fusing sutures have a similar history.
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MATERIALS AND METHODS
Animals

A total of 14 Hanford miniature pigs (Charles River Labs; now available from Sinclair Research
Farms, Columbia, MO) were used. At the time of sacrifice, 4 pigs were approximately 3 months
old, 4 pigs 5 months old, and 6 pigs 7 months old. All animals received vital staining with
double fluorochromes. Strain measurements of the cranial sutures and bones were performed
as a terminal experiment on the 3-month and the 7-month groups. A few days before the
terminal experiment, baseline electromyography (EMG) was performed on each pig to verify
its normal masticatory function. All animal procedures were approved by the University of
Washington Animal Care Committee.

Double Fluorochrome Labeling
Seven days prior to the terminal experiment, calcein (Sigma, St. Louis, MO) was injected
intravenously (12.5mg/Kg calcein dissolved in sterile 0.9% saline to make a 5mg/ml solution,
neutralized with 1N NaOH and filtered at 0.22μm). The second fluorochrome, alizarin
complexone (Sigma), was given 5 days later following the same procedures.

Terminal Experiment
On the day of the terminal experiment, pigs were anesthetized with halothane and nitrous oxide.
An incision parallel to the sagittal axis was made on the skull about 1 cm to the right of the
midline. The periosteum was reflected, exposing a window of the frontal and parietal bones
and the interparietal and interfrontal sutures. Bone surfaces were prepared as described
elsewhere (Rafferty and Herring, 1999). Single-element strain gages (EP-08-125BT-120;
Measurements Group, Raleigh, NC) were placed over the interparietal and the interfrontal
sutures at locations 0.5–1 cm away from bregma and perpendicular to the sutures. The tabs of
the gages were glued to bone, while the suture itself was shielded from the glue by a narrow
(1–2 mm) strip of Teflon tape. Stacked 45° rosette gages (SK-06-030WR-120, Measurements
Group) were glued to the right parietal and frontal bones at locations 0.5–1 cm away from both
the midline and the coronal suture (Fig. 1). The incisions were closed and infiltrated with local
anesthetic (2% procaine). Fine-wire electromyography electrodes were then placed
percutaneously in the bilateral masseter and temporalis as described elsewhere (Herring and
Mucci, 1991).

Strain signals were led to Measurements Group Model 2120A strain gage conditioners and
amplifiers, while EMG signals were led to high-impedance probes (model 7HIP5G: Grass
Instruments, Quincy, MA) and amplifiers (Grass, 7P3C). Amplified strain and EMG signals
were digitized (MP100, Biopac Systems, Santa Barbara, CA) and input into a Power Macintosh
running Acknowledge III (Biopac Systems).

Prior to removal of anesthetic, an analgesic (Ketorolac 1mg/Kg) was injected intramuscularly.
Pigs were allowed to awaken and were fed their normal food (pig chow pellets) while strain
and EMG data were collected at 500 Hz for about 15 minutes. They were then reanesthetized
for euthanasia. Intracardiac (for the 3-month pigs) or carotid (for the 5-month and 7-month
pigs) perfusion was performed with 3 liters of heparinized saline followed by 3 liters of fixative
(Prefer, Anatech LTD, Battle Creek, MI). The skinned whole head was immersed in Prefer.

Strain Data Analysis
The magnitude of strain during the power stroke of mastication was obtained by subtracting
baseline strain from the peak value. The strain value after each power stroke was used for this
calculation, because of baseline wander. Negative strains indicate compression and positive
strains indicate tension. The maximum shear strain (sum of the absolute values of principal
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compressive and tensile strains) at the power stroke was used to reflect peak masticatory strain
for the bones (Hylander and Johnson, 1989). EMG recordings of the masseter and temporalis
muscles were used to determine the chewing side and to define the power stroke. At least 3
good chewing sequences, each containing about 20 chewing cycles, were analyzed and
averaged per individual.

Specimen Harvest and Processing
Bone specimens including the interparietal or the interfrontal suture were removed from the
fixed skull at or close to their respective suture gage locations, cleaned completely of attached
soft tissues and stored in 70% ethanol.

Specimens were dehydrated in an ethanol series and infiltrated with Micro-bed embedding
resin solution (EMS, Fort Washington, PA). Ultraviolet light (365 nm) was used to cure the
resin to complete the embedding procedure. Embedded specimens were attached to plastic
stubs with epoxy and sectioned in the coronal plane at a thickness of 10–20 μm using a circular
saw microtome (Leica SP1600, Germany). 8–10 serial sections were collected for each
specimen. Due to the thickness (300 μm) of the saw blade, adjacent sections were 300 μm
apart. Sections were let dry flat at 37°C and then were mounted on slides with DPX mounting
medium (Fluka, Switzerland).

Image Capture and Analysis
Sections were viewed with a fluorescent light microscope (Nikon Eclipse E400, Japan). As
calcein fluoresces green and alizarin complexone red, the same field was separately captured
under green and red fluorescent light using a Spot camera (Spot Image, Chantilly, VA). The
magnification of all images was held constant. The two images were then merged to one file.
For the 3-month and 5-month groups, ectocranial and endocranial images were captured and
analyzed separately. For the larger 7-month-old pigs, ectocranial, middle and endocranial
images were captured and analyzed separately. Images were also captured from the ectocranial
bone surfaces near the suture. To measure the thickness of bone, low-power images containing
the full ectocranial-endocranial distance were captured under all-fluorescence. 4–5 sections
for every suture or bone surface were measured and averaged.

Image analysis was carried out using the software MetaVue (Universal Imaging Corp,
Downingtown, PA). Image files with merged double-labels were measured for mineral
apposition rate (MAR), defined as the average distance between the centers of the two labels
divided by 5 days (time interval between injections). In order to obtain an objective
measurement, a square test grid consisting of 11 vertical and 8 horizontal lines (including edges
of the image) was superimposed on each image. Intersections of suture margins to test lines
were measured; depending on the alignment of suture structure, either horizontal or vertical
test lines were used (Fig. 2). The density of the grid was chosen after a pilot study demonstrating
its accuracy and efficiency. Each image of an unfused suture resulted in 14–30 measurements,
which were averaged. Images from the fusing interparietal sutures had fewer double-labeled
surfaces and produced only about 10 measurements for each image.

To reflect the level of continuous mineralization along the whole suture margin, double-label
linear percentage (DLP), defined as the length of double-labeled suture margin divided by the
total length of suture margin, was measured.

Suture width was obtained by dividing the area of the suture space by the average length of
two suture margins.

Apposition on the ectocranial surfaces appeared as broad bands of color. The bone-surface
mineral apposition rate (BMAR) was obtained by dividing the band area (from the front of the
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green label to the front of the red label) by the average length of the two fronts and then by 5
days.

Bone thickness was defined as the linear distance from the ectocranial surface to the endocranial
surface parallel to the sagittal plane. Measurements were performed at 2.5 mm and 5 mm from
the suture on each side and averaged. Some 7-month-old pigs had parietal bones so thick that
capturing an image was impossible. Therefore, measurements were performed on sample
blocks using an electronic digital caliper.

RESULTS
Suture Ectocranial Appearance

In ectocranial view, the interfrontal suture was patent in all animals, appearing as a clear
opening along the midline between the frontal bones. The interfrontal sutures could be
characterized as straight or slightly interdigitated according to Herring (1972). Three members
(#304, #306, #307) of the 7-month group and one (#301) of the 5-month group had fused
interparietal sutures, defined as an obliterated (complete fusion) or disappearing (partly fused)
suture line. Fused interparietal sutures were individually variable in appearance. The entire in
terparietal sutures of #304 and #307 were fused, while in #306 the suture was fused posteriorly
but unfused anteriorly as it approached the coronal suture. Pig #301 was not examined prior
to sectioning. The unfused interparietal sutures except one were indistinguishable from the
interfrontal suture. This individual (#303) displayed an interparietal groove containing the
suture, which had entrapped the periosteum.

Suture and Bone Strain
No strain data were obtained from pig #322, which refused food, or from the bone gages of
#303, which malfunctioned. Typical suture strain recordings are shown in Fig. 3. The peak
strains coincided with the power stroke of mastication. In 3-month-old animals, consistent with
previous work (Herring and Teng, 2000), the posterior interfrontal suture was compressed
(arrow, Fig. 3A) while the interparietal suture was tensed (arrow head, Fig. 3A). The tensile
pattern in the interparietal suture did not change with age, but the interfrontal suture of 7-month-
old pigs all had bi- or trimodal power stroke strains in which the tensile strain (arrow head,
Fig. 3B) often exceeded the compressive strain (arrow, Fig. 3B).

As anticipated, these midline sutures showed no consistent differences related to chewing side,
although some individuals demonstrated right-left variations. Therefore, peak strains
regardless of chewing side were averaged for Table 1. After Bonferroni correction for multiple
t-tests, there were no significant differences between the strain magnitudes of the interfrontal
and interparietal sutures. There were age differences, however. The absolute inter-frontal strain
(tension minus compression) decreased with age (2-sample t-test, p=0.006), while the
interparietal strains became variable. This interparietal strain variability in the 7-month-old
pigs was related to fusion. Fused sutures (#304, #306, #307) had strains comparable to those
of the 3-month group, whereas unfused sutures (#303, #321) had significantly higher strains
(2-sample t-test, p=0.009) than those of the 3-month group. In summary, with increasing age,
posterior interfrontal suture strain became more complex in pattern but decreased in magnitude,
whereas the interparietal suture strain pattern remained constant while its magnitude increased
unless the suture was fused.

Compared to suture strains, bone strains were low. As reported previously (Herring and Teng,
2000), alternation of chewing side changed the direction of principal strain (not shown). The
magnitude of strain, however, was not different between chewing sides. Shear strains were
averaged and are shown in Table 1. Neither the frontal nor the parietal bone strains changed
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between 3 months and 7 months of age. However, over the combined sample, the parietal bone
was less strained than the frontal bone (paired t-test with the 3-month and 7-month groups
combined, p=0.002).

Internal Suture Morphology
Seen in coronal section, the internal surfaces of the interparietal sutures of all animals were
flat or slightly irregular (Fig 4B, 4D). However, coronal sections of the interfrontal suture
showed a high level of internal interdigitation. In the 3-month-old pigs, the entire interfrontal
suture was interdigitated (Fig. 4A), but in the 5- and 7-month-old pigs only the endocranial
section remained interdigitated while the ectocranial section was relatively flat (Fig. 4C). The
collagen arrangement in the flat and interdigitated parts of the sutures was also different as
reported elsewhere (Herring and Rafferty, 2000; Herring and Teng, 2000). Specifically, in flat
areas, numerous Sharpey’s fibers were inserted perpendicularly into the bone fronts, whereas
in the interdigitated sections, collagen fibers were generally arranged obliquely relative to the
suture edges (not shown).

Histological sections also confirmed interparietal suture fusion in subjects #301, #304, #306
and #307, and lack of fusion in the other pigs. Surprisingly, fusion was limited to the ectocranial
side in every case, with the fused portion varying among individuals. The endocranial side was
always patent (Fig 4E). Thus the interparietal suture in the pig initiates fusion from the
ectocranial side rather than from the dura mater side.

Bone Growth at Suture Margins and Suture Width
Most sutural bone margins were double-labeled. Data are presented in Table 2 and typical
suture images are shown in Fig. 5. In interdigitated interfrontal sutures, the zones of new
mineralization were wider at the tips of interdigitation than at the flat fronts, suggesting faster
growth (Arrows, Fig. 5A). Although a few subjects showed differences in ectocranial versus
endocranial MAR and DLP, there was no general pattern, so regions were combined. Average
MAR decreased with age in both the interfrontal (Fig. 5A, C) and the interparietal sutures (Fig.
5B, D; Table 2, ANOVA, p<0.001 and p=0.007, respectively). Compared to that of the
interfrontal suture, MAR in the interparietal suture was smaller (paired t-test with all subjects
included, p=0.001), indicating slower sutural growth at the interparietal suture. Fusion of the
interparietal suture tended to decrease MAR (2-sample t-test between fused and unfused
interparietal suture MARs of the 7-month group, p=0.05). DLP was constant with age in the
interfrontal suture, whereas it tended to decrease in the interparietal suture (ANOVA, p=0.084)
(Table 2). This change probably relates to fusion, as subjects having fused interparietal sutures
(#301, #304, #306, #307) generally had lower DLPs.

As shown in Table 2, suture width was greater on the ectocranial side than on the endocranial
side in both the interfrontal (paired t-test with all subjects included, p<0.001) and the
interparietal (p=0.003) sutures. In some 7-month-old pigs, a middle region was also measured
and the width was intermediate (not shown), suggesting that the sutures gradually narrow
ectocranially to endocranially. Interestingly, except for the ectocranial part of the interparietal
suture, all suture sites showed a tendency to change width with age (Table 2). First, the
endocranial width of both sutures decreased with age, although only that of the interparietal
suture was significant. If the outlying #322 was excluded, ANOVA of the endocranial width
of the interfrontal suture reached a p-value of 0.01. Second, the ectocranial width of the
interfrontal suture tended to increase with age. Fusion of the ectocranial part of the interparietal
suture did not significantly affect its endocranial width (2-sample t-test between fused and un-
fused interparietal sutures of the 7-month group, p=0.23), although this comparison had little
power.

SUN et al. Page 6

Anat Rec A Discov Mol Cell Evol Biol. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Relationship between Suture Growth and Strain
Pearson correlation coefficients were calculated between growth indices and sutural strain
magnitude. For the 7-month-old pigs, the sum of the absolute value of the compressive and
tensile strains in the interfrontal suture was used for this analysis. A significantly positive
correlation was found in the interfrontal suture (r=0.804, p=0.009). To test whether this
correlation was an artifact of age changes, correlations were calculated separately with age
groups. Neither the 3-month nor the 7-month group showed a significant correlation between
MAR and strain magnitude. Therefore, the correlation of the sample as a whole was simply
due to age changes in both MAR and strain. For the interparietal suture, neither the combined
nor the separate samples yielded a significant correlation. Furthermore, neither DLP nor sutural
width was correlated with strain magnitude.

Ectocranial Growth and Bone Thickness
While substantial bone growth was observed on the ectocranial surfaces of the frontal and the
parietal bone, no bone formation was found on the endocranial surfaces, except occasionally
next to the sutures of some 3-month-old pigs. Bone mineral apposition rate at the ectocranial
surface increased with age for both the frontal and the parietal bones (Table 3, Fig. 6), with the
latter growing more (paired t-test with all subjects included, p<0.001). Similarly, although
bones thickened significantly with age (Table 3), the parietal bone was significantly thicker
than the frontal (paired t-test with all subjects included, p<0.001). Ectocranial bone mineral
apposition rate was significantly correlated with bone thickness (frontal bone, r=0.828,
p<0.001; parietal bone, r=0.682, p=0.01), but not with bone strain (frontal bone, r=−0.30,
p=0.47; parietal bone, r=0.48, p=0.27).

DISCUSSION
Suture Strain

Masticatory strain changes with age in both the inter-frontal and the interparietal sutures, but
not in the same way. The interfrontal suture showed a decreased overall strain magnitude with
an added tensile peak during the power stroke. The interparietal suture was tensed at all ages,
but strain increased in the absence of fusion. The outlying pig from the previous study (Herring
and Teng, 2000) is thus explained. This animal was older than the rest of the sample and showed
the strain pattern typical of the 7-month-old animals in the present study.

The compressive strain seen in the posterior interfrontal suture of 3-month-old pigs is actually
part of a more complex pattern with tension more anteriorly (Rafferty and Herring, 1999;
Herring and Teng, 2000). Overall, the frontal bones appear to rotate around a neutral axis
situated between the posterior and middle thirds of the suture. This masticatory strain has been
shown to be caused by contraction of the masseter muscles (Herring and Teng, 2000). The age
effects of diminished compression and added tension in the posterior interfrontal suture suggest
that the neutral axis of frontal bone rotation has moved posteriorly toward bregma. Thus the
strain gage location, squarely in the compressed region of the 3-month-old pigs, would have
been located near the neutral axis of the 7-month-old animals. Such a relocation of the neutral
axis could come about either by a relative increase in masseter muscle strength or by a physical
change in the position of the sutures caused by unequal bone growth.

For interparietal suture strain, the age effect was in magnitude only, but the situation is
complicated by fusion. Strain increased in the absence of fusion, but in the presence of fusion
strain did not decrease. Because the fused sutures of the older animals must have been stiffer
than the unfused sutures of the younger animals, loads must have been substantially larger in
the older animals. Thus, both the fused (undiminished strain despite increased stiffness) and
the unfused (high strain) data indicate that the interparietal sutures of older pigs bear larger
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loads. Tension in this suture is a result of temporalis muscle contraction (Herring and Teng,
2000), and therefore it is reasonable to attribute the increased tension to stronger temporalis
muscles.

Suture Internal Morphology
Suture morphology has long been suggested to reflect local biomechanical environment (Moss,
1957). Relatively simple at birth, many mammalion sutures gain interdigitation during growth.
According to Jaslow’s impact-loading experiment on sheep skulls, sutural interdigitation is
related to the potential for energy absorption via a mechanism of increased surface area leading
to increased collagen fibers (1990). Using a finite element model, Borke and coworkers
(2003) pointed out that highly complex sutures can relieve tensile and shear stress.
Nevertheless, in vivo studies on pig sutures (Herring and Mucci, 1991; Rafferty and Herring,
1999; Herring and Teng, 2000) suggest that interdigitation is not associated with magnitude
of strain, but with masticatory compression, whereas butt-ended morphology is associated with
tension, again regardless of magnitude. Interdigitation facilitates an oblique arrangement of
collagen fibers, which is a good compression-resistance mechanism (Herring and Rafferty,
2000). The current study adds to this evidence. In 3-month pigs, the compressed posterior
interfrontal suture is highly interdigitated with oblique fibers, whereas the tensed interparietal
suture is butt-ended with perpendicular fibers. Interdigitation evidently arose from differential
growth along the suture margins, as mineralization at the tips of interdigitation appeared to be
faster than other areas (Fig 5A, arrows). While the anterior interparietal suture remained butt-
ended, with growth the posterior interfrontal suture lost interdigitation ectocranially.
Provisionally, we ascribe this striking change in morphology to the addition of tension to this
suture’s strain pattern.

Sutural Growth
Methodology—Double-labeling vital stains have been extensively used to study growing
long bones (Iwaniec and Crenshaw, 1998; Lerner et al., 1998) and occasionally sutures
(Engström et al., 1986; Parr et al., 1997; Rafferty and Herring, 1999). The five-day interval
produced good separation of the labels in the younger pigs, but in the slower growing sutures
of older pigs, the labels were often superimposed. MAR was intended to reveal the average
growth rate along the entire suture, while DLP was to reveal the relative growth activity of the
suture. In contrast to the relative unambiguousness of DLP, one frequently mentioned problem
of MAR measurement is the subjective determination of the center positions of diffuse labels.
Our sections were thin (10–20 μm) and most images had distinct labels; the determination of
the center position was easy and clear. A more difficult problem is that the suture margins do
not grow equally at all locations, especially in interdigitated sutures. Our approach was to use
a grid to determine the measuring sites objectively and to make enough measurements to assure
consistent average values.

Age changes in MAR—Not surprisingly, MAR decreased with age in both the interparietal
and the interfrontal sutures, as has been reported in rats (Ten Cate et al., 1977). It is usually
assumed that growth of braincase sutures is a function of tension arising from brain growth
and that these sutures cease to grow when the brain reaches adult size (Moss, 1954). The overall
growth rate of Hanford swine does not begin to decrease until after the age of 8 months (Bustad
et al., 1966). In domestic pigs, the brain grows rapidly at 1–2 months after birth and slows
down thereafter (Pond et al., 2000). The Hanford minipigs maintain a low but constant growth
rate in brain weight from 30 to 176 days after birth (Fig. 1 in Friedman et al., 1994). The
continued but decreased rate of sutural mineralization in the period of 3–7 months, therefore,
consistent with the notion that sutural growth follows brain growth.
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MAR and masticatory strain—As in our previous study of facial sutures, we found that
masticatory compression does not retard suture growth (Rafferty and Herring, 1999). In fact,
in this study, the compressed posterior interfrontal suture generally had a higher MAR than
the tensed interparietal suture. This supports a recent finding that cyclic (but probably not
constant) compression is osteogenic at sutures (Kopher and Mao, 2003). Strain magnitude and
MAR were not correlated in either suture except insofar as both are affected by age.

Suture width—Sutural width has been correlated with increased growth rates and strains in
the presence of extrinsically applied loads (Mao, 2002; Kopher and Mao, 2003). However,
whereas MAR did not differ on ectocranial and endocranial sides, sutural width did, especially
in the older pigs. Thus, sutural width was not correlated with growth rate under normal in vivo
loading. It may be that the uneven suture width is a byproduct of the rapid mineral apposition
on the curved ectocranial bone surfaces. Another possibility is that suture width reflects strain
rather than growth rate itself. Strain levels may differ between the ectocranial and the
endocranial side. We have no data on strain from the endocranial side of the suture in living
animals. However, given the great thickness of the bones (especially in older pigs), it is
reasonable to speculate that the endocranial side is less influenced by masticatory strain.
Instead, it would be more influenced by the (presumably smaller) strain of brain expansion
(Mednick and Washburn, 1956).

Bone Strain, Thickness and Growth
Strain magnitude and orientation of the frontal and the parietal bones were the same as in our
previous report (Herring and Teng, 2000). In contrast to sutural strains, bone strains did not
change with age. The substantial increase of bone thickness with age evidently compensates
for the stronger muscle activity in the older pigs, keeping strain level constant. The frontal and
the parietal bones are mainly strained by the masseter and the temporalis, respectively (Herring
and Teng, 2000). As the masseter and the temporalis muscles in the pig have similar
physiological cross sections, about 30% of the jaw muscle total (Herring, 1985), it is reasonable
to assume that they load these bones equally during mastication. The higher strain observed
on the frontal bone therefore may be ascribed to its lesser thickness relative to the parietal bone.

Apposition on the bone surface was much faster than on sutures (Table 3). However, in contrast
to Mednick and Washburn’s (1956) observations on 1–8 week pigs, we did not find endocranial
apposition. Therefore, by the age of 2–3 months, the endocranial surface no longer contributes
to bone thickening. Instead, ectocranial bone apposition is solely responsible for this growth,
as also indicated by the strong correlation of BMAR with bone thickness. BMAR of both bones
significantly increased with age.

Surface bone strain, being constant, was of course not correlated with BMAR and thickness,
which increased with age. In fact, the parietal bone was less strained than the frontal bone but
grew faster. Therefore, it is unlikely that the impetus for cranial bone thickening arises from
increasing surface strain. It is also unlikely that the osteogenic signal arises from the dura mater,
because the growing surface is ectocranial, 4–15 mm away from the dura. We conclude that
the osteogenic signal must arise from a superficial tissue, possibly the periosteum itself.

Suture Fusion
Unexpectedly, the fused interparietal sutures were closed only ectocranially. Endocranially,
although sutural width was narrower, they were still patent (and growing). This contrasts with
data on both humans (Todd and Lyon, 1924) and murid rodents (Bradley et al., 1996) indicating
that synostosis begins endocranially. The pig situation could be explained by inhibiting signals
from the dura mater (Opperman et al., 1995) but is not consistent with a dural trigger of fusion
(Greenwald et al., 2000). Thickening of the cranium could decrease the diffusion of osteoin-
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hibitory signals to the ectocranial side, allowing fusion to be initiated. It is also conceivable
that dural signaling is not involved, and that fusion is triggered ectocranially by the periosteum.
The periosteum does not inhibit suture fusion in rats (Opperman et al., 1994) and in pigs it is
clearly extremely osteogenic.

Mechanical factors could also be involved in the ectocranial initiation of interparietal suture
fusion. The effectors of suture strain are the muscles, which are located ectocranially. With
age, ectocranial interparietal suture strain rises (#303, #321, table 1). However, due to the
thickening of the cranium, the endocranial side would be less strained or even compressed.
The high tensile strain would be expected to promote bone formation on the ectocranial side,
perhaps triggering suture fusion. Endocranially, the strain patterns are probably less osteogenic.
Once the suture is fused, less strain is exerted, explaining the relatively low MAR and DLP in
the remaining patent part as shown in Table 2. Alternatively, the fusion may just be the result
of rapid ectocranial bone apposition, incidentally sealing the suture on the ectocranial surface,
leaving the endocranial section as it was. Study of cellular osteogenetic activity along the suture
margins and the contribution of the dura mater and the periosteum will help us understand this
issue better.

Overview
Returning to the questions posed in the Introduction, we first found that masticatory strain did
change with increasing age, but only in the sutures. Parietal and frontal bone strain remained
constant. Second, neither the polarity (compression versus tension) nor the magnitude of sutural
strain was correlated with sutural growth rate. Polarity did, however, predict suture internal
morphology, including age changes. Third, the quantification of growth rates confirmed the
notion that as pigs age, enlargement of the braincase shifts from sutural to ectocranial surface
apposition. Nevertheless, sutural growth certainly does not cease at 3 months of age in the pig.
Fourth, fusion of the interparietal suture did lower suture strain magnitude (in the context of
an age increase), but the expected increase in parietal bone strain did not occur. The reason for
this probably relates to the rapid thickening of the bone, which would stiffen it and lower strain
levels. Finally, suture fusion was not related to increased apposition rate at the suture margins;
in fact this rate was decreased. Instead, interparietal suture fusion started from the ectocranial
surface in slow-growing sutures. Taken as a whole, these findings point to an important role
for the periosteum in determining not only braincase growth, but also suture fusion.
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Fig. 1.
Schematic illustration of strain gage placement. Single-element (rectangle) strain gages were
glued to the posterior interfrontal (IF) and the anterior interparietal (IP) sutures. The middle of
the strain gage was positioned right above the suture and the suture was shielded from glue by
placing a small strip of Teflon tape underneath the strain gage. Stacked rosette strain gages
(square) were bonded to the right frontal (F) and parietal (P) bones.
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Fig. 2.
An 11 × 8 (including edges) test grid superimposed on a double-labeled image (interfrontal
suture from #302). Measurements of MAR were made at intersections of the grid with suture
margins (arrows). Either vertical or horizontal lines were used depending on the alignment of
the suture. In places where an intersection did not hit a double-label, the closest double-labeled
area above or to the right of the test line was measured. Measurement was perpendicular to the
suture surface and was from the center of the green label to the center of the red label.
Calibration bar, 500 μm.
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Fig. 3.
Sutural strain and masseter activity during mastication. An approximate baseline (neutral)
strain was assessed for each power stroke of strain channels. The power strokes are indicated
by vertical broken lines. For one power stroke in each tracing, the baselines are shown as
horizontal broken lines. Compared to baseline, in 3-month-old pigs (#299, A), interfrontal
suture (IF) power stroke strains were compressive (arrow), while those of the interparietal
suture (IP) were tensile (arrowhead); in 7-month-old pigs (#307, B), the interparietal suture
strain was still tensile (arrowhead) but the interfrontal suture demonstrated a tensile peak
(arrowhead) followed by a smaller compression at each power stroke. Chewing side was
identified by late activity in the ipsilateral masseter and/or contralateral temporalis compared
to the contralateral masseter and ipsilateral temporalis. RMa, right masseter; LMa, left
masseter; R: right chew; L, left chew. Scale bar, 200 microstrain.
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Fig. 4.
Suture internal morphology. For each coronal section, the ectocranial surface is toward the top.
A) Interfrontal and B) interparietal suture from 3-month-old pig #298. The former was
interdigitated while the latter was relatively butt-ended. C) Interfrontal and D) interparietal
suture from 7-month-old pig #321. The interparietal suture was butt-ended throughout the
entire suture, whereas the interfrontal suture remained interdigitated endocranially but became
butt-ended ectocranially. E) Interparietal suture of 7-month-old pig #304 shows that fusion
was ectocranial. The endocranial section remained patent. To scale: calibration bar, 1000 μm.
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Fig. 5.
Mineralization at suture margins and suture width. A) Interfrontal and B) interparietal suture
of a 3-month-old pig (#297); C) interfrontal and D) interparietal suture of a 7-month-old pig
(#306). Suture mineral apposition rate (MAR) was greater in younger animals. E) Ectocranial
and F) endocranial regions of the unfused interparietal suture of a 7-month-old pig (#322). The
average width was greater on the ectocranial side. Arrows in (A) indicate high growth rate at
the tips of interdigitations. For clarity, the suture space in (A), (D) and (F) are marked by broken
lines. To scale: calibration bar, 500 μm.
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Fig. 6.
Mineralization at the ectocranial surfaces. A) Frontal and B) parietal bone of a 3-month-old
pig (#299); C) frontal and D) parietal bone of a 7-month-old pig (#321). In the younger animals,
frontal bone apposition was laminar and parallel to the bone surface, whereas parietal
apposition was plexiform. In the older animals both bones showed plexiform apposition. The
older pigs grew faster than the younger pigs and the parietal bone grew faster than the frontal
bone of the same age. To scale: calibration bar, 500 μm.
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TABLE 3

Bone thickness and ectocranial growth rate

Bone thickness (mm) BMAR1 (μm/day)

Animal frontal parietal frontal parietal

3-month

 297 3.4 5.3 20.5 118.7

 298 3.9 6.4 4.7 62.6

 299 4.7 9.5 19.8 82.1

 300 4.6 9.4 28.7 54.4

Mean ± SD 4.2 ± 0.6 7.7 ± 2.1 18.4 ± 10.0 79.5 ± 28.7

5-month

 293 4.3 5.3 51.1 98.3

 294 9.5 10.5 101.7 149.8

 302 9.1 16.5 64.6 127.8

 3011 11.9 13.7 128.5 170.6

Mean ± SD 8.7 ± 3.2 11.5 ± 4.8 86.5 ± 35.2 136.6 ± 31.0

7-month

 303 15.3 15.6 134.1 165.7

 321 10.0 13.0 123.6 144.3

 322 10.5 14.3 71.2 110.8

 3042 8.7 12.2 55.1 116.0

 3062 12.2 17.9 111.1 197.0

 3072 14.5 17.0 69.4 ND3

Mean ± SD 11.9 ± 2.6 15.0 ± 2.2 94.1 ± 32.9 146.8 ± 35.8

ANOVA:p 0.002 0.013 0.005 0.027

1
BMAR, bone-surface mineral apposition rate,

2
fused interparietal sutures;

3
ND: no data.
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