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Abstract
Objective—Craniosynostosis is the premature fusion of the calvarial sutures and is associated
with aesthetic impairment and secondary damage to brain growth. Associated neurological injuries
can result from increased intracranial pressure (ICP) and abnormal cerebral blood flow (CBF).
Arterial spin-labeling (ASL) MRI was used to assess regional CBF in developing rabbits with
early-onset coronal suture synostosis (EOCS) and age-matched wild-type controls (WT).

Methods—Rabbits were subjected to ASL MRI at or near 10, 25, or 42 days of age. Differences
in regional CBF were assessed using one-way ANOVA.

Conclusion—CBF was similar in WT and EOCS rabbits with the exception of the peridural
surfaces in EOCS rabbits at 25 days of age. A twofold increase in peridural CBF at 25 days of age
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coincides with a transient increase in ICP. By 42 days of age, CBF in peridural surfaces had
decreased.
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Introduction
Craniosynostosis is the premature fusion of one or more of the calvarial sutures and can be
simple or can be associated with syndromes such as Crouzon and Apert syndrome. Simple
craniosynostosis has been estimated to occur in 300–500 per 1,000,000 live births [6–8].
Craniosynostosis of the coronal sutures (CS) makes up approximately 24% of the total cases
of simple craniosynostosis [6, 7, 20] and can lead to neurologic injury if not treated. Surgical
intervention however can be risky in young children and selection of the best age at which to
perform surgery may be critical.

Premature closure of the cranial suture has two main consequences: aesthetic deformity of
the skull and the possibility of secondary damage of the growing brain. Neurologic injuries
associated with craniosynostosis can result from increased intracranial pressure (ICP) [12–
14, 22, 33] and abnormal cerebral blood flow (CBF) [9, 10, 29, 30]. For these reasons,
surgery is commonly performed within the first year of life. However, the age at which
cranial expansion procedures should be performed on patients with coronal suture synostosis
is the subject of considerable debate. Views among surgeons vary widely with some
preferring corrective surgery soon after birth and others deferring surgery until 12 months of
age. This disagreement shows that there is no clear consensus on the relationship between
brain growth and skull vault growth in patients with craniosynostosis [31].

Numerous studies have been published on neurological consequences in patients with
craniosynostosis [1, 5–10, 14, 25, 28–31, 33]. However, there are significant limiting factors
that need to be considered when evaluating these reports including small sample sizes and
heterogenous samples, i.e., mixing syndromic and non-syndromic patients in one study [6].
Sgouros et al. [31] charge that a clearly defined view of the relationship between the brain
and skull vault growth is lacking and that the mechanisms behind craniosynostosis are not
clearly understood. A study of the natural progression of uncorrected craniosynostosis could
provide valuable information regarding the brain and its ability to compensate for skull
restriction when present.

Cranial morphological and ICP studies are well-documented in infants with
craniosynostosis, but to date, little attention has been given to cerebral blood flow (CBF)
changes and their possible relevance to the management of craniosynostosis. The majority of
studies to date have focused on anomalous venous drainage that can accompany
craniosynostosis [1, 25, 28].

The present study was undertaken to study age-related CBF differences in a homogeneous
strain of rabbits with simple, familial coronal suture synostosis and to compare the CBF
values found in this model of craniosynostosis with age-matched wild-type control rabbits.
This model affords us the opportunity to monitor CBF in untreated craniosynostosis from
the early-onset until a time when brain growth is complete. We quantify CBF non-invasively
using continuous arterial spin-labeled perfusion MRI.
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Materials and methods
Animal model

Thirty one rabbits were used in the present study. All rabbits were born and maintained in
the vivarium at the Department of Anthropology, University of Pittsburgh. This is a
breeding colony of rabbits with naturally occurring coronal suture synostosis [12, 13, 20–
23]. Rabbits were housed in stainless steel cages. Food and water were given ad libitum. Up
to the time of the experiment, rabbits were housed with mothers and littermates. This study
was approved by the University of Pittsburgh Institutional Animal Care and Use Committee.

Synostotic rabbits were initially diagnosed at 9–10 days of age using previously described
criteria [12, 13, 21–23] by assessing coronal suture morphology and the degree of coronal
suture mobility. Rabbits with dysmorphic but patent coronal sutures and limited mobility
were diagnosed with delayed onset synostosis and were omitted from the study. Rabbits
with bilaterally fused coronal sutures with no mobility were diagnosed as early-onset
coronal suture synostosis (EOCS) and were placed in the study.

Rabbits were divided into the following experimental groups: wild-type control rabbits
(WT) at or near 10 days of age (n=6); EOCS rabbits at or near 10 days of age (n=6);WT
rabbits at or near 25 days of age (n=6); EOCS rabbits at or near 25 days of age (n=5);WT
rabbits at or near 42 days of age (n=4); and EOCS rabbits at or near 42 days of age (n=4).

MR protocol
For magnetic resonance studies, at or near 10, 25, and 42 days of age, rabbits were
transported to the Pittsburgh NMR Center for Biomedical Research at Carnegie Mellon
University. Rabbits were preanesthetized with an intramuscular injection of ketamine (100
mg/ml) and xylazine (20 mg/ml) in a 9:1 solution at a dose of 0.6 mg/kg. All rabbits
underwent tracheotomy and were ventilated (Harvard Apparatus, Holliston, MA) via an
endotracheal tube with 1–1.5% isoflurane in a N2O:O2 (1:2) gas mixture. The rabbits were
placed in dorsal recumbency and an indwelling catheter was inserted into the femoral artery.
Arterial blood gases were collected immediately before and after MRI. Arterial CO2 tension
(PaCO2) was maintained between 20 and 46 mmHg for the duration of the study. This has
been reported as the normal PaCO2 for rabbits [38]. During MRI assessment animals were
maintained at 36±0.5°C via a warm air heating system (SA Instruments, Stony Brook, NY).

MR image acquisition
MR studies were performed on a 4.7-T, 40-cm bore Bruker AVANCE-AV system, equipped
with a 12-cm-diameter-shielded gradient insert and a 72-mm volume RF coil for 14 and 25
days of age. At 42 days of age, half-PCOS RF coil was used. T2-weighted spin-echo images
were used to verify position and were acquired with the following parameters: field of view
(FOV) = 6.4-cm, 2-mm slice thickness, TR/TE = 2,000/90 ms, two averages, five slices and
a 128×70 matrix interpolated to 128×128. Perfusion studies were performed using
continuous arterial spin-labeling [11] imaging technique (spin-echo, 128×70 matrix,
TR=200 ms, summation of three echoes, TE = 10, 20, and 30 ms and two averages). The
labeling and control continuous RF pulse for the inversion plane was positioned ±2 cm from
the perfusion detection plane. The spin-lattice relaxation time of tissue water (T1obs) [16]
was measured from a series of spin-echo images (TR=8,000, 4,300, 2,300, 1,200, 650, 350,
185, and 100 ms, TE=9 ms, two averages and a 128×70 matrix). Spin-labeling efficiency, α
[36] was determined from intensities within the carotid arteries (gradient echo, 45° flip
angle, eight averages, TR/TE=100/9.6 ms, 256×256 matrix and spin-labeling applied at ±6
mm).
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Data analysis
All image processing was performed with the Bruker ParaVision 3.0.2 image analysis
software. Pixel by pixel maps of (MC − ML) × MC

−1 were generated from the perfusion
data. MC and ML are the magnetization intensities from the control image and labeled
image, respectively. T1obs maps were generated from the series of variable TR images by a
three parameter non-linear fit. Regional CBF was then calculated according to Zhang et al.
[37]. CBF=λ·(T1obs× 2α)−1 × (MC − ML) × MC

−1, where λ is the blood–brain partition
coefficient of water, with a spatially constant value of 0.9 mL/g assumed [17] and α is the
spin-labeling efficiency measured in the carotids. T2-weighted images were used to define
regions of interest (ROIs) in the left and right hemisphere, which were copied onto the CBF
maps. Regions within each hemisphere including the cortex, thalamus, and the peridural
surfaces were also defined, guided by assignments from a rabbit brain atlas [32].

Statistical analysis
Mean blood flow data were compared between groups at each age and significant
differences were assessed using one-way ANOVA on SPSS software (v. 13, SPSS
Incorporated, Chicago, IL). All differences were considered significant at p < 0.05.

Results
Representative CBF maps for WT and EOCS rabbits from each group are shown in Fig. 1.
Mean regional CBF values for all studies are shown in Fig. 2 and Table 1. Comparing
anatomical brain ROIs, there was a significant increase in CBF in all regions measured
between 10 and 25 days of age in both WT rabbits and EOCS rabbits (Figs. 1 and 2). This
increase averaged 35% in the left and right hemispheres, 38.5% in the left and right cortices,
and 28% in the left and right thalamus. By 42 days of age, CBF was lower in both the WT
and EOCS groups when compared to 25-day rabbits, albeit not significantly, and in most
regions CBF was still significantly higher when compared to the 10-day-old groups.

CBF at the peridural surfaces was significantly increased at 25 days of age in both the WT
rabbits and EOCS rabbits (Figs. 1 and 2) when compared with the 10-day-old groups. At 25
days of age there was a dramatic and significant increase in the CBF of the EOCS rabbits
when compared to the WT. The CBF in EOCS rabbits was twice as high as that in WT
rabbits. By 42 days of age, there was a significant decrease in CBF in EOCS rabbits when
compared to WT and EOCS rabbits at 25 days of age. There were no significant differences
in CBF in the peridural surfaces of either the WT or EOCS groups between the 10- and 42-
day-old rabbits (Figs. 1 and 2).

Discussion
Cerebral blood flow in the immature rabbit

To the best of our knowledge, this is the first report of changes in CBF with age in
craniosynostotic rabbits using ASL-MRI. Our results demonstrate that cortical, hemispheric,
and thalamic CBF were not different in rabbits with early-onset craniosynostosis of the
coronal sutures when compared to age-matched wild-type rabbits. The increase in both
groups seen between 10- and 25-days of age is the normal pattern of CBF in the immature
brain [2, 26, 34]. Tuor [34] demonstrated low cerebral blood flow in the early postnatal
development in the rabbit (between 1 and 8 days of age) and a marked increase in CBF by
17 days of age. One of the most important factors determining the level of CBF is the local
energy demand of the tissue for cell maintenance, growth, differentiation, and myelination.
The marked increase in CBF observed between 8 and 17 days of age in rabbits occurs at a
time of marked maturational advances in anatomy, electrophysiology, and behavior.
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Peridural blood flow
Remarkably, EOCS rabbits at 25 days of age displayed areas of high CBF on the peridural
surfaces of the brain. This coincides with the time of increased intracranial pressure
previously reported in this colony of rabbits [12]. During intracranial hypertension pial
arteries are not constricted but rather respond by dilation [3]. According to Auer et al. [3]
during elevation of ICP, arteries not only remain open but even dilate because smooth
muscle cells relax. The results of the present study agree with this finding.

By 42 days of age, CBF in EOCS rabbits had decreased to normal range previously reported
in adult rabbits [24] and pial vasculature no longer demonstrated high CBF. We know from
previous studies that ICP also returns to normal in CS rabbits between 25 and 42 days of age
[12].

Autoregulation of CBF
CBF is maintained at a constant level in normal brain in the face of the usual fluctuations in
blood pressure by the process of autoregulation [35]. Autoregulation of CBF is confounded
due to the brain’s encasement in the skull. This circumstance becomes especially apparent
during periods of increased intracranial pressure (ICP). Earlier work by Grubb et al. [15]
found that pial vessels dilated as the ICP increased and that the dilation of cerebral vessels
accompanies an increase in ICP when CBF autoregulation is intact. Autoregulation is a
quantitative phenomenon that becomes more defective with increasing insult to the brain
[19]. At 42 days of age, ICP in EOCS rabbits had returned to normal. This, paired with the
decrease in pial flow, may suggest that CBF autoregulation is no longer intact, or, more
likely, that CBF, as a result of decreased ICP, has returned to a more normal pattern of flow.

Variability among groups
We acknowledge that there is a large degree of variability in the present study, most notably
in both WT and EOCS rabbits at 25 days of age. This may be due to small sample size.
Caution should be used in extrapolating findings from this rabbit model to the clinical
setting. We would argue, however, that the degree of variability in WT and EOCS rabbits at
10 days of age was well within normal limits and the sample size was identical to that of 25
day rabbits. We propose that the high degree of variability present in both WT and EOCS
rabbits at 25 days of age may be due, at least in part, to the fact that this is the period of
significant increases in CBF and rapid development in the brain [3, 34].

Rabbit model
This rabbit model was adopted by investigators because of the similarity between its
cerebrovascular architecture and that of the human [4, 18, 27, 34]. The rabbit model of
craniosynostosis is well-established [12–14, 20–23] and appears to be an appropriate model
of simple synostosis of the coronal sutures [13]. However, other factors need to be
considered when extrapolating findings from this rabbit model to the clinical setting. These
include species-specific differences in morphology of the brain, in neurocapsular growth
patterns and in timing seen between humans and rabbits. Ninety percent of brain growth is
completed between 35 and 42 days of age in rabbits compared with 4–6 years of age in
humans [23].

Conclusion
Both wild-type rabbits and rabbits with early-onset bilateral coronal suture craniosynostosis
demonstrate normal cerebral blood flow patterns for their age. EOCS rabbits had
significantly increased CBF in the peridural surfaces at 25 days of age when compared to
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WT controls. This CBF pattern was absent at 42 days of age in EOCS rabbits suggesting that
CBF had returned to normal.
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Fig. 1.
Representative CBF maps from wild-type and EOCS rabbits at or near 10, 25, and 42 days
of age
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Fig. 2.
CBF in wild-type and craniosynostotic rabbits at or near 10, 25, and 42 days of age. *p <
0.05 compared to a 10-day-old group, #p < 0.05 compared to WT
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